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Abstract: In this research, we obtain gas–vapor mixture temperature fields generated by blending
droplets and high-temperature combustion products. Similar experiments are conducted for droplet
injection into heated air flow. This kind of measurement is essential for high-temperature and
high-speed processes in contact heat exchangers or in liquid treatment chambers, as well as in
firefighting systems. Experiments are conducted using an optical system based on Laser-Induced
Phosphorescence as well as two types of thermocouples with a similar measurement range but
different response times (0.1–3 s) and accuracy (1–5 ◦C). In our experiments, we inject droplets
into the heated air flow (first scheme) and into the flow of high-temperature combustion products
(second scheme). We concentrate on the unsteady inhomogeneous temperature fields of the gas–vapor
mixture produced by blending the above-mentioned flows and monitoring the lifetime of the relatively
low gas temperature after droplets passes through the observation area. The scientific novelty of this
research comes from the first ever comparison of the temperature measurements of a gas–vapor–droplet
mixture obtained by contact and non-contact systems. The advantages and limitations of the contact
and non-contact techniques are defined for the measurement of gas–vapor mixture temperature.

Keywords: laser induced phosphorescence; gas–vapor mixture; high-temperature combustion
products; droplets; temperature field; unsteady heat transfer

1. Introduction

Gas–vapor–droplet techniques are widely used in the industry (scrubbers, rectification towers,
gas–vapor heat transfer agent generators, flame and thermal water treatment, etc.) [1–6]. Their
popularity is explained by a relatively simple design, low material consumption, and high rate of heat
exchange [1–5]. However, in each case, there are different specification requirements depending on
the hardware and application purpose. In some cases, there is a demand for higher convective heat
exchange (contact heat exchangers) and, in others, for higher vaporization (thermal water-treatment
chambers and gas–vapor heat medium generators). In addition to the aforementioned practical
industrial applications, the study of liquid spraying [7,8] in a high-temperature environment is
important for the design of efficient firefighting techniques [6,9–11].

The main barrier to the development of high-temperature gas–vapor–droplet techniques is the
lack of knowledge on complex interdependent heat exchange and endothermic phase transformations
occurring when droplets and vapor travel in high-temperature gas flows. Another important aspect
of an efficient gas–vapor–droplet technique is the homogeneous heating or evaporation (depending
on technical requirements) of droplets throughout the contact chamber. This is quite difficult to
achieve due to massive thermal gradient and limited size of the chamber. This is why liquid droplets
undergoing treatment do not evaporate completely during a single flow processing cycle. As a result,
the efficiency of such installations, blocks, and units decreases significantly.

In the experiments [9–11] with contact measurement instruments (thermocouples), the temperature
of combustion products decreased by 15 to 140 ◦C following a droplet injection during 1 to 5 s, and the
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temperature of the gas–vapor mixture in the droplet trace remained low for up to 30 s [9]. Additional
experiments were conducted for a certain variation range of the main parameters of droplets and
heated gas blending [9–11]: initial gas flow temperature and velocity, droplet dimensions, and number
and duration of injection events. The main result of the experiments [9–11] is the discovery of the main
reasons behind the temperature drop in the droplet trace: droplet-to-gas convective heat exchange
and low-temperature vapor injection due to rapid vaporization. Unfortunately, there is still no valid
experimental data on temperature fields in the droplet trace, because most of the experiments are
conducted using contact measurement techniques common to power engineering equipment. This
approach demands a large number of thermocouples for simultaneous temperature registration in
different sections of the droplet cloud. The more thermocouples are inserted into the flow, the heavier
the disturbance. This is the main downside to tackling the problem using contact measurement.
Thus, a new approach is required for the experimental study of heat and mass transfer in complex
gas–vapor–droplet mixtures using non-contact techniques.

Recently, cross-correlation systems have become a frequent choice for the research of complex
high-temperature heat and mass transfer. The annually increasing number of articles on phosphorus
temperature survey and tracing particle imaging suggests that the aforementioned technique is of great
interest and importance. The same conclusion can be made from the analysis of the results presented
in [9–12].

