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Abstract—The paper presents the results of experimental study on characteristics of non-boiling
multi-jet water cooling. Experimental data on the characteristics of droplet jets including the
distribution of droplets sizes and their velocity, as well as liquid irrigation patterns on a transparent
heating surface, were obtained using high-speed visualization. The surface temperature field of the
thin-film ITO heater was measured using IR thermography. The usage of synchronized techniques
revealed the relationship between the irrigation dynamics and the temperature field of the heating
surface. Moreover, IR thermography made it possible to determine both the distribution of local heat
transfer rate in various areas of the impact surface and the integral heat transfer during multi-jet
cooling. In particular, the dependence of the integral heat transfer rate on the distance between the
spray source and the heater was revealed and it was shown that there is an optimal configuration of
liquid irrigation pattern at which the maximum heat transfer coefficient is observed.
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INTRODUCTION
It is known that the use and utilization of energy in any process in the energy sector, industry

(including the chemical one), and the housing and public utilities sector include the process of heat
transfer. Technical and economic indicators of energy equipment are largely determined by parameters of
heat exchangers. As the unit capacity of power plants increases, the absolute weight and size parameters
of heat exchangers used in production increase too. Thus, one of the main trends in improving heat
exchangers of various types is to enhance the effectiveness of their work and to reduce their size and
metal content. Now spray/jet cooling, along with microchannel two-phase systems and heat pipes,
is one of the most efficient methods of heat transfer. However, as compared with the above-described
cooling systems, the scope of gas-droplet flows is much wider [1, 2]. In particular, in recent years, foreign
literature offers more and more works aimed at creating new types of evaporative devices and cooling
systems in which a heat transfer surface is watered by sprays and jets [3].

Today, the vast majority of experimental studies of heat transfer at spray and jet cooling involve
measurements of integral thermal characteristics using thermocouples and local temperature sensors
with low temporal and spatial resolutions. General data do not allow obtaining information on local
characteristics of heat transfer, assessing their contribution to the integral heat transfer, and fully
understanding the main mechanisms of heat transfer, which is very important for developing theoretical
models for describing the process and engineering methods for calculating systems with spray/jet
cooling.

In this paper, a measurement method based on high-speed synchronized infrared thermography and
video recording was used to study the temperature field in relation to the process of formation and
behavior of precipitated liquid on a heated surface. This method made it possible to obtain experimental
data on the hydrodynamics of impact interaction of a jet-droplet flow of four jets with a heat-transfer
surface and the related temperature fields of the surface. The dependences of the integral heat transfer
of the heat-generating surface to the entire four jet-droplet flow and local heat transfer to one jet in the
flow are presented for different distances from the flow source to the surface.
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EXPERIMENTAL SETUP

The experimental facility for the study of the spray hydrodynamic parameters and local and integral
characteristics of heat transfer using a controlled multi-nozzle spraying source and individual nozzles of
various types consists of four main parts. These parts are the hydrodynamic circuit for supplying liquid
and gas, the jet flow source, the heating element, and the high-speed video/infrared camera (Figs. 1a
and 1b).

The flow source, the heating assembly, and the high-speed cameras are mounted on carriers to the
rail and are located on the same axis. This design enables easy variation of the distance from the spray
source to the heater.

In the experiments, the Bosch EV14L nozzle was used (Fig. 2). The nozzle has four outlets with a
diameter of 100 μm located at the vertices of a square with a side of 500 μm. The automated nozzle
control system enables formation of both stationary and non-stationary droplet-jet flows (periodic
irrigation) with given characteristics of the period and duration of the droplet-jet phase.

The working liquid was distilled water; the initial temperature of the liquid was ambient and varied
in the range of 15–24◦C. Figure 3 shows the dependence of the flow rate on the liquid pressure at the
inlet. The liquid flow was measured by the volumetric method. The flow measurement error was 3%. The
liquid flow rate G for the stationary irrigation regime varied in the range of 5.3–8.2 cm3/s depending on
the overpressure (1.5–3 atm).

The target was a sapphire substrate. A thin film heater of indium tin oxide ITO was deposited onto
the backside of the substrate. The substrate with the thin film heater was sealed in plexiglass mounted

Fig. 1. (a) Scheme and (b) photo of experimental test bench with multi-nozzle source of jet spraying.

Fig. 2. Bosch EV14L nozzle; (a) photo, (b) diagram.
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Fig. 3. Liquid flow rate vs. pressure at nozzle inlet.

in an aluminum frame. Samples were heated due to the Joule effect, using a DC power supply Elektro
Automatik PS 8080-60 DT with thin silver electrodes vacuum deposited onto ITO film.

