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ABSTRACT: The article considers a relaxation of the water/polypropylene glycol-425 solution with a lower critical
solution temperature (LCST) following its pulsed superheating concerning liquid-liquid and liquid-vapor equilibrium
lines, as well as the liquid-liquid spinodal. Superheating was performed using the pulsed heat generation method in a
micro-sized wire probe. The main heating mode was the constant (over the pulse length) power mode. Characteristic
heating rates ranged from 0.05 x 10° to 2 x 10°> K/s, while the degree of superheating concerning the spinodal was up
to 200 K. The temperature of spontaneous boiling-up and the amplitude of the corresponding signal were monitored
as functions of the heating rate set by the power value. The results demonstrate an example of the interaction of liquid-
liquid and liquid-vapor phase transitions, as well as the spinodal decomposition of a solution with LCST against the
background of its unstable states. We proposed a physical model to explain the minimum spontaneous boiling-up
temperature revealed within a certain range of heating rates, which is not typical of completely miscible solutions.
Further research will focus on establishing a general criterion for the possibility of spinodal decomposition of such
solutions under the conditions of rapid heating.

KEYWORDS: Pulse heating; wire probe; binary mixture; liquid-liquid (diffusion) spinodal; spinodal decomposition;
spontaneous boiling-up

1 Introduction

Due to the variety of factors and conditions for the manifestation of the liquid-vapor phase transition,
as well as its applicability to diverse practical problems [1-5], this phenomenon continues to attract research
attention in various fields [6-9]. This interest is also stimulated by the current development of mini-
and micro-sized systems [10,11] and the concomitant increase in the heat flux density generated by such
systems [12-15]. In particular, the mechanism of explosive boiling-up, which is feasible under the conditions
of small characteristic times and sizes [16-19], has found application as a liquid medium mover in engineering
devices and advanced medical instruments based on concentrated spatiotemporal boiling-up of various
liquids [20-24]. One such current application consists of creating smart technologies for spraying liquids
for various purposes [8]. In this connection, we highlight the achievement of conditions for micro-explosive
decay of composite droplets (water-in-fuel) with their intensive heating to form a fuel aerosol [25,26].

Boiling-up is preceded by short-term superheating of the liquid concerning the liquid-vapor binodal
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Ts(p). Here, T is the temperature, p is the pressure, and the “s” index refers to the equilibrium state. In
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the general case of a multi-component system, the boiling-up conditions are complicated by differences in
phase composition. Their quantitative description becomes even more difficult with the growth of differences
in the properties of the components, particularly when switching to partially miscible solutions. Under
specific conditions, such solutions may exhibit non-equilibrium behavior and metastability of various
origins [18,27,28].

In this work, we continue our previous study into the relaxation pattern of a micro-heater/solution
system with a lower critical solution temperature (LCST) under a powerful local thermal action, which
was initiated to search for a reliable heat carrier for removing significant heat fluxes in mini- and micro-
systems [27]. Spontaneous boiling-up [16-19] is studied against the background of a rapid transfer of a
homogeneous solution into not fully stable (metastable) and unstable states. As previously, we refer to not
fully stable states as those of superheating concerning the liquid-liquid T} (p) and liquid-vapor T;(p) binodal
lines, whereas unstable states are those of superheating concerning the diffusion (liquid-liquid) spinodal
of the solution. Such solutions demonstrate unique relaxation properties in comparison with their analogs
comprising fully miscible components. The questions that arise are as follows. How will this circumstance
affect the nature of the boiling-up process, in particular its intensity and duration in time? To what depth
is the initial solution able to penetrate the region of unstable states AT = T(fexp) — Tsp? Here the index “sp”
refers to the diffusion spinodal, and the index “exp” refers to the duration of observation of the unstable or
metastable state. Moreover, is it possible to observe boiling up against the background of the decomposition
of the system accompanying heating? The study is based on a systematic change in the heating rate by stepwise
changing the heat generation power in the heater—and, as a consequence, by changing the product V-tox, (V
is the volume of superheated liquid), which is a key parameter in experiments on the attainable superheating
of liquids [18,19,25].

