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Abstract

:

In 1893 Sir William Armstrong placed a cotton thread between two wine glasses filled with chemically pure water. After applying a high voltage, a watery connection formed, and after some time, the cotton thread was pulled into one of the glasses, leaving a rope of water suspended between the two glasses. Although being a very simple experiment, it is of special interest since it comprises a number of phenomena currently tackled in modern water science like electrolysis-less charge transport and nanobubbles. This work gives some background information about water research in general and describes the water bridge phenomenon from the viewpoint of different fields such as electrohydrodynamics and quantum field theory. It is shown that the investigation of the floating water bridge led to new discoveries about water, both in the macroscopic and microscopic realm – but these were merely “hidden” in that sense that they only become evident upon application of electric fields.
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1. Introduction: Water Properties and Structure


Water is undoubtedly the most important chemical substance of the world. Despite this, and in spite of the fact that it is practically ubiquitous, it still represents one of the best explored [1,2] and yet least understood substances [3,4,5], as its so-called "anomalies" are famous (e.g., [6,7,8]). Many attempts have been made in order to measure or calculate the structure of water beyond the H2O molecule. This is a difficult task due to the hydrogen bond (H-bond) network which can be formed by two or more water molecules. These bonds are characterized by a binding energy between 1 and 50 kJ/mol, depending on and the type of strength of interaction and the local geometry [9], and their network is nowadays held responsible for many of water’s weird properties [10] and is also the reason why water cannot be treated as a "simple liquid" [11]. From a theoretical point of view, the difficulties in understanding liquid water can probably be attributed to two features: cooperative hydrogen bonding (the fact that the binding energy of two H-bonded molecules is modified by the presence of a third molecule [10,12,13,14,15,16]) and nuclear quantum effects. Such effects occur because the proton is so light that classical mechanics can no longer adequately describe properties like spatial dispersion of the hydrogen positions, nuclear tunneling, zero-point energy and, naturally, quantization of nuclear motions. Much work has been done recently toward the simulation of liquid water [17,18,19,20,21,22,23,24,25], its intrinsic ions H+ and OH- [26] and other ions in solution [27] using ab initio electronic-structure methods, sometimes together with quantum dynamics methods [25,28,29,30,31,32,33], but still more work is called for in order to get a more complete and accurate picture of the liquid. So obviously, the description of this substance by its chemical formula—H2O—reflects the reductionism concept of the current scientific paradigm, and in this special case it fails to do justice to the structure and the properties of water. If one considers, e.g., phosphorus pentoxide, whose formula is given as P4O10 according to its dimeric structure, a proposal for the formula of water could be (H2O)n. However, as pointed out above, in this case, the situation is much more complex. Numerous structural models of water proposed by many authors can be found in the book of Eisenberg and Kauzman [1]. The X-ray studies of water and ice by Hajdu et al. and Hadju [34,35,36] are mentioned here as a representative example of the many investigations succeeding that book. For detailed up-to-date structural analyses of water based on neutron scattering and/or X-ray diffraction, reference is made to the works of Teixeira and Luzar [37] and Soper (e.g., [38,39]), exemplary studies on supercooled water as well as a possible liquid-liquid phase transition were published by Stanley et al. [40,41,42], Mishima and Stanley [43] and Yamada et al. [44] (and references quoted therein). In his recent paper, Soper [39] explains that when using an empirical potential structure refinement (EPSR) to form a single atomistic structural model which was simultaneously consistent with both X-ray and neutron diffraction data, X-ray data for water provide a powerful constraint on possible structural models. However, it is not possible to rigorously define the precise position and height of the first peak in the OO radial distribution function; and different neutron datasets on water give rise to further small uncertainties in the position of the hydrogen bond peaks. According to Soper, one general conclusion from the combined use of neutron and X-ray data is that many of the classical water potentials may have a core which is strongly repulsive at short distances producing too sharp a peak in r-space at too short a distance. Thus, a softer core potential is proposed [39].



Leetmaa et al. recently reported on the consistency of such models with infrared/Raman and X-ray absorption spectra [45]. They claim that the overall agreement of calculated spectra based upon established structural models is still unsatisfactory, and that no water model exists that can equally well describe IR/Raman, X-ray absorption spectroscopy, and diffraction data [45]. In a subsequent work [46], they furthermore show that there is no strict proof of tetrahedral water based on diffraction and IR/Raman data, and that the tetrahedral structure model must, to fit diffraction data, be less structured than most models obtained from molecular dynamics simulations [46].



An interesting interpretation of Raman spectra of water revealing a non-homogeneity of the H-bond network related to a (bi-, tri-)furcation of H-bonds was published by Chumaevskii and Rodnikova [47]. They claim this to be due to the presence of defects in the H-bond network which correspond to different conformations of fully hydrogen-bonded five-molecule structural units [47]. For an excellent review about Raman, IR and vibrational spectroscopy of water in general, the reader is referred to the paper of Bakker and Skinner [48] and the references quoted therein.



A novel approach in water modelling was recently presented by Molinero and Moore [49], where water is simulated as a fictional intermediate element between carbon and silicon exploiting their common feature of forming tetrahedrally coordinated units. This model departs from the prevailing paradigm in water modeling which uses long-ranged electrostatic forces to produce a short-ranged hydrogen-bonded structure since it comprises only short-range interactions. Yet it reproduces energetics, density and most anomalies and phase transitions of liquid water with comparable or better accuracy than the most popular atomistic models of water [49].



