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ABSTRACT: Experimental research into the boiling-up of a free jet of superheated water discharging through a short
cylindrical nozzle with sharp inlet and outlet edges into the atmosphere has been carried out. The change in the shape of
a liquid jet has been traced through changes in thermodynamic parameters (temperature, pressure) along the saturation
line in both the visible range and the infrared spectrum. The flow shapes corresponding to various modes of boiling-
up have been identified. With thermal-imaging diagnostics, heterogeneities in the spray plume of a superheated liquid
jet have been recorded and temperature distributions have been obtained in various sections of a boiling-up flow. The
maximum temperature in the flare of a boiling-up jet has been determined at different distances from the short nozzle’s
exit edge.
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1 Introduction
Cold liquid jets are used in various fields, such as engineering machinery, agriculture, medicine,

power engineering, etc. Many issues concerning fluid flowing inside or outside various nozzles have been
addressed [1–4]. Research into cold liquid jets has been carried out in a typical temperature range, from
the crystallization temperature to the boiling point. Important features and distinctive properties of a liquid
appear in the range from the boiling point to the thermodynamic critical point temperature (superheated
liquid), which makes it possible to apply the liquid much more efficiently.

During the discharge of a metastable (superheated) liquid [5–7] through short nozzles, several features
completely uncharacteristic of cold jets are manifested. One of the main features is a finely dispersed
structure [8–11]. In addition, in experimental research, various phenomena that manifest themselves in
superheated liquid jets, such as a significant change in the shape of the boiling medium [12,13], the minimum
reaction thrust [14], and extreme pulsations with a diverging power spectrum according to the 1/f law, were
recorded [15]. The listed features normally arise during a transition from one state to another with a sharp
change in internal or external conditions and can lead to both positive and negative consequences. Despite
the considerable research and use of boiling liquid jets in various devices, several questions related to the
nature of their discharge remain open. In particular, problems concerning the kinetics of the creation of
vapor nuclei within the flow (various models are discussed in the article [16]), the temperature distribution
in the spray plume, the stability of the jet shape, and the methods of regulating flow remain unexplored.
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The study has the following objectives:

– to study changes in the shape of a liquid jet at various points of superheating;
– to apply a non-contact thermal imaging method to study the temperature distribution in various sections

of the spray plume;
– to determine the maximum value of the liquid temperature in a two-phase jet;
– to analyze the structure of a boiling liquid flow based on the thermograms obtained.

2 Vapour Generation Mechanisms in Boiling Liquid Jets
Much experimental research into the metastable state of matter [5,6,17,18] has shown that an important

and, in some cases, decisive role in arranging the structure and behavior of a system is played by the
formation, development, and interaction of the typical nuclei formed in it (crystals in a supercooled liquid
and vapor bubbles in a superheated liquid). In the case of a superheated liquid, with an increase in superheat,
an increase in the number of vapor bubbles in a unit of volume per time unit occurs, which is of a complex
(stepwise) nature [19]. Due to the probabilistic nature of boiling up, it is impossible to be clear about the
number of bubbles at a certain superheat. The complexity of the issue is primarily related to assessing
the system’s purity. Even in a medium that is as close as possible to a free jet of liquid devoid of contact
with a solid (rough) surface, there remain factors (dissolved gases, minerals, and other possible inclusions)
whose influence is very difficult to take into account. The conducted research into vapor generation kinetics
intensities in superheated liquids made it possible to conditionally distinguish several modes of boiling-up
and the corresponding superheats, i.e., low, moderate, high, and limited. A transition from one boiling-up
mode to another is directly related to the number of emerging bubbles per unit of liquid volume per unit
of time.