The advancement in contact measurement techniques (thermocouple-based for the most part) is
quite substantial. Still, this technique is labor-consuming and expensive in the case of temperature field
measurement, especially if it is unsteady and inhomogeneous. Another limitation of thermocouples
is their response time, which usually varies from several seconds to several dozens of seconds.
High-temperature technologies normally involve thermocouples enclosed in protection tubes. This
degrades their response time even more. Contact measurements are also inapplicable for temperatures
of vapor–droplet mixtures, as droplets would settle on the thermocouple junction, thus lowering the
temperature readings. Until all the liquid evaporates from the thermocouple junction, it is difficult
to obtain reliable temperature readings, and in the case of continuous blending of droplet and gas
media, it does not seem possible whatsoever. The minimum required number of instruments and
their placement severely limits the applicability of the technique. The introduction of thermographic
luminophores greatly simplified the temperature measurement and increased its accuracy and speed.
It is viable to compare the experimental results obtained by the contact techniques (predominantly
thermocouple measurement as the most widespread technique in actual industrial applications)
presented in [9–12] with the Laser-Induced Phosphorescence (LIP) measurement results [13–16].
Such comparison would provide us with adequate adjusting factors for actual temperature prediction
based on thermocouple readings.

The main energy strategy of Russia, China, India, and other rapidly developing countries is
to establish a competitive power industry. This requires an increase in the resource efficiency of
power systems through increasing the fuel consumption efficiency; implementing resource-saving
technologies; investing in atmosphere friendly technologies; and reducing the external heat loss during
power generation, transfer, and consumption. Today, the power industries of advanced countries are
based on hydroelectric, nuclear, and thermal power stations. The most common are thermal power
stations, even where other power generating technologies are in more favorable conditions to develop.
The main heat loss of a thermal power plant is the flue gas loss. A gas-fired boiler loses 4–5% of heat
through flue gases. At the same time, the amount of heat contained in vapor is within 12–13% of
the gas combustion heat. It is possible to lower the heat loss at the combustion products heating the
pulverized water in direct-contact economizers.

Flue gas recycling in contact heat exchangers improves the plant performance and lowers the NO
and CO emission. The water heated in contact heat exchangers complies with sanitary regulations and
standards. The most advanced heat transfer agents, especially the gas–vapor mixture, find more and
more applications in contemporary industry: defrosting of granular materials, surface and reservoir
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treatment, construction, and agriculture. The advantages of this agent type are its high thermodynamic
properties, fast response, and mobility of the corresponding installations.

Many researchers employ numerical simulation, in particular, of heat and mass transfer between
liquid and gas. Today, these approaches have even greater potential due to a significant advancement
in the information processing technology. Numerical simulation is an efficient tool for complex
subject studies, which makes experimental research easier to accomplish. However, the result of
numerical simulation does require an experimental confirmation. With the introduction of software and
hardware instruments to implement panoramic optical techniques with high-speed video recording
(see, for example, in [17–19]), it becomes possible to conduct such experiments to study multiphase
flow, aerosol, and flame. The analysis of experimental results allows us to confirm the efficiency
of liquid aerosol injection in the high-temperature gas–vapor–droplet technology. Pulsed injection
provides more extensive heat transfer, lower liquid consumption, as well as quicker control over
thermodynamic parameters. However, there is almost no information on the level of the temperature
drop of combustion products after water aerosol injection, as well as on the lifetimes of lowered
gas temperatures.

The purpose of this work is to study experimentally the variation rate of the gas–vapor mixture
temperature field when droplets are blended with high-temperature combustion products using the
non-contact technique of Laser-Induced Phosphorescence. Our paper [16] presents the results of
experiments recording the temperatures of the gas–vapor mixture in the trace of a droplet, i.e., behind
a single water droplet of the required size. It was a fundamental study linking three measurement
techniques: Planar Laser Induced Fluorescence (PLIF) for measuring the droplet temperature, Particle
Image Velocimetry (PIV) for measuring the velocity field of a gas–vapor mixture around a droplet,
and LIP for measuring the temperature of a gas–vapor mixture around a droplet. In this paper,
we present the experimental results focused on the droplets cloud, i.e., a large agglomerate of droplets.
We use two techniques: LIP and PIV. Using the experimental results, we have, for the first time,
determined the adjustment coefficients to be used in various contact and non-contact measurements.
This gives the research findings their scientific novelty and practical value.

