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This paper presents the experimental results on heating and evaporation features
of heterogeneous (with opaque solid particles — the size of 0.05-0.5 mm, relative
mass concentration 0-1%) water droplets (the initial size — radius 1-3 mm) dur-
ing their motion through high-temperature (500-1800 K) gases. A significant in-
crease in the integral characteristics of evaporation by introducing opaque inclu-
sions into droplets was observed. The influence of energy accumulation on the
conditions of droplet evaporation at the internal solid/liquid interfaces was es-
tablished. For proportioned inclusions, the conditions of intensive vaporization
(leading to the explosive disintegration of droplets) at internal inclusion/liquid
interfaces was set. To summarize research results, experiments were conducted
with the combustion products of kerosene, gasoline, industrial alcohol, acetone,
and oil. The particles of graphite, carbon, and aluminum as solid inclusions were
used. The investigation compared integral characteristics of heterogeneous drop-
let evaporation under the conditions of non-stationary (gas temperature varied
from 1800 K to 500 K over the length of channel) and nearly stationary (gas tem-
perature was maintained at about 1100 K) heating.

Key words: heterogeneous droplets, water, solid inclusions, evaporation,
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Introduction

The improvement of the efficiency of many power units and plants is traditionally
held by different approaches. The most common are: design changes, choice of optimum
technological parameters, variation of raw materials or energy sources, production of complex
composite fuels, and development of new technological cycles or upgrading of the existing
ones. The most cost-effective approaches are, of course, a selection of the optimum parame-
ters of the technological equipment and changing the component composition of working flu-
ids. One such example is power plants operating with high-temperature gas-vapor-droplet
mixtures. As described in [1-5], such installations are used in producing heat carriers based on
flue gases, steam, and water droplets; thermal or flame treatment of liquids, suspensions, and
emulsions; scrubbing of thermal loaded slagged surfaces of power equipment; defrost of
granular media; polydisperse firefighting.
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It should be noted that in the high-temperature (usually more than 1000 K) gas-
vapor-droplet technologies listed in [1-5], the optimal choice of parameters (gas temperature,
droplet velocity and sizes, the concentration of vapor, droplets, and gases) provides a high ef-
ficiency of facilities, despite the fact that a substantial source is required to generate high-
temperature gas. In particular, it becomes possible to complete the evaporation of droplets
with specified sizes for short periods of time (from several seconds to tens of milliseconds). In
industries, such parameters are determined mostly empirically. This is due to the complexity
of their control under the conditions of intensive phase transitions (e. g., during the evapora-
tion of water droplets with the size of less than 1 mm in the flow of combustion products or
air with a temperature of more than 1000 K). It is particularly difficult to monitor the sizes of
heterogeneous droplets (with various impurities and inclusions). In this case, upon intensive
phase transitions, a significant transformation of a droplet surface during heating is possible.

To date, very few research results are known about the evaporation of water drop-
lets, suspensions, and water-based emulsions, in gases with temperatures more than 1000 K.
There are empirical data [6-8] for homogeneous water droplets (without additional impurities
and inclusions). However, they are only valid within a rather limited temperature range (gen-
erally less than 500 K) [9]. Moreover, they do not take into account defining processes at the
droplet/gas interface, such as radiative heat transfer, energy consumption for heating the
emerging water vapor. It is traditionally considered [6-8] that all heat supplied to a droplet is
expended on its evaporation. Numerical studies [9, 10] demonstrated that at gas temperatures
more than 1000 K, the empirical values of evaporation rates, established using the approach
described in references [6-8], differ significantly (by several times) from those found in the
experiments of papers [11-13]. Theoretical models [9, 10] allowed us to obtain satisfactory
correspondence to the experimental results of studies [11-13] by taking into account almost a
full range of heat and mass transfer processes near the droplet/gas interface.

