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Abstract: New experimental results, which are important for the potential use of small levitating droplets as biochemical microreactors, are reported. It is shown that the combination of infrared heating and reduced evaporation of saline water under the droplet cluster is sufficient to produce equilibrium saltwater droplets over a wide temperature range. The resulting universal dependence of droplet size on temperature simplifies the choice of optimal conditions for generating stable droplet clusters with droplets of the desired size. A physical analysis of the experimental results on the equilibrium size of saltwater droplets makes it possible to separate the effects related to the salinity of the water layer under the droplet cluster from the effects related to the reduction of water evaporation from the water droplets. This is expected to be important for further studies of heat transfer and diffusion in layers of evaporating solutions and condensed droplets.
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Nomenclature



	a 	Droplet radius



	C 	Mass concentration of salt in water



	C¯ 	Normalized concentration of salt



	c 	Specific heat capacity



	D 	Diffusion coefficient



	d 	Droplet diameter



	d¯ 	Normalized droplet diameter



	f 	Coefficient in Eq. (10)



	I 	Radiation intensity



	k 	Thermal conductivity



	L 	Latent heat of evaporation



	M 	Molecular mass



	m˙ 	Mass flow rate



	p 	Pressure



	Qa 	Efficiency factor of absorption



	Q¯a 	Spectrally averaged Qa



	qrad 	Integral radiative flux



	R 	Gas constant



	T 	Temperature



	t 	Current time



	x 	Diffraction parameter



	Greek Symbols



	λ 	Radiation wavelength



	ρ 	Density



	φ 	Relative humidity



	Subscripts and Superscripts



	air 	Air



	b 	Blackbody



	drop 	Droplet



	eq 	Equilibrium



	ev 	Evaporation



	K 	Knudsen



	layer 	Layer



	max 	Maximum



	sat 	Saturation



	w 	Water



	0 	Initial





1  Introduction

The present experimental work continues the study of levitating droplet clusters for potential laboratory investigations of biochemical processes in micron-sized droplets. The use of small droplets as microreactors suggested in [1] is very promising due to the expected acceleration of organic reactions with decreasing droplet size [2–4]. For chemical experiments, it is desirable to use droplets levitating in the air and not in contact with any surfaces. Various methods of obtaining such droplets are known, but the most promising are acoustic levitation of individual droplets, as well as equilibrium droplets forming stable clusters levitating above the surface of the evaporating liquid. Note that the Leidenfrost effect [5–7] and thermophoresis [8,9] cannot be used because, in both cases, the substrate is generally too hot.

A large number of publications have been devoted to acoustic levitation of droplets, in particular, the works [10–14]. In some cases, the authors managed to observe some chemical and biochemical processes in isolated droplets. However, in acoustic levitation, the droplets usually change their shape. A significant disadvantage of this method is also that the droplet size decreases due to evaporation. The latter does not allow working with droplets of constant size. On the contrary, the condensational growth of droplets in clusters can be suppressed and it is possible to work with equilibrium droplets of constant size for as long as necessary.

Self-assembled droplet clusters that levitate over a heated liquid have been studied for about two decades since the discovery of this amazing phenomenon [15–17]. Droplet clusters have also been considered by researchers who have worked mainly on problems related to cooling in microelectronics [18,19]. We prefer to start with a brief description of the physical conditions of droplet cluster formation. It is known that only randomly moving small droplets are observed over an almost uniformly heated water surface [20,21]. The transition to a pronounced localized water heating leads to intense evaporation and the observed upward gas flow of water vapor and entrained air. Water droplets condense out of the vapor as the upstream cools. Some droplets grow by condensation of vapor and gravity brings them closer to the water layer. These droplets collect in the central zone of the flow, where the pressure is lower, and form a droplet cluster. Our studies have shown that electrostatic forces between charged droplets and even a layer of water are also present, but the structure and behavior of the droplet cluster are usually determined by the aerodynamic interaction between the gas flow and the droplets [22].