The heat flux density q was determined from the value of the current passed through the heater and
the voltage drop on it. The relative error of the measurement of the heat flux in the experiments was
5%. In the experiments, a Phantom v.7.0 high-speed video camera was installed from the side of the
multi-jet source opposite to the light source. Visualization by the shadow technique was performed
with a frequency of up to 10 · 103 FPS and with a maximum resolution of 40 μm. To analyze the
irrigation pattern of the working surface, high-speed visualization was performed on the reverse side of
the transparent heat exchange surface with a recording frequency of up to 2 · 103 FPS. To measure the
distribution of the temperature field of the impacted surface, a high-speed infrared (IR) FLIR Titanium
HD 570 M camera was installed behind the target. IR recording was carried out with a frequency of 200
FPS and resolution of 88 μm.

For correct measurement of non-stationary temperature field of the impacted surface using a high-
speed infrared camera, calibration experiments without liquid supply were performed in advance. For
this purpose, the working surface was uniformly heated step by step to a temperature of about 75◦C. The
temperature field of the surface was recorded using the IR camera. A calibrated Honeywell resistance
temperature detector located on the sapphire substrate monitored the recorded temperature. As a result
of these experiments, calibration dependencies were obtained for correct measurement of the surface
temperature field.

HEATING ELEMENT

A sapphire substrate with a diameter of 50 mm and a thickness of 400 μm with deposited film (1 μm
thick; area of 4 cm2) of indium tin oxide (ITO) was used as a heater. The main advantage of using ITO
as a heater material in experiments at spray cooling is its transparency in the visible spectrum (380–
750 nm) and opacity in the mid-IR spectrum (3–5 μm). This property makes it possible to measure a
non-stationary temperature field on the ITO film surface with an infrared camera and visually record the
dynamics of irrigation of heat transfer surface with a high-speed video camera. For this reason, such
design of heating element was recently widely used for pool boiling experiments [4–6]. According to
the manufacturer (Hong Yuan Wafer Tech Co), the surface roughness of the sapphire substrate was
Ra < 20 nm. Morphological analysis of the samples was done using a Hitachi S-3400N scanning
electron microscope. Analysis of the wetting properties of the heaters was done using the KRUSS DSA-
100. The measurement results showed that for water the wetting angle on the sapphire surface was 60◦.

PARAMETERS OF MULTI-JET FLOW

It is known that the intensity of heat transfer during spray cooling is influenced by spray parameters
such as the size of the droplets, their velocity, and the character of irrigation of the impact surface [1].
Therefore, in the first stage, the shadow technique using a high-speed video camera Phantom v.7.0
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was applied to determine the spray angle of the drop flow and the size of the liquid particles and their
velocity against the distance from the source and the flow rate of the liquid. To do this, the camera was
mounted on a tripod normally to the direction of flow and opposite a LED lamp. The visualization by
the shadow method was performed with a frequency of up to 10 kHz and with a maximum resolution of
up to 40 μm. The pictures (Fig. 4) present visualization of the propagation of the jet front from a single
injector, obtained in the periodic pulsed regime (P = 2 atm). As can be seen from these pictures, such
visualization enables determination of a lot of parameters of interest, such as the size of the droplets,
their velocity, and the spray angle. Analysis of the data showed that the spray angle was practically
independent of the liquid flow rate over the entire pressure range; its mean value was 6.5◦. The obtained
data make it easy to estimate the area of the impact surface against the distance between the multi-jet
source and the target.

Figure 5 presents the size distribution of droplets at various pressures (P = 2 atm, P = 3 atm). All
the measurements were carried out at distances exceeding the distance of instability development and
disintegration of the jet into individual droplets. The analysis shows that the deviation of the droplet sizes
d from the most probable value did not exceed 0.13 mm at dav = 0.4–0.55 mm. Besides that, comparison
of results obtained at different pressures showed that the mean droplet size decreased slightly with
increasing overpressure.

Using the above-described shadow technique, the velocity of liquid droplets formed by a single
nozzle was measured at various flow rates and distances from the jet source. Figure 6 demonstrates
the character of the trajectory of individual droplets in the flow at different nozzle inlet pressures: 2 and
3.5 atm in the steady-state spraying regime. The technique was as follows. The coordinates of selected
three droplets passing a distance of 40 mm were traced at different time moment. The diameter of the
droplets was chosen close to the most probable diameter for each pressure (see Fig. 5). It can be seen
from the data that the gravitational forces do not affect the trajectory of droplets passing a distance of

Fig. 4. Frames of high-speed video recording of process of propagation of droplet liquid jets from single injector at
periodically pulsed regime (P = 2 atm).