In this study, we aim to search for the interaction of phase and relaxation transitions in a pulsed heated
micro-volume of an LCST solution across a wide range of changes in the characteristic time (heating rate)
and degree of superheating. Examples of similar interactions for other objects can be found in [29-33]. The
objectives consist of clarifying the hierarchy of times accompanying this interaction, as well as assessing
the prospects for the applicability of this approach to current technological processes associated with the
operation of mini- and micro-systems.

A water/PPG-425 solution and its components served as comparison systems. The critical point corre-
sponds to the concentration of PPG-425 in a solution w, ~ 27 wt.% and temperature T, ~ 323 K; a detailed
explanation can be found in [34]. The method of pulse heating of a wire probe with the option of controlling
the heat release power during the pulse [27,35] was used to maintain the specified heating parameters
throughout the entire series of measurements on the same probe, including against the background of
structural/phase transformations of the liquid under study. The experiments were carried out mainly at
atmospheric pressure. It should be noted that previous experiments [27], which were aimed at observing the
phenomenon of spinodal decomposition not disturbed by spontaneous boiling-up, were carried out mainly
at near- and supercritical pressures p > p.. Here, the index “c” refers to the liquid-vapor critical point, taking
into account the specifics of the supercritical transition in a substantially non-stationary process [35,36].
Before the signs of decomposition appeared, the T average heating rates ranged from 0.05 x 10° to
2 x10° K/s. As for spontaneous boiling-up, the T* (fxp) temperature and the amplitude of the response signal
serve as sensitive indicators of the current state of the system. Hence, the involvement of spontaneous boiling-
up is capable of providing additional information on the relaxation of not fully stable and unstable systems.

This paper is structured as follows. In Section 2, the experimental findings of previous experiments
with unstable solutions are discussed, the approach to measurements is outlined, and the objective of the
current study is formulated. Section 3 is devoted to modeling the decomposition of such a solution against
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the background of its unstable states. In Section 4, the obtained results are discussed and the hypothesis about
the close interaction between spinodal decomposition and spontaneous boiling-up is tested. The results
of the study are summarized in Section 5.

2 Background

The preliminary experiments on pulse heating of a solution of near-critical concentration in the mode of
constant heat release power P (t) = const [27,35] mentioned in the Introduction were aimed at identifying the
response to spinodal decomposition. The sensitive element of the measuring circuit is a wire probe immersed
in a liquid under investigation. The probe radius R, is 1 x 10~ m, the length is about 1 cm, and the material is
platinum. The monitored variable calculated from the primary data (voltage drops across the probe and the
“current” resistor over time) consisted in the probe temperature. The conducted experiments [27] yielded
unexpected results. When exceeding the spinodal temperature sufficiently (over 150 K), the following effects
appeared, which are not typical of solutions with fully miscible components:

- The observed change in the probe temperature over time T(¢) demonstrated a tendency to transition
from monotonic heating (T ~ 0.74 x 10° K/s), which is caused by the constancy of power and the
immobility of the medium, to reaching a plateau (Fig. 1). In this heating mode, the deviation of the curve
T(t) downwards from its initial course corresponds to an increase in the heat transfer coefficient from
the probe to the liquid;

- Upon reaching this plateau, a change in the ordinary order of curves T(t) (corresponding to a step-by-
step change in pressure) to the opposite, i.e., higher pressure values begin to correspond to lower values
of the heat transfer coefficient (Fig. 2).
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Figure 1: Evolution of the probe temperature in an aqueous solution containing 30 wt.% PPG-425 at given pressure
values p, MPa: 20 (curve 1), 40 (curve 2), 60 (curve 3), 80 (curve 4), 100 (curve 5). The insert shows a fragment of the
graph T(t) at pioo and pyg, where the subscript indicates the pressure value in MPa. Here and in the following figures
the results are presented for the mode of constant heat release power P(f) = const
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Figure 2: Sampling of probe temperature values depending on pressure according to the data presented in Fig. I for
different moments of heating, ms: 2.0 (curve 1), 2.66 (curve 2), 3.5 (curve 3), 10 (curve 4)

The authors [27] associate the first effect with the hydrodynamic picture that arises during the spinodal
decomposition of the solution—namely, with the activation of the convective mode of heat transfer. The
second effect evidently points to the specific influence of pressure on this picture. In particular, the
reproducible intersection of the heating curves at one point, see Fig. 2, is a surprising experimental finding.
Further, it was revealed that the greatest perturbation of the response curve T(t) accompanies spinodal
decomposition and spontaneous boiling-up of the solution. In the current study, experiments involving
spontaneous boiling-up are planned at lower reduced pressures p/p.—in particular, at atmospheric pressure.