2. Experimental Set-Up and Procedure

2.1. Experimental Set-Up

In our experiments, we used a set-up schematically shown in Figure 1. The set-up allowed us
to record gas–vapor–droplet flow temperature using both thermocouple and LIP-based non-contact
measurement techniques. In our experiments, we used twin solid-state Nd:YAG laser Quantel Q-smart
450 4 (wavelength 355 nm, pulse frequency 10 Hz, and maximum pulse energy 130 mJ) to illuminate
the flow. Optical set 5 was used to transform the laser beam into light sheet 6 with an opening angle of
10◦, sheet thickness of approximately 0.6 mm, and average width of 120 mm in the observation area.
The air flow temperature was captured by two high-speed charged-coupled device (CCD) cameras
Imager M-lite 2M (frame resolution 1920 × 1280 pix, frame rate 10 fps, digit capacity 12 bit) 1 and
optical beam splitter 3 with a dichroic reflector (see Figure 1). Two Sigma DG 105 mm f/2.8 EX Macro
lenses were used, supplied with two interference bandpass filters 2: 420 nm and 466 nm.
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Figure 1. Scheme of experimental set-up: 1—video camera; 2—optical filter; 3—beam splitter; 
4—Nd:YAG laser; 5—laser optics; 6—light sheet; 7—quartz cylinder; 8—air heater; 9—burner; 
10—fast thermocouple; 11—slow thermocouple; 12—spraying nozzle; 13—position of BAM:Eu 
particles. 

2.2. High-Temperature Gas Flow 

The experiments are divided in two types when generating a high-temperature gas flow: (i) 
containing flue gases (combustion products) from liquid fuel combustion and (ii) heated air 
generated by a heater and an air compressor. The choice of these two types of gas media for this 
research comes from the conditions of promising gas–vapor–droplet technologies [1–5]. For 
instance, heated air is used in rectification towers and thermal treatment chambers, whereas 
combustion products or a mixture of flue gases and air are used in direct-contact heat exchangers. 
Combustion products contain a mixture of flue gases and ash particles. Therefore, temperature 
reduction and subsequent stabilization can have different characteristics. Therefore, we are 
considering both types of gas media in this study. 

To generate a high-temperature combustion products flow similar to experiments [9,10], we 
used the following elements (Figure 1); hollow cylinder of heat-resistant (up to 1800 °C) quartz glass 
7 (1 m height, 0.2 m outer diameter), burner 9 comprised of a hollow cylinder (0.1 m height, 0.15 m 
and 0.19 m inner and outer diameter); TC-1 kerosene, a fuel with well-known and stable 
characteristics; and an exhaust system with an option to vary combustion product flow velocity (Ua) 
of up to 3 m/s. To generate the combustion products flow with a controlled temperature (Ta), we 
used the following procedure. Two-hundred-and-fifty milliliters of fuel was placed into the inner 
part of the burner and ignited using a piezoelectric lighter. A hollow glass cylinder was placed over 
the burner, and an upward flow of kerosene combustion products began to form in its inner 
chamber. Air was supplied into cylinder 7 through a hollow opening in the central part of burner 9. 
During the experiment, the flame height in cylinder 7 varied from 0.15 to 0.4 m. The average 
temperature of the gas–vapor mixture, leaving the quartz channel, was controlled by varying the air 
consumption (by using an exhaust ventilation system) in the range of 100 to 500 °C [9]. To evaluate 
the component composition of combustion products in the experiments, we used a Testo-340 gas 
analyzer with the following measurement ranges; O2: 0–25%; CO: 0–10,000 ppm; NO: 0–3000 ppm; 
NOx: 0–300 ppm; SO2: 0–5000 ppm; accuracy: O2: ±0.3%; CO, CO2, NO, SO2: from ±5% to ±10%). The 
main concentrations were measured before the aerosol injection experiments started. The methods 
used in the experiments are similar to those described in [9]. Thus, we determined the fraction of 

Figure 1. Scheme of experimental set-up: 1—video camera; 2—optical filter; 3—beam splitter;
4—Nd:YAG laser; 5—laser optics; 6—light sheet; 7—quartz cylinder; 8—air heater; 9—burner; 10—fast
thermocouple; 11—slow thermocouple; 12—spraying nozzle; 13—position of BAM:Eu particles.