Fig. 5. Distribution of diameters of water droplets in flow formed by Bosch EV14L nozzle at various inlet pressures:
(a) P = 2 atm, (b) P = 3 atm.
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Fig. 6. Trajectories of three separate droplets moving from source at inlet overpressure of (a) 2 atm and (b) 3.5 atm.

Fig. 7. Mean velocity of liquid droplets of various sizes vs. pressure at inlet of Bosch EV14L nozzle.

40 mm, and therefore the trajectory of the flow droplets is linear. Therefore, the velocity of the droplets is
constant over time.

These data were used to obtain the dependence of the droplet velocity on the excess pressure (Fig. 7).
Analysis of the resulting dependence shows that the droplet velocity substantially depends on the
overpressure and reaches 18 m/s at P = 3.5 atm.

INTERACTION OF MULTI-JET FLOW WITH SURFACE

Figure 8 shows photographs of liquid flows occurring at impact of water jets with a source exit velocity
V0 = 16.5 m/s and a mass flow rate G = 8.23 g/s (P = 3 atm). The distance from the jet source to the
target was varied as a parameter.

It can be seen from Fig. 8 that the liquid spreads from the centers of jet impacts over the surface in
all directions. There is a film structure around the centers of the jet impacts with the border in the form
of hydraulic ripple. It is obvious that the liquid film is thinner inside this circle, and its flow rate is higher
than the same parameters of the liquid film beyond this limit. The spread of the film over the surface of
the heater depends on the distance L from the source of jets to the surface of the target. So, for the case
L = 10.5 mm (the distance between the centers of jet impacts is l = 1.34 mm), the liquid film spreads
only over part of the working surface (Fig. 8a). For the case L = 35.5 mm and l = 4.52 mm (Fig. 8b),
the film spreads over the entire surface. For L = 80.5 mm and l = 10.24 mm (Fig. 8c), the centers of
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Fig. 8. Results of water spread pattern on working surface. Liquid flow rate: 8.23 g/s (Δp = 3 atm). Heat flux density
q = 51.5 kW/m2. Distance from the liquid source: (a) L = 10.5 mm; (b) L = 35.5 mm; (c) L = 80.5 mm.

Fig. 9. Heat flux density vs. degree of overheating of heat-generating surface at jet watering for different P values at
nozzle inlet (L = 30.5 mm).

jet impacts are located in the corners of the working surface. Basically, the liquid film spreads over the
entire surface, but in its central part there may appear short-term ruptures of the film with subsequent
watering over the local dry area.

For L = 10.5 mm and L = 35.5 mm, the film structure between the centers of jet impacts has a
complex three-dimensional surface resembling rivulets. This is due to the interaction of the flow of the
liquid film from the jets, spreading due to the kinetic energy of the jet and the force of gravity. The shape
of these hydraulic ripples depends on the distance L (see Figs. 8a and 8b). No such film structure is
observed at L = 80.5 mm.

HEAT TRANSFER

Figure 9 shows the heat flux density q against the superheating degree of the surface ΔT for
two pressure values: Δp = 1.5 atm (flow rate G = 5.4 g/s, jet velocity V0 = 10.5 m/s) and 3 atm
(G = 8.3 g/s, jet velocity V0 = 16.5 m/s) at the nozzle inlet at L = 30.5 mm. The experimental data
show a linear dependence of the heat flux density on the surface superheating.

Figure 10 demonstrates the gradient temperature fields obtained with the IR camera in the regimes
of interaction of the jets with the heating surface shown in Fig. 8.
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Fig. 10. Frames of IR thermography of temperature field of heating surface at multi-jet irrigation at different distances
from source: (a) L = 10.5 mm; (b) L = 35.5 mm; (c) L = 80.5 mm (Δp = 3 atm, q = 51.5 kW/m2).

Fig. 11. Temperature distribution on heating surface at multi-jet irrigation along lines shown in thermograms (Fig.10).

It is clear from the presented frames that the temperature field is non-uniform. The lowest tempera-
ture corresponds to the areas located at the point of impact of the jets.