From the preliminary experiments at different values of heating power, see the results given in Fig. 3,
it can be assumed that the first effect can be observed across a limited range of changes in the heating rate.
One specific objective of the present study was to test this hypothesis. A more general task consisted in
clarifying the spatiotemporal conditions enabling interaction of phase and relaxation transitions in the course
of penetration into the region of not fully stable and unstable states of the solution.

To observe the interaction of liquid-liquid and liquid-vapour phase transitions, atmospheric pressure
was selected allowing the release of a spontaneous boiling-up signal against the background of a liquid-liquid
transition. Similar to the first case, the parameter was the value of P. The experiments were carried out across
the entire concentration range corresponding to the region of not fully stable states of the solution—namely,
10-60% PPG in water. The spontaneous boiling-up temperature, denoted as T*(fxp), and the amplitude of
the corresponding signal (manifested in a sharp disturbance in the course of the heating curve [25]) were
monitored depending on the lifetime of the system in this region. These data allow us to indirectly judge
the processes that lead to boiling-up—in particular, the current degree of heterogeneity of the system, which
breaks down into two liquid phases. Figs. 4-6 show a fragment of the results reflecting the behaviour of the
system in the regions near the right branch of the binodal (Fig. 4), the left branch of the binodal (Fig. 5), and
the near-critical concentration (Fig. 6) at atmospheric pressure.
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Figure 3: Evolution of the probe temperature in an aqueous solution containing 30 wt.% PPG-425 at a given pressure
of 5 MPa. The parameter was the value of the heat flux density q(t) through the probe surface set by the power value.
The arrows point to the temperature curves at the lowest value g = 8.0 MW/m? and at the highest value g = 11.3 MW/m?
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Figure 4: Evolution of the probe temperature in an aqueous solution containing 60 wt.% PPG-425 with pulse durations
of 5 and 40 ms. Here and below, the main graph is supplemented by a graph of the specified power values, see the insert,
corresponding to the heating curves shown in the main figure
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Figure 5: Evolution of the probe temperature in an aqueous solution containing 10 wt.%. PPG-425 with pulse durations
of 2,10, 50 and 70 ms (a) at the corresponding heating power values (b). For clarity of the graph (a), its time scale is
taken as the square root of the heating time

300

45

t, ms

Figure 6: Evolution of the probe temperature in an aqueous solution containing 30 wt.% PPG-425 with pulse durations
of 5 and 40 ms

The solution was found to have the lowest temperature T* at heating rates corresponding to the “plateau
effect” at near- and supercritical pressures (Fig. 3), namely, T' ~ (0.5-1.0) x 10° K/s. The increase in T* in the
regions of greater and lesser heating rates (see Fig. 5 for more information) probably indicates a smaller scale
of separation by the liquid-liquid mechanism—and, as a consequence, a lower heterogeneity of the system,
see the Discussion section.
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3 Model
3.1 Spinodal Decomposition

Spinodal decomposition, which is a consequence of the instability of the solution, leads to its separation
into liquid phases of different composition. This process can be described using the language of non-
equilibrium thermodynamics. According to classical concepts of thermodynamics of irreversible processes
in the linear approximation, the driving force of diffusion is the gradient of chemical potential (y). The
work [37] noted that the expression for the flux density of component 1 (designated by a subscript 1) in a
binary mixture can be written as:

u=-L(Ven - V) 1)

herein, L is the Onsager kinetic coefficient (Ly; = L,; = —L;; = L > 0), which characterizes the mobility of
molecules. As shown in [37], the mutual diffusion coefficient D can be expressed as follows through the
coefficient L:

L%
D==2% 2
n ox} )

herein, n = nj + n, is the number of molecules per unit volume, x; is the molar fraction of the first com-

ponent, while ¢ = x4 + x245 is the molar Gibbs thermodynamic potential. On this basis, the authors [37]

concluded that there is a direct connection between the transfer of matter and the thermodynamic stability
oy
ox?*