A very large number of papers which present evidence for the presence of specific molecular arrangements have been published recently (2004) in Science. Miyazaki et al. [50] showed infrared spectroscopic evidence for oligomers of different shape and sizes from n = 4–27 in (H2O)n. Shin et al. [51] present intriguing IR data near the 3.7 µ O-H stretching band in oligomers from n = 6–27, around the "magic number" of n = 21. About six months after these publications, the October issues of Science contained several exquisitely detailed papers on water from senior authors. They discuss the energetics and dynamics of electron binding and transport in various cluster sizes, some of it in vapor samples. These processes are extremely rapid, on the order of tens of femtoseconds, as discussed in a recent work by Nibbering and Elsaesser [52]. Wernet et al. [53] supported the view favouring only ring and chain molecules using XRD and Raman spectroscopy, which was partly confirmed by Odelius et al. [54]; while J.D. Smith et al. [55] used their total electron yield near-edge X-ray absorption time structure (TEY-NEXAFS) technique to come to very different conclusions: according to them, the water and ice H-bonds are very similar, and the usually accepted H-bond strength is consistent with their data. Also, according to Head-Gordon et al. [56], the XAS data is most compatible with water as a tetrahedral hydrogen-bonded liquid. Tse et al. [57] report on the X-ray absorption spectra of high-density amorphous (HDA) ice, low-density amorphous ice Ic, ice Ih, normal and deuterated liquid water by in situ heating of an HDA ice sample where they observed the previously reported distinct pre-edge structure in all spectra. The authors did not wish to directly address or attempt to delineate the controversy between the conventional and novel views of water structure; however, they indicate that a complete quantitative description of the XAS of water and ices is beyond the currently employed theoretical methods, partly due to small but significant variations between the reported experimental spectra and incomplete description of the continuum states [57].




2. Explanatory Models: Interaction with Magnetic and Electric Fields


The interaction of water with electric or magnetic fields also reveals many interesting aspects. The effect of magnetic fields seems extraordinary [58,59,60,61], its “magnetic memory” has been investigated [62]. The effect of magnetic fields on the formation of scale in boilers has been established in a huge amount of data (see [63,64,65] and references quoted therein). In the laboratory, the influence of modest DC magnetic fields on the nucleation and growth of CaCO3 (phases, sizes, morphology) in dilute aqueous solutions have been thoroughly studied and demonstrated by Higashitani et al. and Pach et al. [64,65]. The former demonstrates a strong memory effect in the constituent solutions exposed to a magnetic field. Roy et al. [66] have shown the remarkable effect of a static magnetic field on the pH of water in a conditioned volume. On the other hand, Cowan et al. [67] report that there is no magnetic memory of water at all.



The interaction of water with electric fields has become more and more explored over the last years because of its importance for "electrospinning", "electrowetting" and "electrospray" methods for mass spectometry ("ESMS") or the production of nanofibres [68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83], but unusual phenomena have also been recently reported like—e.g.,—the electric field driven self-propulsion of a water droplet on a solid surface [84].



The water bridge was first discovered by Lord Armstrong in 1893 (see Figure 1). In his speech before the Newcastle Literary and Philosophical Society, Armstrong describes his experiment: “(...) Amongst other experiments I hit upon a very remarkable one. Taking two wine-glasses filled to the brim with chemically pure water, I connected the two glasses by a cotton thread coiled up in one glass, and having its shorter end dipped into the other glass. On turning on the current, the coiled thread was rapidly drawn out of the glass containing it, and the whole thread deposited in the other, leaving, for a few seconds, a rope of water suspended between the lips of the two glasses. This effect I attributed at that time to the existence of two water currents flowing in opposite directions and representing opposite electric currents, of which the one flowed within the other and carried the cotton with it. It required the full power of the machine to produce this effect, but, unfortunately when it went to London, and was fitted up in the lecture-room, I could not get the full power on account of the difficulty of effecting as good insulation in a room as in the outside air. I therefore failed in getting this result, after announcing that I could do it, and I daresay I got the credit of romancing.”[85].





[image: Water 02 00381 g001 1024] 





Figure 1. 1st Lord Armstrong of Cragside, by Mary Lemon Waller (1871–1916), Cragside, The Armstrong Collection (acquired through the National Land Fund and transferred to The National Trust in 1977), ©NTPL/Derrick E. Witty. 
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It should be noted here that, naturally, His Lordship was not romancing, but successfully reproduced the phenomenon later on. However, no additional investigation of this phenomenon was published for 104 years. The knowledge about this experiment was only passed down orally, finally reaching Prof. Uhlig from the ETH Zürich, who put a video of this experiment online in the World Wide Web [86]. Then, in 2006, the author of this paper started an interdisciplinary co-operation which, in 2007, produced a paper about this phenomenon in the Journal of Physics D: Applied Physics [87], which was later featured by the magazine Nature [88]. An exemplary image of the bridge is given in Figure 2.
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Figure 2. A floating water bridge produced with glass beakers, deionized water, Pt electrodes, 15kV (see also [87]). 
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Three more papers were published in cooperation with the author of this paper in the Journal of Physics D in 2008, 2009 and 2010 [89,90,91], one in the journal Experiments in Fluids in 2010 [92], and one in the journal Water [93] which could be considered as a first step towards a comprehensive explanation of the phenomenon. Meanwhile, more groups have picked up the topic, giving first results on ion transportation [94], Raman scattering [95] and a derivation of the Maxwell pressure tensor within the water bridge [96]. Next to that, an investigation of mass and charge transfer processes [97] has recently been presented.