For low superheats (Ts < 0.6Tc, Ts is the initial temperature of the liquid at the saturation line; Tc is the
temperature at the critical thermodynamic point), separate few and non-interacting bubbles are generated,
the number (J) of which per second in a cubic centimeter varies from several units to several dozens. At
moderate superheats (0.6Tc < Ts < 0.7Tc), the number of generated bubbles significantly increases and
varies over a wider range, J = 102–104 CM–3C–1. With an increase in superheat, so-called ready-made boiling
centres begin to activate, which contributes to an increase in the intensity of the generated bubbles. At high
superheats Ts/Tc ≈ 0.7, the number of nuclei generated in a unit of liquid volume per second sharply increases
to values J ≈ 108 CM–3C–1. It is noted in [6,7] that a jump of J by four orders of magnitude occurs within a
very narrow temperature range (ΔT = 1–2 K). In this case, boiling up occurs mainly on external inclusions
in the liquid and is accompanied by a chain initiation of boiling centers. This avalanche-like bubble growth
is known as intense heterogeneous nucleation. It manifests itself and develops within the range from 0.7 Tc
to 0.9 Tc. At Ts > 0.9 Tc, the homogeneous fluctuation nucleation mechanism comes into play. The number
of nuclei in one cubic centimeter generated per second exceeds J > 1020 cm−3s−1. The generation of a large
number of bubbles per time unit, for both the intense heterogeneous mode and the homogeneous fluctuation
mode, occurs explosively. In the case of extremely high rates of vapor bubble formation shock waves can
be generated that can initiate explosive boiling-up in adjacent regions of a superheated liquid [12,20,21].
Therefore, boiling up is often called explosive boiling-up.

The experimental and theoretical investigations conducted have made it possible to obtain a criterion E
for the implementation of the explosive boiling up mode of a superheated liquid discharging through a short
nozzle [6]:

E = [1 −ΩV (t)] p
∗

[1 −ΩV (t)] pa + ρω2ΩV (t)
> 1,



Front Heat Mass Transf. 2025;23(4) 1205

where Ω is the effective number of heterogeneous centers in a unit of the liquid volume; V is the volume
of the bubble increasing within the nozzle; t is the time of the liquid in the nozzle; ω is the velocity of the
liquid motion at the inlet; ρ is the liquid density; pa is the pressure of the medium into which the liquid is
discharged; and p* is the pressure of intense fluctuation nucleation.

This condition was obtained for homogeneous approximation without taking into account the mutual
slip of the phases. The bubble volume is calculated at the pressure of the medium where the discharge
takes place.

3 Experimental Setup
The research into boiling water jets was conducted in a laboratory setup, the main part of which was a

high-pressure working chamber made of stainless steel (Fig. 1).

Figure 1: Cross-section of a high-pressure chamber: 1—the body of the working chamber, 2—the casing for the
thermocouple, 3—an electric heater, 4—a locking rod, 5—water, 6—heat insulation, 7—a short cylindrical nozzle

The vessel had a cylindrical shape with a volume of 0.65 L. The superheated water was discharged into
the atmosphere through a short cylindrical nozzle with a diameter of d = 0.5 mm with sharp inlet and outlet
edges. The initial parameters (temperature, pressure) of the liquid inside the vessel corresponded to the
conditions on the liquid-vapor phase equilibrium line and varied within the appropriate limits, Ts = 380–570
K, p = 0.1–8.6 MPa. The error in measuring the temperature was ±0.3%. The error in measuring the pressure
was ±0.2%.

In our experiments, a short nozzle was used to transfer the liquid to the region of metastable states.
On the phase diagram of water in p–V coordinates (Fig. 2), the ab arrow shows how the liquid enters from
the stable region into the region of superheated states through abrupt pressure suppression. The depth of
penetration and the delay in boiling in the region with the relative stability of the liquid phase are determined
by the degree of superheat.

The jets were photographed using a Nikon 7200 digital camera. The boiling-up flow was illuminated by
two external flashes installed between the jet and the camera. Photography and thermal imaging diagnostics
were carried out independently of each other.
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Figure 2: Phase diagram of water: ACB is the phase equilibrium line or binodal, DCE is the boundary of thermody-
namic stability or spinodal and C is the thermodynamic critical point (adapted from [6,22])

4 Boiled-Up Liquid Jet Breakup
This study has shown that a jet of boiling-up liquid is quite sensitive to changes in the kinetics of

vaporization, which is reflected in a change in its shape. With an increased degree of supersaturation of the
system, several different shapes of the discharged jet can be recorded (Fig. 3).