Heterogeneity of the solution may manifest itself in the appearance of droplets enriched with one of

parameter

the components. In the presence of a temperature gradient, these droplets can begin to move (Marangoni
effect [38]). Such an effect is described as a crossflow since the force (temperature gradient) causes a flow of
mass. Generally speaking, there is a complex relationship between flows and forces. In the presence of local
equilibrium, the system of equations includes the Navier-Stokes equation, the energy balance equation, and
the continuity equation. Typically, such a system does not have an analytical solution, which encourages the
use of simplified approaches.

Such a simplified model of spinodal decomposition of a solution during its pulse heating on the surface
of a wire probe was constructed in [27]. The heat balance equation for the probe was obtained as:

dT  ( T-Ta ) 2 aqv
R ) [T TO P ©

herein, T is the average temperature over the probe volume; T, —bulk temperature; R,—radius of the probe;
x—thermal diffusivity; A—constant responsible for the Marangoni effect; gy—source of Joule heat during
heating of the probe; p—density of the mixture; ¢, —specific heat capacity of the mixture at constant pressure;
t—total (in contrast to the previously entered variable f.,,) heating duration from the initial value T.,. In
dimensionless variables:

dr’ T' -1 . :
dt,=—2(\/?)(1+A(T—1)\/t_)+B @
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herein, c—surface tension and k—thermal conductivity. As a result, the general dependence of the probe
temperature on heating time was obtained; see, e.g., this dependence for the dimensionless case in Fig. 7.

2.0

Fo

Figure 7: Dependence of dimensionless temperature on dimensionless time (Fourier number) at A’ = 1, B = 1 (solid
line) and for A’ = 0, B =1 (dashed line). The upper curve does not take into account the spinodal decomposition, while
the lower curve includes spinodal decomposition and the Marangoni effect

3.2 Exact Solution in the Absence of Motion

Let consider the energy balance equation of the probe, in the absence of movement of drops of liquid
phases of the decomposing solution, in a dimensionless form (omitting, for brevity, the primes):

aT T-1
E:‘(ZW)*B ©

With the initial condition T'(0) = 1, it has a solution:
B B
T(t)zzx/z+1—§(l—exp(—4\/;)) (7)

As an example, the results of calculating the change in probe temperature during its heating by a pulse
of constant power are presented in Fig. 8.

3.3 Distribution of Components near the Probe

Experiments on spontaneous boiling-up of solutions with LCST at different heating rates found a result
not typical for pure liquids and solutions with completely miscible components. This is the effect of increasing
T* with decreasing the heating rate. It manifests itself at not too high heating rate values, T < 1 x 10° K/s,
see Figs. 4-6. In order to explain this finding, we assume that the distribution patterns of the liquid phases
into which the system disintegrates differ significantly in the course of conventionally fast heating (T >
1 x 10° K/s, typical behaviour) and slow heating (T <1 x 10° K/s, unusual behaviour).

The essence of this assumption is as follows. Under the influence of the Marangoni effect, the initial
solution is substantially divided with the onset of spinodal decomposition into droplets having a different
composition, i.e., enriched predominantly either with water or with PPG. Fig. 9a depicts a hypothetical
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representation of the droplet distribution near the probe during fast heating. If the probe is wetted by PPG
better than by water, then it is the phase near the probe will be the one enriched by PPG. Under slow heating,
the drops will have time to merge with one another; however, their movement can be hindered by wettability,
as well as an insufficiently large value of the temperature gradient at slow heating. In this case, the water-
enriched phase, which has a lower boiling-up point, will be further away from the probe, see Fig. 9b. As a
result, the boiling-up temperature recorded in the experiment will increase as the heating rate decreases.