There is a long history of research on the effects of high voltage on dielectric fluids, from many points of view: classically physical, which comprises the huge field of (di-) electrophoresis, electrowetting and electrospray; quantum-physical or even quantum-electrodynamical.



2.1. Dielectrophoresis/Electrospray


The fact that a jet flow can be induced by applying a DC high voltage is well known as an electrohydrodynamic (EHD) effect and is called "dielectrophoresis", which is defined as the motion of a dielectric fluid caused by polarization effects. The fluid tends to polarize in the field, therefore, a dipole in the medium experiences a force towards higher field strength. Even on reversal of the polarity of the field, the dipole experiences the force in the same direction. Thus, this effect is independent of the polarity of the field and depends on its non-uniformity only. "Electrophoresis" on the other hand results from the electrostatic attraction of charged particles towards electrodes. The electrophoretic forces, therefore, depend on the polarity of the electrodes and hence are electric field dependent. A good overview of the topic is the 1998 book “Electrohydrodynamics” by Castellanos [98]. Since the main flow direction of the water bridge is polarity dependent but there is also always a flow in both directions [87,89], both effects have to be taken into consideration.



In 1955, Sumoto found that dielectric fluids climb up electrodes if the applied voltage is high enough [99]. Pohl [100] as well as Parmar and Jalaluddin [101] assumed that the dielectrophoretic forces result in electrohydrodynamic motion producing non-uniformity in the applied electric field. The pumping action of strong divergent electric fields [102] and the electroconvection effects [103] have been explained as due to strong electric stresses on liquids in non-uniform fields. According to Maxwell's treatise on the theory of electricity and magnetism [104] and to the theory of liquid hydrodynamics under electric fields by Landau and Lifshitz [105], there are pressure forces perpendicular and tension forces parallel to the electric field lines. This tension can be considered as a thermodynamic reason for the stability of the water bridge [96].



Dielectrophoresis was found responsible for anomalous effects in liquids before, like the methylmethacrylate anomalies which were explained in 1985 by Parmar and Labroo [106]. In 1996 Hughes et al. calculated both trapping and a translational dielectrophoretic forces on particles travelling in electric fields [107], and in 2006, Techaumnat et al. calculated the electric field and the dielectrophoretic force on spherical particles in a chain in a dielectric fluid [108] and found stable regimes, which could be an important basis for similar considerations concerning the floating water bridge.



From the viewpoint of electrospraying, the bridge can be considered as a water jet (a “cone-jet” [81,82,83]) whose break-up is halted by the electric force acting on it. Such jets are normally being produced when generating an electro-spray. In this process a liquid is pumped through a nozzle at a low flow rate, a droplet is formed at the tip of the nozzle. An electric field is applied. This electric field induces a surface charge in the droplet. As a result of the electric stress, the droplet is transformed into a conical shape. The applied electric field accelerates the surface charge toward the cone apex. Due to this acceleration, a jet with a high charge density occurs at the cone apex. This jet breaks up into a number of primary or main droplets and a number of secondary droplets and satellites as described by Cloupeau and Prunet-Foch [109], Gomez and Tang [110], Chen et al. [111] and Hartman et al. [81]. A similar effect can be observed when the water bridge is torn apart [87]. An example of an aqueous Taylor cone is shown with in Figure 3.
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Figure 3. Cone (a) and droplet ejection (b-f) in a water electrospray recorded with a Photron SA-1 high speed camera. Nozzle inner/outer diameter 0.84/1.27 mm diameter; +4.5 kV potential; 1.5cm distance to counter electrode; flow rate 2mL/h; time interval between the images 2 ms (from [112]). 
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The shape of the liquid cone is a result of the balance of liquid pressure, liquid surface tension, gravity, electric stresses in the liquid surface, the liquid inertia, and the liquid viscosity. Hartman et al. ([81,82,113]) presented a physical numerical model which is able to accurately calculate the shape of the liquid cone and jet, the current through the liquid cone, and the surface charge distribution on the cone and jet.



According to Hartman, every liquid has a minimum flow rate, below which a stable cone-jet mode cannot exist. At this minimum flow rate the jet breaks up due to axisymmetric instabilities. These instabilities are also called varicose instabilities. At higher flow rates, the current through the liquid cone increases. With increasing current, the surface charge on the jet increases. Above a certain surface charge the jet break-up will also be influenced by lateral or azimuthal instabilities of the jet. These instabilities are also called "kink" instabilities. Gomez and Tang [114] describe the kink instabilities as a whipping motion of the jet, and are presumably these instabilities are responsible for the lateral and azimuthal vibrations of the water bridge. Gomez also noticed that the occurrence of the whipping motion depended on the applied potential difference.



The break-up of a jet has been studied by many people. For instance, in 1878 Rayleigh [115] presented a theory for small varicose instabilities on a liquid jet. In his calculations, the electric stresses were equal to zero, and the velocity of the jet was constant. This theory is able to predict the wavelength of the fastest growing varicose instability. In 1931, Weber [116] included the liquid viscosity into the theory: The higher the viscosity, the longer the "dominant" wavelength. The fastest growing wavelength is often called the dominant wavelength, because the jet always breaks up through instabilities with a wavelength close to the fastest growing wavelength. In 1968, Yuen [117] included non-linear effects in the jet break-up theory. His theory showed that a longer dominant wavelength means a relatively larger volume of secondary droplets and satellites. In 1970, Rutland and Jameson [118] used Yuen's theory to estimate the size of these droplets as function of the wavelength.