Figure 3: Superheated water jet shape at different temperatures: (a) Ts < 413 K (ps < 0.36 MPa), (b) Ts = 433 K (ps =
0.62 MPa), (c) Ts = 453 K (ps = 1.0 MPa), (d) Ts = 493 K (ps = 2.32 MPa), (e) Ts = 533 K (ps = 4.69 MPa), (f) Ts = 583 K
(ps = 9.87 MPa)

At low superheats, the jet has the shape of a cylinder or rod, typical of a cold liquid (Fig. 3a). The
cylindrical shape of the jet is carried on for 650 mm, and then begins to break up into drops. Individual vapor
bubbles cannot yet be seen in the flow. This boiling mode is characterized by low-intensity evaporation from
the jet surface. The destruction of the jet occurs due to capillary instability or Kelvin-Helmholtz instability.
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At moderate superheats, the jet takes the shape of a cone with different apex angles (Fig. 3b,c). An
increase in the opening angle occurs due to the increasing growth rate of bubbles generated in the flow. In
the boiling-up mode, the destruction of the boiling-up jet occurs due to barocapillary instability [23].

At high superheats, when intense heterogeneous nucleation occurs in the flow, jet discharge in the shape
of a hollow cone with a large opening angle (~110○) at the apex can be seen (Fig. 3d,e). In this case, boiling-up
intensity becomes the dominant factor in the destruction of the liquid jet.

When the thermodynamic parameters approach intense fluctuation nucleation (homogeneous nucle-
ation) conditions, the jet shape changes again and takes the shape of an elliptical paraboloid (Fig. 3f).

Fig. 4 shows how the jet expansion angle (the angle between the visible jet boundaries) changed with
increased temperature.

Figure 4: Changes in the expansion angle of a superheated water jet

As can be seen from the diagram, the change in the jet expansion angle has a complex nature, which
is directly related to the transitions from one boiling-up mode to another. The onset of growth corresponds
to the transition from weak to intense evaporation on the mirror of the jet surface. The solid liquid core is
destroyed and a conical jet is formed. A gradual increase in the jet expansion angle is associated with an
increase in the liquid-vapor phase transition intensity. The solid cone of the jet is replaced by a hollow cone
and the expansion angle reaches its maximum. A subsequent decrease in the jet expansion angle is due to
the increased boiling-up intensity, which leads to the following change in the jet shape: the hollow cone is
replaced by a shape close to an elliptical paraboloid.

5 Thermal Imaging Diagnostics of a Boiling-Up Water Jet
With advances in technical devices, strict requirements for the reliability and safety of operation have

been introduced. Miniaturization, tightness, and extreme conditions of use present significant difficulties
for correct diagnosing equipment. Non-contact research methods are quite effective here. One of these
methods is the thermal imaging analysis used in various fields, such as medicine [24], agriculture and
food science [25], engine manufacturing [16,26,27], power equipment and heat transfer devices [28–31]. In
research into dispersion processes, the non-contact diagnostic method is more appropriate than the contact
method, since it does not have any effect on the discharging medium. In addition to the lack of influence on
the flow of liquid or gas, another significant addition is the possibility not only to record the temperature in
a local area but also to conduct research into the temperature field of an extended region.

In this experimental investigation, the temperature change in a jet of boiling-up water was analyzed.
An infrared survey was carried out with a Testo 890-2 thermal imager. This thermal imager, which measures
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infrared radiation in the long-wave spectrum (7.5–14 μm), was configured to record temperatures in the
range from T = 273 K to T = 623 K. The error in measuring the temperature was ±2%. The emissivity for
water was taken to be ε = 0.95.

The thermograms in Fig. 5, as well as the photographs in Fig. 3, reflect fairly well the change in the shape
of the superheated water jet with changing vaporization modes (Fig. 5a is low, Fig. 5b–d is moderate, Fig. 5e–i
is high and Fig. 5j is extreme).

Figure 5: Boiling-up water jet thermograms: (a) Ts < 413 K (ps < 0.36 MPa), (b) Ts = 433 K (ps = 0.62 MPa), (c) Ts =
453 K (ps = 1.0 MPa), (d) Ts = 473 K (ps = 1.55 MPa), (e) Ts = 493 K (ps = 2.32 MPa), (f) Ts = 513 K (ps = 3.35 MPa), (g)
Ts = 533 K (ps = 4.69 MPa), (h) Ts = 553 K (ps = 6.42 MPa), (i) Ts = 573 K (ps = 8.95 MPa), (j) Ts = 578 K (ps = 9.21 MPa)

In particular, it can be seen that when boiling-up (heterogeneous nucleation) is intense, the discharged
liquid mass is redistributed to the periphery of the spray plume (Fig. 5e–h), which cannot always be seen
in photographs. Statistical analysis of thermograms made it possible to establish a change in the maximum
temperature of the liquid behind the outlet section of the nozzle and obtain the temperature distributions in
different sections of the boiling jet (Figs. 6–8).