20 4

Figure 8: Dependence of the probe temperature on time in dimensionless variables. The parameter is the dimensionless
power, from bottom to top: B = 10, 20 and 30

1 2

Figure 9: Simplified distribution pattern of liquid phase droplets near the probe during fast (a) and slow (b) heating.
1—phase enriched with water; 2—phase enriched with PPG; the probe cross-section is shown in black

3.4 Estimates of Some Quantities

The thickness of heated layer ¢ was found from the following relationship:

pcyATn 8%l = Pt (8)



730 Front Heat Mass Transf. 2025;23(3)

The change in the internal energy of the volume of the mixture layer adjacent to the probe with thickness
0 is on the left side of the Eq. (8); on the right is the energy released during time ¢. Thus, the approximate
energy balance at distance § shows that the thickness of the heated layer is dependent on the power. Let apply
this equation for AT =100 K and ¢ = 30 ms under characteristic experimental parameters:

Pt 1/2
5= (—AT l) =0.67 x 10" = 67 um )
pcpATm

Fig. 10 shows the dependence of the heated layer thickness (10a) and the radius of the drop (10b) over
time for different values of the parameters—P and D, respectively. We assume that all variables during heating
to the selected value AT retain constant values. In this case, we can use the equation:

¢ 1/2
5=67 (—) (10)
30
500
(@) (b)
40
400
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300
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g g
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Figure 10: Dependence of the heated layer thickness (in um) and of the droplet radius (in um) on the heating duration
(in ms). (a) is obtained for different power values, from bottom to top: 2, 4, 16 W. (b) is obtained for two values of the
diffusion coefficient: D = 10~® m?/s at the bottom and D =107 at the top. It is assumed that the initial state of the solution
is at the liquid-liquid binodal temperature, Tj; = Tw,

Drop size:

Let us evaluate the size of a drop that is freely growing due to diffusion: R = \/2Dt. Fig. 10b shows the
change in droplet radius over time for two values of D and a heating duration of 100 ms. These graphs indicate
that the size of the drop (provided that the drop exists separately and is not near the probe) is significantly
smaller than the thickness of the heated layer. In other words, heating occurs first, and then the droplets grow.

Boiling-up temperature:

Let estimate the boiling-up onset temperature during penetration into the region of not fully stable
and unstable states of the solution depending on the heating rate. We will consider an unusual mode
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that manifests itself at a slow heating rate (T <1 x10° K/s, see Fi gs. 4-6). At these conditions, spinodal
decomposition has already begun, but the liquid does not move essentially, due to, e.g., wetting of the probe or
smallness of the temperature gradient. Then the average distance from the probe, at which the water-enriched
phase will be located, can be estimated using the equation:

Ji b\
d=Vv2Dt,or 6= ——— 11
or (pcpATnl) a

At this distance, the temperature decrease, compared to its value on the probe surface T(0), will be:

T
T (6) = T(O)+8a— (12)
or r=0
Assuming that the onset of boiling-up of the phase Tj;, is determined mainly by the low-boiling
component, i.e., water, we have:

oT
Tn=T"+ 85" (13)
1/2
Pt oT
=1 (o) o ()
pc,ATml or r=0

It is obvious that the derivative of temperature with respect to coordinate is negative. This means that
the boiling-up temperature of the water-enriched droplet is lower than the experimentally measured probe
temperature corresponding to the boiling-up signal (T7*). This conclusion, obtained under the assumption
presented in Fig. b, agrees with the experimental results. Indeed, it follows from Fig. 5 that the smaller T,
the larger the product P-t, and the higher the temperature T*.

Let consider the remaining limiting case, namely, T > 1 x 10° K/s. In this case, the droplets do not have
time to begin moving. In turn, the lower the probability of formation of a critical vapor nucleus, the shorter
the time t.,, = t (T > T;). Since f.x, tends to zero, this probability also tends to zero. In an approximation of
a uniformly superheated volume of liquid V, we can write the basic relationship for the nucleation rate J (T,
p) [16,18] as follows:

J-V - texp =1 (15)

This equation manifests the fact that boiling-up occurs (at least one critical nucleus is formed) and each
product V't.,, corresponds to each value of the boiling-up temperature. It is evident that, the shorter the
time, the greater the nucleation rate and, finally, the temperature T*.