Unfortunately, the droplets of the cluster grow rather fast and less than a minute after the beginning of the cluster formation it coalesces with the water layer. Of course, it is impossible to conduct biochemical studies in the droplets of this natural cluster and it was necessary to somehow suppress the condensational growth of droplets. This was done by heating the droplets by low-power near-infrared radiation [23]. We also tried to modulate the water heating power to “renew” the droplets [24]. However, this method was not as effective as infrared irradiation of droplet clusters. Note that a long-term infrared stabilization of clusters containing the droplets of pure water was rather accurately described by a quantitative theoretical model [25].

It has recently been found that a cluster of pure water droplets can spontaneously stabilize even without infrared irradiation. This is reached by adding a little salt (NaCl) to the water layer under the cluster [26]. The theoretical analysis of the problem showed that this effect is related to the formation of a steady-state salt concentration profile in the water layer. However, it is not enough to add salt to the water layer to stabilize clusters containing droplets of different solutions, and the infrared heating of droplet clusters remains the main method for obtaining equilibrium droplets [27]. Small infrared volumetric heating of droplets leads to an increase in their temperature and some increase in water evaporation. It was experimentally shown that this is sufficient to suppress the condensational growth of the cluster droplets.

The objective of the present study is to find experimentally a combination of two methods (changing the salt content of the water layer and infrared heating) to stabilize levitating clusters containing saltwater droplets. The use of salt water brings us closer to the practically important case where the droplets contain water-soluble but not evaporating biological substances. It is also important to separate the effects of salinity of water droplets and water under the cluster into a combined heat and mass transfer problem involving evaporation, condensation and salt diffusion in water.

2  Experimental Procedure

The method of droplet cluster generation used in our earlier works is unsuitable for obtaining clusters of droplets of different chemical compositions. A fundamentally new engineering solution with independent generation of primary droplets, which are fed into the zone above the locally heated surface of water or aqueous solution, was required. The incoming droplets increase in size due to the normal process of water vapor condensation, but the vapor inflow can also be controlled independently by changing the composition of the solution under the cluster. In other words, there is a new possibility to influence the growth of cluster droplets.

Fig. 1 shows a schematic of a modern droplet cluster generation module. The schematic shows the most important elements of the laboratory setup: the piezoelectric dispenser 1, the layer of water or aqueous solution 2, the laser beam for local heating of the water layer 3, and the conventional image of infrared radiation from miniature sources 4. A similar experimental setup was also used in recent papers [26,27]. The setup used has been continuously improved, mainly during the last two years. The modern modification of the laboratory setup has no analogues.
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Figure 1: Schematic view of the droplet cluster generation module

An advanced “printing” procedure for the initial droplet clusters was used. A piezoelectric dispenser (MicroFab Technologies, Inc., USA) generated three droplet jets with different sizes of droplets. The selected droplets are fed into the hermetic working volume. At the bottom of this volume is a cuvette with a thin layer of salt water and a small amount of surfactant to suppress thermocapillary flow. The central part of the cuvette is heated by a laser beam through an opaque substrate, resulting in a maximum liquid surface temperature, Tmax, of 60°C to 85°C. The temperature range of the present study is much wider than in our recent works. It now includes temperatures typical of the habitat of a large group of extremophile microorganisms, which are of interest for studying their behavior in levitating droplets [28–30]. At the cuvette’s periphery, the working solution’s temperature is maintained at 10°C. The droplet cluster levitates in an upward flow of humid air over the hot liquid surface, and the initial droplet size, d0, increases due to the condensation of water vapor. The water surface temperature in the area of cluster localization is monitored by a pyrometric sensor CTL-CF1-C3 (Micro-Epsilon, USA). The operating wavelength range of the pyrometer from 8 to 14 μm allows measuring the surface temperature of the water layer with an accuracy of about 0.1°C. In the upper part of the working volume, miniature infrared sources EK-8520 (Helioworks, USA) are located. The infrared heating of droplets suppresses their condensational growth and ensures the formation of droplets of equilibrium size. In a series of the discussed experiments, the total radiative flux to the cluster droplets was constant and equal to qrad=1.24 mW/mm2. Thus, the infrared heating was kept constant and we focused on the effect of the second way of stabilizing the cluster–increasing the salt concentration in the water layer under the cluster. The cluster image was recorded using an AXIO Zoom.V16 stereomicroscope (Zeiss, Germany) equipped with a camera EDGE 5.5C (PCO, Germany). Computer processing of the images allows the size of the cluster droplets to be monitored during the experiment. The created computer code processes a series of consecutive frames with the image of the cluster, identifying the droplets (each droplet is assigned an individual number) and determining the diameter of each droplet and the coordinates of its center frame by frame. Depending on the specific task, it is possible to record both the change of parameters of a selected droplet and the averaged parameters of a selected group of droplets. In this work, the averaging was performed over the entire cluster.