In electrohydrodynamic atomization, electric stresses also play an important role. Among others, Melcher [119], Parkin [120], and Turnbull [121] have studied the influence of charge on the jet break-up. Turnbull assumed an insulating liquid, where Melcher assumed the jet to be a perfect conductor. Parkin measured the growth rate of perturbations on a water jet, which could be assumed to be a perfect conductor. His results showed that the results of Melcher were not far from reality. However, due to scattering in the data, low electric stresses and relatively long wavelengths, only a qualitative confirmation could be given of Melcher's results.



Jones [122] reported in 2002 the relationship of dielectrophoresis and electrowetting where he points out that the force responsible for the movement of droplets or mass is not electrowetting but can be evaluated using a capacitive model or the Maxwell stress tensor. A comprehensive review over the field of electrowetting was published in 2005 by Mugele and Baret [123].



For leaky dielectrics, Saville suggested a stability condition for fluid cylinders with axial electric fields of relatively high field strengths [124]. For the special case of the water bridge, Widom et al. [96] published in 2009 their detailed calculation of the water bridge tension terms of the Maxwell pressure tensor in a dielectric fluid.



Cloupeau and Prumet-Foch [109] as well as Gomez and Tang [114] both claimed that the break-up of the jet in the cone-jet mode was not influenced by surface charge. Gomez found theoretical conformation in the results of Schneider et al. [125] and Neukermans [126]. Cloupeau and Gomez both measured the ratio of the droplet diameter over the jet diameter. This ratio was for low viscous liquids within the measurement accuracy equal to 1.89, a value following from Rayleigh's theory of an uncharged jet with a constant liquid velocity.



In 1994, Fernández de la Mora and Loscertales [127] gave relations which can be used to estimate the droplet diameter and the current through the liquid cone which are often called the scaling laws for electrohydrodynamic atomization in the cone-jet mode. They were slightly revised by Gañán-Calvo [128], Gañán-Calvo et al. [129] and Hartman et al. [81].



Nowadays, electrohydrodynamics is a vast field of science, ranging from sophisticated applications like nano-dispensing by electrospray for biotechnology [130], the local delivery of anticancer drugs to treat C6 glioma in vitro [131] or the development of an EHD motor [132] to fundamental investigations like image analysis of the flow in EHD pumps [133] or microgravity experiments with liquid bridges aboard a space shuttle [134].




2.2. Quantum Mechanical/Quantumelectrodynamical Viewpoint


From a quantum mechanical point of view, density functional theory indicates that an electric field would stretch the intermolecular hydrogen bonds in the water network, eventually breaking the three dimensional morphologies to form linear, branched, or netlike structures, resulting in dipolar water monomers aligning along the field axis [135,136] which coincides with the water bridge axis. However, the calculated field strength necessary in order to achieve such chains could are considerably higher than the ones applied in the water bridge experiment. Nevertheless, the existence of similar water chains (even without an external electric field) has been recently suggested [56].



From the viewpoint of quantum field theory (QFT), many features of the water bridge can be explained [137]. Since such an approach seems unusual, it is presented below in more detail with exemplary applications not only to the water bridge, but different phenomena which are discussed nowadays. A full paper on this subject was recently published in the journal Water [93].



To begin with, there is some experimental proof of quantum mechanical coupling in liquid water at room temperature: in 1995 Chatzidimitriou-Dreismann et al. did Raman light-scattering experiments [138] on liquid H2O-D2O mixtures which provided experimental evidence for the quantum entanglement of the fermionic OH- (and bosonic OD−) vibrational states, and in 1997 a first experimental proof of nuclear quantum entanglement in liquid water [139] was published, again, by Chatzidimitriou-Dreismann et al., by the means of inelastic neutron scattering. The interpretation of these results is, however, disputed [140,141].



In the frame of the theory of liquids the model of liquid helium proposed by Landau [142] can be compared to the suggested model. Within this model the liquid appears as made up of two phases, one coherent (namely having components oscillating in phase), the other non-coherent (namely having independent components as in a gas). There is no sharp space separation between the two phases since a continuous crossover of molecules occurs between them. This dynamical feature makes the experimental detection of the two phase structure a delicate task, indeed. As a matter of fact, an experimental probe having a resolution time longer than the typical period of the particle oscillation between the two phases produces a picture which is an average of the conformations assumed by the system during this time, and produces the appearance of a homogeneous liquid. On the contrary, the two phase structure would be completely revealed by an instantaneous measurement only. In a realistic situation, an observation lasting a time short enough could give evidence of the chunks of the coherent phase which succeeded to remain coherent during the whole time of the measurement. This kind of observation would give some evidence of the existence of a two phase structure, but would be not enough to give the full instantaneous extension of the (vibrationally) coherent regions. Until recently, experiments performed at room temperature did not produce evidence of the existence of a two phase structure of water [143,144]. However, very recently, two articles [145,146] in favor of the proposed model have appeared. In ref. [145] evidence of two phases of water having different densities and orderings is presented, whereas [146] presents a comprehensive account of the experimental data supporting the existence in liquid water of aggregates quite larger than those accountable in terms of customary electrostatic theories. Recently, a description of liquid water in the frame of QFT exhibiting two interspersed phases in agreement with these last experimental findings has been worked out [147,148,149]. The two phases are a coherent phase made up of extended regions, the so called “coherence domains” (CDs) where all water molecules oscillate in phase between two configurations, and a non-coherent phase made up of independent molecules trapped in the interstices among the CDs. Signatures of coherent vibrational energy transfer in IR and Raman line shapes for liquid water were reported recently [150]. The coherent oscillations of the molecules belonging to the first phase are maintained by the electromagnetic field self-produced and self-trapped within the CD, and they occur between two definite molecule states. The amount of the coherent fraction in the liquid is decreasing with temperature. At room temperature the two fractions are approximately equal [147]. In the bulk water, molecules are subjected to two opposite dynamics: the electrodynamical attraction produced by coherence and the disruptive effect of the thermal collisions, so that, whereas in the average the relative fractions are time independent, at a local microscopic level each molecule is oscillating between the coherent and the non-coherent regime. The coherent structure is thus a flickering one, so that an experiment having a duration longer than the life time of a CD probes water as an homogeneous medium.