4 Discussion

Let consider the results presented above in the light of previous experiments on studying the sponta-
neous boiling-up of systems of various origin [19,25,31]. Typically, an increase in the heating duration of
superheated liquid #.,, (decrease in the rate of its heating) is accompanied by a decrease in temperature T*.
The decrease is due to an increase in the product V't.,p, see (15), which is associated with the probability of
boiling-up under the given p-V-t conditions and, less significantly, with an increase in the contribution of
end effects inherent in the wire probe method. The scale of this reduction increases in the cases of thermally
unstable compounds and gas-saturated liquids [28,39], as well as due to poorly accountable factors inherent
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in experiments with microheaters [40-44]. Due to this circumstance, the results of the presented experiments
on T*(T, T < 1x 10° K/s) with unstable solutions, remains unclear.

Let extend the explanation of the nature of the discovered behavior, proposed in the previous section,
with an analysis of the situation from the experimental point of view. As a basis for explanation, let find the
relationship between temperature 7* and the degree of heterogeneity of the system. Experience shows that a
violation of the homogeneity of the system due to the introduction of an additional component is generally
accompanied by a decrease in temperature T*. As striking examples, the boiling-up of hydrocarbons having
traces of moisture [45] and composite water-in-oil droplets [25] can be mentioned. To clarify the generality of
this phenomenon, a separate experiment was performed. The influence of the degree of polydispersity d of the
solution on its attainable superheating was studied. Polyethylene glycol (PEG) having an average molecular
weight of M,, = 1500, which has the narrowest molecular weight distribution d ~ 1.01 among homologues, was
selected as the base sample. The deviation of the d value from unity was changed by selecting the appropriate
ratio between the content in the system of the base sample and polymer homologues with larger and smaller
values of M,. The selection was carried out in such a way that the value of M), remained close to 1500.
Homologues with a molecular weight from 100 (diethylene glycol) to 2 x 10* were used in the preparation
of the samples. The results of the experiments at a given heating rate (Fig. 11) indicate that an increase in the
heterogeneity of the system actually led to a decrease in the temperature of its attainable superheating.

800

780

760

T*,°C

740

720

700
14

Figure 11: Influence of the polydispersity degree of a mixture of polymer homologues of PEG with M, ~ 1500 on its
attainable superheating in the course of pulse heating

When penetrating deeper into the region of unstable states, heat transfer is modulated by phase separa-
tion according to the liquid-liquid mechanism. In essence, the temperature of the attainable superheating of
the solution serves as an indicator of its current microphase state, which is inaccessible to direct observation
due to the smallness of the temporal and spatial scales. This circumstance serves as the basis for predicting
the details of heat transfer by the discussed solution under given T(tx,) conditions. In this connection,
let us mention the clarification of the range of heating rates corresponding to the transition of the unstable
solution into the intensive mode of heat transfer by a continuous liquid characterised by the “plateau effect”
Indeed, such a mode is feasible in the range of T ~ (0.5 - 1.0) x 10° K/s as shown in Figs. 1 and 3. Some
displacement of the boundaries of this interval depending on the concentration at this stage of the study is
not of fundamental importance.
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A joint consideration of the results of experiments on the intensity of heat transfer (Figs. 1 and 3) and the
temperature of spontaneous boiling-up (Figs. 4-6) provided the basis for the following assumption. In the
range of T ~ (0.5-1.0) x 10°> K/s, the relaxing solution has the greatest mobility—and, as a consequence,
the greatest degree of heterogeneity. Apparently, with an increase in T above 1 x 10° K/s, the thickness of
the heated layer (~yt)!/? turns out to be insufficient for the implementation of the spinodal decomposition
regime. A similar result was observed when decreasing T, although for a different reason. When the speed
of entry into the region of unstable states decreases, the temperature gradient along the normal to the
surface of the heater is likely to become insufficient (to implement movement according to the Marangoni
mechanism [38]); for this reason, the decay of the system proceeds mainly according to a much “softer”
nucleation scenario. The decrease in the heating rate is accompanied, in turn, by a decrease in the degree of
heterogeneity and, obviously, by an “unusual” increase in temperature T*.