For heterogeneous droplets (with additional impurities and inclusions), such studies
were performed only for a limited gas temperature range (1100 = 30 K) [13]. We can assume
that such heating conditions are almost stationary. It is possible to develop the models of such
droplet evaporation taking into account a full range of defining effects and processes. This can
be performed by experimental investigations for a group of typical combustion products with
a change of their temperature in a fairly wide range (from 300-400 K to the maximum possi-
ble several thousand degrees). That is, it is important to study the characteristics of heteroge-
neous droplet evaporation under the conditions of stationary and non-stationary heating typi-
cal of modern gas-vapor-droplet heat technologies (for example, considered in reports [1-5]).
To summarize the data of experiments [13], it is appropriate to vary the droplet size, as well
as the type, size, and concentration of inclusions, in the same ranges as in papers [11-13]. We
should consider typical liquid petroleum products (fuel and flammable liquids) as liquid com-
bustibles. This is due to their widespread use as basic combustible substances for the for-
mation of combustion products in high-temperature heat technologies.

The aim of this paper is to investigate experimentally the evaporation features of
suspension droplets based on water and opaque solid particles in the high-temperature com-
bustion products of typical flammable liquids.

Experimental set-up and methods

In our experimental studies, we used a set-up, which is depicted in the photo of
fig. 1. The facility was equipped with the following photo and video recording tools: CCD
video cameras IMPERX IGV B2020M, high-speed CMOS video cameras Phantom V411 and
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Figure 1. Experimental set-up;

1, 2 — high-speed video cameras,

3, 4 — cross-correlation cameras, 5 — spotlight,

6 — personal computer, 7 — multichannel registrar,
8 — motorized positioning device, 9 — power supply
for motorized device, 10 — aluminum rack,

11 — container with a suspension, 12 — suspension
supply channel, 13 — dosing device, 14 — quartz tube,
15 — hollow cylinder with a flammable liquid,

16 — water catcher, 17 — synchronizer for a
computer, cross-correlation camera, and laser,

18 — solid double-pulse laser, 19 — laser line
generator, 20 — air flow system,

21 - digital temperature meter, 22 — manometer,
23 — diffusion screen

Phantom MIRO M310. For processing the video of experiments, we used Tema Automotive
software [14], as well as actual flow with panoramic optical techniques shadow photography
(SP) [15], interferometric particle imaging [16], particle tracking velocimetry (PTV) [17], and
particle image velocimetry (PIV) [18]. For this purpose, the set-up had an illumination system
(similar to that used in studies [11, 12]) based on a double pulsed Nd:YAG laser 18. In the set
with the laser 18, a diffuse screen 23 was mounted on the set-up, for illuminating droplets, in
order to record them applying the SP method [15].

To generate the high-temperature gas flow, we used a set of devices, consisting of a
hollow cylinder 14 (material-quartz) and an aluminum burner 15. Before the experiments, the
burner 15 was filled with a flammable liquid, which was then ignited. The tube 14 was
mounted on the burner 15 via special grooves. After 200 seconds, the inner cavity of the cyl-
inder 14 was heated up to stable temperatures (deviations not exceed 15-20 K). This was fol-
lowed by the release of droplets to the zone of high-temperature combustion products and
their photo and video recording.

We used the typical flammable liquids for high-temperature gas generation: gasoline
(92 octane), kerosene (type TS-1), technical acetone (dimethyl ketone), industrial alcohol (syn-
thetic ethyl), low-grade oil (density p = 847 kg/m’, East Urengoy field, Tyumen Region, Rus-
sian Federation). A flue gas temperature 7, was monitored over the entire height of the cylin-
der 14 at its axis of symmetry using type C thermocouples (temperature measurement range
0-2473 K, permissible error £0.005|7,|), similar to the experiments described in reports [11,
12]. In our experiments, the values of 7, varied from 500 K to 1800 K over the height of the
tube 14. The values of T, in the cylinder 14 for the combustion products are shown in
tab. 1. Thus, a droplet was evaporated as it was falling in the channel 14 under non-stationary
conditions corresponding to typical high-temperature gas-vapor droplet heat technologies (for
example, discussed in references [1-5]). In the experiments of studies [11, 12], the temperature
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Table 1. Flue gas temperature (7, + 15 K) in the cylinder 14 of combustion products Tg was
for considered combustible liquids maintained at about 1100 K

throughout the length of the
tube 14 (the droplet moved un-

The position of thermocouple

relative to the base of tube, [m] otk 7| | (2 !