In the experiments, the initial salt concentration in the solution from which the cluster was printed, C0=9 g/l, was not changed, but the salt concentration in the water layer, Clayer, was varied. The salt concentration, which is suitable for infrared stabilization of clusters from droplets of isotonic biological and medical solutions [31], was determined. In the main series of experiments, three Clayer values were considered: 2, 4, and 6 g/l (the estimated error was ±0.05 g/l).

In a preliminary stage of the work, the possibility of obtaining a cluster of equilibrium droplets without infrared irradiation was examined, as it was successive for clusters of pure water droplets. Unfortunately, clusters of saltwater droplets did not stabilize even when the concentration of salt in the water layer was much higher than that in the droplets. It turned out that in the region of local heating of the working solution, the salt concentration increases monotonically at high values of both parameters: Tmax and Clayer. This is explained by a high rate of water evaporation and very low diffusivity of salt in water [32,33]. As a result, growing salt crystals are formed on the layer surface. Even at a low initial salt concentration and small Tmax, the increase in the local surface salt concentration led to a decrease in the size of the equilibrium cluster droplets within a few minutes. This undesirable effect was eliminated by selecting the minimum necessary pumping rate of the working solution of 0.1 ± 0.01 g/min, at which the slow flow of liquid does not affect the temperature field in the layer.

In the experiments, a cluster of a small number of droplets was initially printed at Tmax=65∘C, then a pause of 300 s was allowed for the cluster to stabilize completely, and a series of 100 frames was recorded. The surface temperature of the water layer under the cluster was then increased by 5∘C, paused again and a new series of frames was recorded. The experiment was continued similarly until Tmax=85∘C, and then this temperature was decreased to 60∘C in the same way. The laser heating power was then reduced until the cluster lost its stability and the droplets coalesced into the water layer.

3  Experimental Results

Fig. 2a shows the experimental dependence of the average diameter of cluster droplets, d, on the surface temperature of the layer of salt water. These results were obtained using the procedure described above. The experiment was conducted at Clayer=4±0.05 g/l. The curves d(Tmax) for both the heating and cooling stages of the experiment are very close to each other. The latter can be seen as a confirmation of the applicability of the chosen pumping procedure. The divergence of the forward and backward branches of the experimental curve in Fig. 2a makes it possible to obtain an estimate of the error in measuring the equilibrium droplet diameter. The resulting error of about 0.7 μm is comparable to the pixel size of the droplet image.
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Figure 2: (a) Variation of diameters of equilibrium droplets during slow water heating (1) and subsequent cooling (2); (b) The images of the equilibrium cluster at different temperatures

It is of interest to observe clusters of droplets of initially different sizes and consequently with different amounts of salt. For example, the cluster shown in Fig. 3 consisted of group 1 of three upper droplets having initial diameter d0,1=16.4 μm, group 2 of three middle and one lower droplet with d0,2=24 μm and the largest droplet (lower right) with diameter d0,3=26.3 μm. The estimated error in these values was ±0.5 μm. Note that the Bond number for these water droplets is about 10−5. This means that all droplets are perfectly spherical. It turns out that the diameters of all droplets increase similarly with temperature. As a result, the ratio of droplet sizes from different groups remained approximately constant when the temperature Tmax increases from 60∘C to 85∘C.
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Figure 3: Effect of water temperature under the cluster on equilibrium droplet size