In the coherent state in the fundamental configuration all the electrons are tightly bound, whereas in the excited configuration there is one quasi-free electron. Consequently a CD contains a reservoir of quasi-free electrons. Del Giudice et al. [152] have shown that this reservoir can be excited producing cold vortices of quasi-free electrons confined in the CD, the energy spectrum of these vortices can be estimated following the mathematical scheme outlined therein. Similarly, it can be seen that the lowest lying excited state has a rotational frequency of a few kHz and the spacing of the levels has the same order of magnitude. The life-time of these vortices can be extremely long because coherence prevents random (thermal) fluctuations and because the conservation of the topological charge prevents the decay of the vortex in a topologically trivial state.



In normal water, CDs are not necessarily correlated amongst each other. In Ref. [155] the possibility of the onset of a coherence among CDs induced by the tuning of the phases of the oscillations of the CDs is discussed. This tuning of the different CDs can be induced also by the application of an external e.m. field. This prediction could account for the experimental observation of a so called “neowater” produced by Katsir et al. [156]. The stabilization of the array of water CDs implies the stabilization of the corresponding ensemble of nano bubbles, which will therefore form a stable ordered array like reported in [156] and [157]. Katsir et al. connect the ordered nature of the neowater structure to the appearance of the ordered network of nanobubbles, they report a typical bubble size comparable to the CD size. Again, QFT provides a possible rationale for this surprising phenomenon.



In case of the water bridge the external field applied can align the CDs to form super-domains. This effect can be considered an electrical analogue to the Barkhausen-jumps of Weiss domains in ferromagnetic materials when a magnetic field is applied, where order in the microscopic range suddenly creates a macroscopic effect. For this reason, Widom et al. considered water to be an “electric ferrofluid” , and they did not hesitate to compare the water bridge’s rheology to that of superfluids, and concluded that “…considering water as an electric ferrofluid subject to high electric fields allows for structures that are more than just a bit unusual…” [96].



Furthermore, it can be shown [93] that the application of a high voltage, through the complex dynamics mentioned above, gives rise to two levitations, electric and magnetic along the wall of the vessel with the positive electrode, and to one levitation, electric only, in the grounded vessel. This prediction is in agreement with the observation of a larger probability of formation of water-columns in the high voltage beaker than in the grounded one. The levitating drops of water, being coherent, are surrounded by the electromagnetic evanescent field, filtering out of the coherent cores. The tail of the evanescent field spans for a length of the same order of the CD radius, so that it could act as an interaction field among the droplets. Their distance is in the order of the droplet radii, namely some microns. Thus, the possibility of the formation of a string of interacting droplets of water emerges that eventually give rise to the water bridge.



When addressing the properties of the water bridge, QFT can predict many of its features, such as a macroscopic vortex formation upon applying a potential, the occurrence of a cold spot prior to the rising of the water, the asymmetric rising of the water in the beakers [93], the stability of the bridge due to the formation of superdomains, the formation of micro and nano bubbles and consequently the findings by optical [89,92] and neutron scattering [90,91].



Finally, it should be noted here that the phenomenon is not restricted to water, but also works with, e.g., methanol [158]. The formation dynamics and the required voltages are slightly different to those of the water bridge. Apart from that, the phenomenon is very similar; an example is shown in Figure 4. A thorough investigation of alcoholic bridges in comparison to the water bridge is currently being conducted [158].
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Figure 4. Comparison between a water (a) (9 kV) and a methanol (b) (12 kV) bridge [158]. 
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3. Investigated Properties and Features


3.1. Bridge Formation


Whereas Lord Armstrong [85] used a cotton thread to create his water ropes, the bridge can easily be created without those, as first demonstrated by Uhlig in his World Wide Webpresentation [86] and then by Fuchs et al. who investigated the bridge formation using high speed visualization. This was done in glass beakers [87] (see Figure 5), Teflon beakers [89] (see Figure 6); and Woisetschläger et al. visualized the process using fringe projection [92] (see Figure 7).
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Figure 5. Water bridge formation: (a) rise of water in both beakers after a high voltage was applied and a first ignition spark was observed, (b) spontaneous formation of a connection which remains stable after (c) pulling the beakers apart (from [87]). 
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Figure 6. Formation of a water bridge between two Teflon beakers. (a) No current applied, (b) rise of the water surface mainly in the anodic beaker at approximately 15 kV dc, (c) spark, (d) water jet ejection leading to (e) a stable connection between the beakers (left cathode, right anode beaker) (from [89]). 






Figure 6. Formation of a water bridge between two Teflon beakers. (a) No current applied, (b) rise of the water surface mainly in the anodic beaker at approximately 15 kV dc, (c) spark, (d) water jet ejection leading to (e) a stable connection between the beakers (left cathode, right anode beaker) (from [89]).