Kerosene 1581[1073| 802 | 678 | 572 | der nearly stationary heating
: conditions).
Industrial ethanol 15221 978 | 716 | 593 | 505 We used a suspension
Gasoline 1790(1211| 904 | 758 | 632 | based on water with an admix-
Acetone 1694|1113 | 825 | 721 | 595 | ture of solid opaque particles
in order to generate droplets as
Oil 1280 925 | 691 | 570 | 500

liquids under study. We used
particles (material: carbon,
graphite, aluminum) with sizes L, = 0.05-0.5 mm; their relative mass concentration in the sus-
pension was 0-1%. We took the maximum linear length of the particle (regardless of its actual
shape) as the size (L) of an inclusion (a particle). Inclusions (particles) had the shapes of an
irregular polyhedron.

A suspension based on water and opaque particles in a container 11 was prepared.
For this purpose, we put particles with certain sizes, which we previously prepared, to the cyl-
inder 11 in the desired amount. In order to prevent the sedimentation of particles in the sus-
pension, the suspension was continuously stirred throughout generating droplets in the exper-
iments (with the help of a motorized paddle device embedded in the base of the container 11).

The initial suspension temperature 7, (near 300 K) was monitored in two points by
digital temperature meters 21 (directly in the container 11 and at the input of the dosing de-
vice 13) with type L thermocouples (temperature measurement range 273-473 K, systematic
error =1.5 K).

The following droplets from the suspension were generated. The suspension pre-
pared in the container 11 was fed to the input of the dosing device 13 through channel 12. The
necessary parameters of droplet release in the dosing device 13 (size Ry, the initial velocity
Uy, and feed rate) was set. In our experiments, the initial size Ry varied from 1 mm to 3 mm.
The initial droplet velocities Uy varied from 0.5 to 2 m/s. Suspension droplets were falling
along the symmetry axis of the cylinder 14; thus, they passed the distance of 1 m in high-tem-
perature combustion products.

The mass concentration of inclusions in a droplet immediately before the ignition of
a combustible liquid in the burner 15 was determined. Several generated suspension droplets
(usually 2-4) were sequentially put on the laboratory microbalance VIBRA AF 225DRCE (in
increments of 0.00001 g). Thus, the mass of each droplet my with solid inclusions could be
found. After that, the time until complete evaporation of water was recorded. Authors were in-
terested in the time interval, when the mass of the suspension placed on the weighing system
did not change (its change did not exceed the measurement error). The mass of solid inclu-
sions m, was measured. Then, the mass concentration of impurities in a droplet was deter-
mined: y, = my/mgy. The experiments were carried out at y,= 0-0.01.

Cameras 1 and 2 recorded images of moving droplets. This approach allowed to calcu-
late the integral parameters of evaporation for each droplet by subsequent comparison of video-
grams. Droplet sizes were defined from videograms as follows. Four maximum diameters (in
pixels) of each suspension droplet were determined using Phantom Camera Control (PCC)
software. Then the diameter was averaged: dy = (do; + doy + doz + dog)/4. After calculating the
average size of each droplet, an average diameter of all droplets was found: duroppx) = (di + da +
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+...+ dy)/n. After that, by knowing a scale factor S (mm/px) found in the step of measuring sys-
tem calibration, authors converted the diameter to millimeters: drop(mm) = darop(px)*S- Finally, the
appropriate values of the average droplet radius were calculated.

Similarly, droplet velocities were found. For this purpose, in videogram, authors in-
dicated the point with droplet coordinates at the initial time (when it appeared in the frame)
using PCC software. Then, droplet coordinates at the end of the frame was determined. Inves-
tigation defined the time of droplet motion between these two points 7y and the distance
passed by the droplet in pixels, /ypx). After that, the average droplet velocity (in pixels) was
calculated: Uggyss) = lapw/ta- At a certain scale factor S (mm/px), authors converted the veloci-
ty to absolute units: Ug = Uggpys)*S, m/s. Errors in determining sizes and distances using this
approach did not exceed 1 px (i. e., in the experiments 0.01-0.02 mm).