As might be expected, the droplet size of the equilibrium cluster increases with increasing water temperature Tmax and decreasing water salinity Clayer, whereas the salinity of the droplets decreases. The experimentally found dependencies of d(Tmax,Clayer) and Cdrop(Tmax,Clayer) at fixed values of C0=9 g/l and d0=24 μm are presented in Fig. 4. The choice of the initial salt concentration C0 is because this concentration is typical for biological isotonic solutions. The value of d0 is the initial diameter of the most of the generated droplets.
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Figure 4: The diagrams for (a) the average diameter of the equilibrium droplets and (b) the concentration of salt in these droplets

Interestingly, the dependences of d(Tmax) at various values of Clayer are similar to each other. Of course, this similarity also holds for the Cdrop(Tmax). This remarkable feature, which is convenient for estimating parameters of equilibrium/stabilized clusters, is shown in Fig. 5, where the values d¯=d(Tmax)/d(60∘C) and C¯drop=Cdrop(Tmax)/Cdrop(60∘C) obtained at constant values of Clayer are connected by straight lines. The small effect of the Clayer appears to be within the measurement error.
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Figure 5: Temperature dependencies of equilibrium droplet parameters for different values of water layer salinity: (a) normalized diameter, (b) normalized droplet salinity

The curves in Fig. 5b are a direct consequence of the dependencies shown in Fig. 5a:

C¯drop(Tmax)=1/[d¯(Tmax)]3.(1)

The cubic relationship (1) is a consequence of the fact that the amount of salt in the droplet is constant and the salt concentration decreases as the droplet grows due to condensation of water vapor. It is sufficient to understand the features of the functions d¯(Tmax). The water surface temperature is a strong parameter of the problem. In the temperature range in question, according to Fig. 5a, the value of d¯ is approximately proportional to the square of the temperature difference (Tmax−60∘C). At the same time, experiments have shown that the monotonic decrease of d¯ with increasing Clayer is almost linear and insensitive to the water temperature. A similar conclusion can be drawn from the saltwater evaporation model. Therefore, the coincidence of the curves d¯(Tmax) at different values of Clayer was expected.

In contrast to [27], the experiments in this work cover a much wider range of water surface temperature (up to 85∘C rather than 70∘C). In addition, the dissolution of salt in the water layer under the cluster allowed us to obtain stable clusters of saltwater droplets levitating over the entire temperature range. Moreover, varying the salinity of the water layer provided a considerable amount of data on the variation of the equilibrium droplet parameters. This extensive information makes it possible to carry out a thermophysical analysis of a general problem of levitating droplet clusters under fixed infrared heating.

4  Analysis of Thermal Processes Responsible for Stabilization of Droplet Clusters

In [25], a computational model was proposed to calculate the parameters of droplet clusters stabilized by infrared radiation and calculations were performed for droplets of different sizes that formed the initial levitating cluster. These droplets acquire the same constant temperature and they become nearly identical. It was shown that the numerical results are in good agreement with experimental data. This model, which works perfectly for a small droplet cluster levitating over a layer of pure water, is based on solving a system of coupled differential equations for the variable temperature and size of individual droplets in combination with the previously developed kinetic model of evaporation taking into account the Knudsen layer on the droplet surface [34,35]. The volumetric absorption of infrared radiation in semitransparent water droplets was calculated by Mie theory which gives a rigorous analytical solution to the scattering problem for single spherical particles [36–40]. The independent absorption and scattering of the external infrared radiation by single droplets of the cluster can be considered because the droplets are much larger than the radiation wavelength and they are relatively far from each other [41,42]. It should be noted that the distances between the droplets in the so-called “small droplet cluster” with which we worked in the discussed study do not affect the heat and mass transfer conditions for individual droplets [17,25].