[image: Water 02 00381 g006]







[image: Water 02 00381 g007 1024] 





Figure 7. Bridge formation between two Teflon beakers using fringe projection. The shape of the water surface is contoured by the distortions of the otherwise parallel line reflections of an illuminated grid reflected by the surface (for a detailed description of this technique, see e.g., [159].) In (b) the high voltage was applied to the electrodes, in (e) a watery connection formed, in (f) the bridge was stabilized (from [92]). 
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The formation can be summarized as follows: when the high voltage is applied, the water surfaces tower towards the opposite beaker (Figure 5a), particularly in the anodic beaker (Figure 6b and Figure 7b). Finally, small water jets are ejected with and without spark discharge (Figure 6c and Figure 7c) when the voltage exceeds approximately 15 kV. One of these jets eventually forms a watery connection (Figure 5c, Figure 6e and Figure 7f) which stabilizes while increasing in diameter (Figure 7f). This process can be compared [89] to a Taylor cone [160,98] formation. The water bridge can be considered as a result from the interaction of two counteracting cone jets. However, in electrohydrodynamics, such a cone-jet is normally the first stage of a droplet formation process.



After the Taylor cones establish a connection, it is typically very small (see Figure 7e). At this stage, the water bridge resembles a capillary bridge normally achieved with AC voltages by electrowetting (low frequencies) or dielectrophoreses (high frequencies). Such bridges made of water and aqueous solutions were recently studied by Jones et al. [151], a comprehensive review is given by Mugele and Baret [123]. They are normally established between two isolated electrodes and retain their capillary shape and proportions, whereas the water bridge undergoes a further stabilization and growth (see Figure 7f) before reaching its final equilibrium.



Observations have shown [10,51] that there is an asymmetry accompanying the bridge formation, the water in the high voltage (HV) beaker rises higher and forms more massive jets than the water from the grounded beaker. As shortly mentioned in the last chapter, Del Giudice et al. [93] proposed that this is due to the different levitation forces in each beaker. The authors also report on two other features during the bridge’s formation: The formation of a vortex around the electrodes and the cooling of the water surface along the line connecting the electrodes. The first observation is attributed to a macroscopic electronic vortex formation, the second to a symmetry break of the system due to the presence of the second beaker, respectively. The vortices are shown in Figure 8, while the cooling along the joining line prior to the bridge formation is depicted in Figure 9.
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Figure 8. Thermographic vizualisation of the macroscopic Vortex in the beakers under application of high voltage before the water bridge is formed. The time interval between the images is 5 sec, the temperature scale is calibrated to the emissivity of water (0.96) (from [93]). 






Figure 8. Thermographic vizualisation of the macroscopic Vortex in the beakers under application of high voltage before the water bridge is formed. The time interval between the images is 5 sec, the temperature scale is calibrated to the emissivity of water (0.96) (from [93]).



[image: Water 02 00381 g008]







[image: Water 02 00381 g009 1024] 





Figure 9. Thermographic visualization of the bridge formation mechanism. First, the macroscopic vortices appear (a), then the water cools down at the joining line of the two electrodes (b). With the first sparks (c), the water heats up, and finally forms a water bridge (d). The time interval between the images is ~1 s, the temperature scale is calibrated to the emissivity of water (0.96). The dark spots on the electrodes in (c) and (d) are water droplets which were ejected during the process (from [93]). 
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3.2. Bridge Properties


The most outstanding property of the bridge is, as indicated by its name, its stability, the fact that it floats, thereby seemingly defying gravity [88]. In order to understand this property Widom et al. [96] showed that the forces responsible for holding up the water bridge stem from the Maxwell electric field pressure tensor in dielectric polar fluids. In particular, the water bridge viewed as a flexible cable has an electric field induced tension sufficiently large so as to explain its support. The need for de-ionized water in the experiment is evidently due prohibiting conductivity effects from masking the insulating dielectric effects. The Maxwell pressure tensor inside of the water bridge is denoted by:


   P i j = P  g  i j   −  ε  4 π    E i   E j    



(Equation 21 from [96])







Therefrom the authors successfully derived the catenary shape of the bridge. Moreover, they point out that in a polar liquid acting as a ferrofluid, the tension arises out of long ordered chains of low entropy aligned coherent dipolar domains. Based upon their work, Del Giudice et al. [93] discussed these domains in detail and gave qualitative explanations of previously experimentally reported features such as heliocoidal motion of the outer layer, the correlation of charge and mass transfer [87,92], the formation of micro and nanobubbles [90,92] and the somewhat counter-intuitive temperature dependence of the bridge’s stability: whereas cooling with ice destabilizes the bridge, it is easily formed using water close to the boiling point.



Amongst the optical properties of the bridge, already Lord Armstrong observed that “the water in passing the aperture becomes a little heated, and is rendered visible by a flicker” [85]. Fuchs et al. identified this flicker as density fluctuations [87] which they visualized with laser schlieren and fringe projection [89] techniques (see Figure 10). Since the local structure and therefore the local density of the bridge water are apparently the same as in the bulk liquid [90], the density differences are attributed to nano and micro bubbles [92].



Moreover, Lord Armstrong noticed a water flow in both directions, which he associated with a charge transport: “…the facts of the case seem to demonstrate that the negative current flows inside of the positive …” [85]. So far, this statement could not be verified; but a coupled bidirectional mass/charge transfer mechanism resulting in a lemniscate flow pattern has been reported [97] (see Figure 11). The nature of a possible charge carrier in this electrolysis-less system is compared to charged droplets in electrospray, where this issue is also still discussed [161].