Videograms were also processed using Tema Automotive software when determin-
ing sizes R4 and velocities Uy. Video processing by Correlation and Circular Symmetry al-
gorithms [14] allowed to visualize each droplet trajectory in the observed area and calculate
velocity Uy. By applying Airbag and Advanced Airbag tracking algorithms, the change in
the shapes of droplets during their motion was monitored. The values of droplet cross-
sectional areas were determined and, as a consequence, the average radius Ry was calculat-
ed. This approach made it possible to further clarify the values of Ry. With the use of Tema
[14], systematic errors in measuring droplet sizes did not exceed 0.025 mm, the times of
their falling — 2-10"* seconds. The maximum errors in determining droplet velocities were
0.05 m per second.

The SP method [15] for the additional measurement of droplet sizes R, at the out-
put of the high-temperature gas zone was applied. For that, a diffuse screen 24 was placed
directly behind moving droplets at the output of the cylinder 14. The screen was connected
to a laser 18 via an optical fiber. In order to ensure laser illumination with the required pa-
rameters (intensity, the scattering angle) for droplets, special diffusers (lenses) were in-
stalled at the connection point of the optical fiber to the screen. Thus, a diffuse light source
was formed with uniform spatial intensity distribution. Authors configured the power of
each laser modulator 18 to obtain a satisfactory contrast of droplet shadow images. The fo-
cal length of the CCD camera was in close proximity to the object of study for the highest
definition of the shadow image. Therefore, it was implemented the backlighting of droplet
trajectories and recording of this process by the CCD camera. The subsequent digital analy-
sis of the shadow image allowed us to determine droplet position, border, and size. Also, we
applied median, low pass, and average software filters to reduce noise in captured images
using Laplace edge detection procedure we indicated droplet borders. When calculating
droplet sizes, we applied the Bubbles identification algorithm. The error in determining Ry
by the SP method did not exceed 0.3%.

The PTV method was applied [17] to determine droplet velocities. This method is
based on measuring the velocity of each particle (droplet) in the observed area. By using SP
and PTV methods, we could find simultaneously each droplet size and velocity in the ob-
served area (without overlapping series of experiments). As a consequence, the maximum er-
rors in determining Uy were 0.03 m/s.

The velocity of the high-temperature gas flow U, was controlled by a system 20 in a
narrow range of about 1.5 m/s. Authors measured U, using the PIV method [18]. Before the
release of suspension droplets to the tube 14, we introduced the tracer particles of TiO, pow-
der (particles with sizes about 100 nm) to its bottom part. Tracers were blown up by the up-
ward flow of combustion products in the cylinder 14. A laser line 18 was directed to the flow
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of high-temperature combustion products. At the same time, we started the photo recording
procedure of the process under study by the cross-correlation CCD camera 3. Velocity fields
of combustion products were drawn on the displacements of tracer particles, and then the av-
erage velocities U, were found. The procedures of image processing were similar to that de-
scribed in references [11, 12]. Errors in determining U, did not exceed 3%.

Authors took the AR parameter as an integral parameter of the motion of heteroge-
neous droplets through high-temperature gases (as in studies [11, 12]): AR = (Rq — R¢*)/Ry; Ry
and Ry* [mm] — droplet radius at the input and output from high-temperature gases. Measured
R4 and Uy parameters at the input and output of the tube 14 were measured. These parameters
were not measured inside the quartz cylinder 14. There, the emerging flame caused substantial
interference in the observed area of cameras. This led to the partial or full light damage of
captured photo and video frames. Therefore, it was difficult to process such photos and video
recordings.

Results and discussion

Authors defined the integral characteristics of heterogeneous droplet evaporation.
They are the values of the AR parameter depending on the initial droplet size and the size of
inclusions for combustion products of considered flammable liquids (fig. 2).