For the convenience of potential readers, the main equations used to determine the parameters of the equilibrium droplets in the cluster are reproduced below. The mass rates of condensation and evaporation are equal to each other for equilibrium droplets, and these processes do not contribute to the energy balance, which can be written as the equality of the absorbed radiative flux and convective heat losses:

0.75Q¯aqrad,1=3kair(Teq−Tair)/aeq,(2)

where qrad,1 is the integral (over the spectrum) incident radiative flux on a water droplet of radius aeq from infrared sources, Teq is the equilibrium temperature of the droplet, Tair and kair are the temperature and thermal conductivity of a humid air outside the boundary layer on the droplet surface, and Q¯a is the spectrally averaged droplet efficiency factor of absorption calculated as follows:

Q¯a(a)=∫λ1λ2Qa(λ,a)Ib(λ,Tb)dλ/∫λ1λ2Ib(λ,Tb)dλ.(3)

Here Qa is the efficiency factor of scattering of a spherical particle introduced in Mie theory and Ib is the Planck function at temperature Tb=1223 K of infrared emitters. This temperature determines a choice of λ1 and λ2 in the calculations. Note that there is a monotonic increase of Q¯a with increasing droplet radius, which is explained by the increase of the optical thickness of semitransparent droplets.

It is assumed that Tair is equal to the surface temperature of the water layer, Tmax. This assumption is realistic because the levitation height of the cluster is very small [43]. In this case, Eq. (2) is sufficient to obtain the value of Teq for each value of aeq:

Teq=Tmax+aeq4kairQ¯aqrad,1.(4)

In turn, the equality of the mass rates of condensation and evaporation leads to a simple expression for relative air humidity derived from the kinetic model of evaporation [25]:

φair=psat(Teq)/psat(Tmax),(5)

where psat(T) is the saturation pressure of water vapor [44]:

lg⁡psat(T)=4.6543−1435.264/(T−64.848),(6)

where T is measured in Kelvin and psat is obtained in bar (105 Pa).

Unfortunately, Eqs. (4) and (5) cannot be used to determine the important value of the equilibrium radius of water droplets. Therefore, it is necessary to numerically solve the following Cauchy problem for the current temperature and radius of small isothermal droplets:

ρwcwdTdt=3a(Q¯aqrad,14+m˙L−kairT−Taira),T(0)=T0,(7)

ρwdadt=m˙, a(0)=a0,(8)

where ρw and cw are the density and specific capacity of water, m˙ is the resultant mass rate of water vapor in the direction of the droplet due to condensation and evaporation, L is the latent heat of evaporation. Of course, the coupled Eqs. (7) and (8) should be completed by the evaporation model. This model takes into account the kinetic processes in the Knudsen layer at the droplet surface, as discussed in the early monograph [45] and then confirmed by experimental studies. The mass flow rate of water vapor is determined by the following equation, which is true at arbitrary humidity of ambient air [35,46]:

m˙=DpairaRair(Tair,φair)Tairln1−ψ(T,φK)φK1−ψ(Tair,φair)φair,ψ(T,φ)=psat(T)pairMvapMair(T,φ),(9)

where D is the diffusion coefficient of water vapor in air, Rair is the gas constant for the humid air, pair is the atmospheric pressure, Mvap and Mair are the molecular masses of water vapor and humid air, and φK is the relative humidity at the Knudsen layer boundary determined from the mass balance equation:

fevpsat(T)2πRvapT(φK−1)=DpairaRair(Tair,φair)Tairln1−ψ(T,φK)φK1−ψ(Tair,φair)φair.(10)

The known equations for the molecular mass and gas constant of humid air are:

Mair(T,φ)=RRair(T,φ),Rair(T,φ)=Rair,01−φ(1−MvapMair,0)psat(T)pair,(11)

where the values Rair,0 and Mair,0 are calculated for the dry air and R=8314 J/(kmol K) is the universal gas constant. The dimensionless coefficient fev in Eq. (10) was introduced in [34,45] to avoid time-consuming numerical ssolutionsfor the coupled Boltzmann kinetic equations. Strictly speaking, this coefficient is a function on the problem parameters. However, a constant value of fev=0.0024 can be used for water droplets in air [46]. The above model with the recommended coefficient was validated by comparing calculations and the experimental data of [47] for water droplets evaporating in ambient air. The model with the constant value of fev is sufficiently accurate in the range of parameters of the problem under consideration.