In order to verify the hypothesis about a close relation between spinodal decomposition and sponta-
neous boiling-up in a certain range of heating rates, we performed measurements using small-step changes
in the heating power. In these experiments, the response pattern T (t.x,) was analyzed to test the assumed
existence of a maximum of mobility and the degree of heterogeneity in a certain interval of T, see Fig. 12.
The appearance of a dramatic change in the response curve in this figure, accompanying a slight change in
the heating rate, indicates that different relaxation mechanisms of the solution are dominant. In the analyzed
case, it is the heating rate that turned out to be the key parameter. Our experience suggests that the regime of
reaching a “plateau” is characteristic of the liquid-liquid phase separation (curve 1), while the confined (with
respect to time and temperature) perturbation of the probe temperature (curves 2 and 3) is associated with
spontaneous boiling-up.

3 1
250 2
200 3
2 i
= 150 3
Ear A
100 — g
50
o - L
0 T T T T T : T J T ;
0 20 40 60 0 20 40 60
1, ms f, ms
(a) (b)

Figure 12: Evolution of the probe temperature in an aqueous solution containing 20 wt.% PPG-425 in the mode P(¢) =
const at atmospheric pressure (a). The parameter was the power value (b). The average values of T before the transition
were 0.5 x 10° (1), 0.25 x 10° (2) and 0.5 x 10* K/s (3). The curve with T* ~ 224°C at the highest value T ~ 1.5 x 10° K/s
is not shown not to complicate the figure
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The video frames presented in Fig. 13 generally confirm the assumption about the change in the
relaxation mechanism in the course of transition from fast heating (curve 1 in Fig. 12a, T ~ 0.5 x 10° K/s)
to slow heating (curve 2 in Fig. 12a, T <0.25 x 10° K/s), accompanied by an increase in the characteristic
response temperature.
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frame 192
40.18 ms

A ook Nl
(a) Part A

e = = .

frame 1

frame 55
12.22 ms

frame 56
12.43 ms

frame 61
13.45 ms

. O g

(b) Part B

Figure 13: Video footage of the probe (diameter 20 um) in solution (see Fig. 12). The frames in the section (a) refer to
curve (1) in Fig. 12a, and those in the section (b) refer to curve (2). The upper frame is the onset of a monotonic heating
process, while the lower frame is a certain stage of the developed phase transition

5 Conclusion

A series of experiments was performed to investigate the intensity of heat transfer and the temperature
of spontaneous boiling-up of a LCST solution during its rapid transfer to the region of states above the
liquid-liquid and liquid-vapour binodals—as well as, for some concentrations, the liquid-liquid spinodal.
The experimental parameters were the concentration of the solution and the rate of its heating. The results
obtained have confirmed the consistency of the hypothesis about the existence of a limited range of changes in
the heating rate corresponding to the regime of intensive liquid-liquid decomposition of the system (spinodal
decomposition). The onset temperature of this regime turned out to be somewhat lower than the expected
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temperature of spontaneous boiling-up of the solution. The developed physical model, which describes a
possible scenario of the system response to pulsed heating, is consistent with the experimental data.

The conducted analysis of the results obtained led to the assumption about the maximum mobility in
this range, which facilitates the initiation of spinodal decomposition and the consequent maximum degree
of heterogeneity of the relaxing solution. Outside this range, a “softer” heat transfer regime is observed, until
the temperature of attainable superheating of the liquid is reached. This temperature, which limits the region
of existence of the liquid state, can serve as an approximation (from below) for the mechanical spinodal of
the solution, including in the region of its unstable states.

The results were further used to clarify the conditions for the feasibility of spinodal decomposition of
a solution, representing a poorly studied phase transition against the background of unstable states. The
decomposition is accompanied by an increase in the mobility of droplets of fluid phases, manifested in an
unusual, plateau-like shape of the response curve, limiting further increase in the heater temperature. This
circumstance serves as a practical basis for the development of a theory of boiling-up of not fully miscible
mixtures, as well as for assessing the applicability of LCST solutions as heat carriers in processes that allow a
powerful local heat release.

Our article has initiated research into the interaction of liquid-liquid and liquid-vapour phase tran-
sitions, as well as spinodal decomposition against the background of a rapid transfer of the initially
homogeneous solution into not fully stable and unstable states. Future studies will be aimed at clarifying the
hierarchy of characteristic response times at finer concentration steps and searching for a general criterion
for the possibility of spinodal decomposition under a sufficiently rapid heating of LCST solutions.
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