0.5 0.6
AR L, =0.05 mm AR ——L,=0.05 mm
N
N
04 1% <, — -L,~0.25mm 0.5 — -L,=0.25mm
NN = = L,=0.5mm R = = L,=~0.5mm
* 0.4
0.3 1
0.3 1
0.2 1
0.2 1
0.1 1 014
0 T T 0 T T
1 1.5 25 15 25 3
@) R, [mm] (b) R, [mm]

Figure 2. Dependencies AR = f(Ry) by varying L, at Uy = 2 m/s, y, = 0.05; (a) kerosene, (b) gasoline
For the dependencies depicted in fig. 2(b) (characteristic for gasoline combustion
products), we obtained the following approximation equations:
AR =0.6777exp(—0.641Rg), 1<R4<3mm, Us=2m/s, y,~0.005, L,=0.05mm (1)
AR =0.9746exp(-0.714Ry), 1 <R4<3mm, Us=2m/s, y,=0.005, L,=025mm (2)
AR =1.2073exp(-0.722Ry), 1 <R4<3mm, Us=2m/s, y,=0.005, L,=05mm  (3)

Approximation equations for predicting the integral characteristics of droplet evapo-
ration in the combustion products of other considered flammable liquids have a similar ap-
pearance. As a result of summarizing the group of considered combustion products, it is pos-
sible to indicate the limits of changing AR parameter (fig. 3). There, the values of the AR pa-
rameter are within the outlined area, when the sizes of inclusions varied from 0.05 to 0.5 mm.
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For the dependencies depicted in fig. 4(a)
(characteristic for gasoline combustion prod-
ucts), we obtained the following approximation
equations:

AR = 0.6501exp(—0.922R4), 1 <R4<3 mm,

AR =0.6777exp(—0.641Ry), 1 <Ry3<3 mm,
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Figure 4. Dependencies AR = f(R,) by varying y, at Us= 2 m/s, y, = 0.05; (a) — gasoline, (b) — oil

Figure 3. Parameter AR for suspension droplets

(Rq=1-3 mm, y,= 0.005, L,= 0.05-0.5 mm)

passing the combustion products of considered

flammable liquids
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The results summarizing the dependencies of fig. 4 for all considered flammable
liquids are presented in fig. 5. Similar to fig. 3, it can be concluded about the difference by
several times between the values of the AR parameter for the combustion products of all

flammable liquids previously discussed.

From the comparison of figs. 4 and 5, we may conclude that the change in the con-
centration of inclusions (y,) leads to the great differences of the AR parameter for considered
combustion products compared to the sizes of inclusions (L;). For instance, for droplets with
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the initial sizes 2 mm in fig. 3, the ratio of the maximum to the minimum value of AR is about
2.5. At R4= 3 mm this ratio is about 2.8 (fig. 3). In fig. 4, the ratio is 3-4 for the same initial
droplet sizes under identical conditions. This feature can be explained by the great influence
of y, on heat transfer in a droplet compared to L,. The changes of AR parameter by varying
the sizes and concentrations of inclusions are presented in fig. 6.

0.6 0.6
AR AR

05 0.5

04 041

0.3 0.3

0.2 0.2 1

0.1 0.14

0 " 0 . . .
1 1.5 2 25 3 1 1.5 2 2.5 3
Ry [mm] R, [mm]

Figure 5. Parameter AR for suspension droplets Figure 6. Parameter AR for suspension
(Rq=1-3 mm, L,= 0.05 mm, y,= 0-0.01) passing droplets (R;= 1-3 mm) passing the
the combustion products of considered combustion products of considered flammable
flammable liquids liquids (y, = 0-0.01 and L, = 0.05-0.5 mm)