2.2. High-Temperature Gas Flow

The experiments are divided in two types when generating a high-temperature gas flow:
(i) containing flue gases (combustion products) from liquid fuel combustion and (ii) heated air
generated by a heater and an air compressor. The choice of these two types of gas media for this
research comes from the conditions of promising gas–vapor–droplet technologies [1–5]. For instance,
heated air is used in rectification towers and thermal treatment chambers, whereas combustion products
or a mixture of flue gases and air are used in direct-contact heat exchangers. Combustion products
contain a mixture of flue gases and ash particles. Therefore, temperature reduction and subsequent
stabilization can have different characteristics. Therefore, we are considering both types of gas media
in this study.

To generate a high-temperature combustion products flow similar to experiments [9,10], we used
the following elements (Figure 1); hollow cylinder of heat-resistant (up to 1800 ◦C) quartz glass 7
(1 m height, 0.2 m outer diameter), burner 9 comprised of a hollow cylinder (0.1 m height, 0.15 m and
0.19 m inner and outer diameter); TC-1 kerosene, a fuel with well-known and stable characteristics;
and an exhaust system with an option to vary combustion product flow velocity (Ua) of up to 3 m/s.
To generate the combustion products flow with a controlled temperature (Ta), we used the following
procedure. Two-hundred-and-fifty milliliters of fuel was placed into the inner part of the burner and
ignited using a piezoelectric lighter. A hollow glass cylinder was placed over the burner, and an
upward flow of kerosene combustion products began to form in its inner chamber. Air was supplied
into cylinder 7 through a hollow opening in the central part of burner 9. During the experiment,
the flame height in cylinder 7 varied from 0.15 to 0.4 m. The average temperature of the gas–vapor
mixture, leaving the quartz channel, was controlled by varying the air consumption (by using an
exhaust ventilation system) in the range of 100 to 500 ◦C [9]. To evaluate the component composition
of combustion products in the experiments, we used a Testo-340 gas analyzer with the following
measurement ranges; O2: 0–25%; CO: 0–10,000 ppm; NO: 0–3000 ppm; NOx: 0–300 ppm; SO2:
0–5000 ppm; accuracy: O2: ±0.3%; CO, CO2, NO, SO2: from ±5% to ±10%). The main concentrations
were measured before the aerosol injection experiments started. The methods used in the experiments
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are similar to those described in [9]. Thus, we determined the fraction of components, in particular,
CO2, CO, NOx, NO, SO2, and O2. Table 1 presents average concentrations of components in kerosene
combustion products, obtained through measurements in this study. We also compared them with the
data from the work in [9].

Table 1. Average concentrations of CO2, CO, NOx, NO, SO2, and O2 in kerosene combustion products,
as well as data from the work in [9].

Type of Flammable Liquid
Component Concentration

O2, % CO2, % CO, % NO, % NOx, % SO2, %

Kerosene 12.02 6.21 0.13438 0.0038 0.0041 0
Kerosene [9] 11.71 6.79 0.12567 0.0044 0.0046 0.00013

Industrial ethanol [9] 14.9 4.4 0.0577 0.0017 0.0018 0
Acetone [9] 15.68 3.87 0.0308 0.0027 0.00287 0
Gasoline [9] 12.9 5.85 0.1585 0.0036 0.0039 0

We found (Table 1) that the concentrations of the main components in kerosene combustion
products, measured in this study, are close to the results from those in [9]. It is also clear that for
the group of flammable liquids under study [9], the concentrations of the main combustion product
components are generally quite close. Moreover, these concentrations are within the allowable level
for typical boiler plants (in accordance with the Russian standard GOST R 50831-95). Thus, it is safe
to say that using kerosene combustion products in the experiments makes it possible to simulate the
conditions close to real technologies [1–5].

To generate a heated air flow for the second kind of experiments, we used hollow cylinder 7 made
of heat-resistant (up to 1800 ◦C) quartz glass (0.4 m height, 0.2 m outer diameter) and air heater 8 to
form an air flow with a controlled temperature in the range of 100 to 300 ◦C. A Leister LE 5000 HT
heater (Leister Technologies AG, Kaegiswil, Sweden) with a temperature range of Ta = 100–600 ◦C was
used for heating. A Leister CH 6060 compressor (Leister Technologies AG, Kaegiswil, Sweden) with
a flow rate of Ua = 0–5 m/s generated the air flow. The accuracy of parameter setting was ±1 ◦C for
temperature and ± 0.02 m/s for flow velocity.