Figure 6: Local dependence of the maximum temperature of a jet behind the outlet of the short nozzle for the
corresponding temperature in the high-pressure vessel
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Figure 7: Temperature distribution in the longitudinal section of a superheated water jet at various superheats

Figure 8: Temperature distribution in the jet’s cross-section for various superheats. The distance from the outlet cross
section of the nozzle: (a) l = 1 mm, (b) l = 2 mm, (c) l = 5 mm, (d) l = 10 mm, (e) l = 15 mm, (f) l = 20 mm
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The liquid transfer from a metastable (superheated) state to a stable one is accompanied by vapor nucleus
generation, which requires some work [5,6,32]. The energy expended is the reason the liquid jet cools. As can
be seen from Fig. 6, the heat outflow is rapid. In other words, the time the flow is in the liquid state behind
the nozzle before boiling up is rather short. This is reflected in a change in the maximum flow temperature
(Fig. 6). The maximum temperature of the liquid jet exceeds its boiling point within a millimeter (l < 1 mm)
from the nozzle’s exit edge. The difference between the liquid temperature at the nozzle inlet (the temperature
in the high-pressure vessel) and the outlet becomes greater, and the higher the intensity of the appearance of
vapor nuclei. At a distance of about l = 2 mm from the cylindrical nozzle’s exit section, there is a tendency for
the maximum temperature in the jet to decrease, despite an increase in the temperature in the high-pressure
vessel. This also indicates significant energy consumption during the liquid-vapor phase transition. At l >
2 mm, a slight change in the jet’s maximum temperature can be recorded. In this case, the liquid-vapor phase
transition has time to come to an end, so only the condensation, coalescence, and evaporation of droplets
take place.

Fig. 7 shows how the temperature decreases in the longitudinal section of the flow when moving away
from the cylindrical nozzle’s outlet section.

The figure shows that there are two segments where the temperature decreases. The first segment has
a characteristic stepwise decrease temperature (except for low superheats), and the second is a very slow
decline. The shape of the line related to low superheats (Ts < 433 K), when the jet is cooled due to low-
intensity evaporation, is different. In this case, the first half of the curve has a fairly flat portion of temperature
decrease, while the second has a steeper dependence. For medium and high superheats, the more intensive
the liquid-vapor phase transition in the jet, the steeper the first section of the temperature decrease curve.

The change in the jet temperature at its cross-section is shown in Fig. 8.
The integral temperature distributions obtained during an analysis of thermograms correlate well with

the change in the jet shape. Before the manifestation of a liquid-vapor phase transition, a non-boiled part of
a jet can be seen near the outlet cross-section of the nozzle. That is, the liquid ‘lives’ for some time before
boiling up. The higher the temperature (pressure) in the working chamber, the shorter the length of the
unboiled section. In this region, at the cross-section of the jet, the integral temperature distribution had the
shape shown in Fig. 8a. The top of the peak corresponds to the maximum temperature in the flow. As can
be seen from this figure, all distributions have almost the same shape. Only the peaks corresponding to high
temperatures (Ts > 493 K) have a slight broadening in the base region.

With distance from the outlet cross-section of the cylindrical nozzle, the temperature distribution at
the cross-section of the boiling-up jet changes significantly. The shape of a single sharp peak is retained only
for low superheats (Fig. 8c). At moderate superheats, a single but more extended peak can also be observed.
For high superheats the temperature distributions take a trapezoidal shape, which can be explained by an
increase in the jet expansion angle.