The results of experimental data processing identified several important features.
Firstly, in addition to the sizes and concentrations of inclusions, and the initial droplet sizes,
droplet velocities Uy have a significant impact on the AR values. This is due to the fact that ve-
locities Uy define the lifetime of droplets in high-temperature gas. The experiments demonstrat-
ed that the growth of Uj velocities leads to the decrease of AR (for example, at R4~ 2 mm, y, =
0.005, L, = 0.05 mm, AR values are reduced by 15%, while the rate Uy rises from 0.5 m/s to 2
m/s). By increasing y, and L,, the influence of Uy on AR strengthens. This result correlates well
with the conclusion about the impact of Uy on AR for homogeneous water droplets (without ad-
ditional impurities and inclusions) discussed in the study [11]. Secondly, due to the different
scales of the influence of U, and Ry values to AR, it is quite difficult to provide adequate de-
pendencies AR = {Wey4) and AR = f{Rey). A similar conclusion was made [11] for homogeneous
water droplets in preliminary estimates using Weber (Wey) and Reynolds (Rey) numbers. For
their calculation, we took the values of thermophysical characteristics in reference books [19-
21]. Third, in all the experiments, the values of Weber numbers for droplets did not exceed limit
values (Weg™ = 8-10), when droplet splitting is possible [22, 23]. At Weyq < Wey™, it can be
excluded from consideration the impact of droplet surface transformation on the integral charac-
teristics of evaporation during the motion in the high-temperature gas.

When analyzing the effect of inclusions from different materials (graphite and alu-
minum), we established that the conditions of heating up suspension droplets can vary quite
significantly. For instance, we revealed that aluminum particles precipitate in droplets despite
continuous stirring (due to much greater density than water). This leads to a heterogeneous-
ness of droplet temperature field. In the area with the highest content of inclusions, heat is
transferred from the droplet surface to its center more intensively than in the area with a min-



Piskunov, M. V., et al.: The Features of Heterogeneous Water Droplet ...
THERMAL SCIENCE, Year 2017, Vol. 21, No. 2, pp. 1043-1055 1051

imum content of inclusions. Therefore, it is rather difficult to make an adequate assessment of
the intensification of droplet evaporation in general in the experiments with aluminum inclu-
sions. However, we performed relevant assessments for suspension droplets based on water
and graphite inclusions. In both cases, such droplets heated up and evaporated more intensive-
ly than homogeneous droplets (without additional inclusions and impurities). The main reason
for the intensification of heating processes is the increasing role of radiation and conductive
heat transfer in a heterogeneous droplet. In this case, the key role is played by not only the
factor of thermal conductivity growth of a heterogeneous droplet compared to homogeneous
one. Theoretical estimates using models [9, 10] indicate that radiative heat flux to the suspen-
sion droplet surface increases by several times under the conditions considered in the experi-
ments. Radiative heat flux to graphite particles, which are in a thin subsurface layer of the
heated droplet, is several times higher than the same flow to a water droplet. In studies [9, 10],
authors estimated such heat fluxes for carbon and water. It has been shown that for carbon this
parameter is 5-6 times greater than for water. Despite the low concentration of inclusions,
their temperature may reach much higher values compared to a water droplet. Accordingly, in
the vicinity of each inclusion, water heats up and evaporates at a rate that is a multiple greater
than the evaporation rate of a homogeneous liquid.

Authors estimated the numerical values of the evaporation rates of a liquid (#,) in
our experiments using the approach as in paper [9]. It has been found that the maximum val-
ues of W, are 0.23-0.34 kg/m’s) for droplets with sizes 1 < Rqy< 3 mm (the maximum size of
carbon inclusions was L, = 0 .05 mm and their concentration — y, = 0.01). In the experiments
[9] with homogeneous (without inclusions) water droplets (radius about 3 mm), these values
were within a narrower range 0.24-0.27 kg/m’s). The values of W, for heterogeneous droplets
are higher than for homogeneous. At the same time, the range of changing W, is wider for
heterogeneous droplets. This is caused by the relevant difference in the accumulated energy of
external gas by inclusions with various sizes and concentrations.