In [27], an attempt was made to modify this model to calculate the possible stabilization of a cluster of saltwater droplets. The difference between the calculations and the experimental data turned out to be significant even when taking into account nonuniform salt concentration in the asymmetrically heated water droplet. This is probably due to the formation of salt microcrystals near the surface of the droplet heated by infrared radiation. Computational modeling of the more general problem, when the salt is also dissolved in the water layer under the cluster, is very difficult. Therefore, we limited ourselves to a physical comparison of a series of calculations according to the model of [25] with new experimental data. It will be shown below that such an analysis makes it possible to separate the effect of the salt in the water layer from the effect due to the presence of salt in the cluster droplets. A comparison of the results of numerical calculations for pure water (both in droplets and in the water layer) and experimental data for saline water is presented in Fig. 6. The error bars are marked on the experimental curves.
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Figure 6: Dependencies of equilibrium droplet diameters on water layer surface temperature. Comparison of calculations for a cluster of pure water droplets over a pure water layer with experiments for saltwater clusters over the water layer of various salt concentrations

As the salt concentration in the water layer decreases, the diameter of the equilibrium saltwater droplets increases significantly. It can be seen that for water with a very low salt concentration, as for pure water, the saline droplets grow to a much larger size than pure water droplets. This is explained by a much smaller evaporation of water from the surface of the salt droplets at the same condensation rate of water vapor from the surrounding humid air.

The temperature dependences compared are also significantly different. For pure water, the dependence d(Tmax) is linear (black curve in Fig. 6), while in the experiments with saline water, the normalized droplet diameter d¯ is proportional to the square of the water layer temperature Tmax (color curves in Fig. 6). Obviously, the latter dependence is not related to the properties of levitating droplets but depends on the parameters of the upward flow of humid air. In other words, the nature of the nonlinear temperature dependence of the equilibrium droplet size is completely determined by the change in the evaporation rate of the saltwater layer with increasing temperature.

Thus, we are able to separate two effects of salt water: one of them is related only to hindered evaporation of water from the salt droplets and the other is exclusively to the specific change of mass evaporation rate of salt water layer with temperature. This result makes it possible to consider separately two independent problems of heat and mass transfer: (1) the formation of a zone of increased salt concentration at the droplet surface (probably, at the irradiated upper surface) and (2) heat transfer and salt diffusion in the evaporating layer of saline water. According to the authors, the above analysis is of methodological importance for structuring the complex problem of heat transfer and diffusion in a multicomponent evaporating liquid and condensed droplets.

5  Conclusions

Laboratory experiments showed that the infrared heating of the cluster, in combination with a properly selected salt concentration in the water layer under the cluster, is sufficient to stabilize droplet clusters of saline water droplets. The equilibrium droplets were obtained in the most important ranges of droplet size and water salinity. Pumping the working solution into the water layer at a flow rate of 0.1 g/min is shown for the first time to prevent an abnormal increase in the surface salt concentration and is sufficient for the reliable long-term operation of the laboratory setup.

Universal quantitative dependencies for the main parameters of equilibrium saltwater droplets were obtained. With the help of this relationship, it is easy to predict the necessary salt concentration in the water layer to produce nearly identical levitating droplets of the desired size. The new experimental results can be seen as the next step toward using levitating droplets as microreactors for in-depth laboratory studies of biochemical processes.

A physical analysis of experimental results on diameters of equilibrium saltwater droplets with the use of additional numerical calculations makes it possible to separate the effects related to the salinity of the water layer under the droplet cluster from the effects related to the reduction of water evaporation from the droplets. The results obtained helped to better understand the influence of the chemical composition of the water layer and cluster droplets on the conditions for obtaining equilibrium droplets. This experience is expected to be useful when working with solutions used in medicine and agriculture. Note that the methods developed in experiments with simple binary systems like saline water can be applied to multicomponent systems. For example, these methods allow one to study the parameters for chemical plant protection products including the growth or evaporation times of aerosol droplets.
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