When tracer particles were added for flow measurements using a laser Doppler anemometer and for visualization, the floating water bridge revealed a rotating outer layer, made visible in Figure 12 by particle tracks. Details on these measurement techniques can be found in the books by Merzkirch and Albrecht et al. [162,163]. Recorded with a laser Doppler anemometer, a tangential velocity of approximately 0.3 m s−1 was found at mid-length, the axial velocities changed between ±0.2 m s−1, depending on the main direction of mass transfer in the outer layer towards the cathode or the anode beaker.
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Figure 10. Density gradients within the water bridge, recorded with a high speed camera at a 10 kHz frame rate (1/20,000 s exposure time), every 5th image is depicted. (a) shows a single structure typical for a ‘young’ bridge (5 min operation time). (b) shows multiple structures (after 30 min operation time). In these images, the length of the bridge was approximately 10 mm. (from [87]). 
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Figure 11. Schlieren image of the flow inside the dual beaker configuration (a). In (b) arrows are added to demonstrate the lemniscate shaped flow from anode to cathode (red) and back (blue) (from [97]) 






Figure 11. Schlieren image of the flow inside the dual beaker configuration (a). In (b) arrows are added to demonstrate the lemniscate shaped flow from anode to cathode (red) and back (blue) (from [97])
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For Figure 12, eight consecutive images recorded with a frame rate of 1 kHz were added, revealing similar tangential velocities as recorded by the laser Doppler anemometer. Even without tracer particles, the rotation of the outer shell can be observed with a high-speed camera, because occasionally, single tiny gas bubbles crossed the bridge, rotating with the same speed as the tracer particles [92].
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Figure 12. Tracking of particles on the surface of a 1.6 mm thick water bridge. The interval between the single images was 1 ms. Particles imaged through the bridge appear as large dots. The rotational direction was clockwise when looking towards the cathode beaker (left) (from [92]). 
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The water bridge reveals a multilayered structure with mass transport mainly form the anode to the cathode beaker, a backflow preventing the cathodic beaker from overflowing thereby stabilizing the phenomenon for hours. The rotating outer shell reveals optical polarization effects (see Figure 13).
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Figure 13. The water bridge between two crossed linear polarizer plates (a,b). P indicates the direction of the polarizer, A the direction of the analyzer. (c) Focused laser beam shining through the length of the bridge (from [92]). 






Figure 13. The water bridge between two crossed linear polarizer plates (a,b). P indicates the direction of the polarizer, A the direction of the analyzer. (c) Focused laser beam shining through the length of the bridge (from [92]).



[image: Water 02 00381 g013]





These polarization effects could be caused by electrically enforced birefringence in the outer layer, commonly known as the electro-optical Kerr effect. But due to the small Kerr constant of water the high-voltage field strength used for the floating water bridge is too low to observe a Kerr effect (e.g., [165]). Another possible cause could be reflection at the gas/water interfaces in a bubble network in the outer layer of the bridge [92]. To test that possibility, a laser beam was focused into the bridge from the side. This beam was guided along the inner surface of the bridge, similar to the behavior of an optical fiber (Figure 13c), and a strong scatter was observed only in the outer layer of the bridge, supporting this hypothesis. However, a recent two-dimensional neutron scattering showed a possible anisotropy of the first structural peak of D2O, which would probably also manifest itself by partial birefringence. Therefore, at this time, both birefringence [91] and scatter from micrometer-sized bubbles, slightly elongated in the electric field [92], are possible explanations for the observed optical activity.




3.3. Spectroscopic Investigations


So far, neutron [90,91] and Raman [95] scattering experiments have been successfully performed on the water bridge. Raman scattering was done with both DC and AC water bridges, and differences to bulk water were found. According to Pontiero et al. [95], one can assume that the Raman spectrum of a water bridge is given by the superposition of two distinct spectral features, which can be ascribed to the structure of bulk water and to a polarized structure induced by the applied electric field.



The authors attempted to extract the spectral contribution of polarized water by the difference between the water-bridge spectrum, at a given temperature, and the normal water spectrum, at the same temperature, and found that their analysis revealed that in any case the difference reduces to the same, roughly Gaussian shaped, spectral contribution. The interpretation of this contribution is not straight forward due, since the separating the temperature and polarization effects would require additional experiments [95]. The observed change could perhaps be compared to the one observed in the Raman spectra for methanol/acetone mixtures depending on the methanol concentration [164] which is due to vibrational coupling between the molecules, a model similar to the coherent domains proposed by Del Giudice et al. [93].



The neutron scattering measurements on a D2O bridge showed that the first structural peak overlaps with that of bulk D2O [90], thus showing that any density difference must be due to density changes on a larger scale, e.g., nano bubbles. A scattering increase at low Q values was interpreted to be possibly caused by such bubbles. In a 2D scattering experiment [91], a slight anisotropy of the first structural peak was found, indicating a preferred direction of a part of the D2O molecules or their tetrahedral clusters, respectively. This discovery can be considered corroborating the finding of the polarized structure found by Raman scattering [95]; in both cases, the contribution of the polarized/anisotropic fraction is very small. Clearly, more experiments are called for in order to clearly identify the novel structural features and thus to assess their contribution to the whole phenomenon.