By associating the results of this study and experiments conducted in papers
[11, 12], authors compared the values of the AR parameter and velocity W, of a heterogeneous
droplet falling through kerosene combustion products at a varying temperature (from 1581 to
572 K) and almost constant temperature 7, (1100 + 30 K) in the cylinder 14 with a length of
1 m. It has been found that the values of AR for droplets with the initial sizes Ry~ 3 mm do
not differ by more than 1% under the conditions of non-stationary (7, decreases from 1581 K
to 572 K) and stationary (7, = 1100 £ 30 K) heating. For droplets with the sizes of about 1
mm, these deviations reach 3-4%. Also, we established the corresponding deviations for
evaporation rates W.. These small deviations for the considered conditions of non-stationary
and stationary heating can be explained by inertial heating up and the short times of droplet
motion through the channel (less than 0.5 s), as well as a high heat of water vaporization
(about 2 MJ/kg). If we calculate the average temperature for the range of 572-1581 K, we ob-
tain 1076.5 K. This value corresponds well to the gas temperature in the experiments [11, 12]
at stationary heating conditions (7, = 1100 + 30 K). As a consequence, it can be concluded
about the possibility of using certain average values of the gas temperature 7, in evaluating or
predicting the characteristics of short-term droplet heating (less than 1 seconds). For instance,
we can apply prognostic models [9, 10]. The simulation [9, 10] indicated that the heated layer
thickness of a water droplet is insufficient for evaporation with the maximum values of W, for
a long period of time (certain energy accumulation is required to be in the droplet, i. e. heat
flux from the surface to its center). Therefore, the integral characteristics of droplet evapora-
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tion in long channels (for example, 5-10 m) differ significantly for non-stationary or station-
ary heating conditions in high-temperature gases.

Additionally, we conducted experiment with a water droplet containing a single inclu-
sion (on the example of a graphite particle with an average size of 2 mm) to evaluate the influ-
ence of the temperature and type of combustion products on the characteristics of heterogeneous
droplet evaporation. Droplet sizes (with the inclusion inside the droplet) varied from 2.5 mm to
4 mm. The thickness of the liquid film around the inclusion varied from 0.1 mm to 1 mm. To
implement this in practice, a heterogeneous droplet (with a solid inclusion) was put in the cylin-
der 14 filled with combustion products, with a ceramic rod. We drilled a special technological
hole in the inclusion (depth of less than 0.25 mm) to fix it on the ceramic rod. We carried out
high-speed video recording of heterogeneous droplet evaporation. For this purpose, we used
high-speed cameras 1 and 2 mounted in the upper part of the facility. We determined the times
of the complete evaporation of droplets and the laws of their heating up. It has been found out
that the vaporization of a liquid droplet with a single large inclusion may occur in one of three
modes under the conditions considered in this study. The implementation of each of these
modes depends primarily on the gas temperature and the characteristics of inclusion envelop-
ment by a liquid. In the first mode, the conditions of intensive vaporization (boiling and the
formation of vapor bubbles) were not reached at the internal borders between the media. The
second mode involved the following steps: (1) heating up the liquid film around the inclusion to
the conditions of intense vaporization at the internal borders between the media, (2) bubble nu-
cleation was observed on the inclusion surface (usually, after a few seconds from the beginning
of heating up the droplet). The third mode corresponded to the conditions of the partial protru-
sion of the inclusion from the liquid droplet surface. This mode was implemented at gas tem-
peratures over 650 K and was characterized by minimal duration (compared to the other two
modes). In the third mode, bubbles were formed at the interface between the media and inten-
sively broke away and merged with neighboring bubbles. When droplet sizes grew rapidly, lig-
uid film thickness multiply decreased. This reduces significantly the liquid pressure relative to
vapor pressure inside the droplet. As a result, after the increasing of droplet sizes, we could ob-
serve the processes of droplet explosive disintegration, which we may already call typical of the
conditions under study, the first experimental results of this process are given in [24]. The times
of complete droplet evaporation in the first mode
of vaporization (without explosive disintegra-
tion) are presented in fig. 7.

The results describe the two types of com-
bustion products, because kerosene, gasoline,
and oil are characterized with intense smoke
20+ generation. Emerging soot particles were de-
posited on the droplet surface and hence im-
104 peded the monitoring of liquid film thickness,
as well as its complete evaporation. It can be
seen that the times of liquid complete evapora-
350 400 450 500 550 600 650 tion are quite significantly different even at

7, Kl comparable temperatures of the combustion

. . . products of the flammable liquids under study.