At a distance of l = 10 mm (Fig. 8d), each temperature distribution takes on its special shape, according
to the shape of the superheated liquid jet with the corresponding superheat. So, for low superheats, the
peak remains but with a lower maximum temperature and a wider area at the base. In the temperature
distribution for moderate and high superheats, both a significant broadening of the region in which the
maximum temperature rises and falls and the beginning of the creation of the second peak are visible. The
presence of two zones (Fig. 5d–h) in the spray torch of the boiling liquid is associated with a change in
the shape of the jet (Fig. 4, the jet takes the shape of a hollow cone). In this case, when the liquid boils, a
two-phase flow is formed, consisting of small drops and vapor. The redistribution of the mass (density) of the
discharging volumetric medium begins to play an important role. Taking into account that near the axis the
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density of the boiling-up liquid becomes less relative to its density at the edges this leads to the registration
of radiation in the form of two peaks. This two-peak distribution is typical of the temperature range from
Ts = 493 K to Ts = 553 K. When approaching extreme superheats, the plume of the boiling-up jet again
takes on a homogeneous structure without distinguished directions of the discharge, which is reflected in
the temperature distributions of the trapezoidal curve.

With a further increase in the distance from the outlet cross-section of the cylindrical nozzle (Fig. 8e,f),
the above characteristic features for each curve are even more pronounced in the temperature distributions,
which reflect boiling-up processes that manifest themselves in a jet of superheated water.

It is worth emphasizing that the data obtained in Figs. 6–8 correspond to the temperature values with
the emissivity of water equal to ε = 0.95. However, it should be taken into account that with intense boiling-
up of the liquid (Ts > 473 K) the amount of the vapor phase increases, the emissivity of which is less than
the emissivity of water. Water vapor is a semitransparent medium and the characteristics of its radiation
strongly depend on the density and thickness of the gas layer [33] as well as on the velocity in the flow and the
nature of the jet movement as a whole. With an increase in the vapor phase and a decrease in the droplet size
(liquid phase), the emissivity of the two-phase flow decreases which of course affects the accuracy of the spray
temperature measurement. Thus, because it is objectively impossible to speak with sufficient accuracy about
the emissivity of a two-phase jet, the obtained results for the spray torch temperature should be considered
approximate. Despite this, the curves on the graphs correctly display the nature of the thermal distribution
in the boiling-up jet which provides valuable information for further studies of metastable liquids.

6 Conclusion
Experimental research carried out to study the dynamics of boiling up a water jet when it discharges

through a short cylindrical nozzle has shown that the changes in the shape and the jet expansion angle are
directly related to the intensity of the interacting vapor nuclei generated. For various degrees of superheat,
typical shapes of a boiling jet have been distinguished.

Temperature distributions have been obtained at a qualitative level and the maximum temperature in
different flow sections has been determined.

The obtained distributions and dependences of the change in the maximum temperature for different
distances from the cylindrical nozzle’s outlet section made it possible to evaluate the length of the unboiled
part of the jet or the beginning of the liquid-vapor phase transformation. Analysis of the experimental data
has shown that the change in the length of the unboiled section of the liquid correlates with the degree
of superheat.

Experiments have shown that the more the liquid in the high-pressure vessel is superheated, the
more intensively the liquid-vapor phase transition proceeds and, therefore, the more abruptly the tempera-
ture drops.

Thus, this research into jets of boiling water made it possible to obtain with thermal imaging new data
on the maximum temperature in the flow beyond the nozzle’s outlet section and the distribution of the
temperature field in a spray of a superheated liquid during intense boiling up. The data obtained have shown
good agreement with the experimental results and theoretical concepts obtained previously. The infrared
photography method is an effective scientific tool that made it possible to study processes in boiling up
superheated liquid much more broadly and to obtain reliable information about the temperature change in
the jet.

The experimental investigation results can be used in various technical applications where it is necessary
to obtain a finely dispersed spraying of a working liquid. Thermal imaging analysis data can be useful for the
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advancement of the ideas of the physics of boiling-up in general, as well as for the construction of particular
problems and theoretical models.
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Nomenclature

Symbol
d Nozzle diameter [mm]
E Explosive boiling-up criterion
f Frequency [Hz]
J Rate of nucleation [cm−3s−1]
l Distance [mm]
p Pressure [MPa]
t Time [s]
T Temperature [K]
V Volume [m3]

Greek Symbol
α Spray angle [○]
ω Velocity [m/s]
Ω Number of heterogeneous centres
ρ Density [kg/m3]

Subscripts
a Atmospheric
c Critical
s Saturation
* Homogeneous nucleation
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