3.4. Chemical Investigations


The investigations about if and to which extend electrochemistry plays a role in this phenomenon are in a very early stage. Most probably, if pure water is used, it can be neglected, since no electrolysis can be observed. Preliminary UV-Raman scattering (355 nm) investigations only revealed water [166], and addition of luminol in order to look for possible peroxide formation showed that this was indeed happening—but only if and when discharges appeared during the formation of the bridge (see Figure 14), there was no light emission once the bridge was running [167].
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Figure 14. Discharge before the water bridge formation with diluted luminol solution. 12–14 kV dc, 0.5 mA [167]. 
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Nishiumi and Honda [94] reported that NaCl is rapidly transported through the bridge from cathode to anode. Moreover, they found that the addition of the soluble electrolytes, NaCl, NaOH and NH4Cl decreased the length of the water bridge from ~12 mm to 1mm when the concentration was increased from 0.0 to 1.5–2 × 10−1 mol/L, respectively, whereas the addition of insoluble electrolyte Al2O3 showed (like the trace particles used by Woisetschläger et al. [92]) little effects on the length of water bridge. The most thoroughly discussed electrochemistry hitherto is the addition of a pH dye to visualize the charge distribution in the system [92] as shown in Figure 15.



In a recent paper [97] we further investigated the role of a pH indicator in this system, and found that one must be very careful when using it as charge visualization tool for the water bridge set-up, because the addition of a pH dye does not directly visualize charge. It raises the conductivity and induces electrochemical reactions.
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Figure 15. Visualization of the pH value during bridge operation from red (pH 4) to violet (pH 10) for (a) a two beaker and (b) a three beaker arrangement. With orange pH 5, yellow pH 6, green pH 7, cyan pH 8 and blue pH 9. Before bridge operation the water had a pH value of 5 (orange). The color impression also depends on the thickness of the water layer (from [92]). 
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Thus, it can be used as a tracer substance indicating the origin of the flow, but cannot be seen as a noninvolved indicator. The charges visualized by the dye are produced due to its presence and are mostly absent when pure water is used (see Figure 16).



Furthermore, in that paper, the authors conclude that with regard to the latest discussion about charge storage and transport in water [168,169,170,171], at least for the water bridge experiment, two statements can be made: First, there is a charge transport mechanism next to the electrochemical one, and second, these charges cannot be visualized by chemical means. The findings are still too preliminary to estimate possible repercussions of this statement; more experiments are called for in order to corroborate this claim.
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Figure 16. Comparison between bridge operation (~10kV, 30 min) with dye (a,b) and bridge operation without dye (c) and the addition of the dye after shut down (d). (from [97]). 
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4. Conclusions


The understanding of water and its interaction with electric fields seems so basic that one might wonder why any such research is at all necessary nowadays. However, when looking deeper into the field, it turns out that there is much special but little general knowledge. For example, there are many theories for each of the various anomalies of water—but rarely one theory that explains more than a few of these anomalies.



The water bridge is an example of the above cited paradox. Its formation can be described and very well understood by the methods developed for electrohydrodynamic atomization [98], its initial stage—the capillary bridge made of two droplets with a double funnel connection—has thoroughly been investigated—albeit for AC voltages—in the field of electrowetting [123]. However, its final stage—a macroscopic, rotating cylinder with special optical properties [92] through which two water currents run—still represents an interesting opportunity to further study and learn about the interactions of water with electric fields.



The question about the scale in which the phenomenon should be investigated is an interesting one, too. For instance, Pontiero et al. [95] write that they cannot confirm that the microscopic change in the local arrangement of water they found with Raman scattering is related to structure that sustains the bridge, it might just be a secondary effect playing no fundamental role. Thus, although finding peculiarities in the microscopic scale, the authors express their doubts about whether there is an important relation between those and the macroscopic properties of the bridge. On the other hand, Del Giudice et al. [93] claim that many bridge properties originate form the microscopic scale – a change of the local dynamics induced by the external electric field is said to be the basis wherefrom macroscopic properties are derived. Hopefully, future experiments and analyses will be able to validate these controversial approaches.



Another interesting issue is that of charge and mass transfer [97]. Naturally, there are a number of theories explaining conduction and liquid motion in high voltage electric fields [98]. Castellanos [98] generally considers only ions as charge carriers since electrons are normally very short-lived in liquids (see e.g., page 22 in reference [98]). Thus, when water is used, charge transport is accompanied by electrolysis (see e.g., page 83ff in ref. [98]). The fact that this process is absent when a floating water bridge is created raises the question about the nature of the charge transfer in that system. In ref. [97] it is compared it to the charging in electrohydrodynamic atomization processes. However, in their excellent review about this topic, Gañán-Calvo and Montanero point out that “…the role played by the liquid polarity and the behavior of ionic species in the liquid are not satisfactorily described…” and that “… These issues still stir controversy (…) and require clarification. …” (from [161], see also papers quoted therein). Thus it seems that this matter, too, is worthy of further studying, especially when considering a recent discussion about charge storage and transport in water [168,169,170,171].



Summarizing, a great deal about the floating water bridge has been understood so far. The formations of liquid jets and of a capillary bridge are phenomena well known not only for water but for polarizable liquids in general (see e.g., [98] and [123]). Whereas it still has to be determined whether new microscopic effects found by neutron [90,91] and Raman scattering [95] are essential for its macroscopic, especially its optical properties [92], the bridge certainly provided the grounds for such investigations and therefore lead to the quoted discoveries. Therefore, an answer to the question entitling this paper should be carefully phrased. Certainly, the investigation of the floating water bridge lead to new discoveries about water, both macroscopic and microscopic—but these were merely “hidden” in that sense that they only became evident under the application of electric fields. Moreover, there is nothing mythical about these effects—many of them can be unambiguously explained, and there is a number of applicable established theories for those which are still discussed. Therefore, a closer look at Armstong’s experiment did reveal hitherto “hidden” properties of water—but facts only, no myths.
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