Figure 7. Dependencies of the characteristic It has been found that these differences are re-
times of complete droplet evaporation on the o .

temperature of combustion products for one duced with increasing a gas temperature. One

inclusion (L,~ 2 mm, m,= 5 mg) can predict that they will be insignificant in the

40

7[s] — Industrial ethanol

304 ---Acetone
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area of very high gas temperatures. This is because the radiation mechanism of energy supply
to the droplet begins to dominate, which leads to the convergence of heating conditions of
droplets in the combustion products of considered flammable liquids. The differences be-
tween times 7 at relatively low gas temperatures (400-600 K) (fig. 7) are due to respective dif-
ferences between thermophysical properties of combustion products [20-22].

The importance of experimental results for droplets with a single inclusion should
particularly emphasized. They not only confirmed the features of the heating and evaporation
mechanisms of heterogeneous droplets in basic experiments (figs. 2-6). With their use we
could reveal an important effect, which is the possibility of heating up heterogeneous droplets
to the conditions of boiling and explosive disintegration (crushing). This effect is important
for atomization systems, for example, in firefighting. When releasing several droplets with
large inclusions to the combustion zone, we can get tens or even hundreds of much smaller
droplets (the area of covering a flame zone by a quenching liquid increases). This will form
droplet clouds in the combustion zone. Since the sizes of forming droplets are very small
(from tens to hundreds of micrometers), they evaporate rapidly in the flame zone of combus-
tion. As a consequence, in addition to the droplet cloud, a vapor cloud will be formed. Such
drip and steam clouds are promising for effective firefighting [3-5]. They reduce the tempera-
ture in the combustion zone, displace an oxidant and combustion products by the steam, and
prevent the access of an oxidant into the combustion zone from the periphery (i. e. they are a
buffer layer between the combustion zone and external environment).

Conclusions

We established the integral characteristics of suspension droplet evaporation under
the conditions of intensive heating by high-temperature combustion products. Approximation
egs. (1)-(6) and the dependencies AR = f(Rq), AR = f(L,), and AR = f{y,) found for the combus-
tion products of typical flammable liquids allowed us to obtain experimental database for the
development of the basic elements of the general theory of heterogeneous droplet evaporation
under the conditions of the high rates of heating and heat flows. A good correspondence of
experimental results (AR and W, values) was obtained for the conditions of non-stationary and
almost stationary heating of droplets by high-temperature gases; this allowed us to make con-
clusions about the possibility of using the average gas temperature in simulating and predict-
ing the characteristics of these processes (during short-term energy supply, typical of modern
gas-vapor-droplet high-temperature heat technologies). In the case of prolonged heating (more
than 1-2 seconds), the factor of heating rate change plays a decisive role. The experiments
with single inclusions identified a number of interesting physical features of heat and mass
transfer at the inclusion/liquid interface.
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Nomenclature
dy — initial droplet diameter, [mm] d\, d,...d, — averaged sizes (diameters) of single
dor, dozs dos, dpg — maximum sizes (diameters) of droplets, [mm]

single droplets, [mm]
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darop(px) — conditional average size (diameter) ty — time of droplet motion in a
of a single droplet, [px] video frame, [s]
drop(mm) — conditional average size (diameter) Uqpws) — droplet velocity, [px/s]
of a single droplet, [mm] Uy — droplet velocity, [m/s]
Lapx) — distance passed by a droplet in a video U, — gas velocity, [m/s]
frame, [px] W, — liquid evaporation rate, [kgm >s™']
L, - size of solid inclusions, [mm] AR — parameter characterizing the decrease in
my — mass of a suspension droplet, [g] droplet size during the motion through
m, —mass of solid inclusions in a suspension high-temperature gas, []
droplet, [g] Wey  — Weber number for droplet, [-]
Ry — average size (radius) of a droplet at the Weg™ — limit value of Weber number for droplet
input of a high-temperature gas, [mm] (established in experiments), [—]

Ry — average size (radius) of a droplet at the

output from a high-temperature gas, [mm] Greek symbols

Rey — Reynolds number for droplet, [] ”p — mass concentration of solid inclusions in a
S —scale factor, [mm per px] droplet, [-]
T, - gas temperature, [K] T — time of droplet evaporation, [s]

T, - initial water temperature, [K]
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