Figure 11 displays the temperature distribution along the lines (see Fig. 10) in the described regimes.
The temperature profiles have a more complex distribution structure than in the case of single jets.
This is due to the interaction of neighboring jets. The temperature profiles (Fig. 11) show that the low-
temperature surface regions correspond to the jet impact areas. At L = 10.5 mm (Fig. 11, curve 1), the
distance between the four jets is small (l = 1.34 mm). In this regime, the temperature field of the surface
to the four jets is equivalent to the influence of a single jet [7–9]. At L = 10.5 mm and 80.5 mm, each
jet of the array forms a cell, which has in its jet flow zone a stagnation zone and adjacent radial zones
of the film flow. The temperature profiles of these regimes have a wave-like shape with minima in the
areas of jet impacts. The local heat transfer at the site of interaction of each jet from the array can be
considered as heat transfer to a single jet. The heat transfer in the space between the jets depends on the
interaction of the liquid film propagating from the jet impact on the surface and the force of gravity. Thus,
for L = 80.5 mm (Fig. 11, curve 3), a local temperature minimum is observed in the interval from 10 mm
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to 20 mm. This minimum corresponds to the flow of the liquid film, the structure of which is formed by
the jets upon the impact to the heat-transfer surface.

Figure 12a shows the dependence of the Nusselt number of a single jet against the distance L from
the source to the surface. The Nusselt number is calculated by the following formula [10]:

Nud =
α · djet

kf
,

where djet is the jet diameter on the heat transfer surface bounded by a hydraulic ripple (Figs. 12b and
12c); kf is the coefficient of thermal conductivity of the liquid at room temperature; the heat transfer
coefficient α [W/(m2·K)] was determined by the following formula:

α =
q

Tsj − Tjet
.

Fig. 12. (a) Nusselt number of single jet at nozzle inlet pressure P = 3 atm; (b) determination of jet diameter djet on
heat transfer surface, (c) jet diameter at impact to surface vs. L.

Fig. 13. Mean temperature of heat transfer surface under jet (see Fig. 12b) vs. distance from source.
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Fig. 14. Integral Nusselt number vs. distance from source at nozzle inlet pressure P = 3.5 atm.

Here q is the heat flux density [W/m2]; Tsj is the average surface temperature in the jet area bounded by
the hydraulic ripple (see Fig. 12b); Tjet is the jet (room) temperature.

The curve of the Nusselt number of a single jet exponentially grows. This is due to the decrease in the
difference between the surface temperature Tsj under the jet (see Fig. 12b) and the liquid jet temperature
Tjet. Figure 13 shows the experimental data for the mean temperature Tsj versus the distance L.

Figure 14 shows the dependence of the integral Nusselt number for the entire surface on L at the
nozzle inlet pressure P = 3 atm. The integral Nusselt number was calculated by the following formula:

Nus =
α · ls
kf

,

where ls is the heater length.
The curve is bell-shaped, which is consistent with results of other authors [10–13]. The figure shows

that the maximum heat transfer coefficient corresponds to L = 35.5 mm and Nus = 2532. In our case,
the velocity of the liquid jets at the heat transfer surface decreases slightly depending on the distance
from the source to the target. So, the decisive factor affecting the heat transfer is the distribution of the
centers of jet impacts on the surface. The heat transfer is maximal when the area of the liquid film around
the centers of the jet impacts, which has a smaller thickness and a higher flow velocity than the liquid
film on other parts of the working surface, is distributed over a larger heat transfer area.

CONCLUSIONS

Characterization of the droplet jet of water formed by the Bosch EV14L nozzle was performed by
the shadow technique. Data of the distribution of the droplet diameters and their velocity against the
nozzle inlet pressure were obtained. A measurement method based on synchronized high-speed infrared
thermography and video recording was used to study the temperature field in relation to the process of
formation and behavior of precipitated liquid on the heated surface. The distribution of the centers of jet
impact to the surface depends on the distance from the source. Around the jet impact centers, a film
structure is visible with the border in the form of hydraulic ripple. In the zone of deceleration, beyond the
hydraulic ripple, the film structure has a complex three-dimensional surface resembling rivulets.

It has been demonstrated that the heat transfer coefficient in non-boiling regime at multi-jet cooling
is unequally spatially distributed value over the heater surface. For example, the temperature in the
region of the impact droplet jet is much lower than in other areas of the heater. It is shown that the heat
transfer coefficient depends on the distance from the spray source to the heating surface during stationary
irrigation. The optimal distance with the maximum heat transfer coefficient has been determined for a
given configuration of irrigation points relative to the heating surface of a given area.
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