2.3. Droplets

To generate a sprayed water flow, we used a system comprised of a water reservoir, feeding
channel, and spraying nozzle 12. The nozzle was the same as in [20,21]. To determine the droplet
flow characteristics (droplet velocity Ud and droplet radius Rd), we used a panoramic optical system.
The initial droplet flow velocity Ud was measured via the PIV optical technique [22]. The initial droplet
radius in the sprayed flow was measured via the SP technique [23]. Nozzle 12 generated droplets
with a radius Rd=0.06–0.18 mm. The initial droplet flow velocity was 2–3 m/s throughout the series of
experiments. The volume concentration of droplets in the sprayed flow γd was 3.8·10−2 l/m3. It was
chosen as an average value from the practical applications mentioned in the Introduction and the
experiments in [9,10].

When processing the flow images obtained by SP, we divided all the droplets in each frame into
m groups. For each group, we calculated the mean radius (Rdm) and number (n) of droplets in the
group, volume Vm = n·4/3·π·Rdm

3. Then, we determined the notional volume of the observation area:
Va = x·y·η. After that, we calculated the volume concentration of droplets in the observation area for
each frame: γd = Vm/Va. If the droplet concentration deviated from the values γd≈3.8·10−2 l/m3 by
more than 10%, the experiment was disregarded in the subsequent analysis. During the experiments
estimating γd and Rd, we determined that the spray event duration (timp) did not affect the flow
characteristics. Moreover, at the initial (lasting less than 0.15 s) and final (lasting less than 0.1 s) stages,
the γd values can deviate from the mean ones by 15–20%. This effect was not taken into consideration
when analyzing the results.
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All the said parameters (γd, Ud, and Rd) were measured in the same area that was further used to
measure the gas–vapor mixture temperature (Figure 1). During the experiment, water was repeatedly
sprayed into the inner portion of cylinder 7, towards the high-temperature combustion products or
heated air flow. Spray event duration (timp) varied in the range of 1 to 5 s. Spraying was repeated
every 30 s. An electronic timer of 0.1 s time increment was used for time recording. Each experiment
involved 10 to 15 injections. At least 10 experiments were conducted for each set of initial parameters
(γd, timp, Rd, Ud, and Ua).

Each experiment consisted of the following steps; (i) a high-temperature gas flow was generated as
described in Section 2.2; (ii) for combustion products, injection of water spray into the observation area
started after 250 s (the time needed for the required temperature level to be established in cylinder 7);
for heated air, injection of water spray into the observation area started after the temperature became
steady; (iii) simultaneously with the first droplet injection, we started the continuous recording of
gas–vapor mixture temperature at the cylinder input using fast (10) and slow (11) thermocouples
(see Section 2.4) connected to a high-speed analog input card (0.1 s sampling step), as well as via the
LIP system (see Section 2.5).

2.4. Thermocouple Measurement

Both the gas and gas–vapor–droplet environment temperature during the experiments was
measured with two different thermocouples (Figure 2): slow thermocouple 11 (Oven, Moscow, Russia)
(K-type, measurement temperature range 0 to 1200 ◦C, junction diameter 1 mm, response time 3 s,
accuracy ± 5 ◦C); fast thermocouple 10 (S-type, measurement temperature range 0 to 1200 ◦C, junction
diameter 0.25 mm, response time 0.1 s, accuracy ± 1 ◦C) (Figure 1). Sensors of both thermocouples
were placed at a 2–3 mm distance from each other in the center of the observation area (Figure 1).
The thermocouples were connected to the National Instruments 9213 analog input card. The sampling
rate was 0.5 s. Thermocouple readings were loaded to a PC, where the variation trend of the measured
environment temperature was plotted.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 23 

repeatedly sprayed into the inner portion of cylinder 7, towards the high-temperature combustion 
products or heated air flow. Spray event duration (timp) varied in the range of 1 to 5 s. Spraying was 
repeated every 30 s. An electronic timer of 0.1 s time increment was used for time recording. Each 
experiment involved 10 to 15 injections. At least 10 experiments were conducted for each set of initial 
parameters (γd, timp, Rd, Ud, and Ua). 

Each experiment consisted of the following steps; (i) a high-temperature gas flow was 
generated as described in Section 2.2; (ii) for combustion products, injection of water spray into the 
observation area started after 250 s (the time needed for the required temperature level to be 
established in cylinder 7); for heated air, injection of water spray into the observation area started 
after the temperature became steady; (iii) simultaneously with the first droplet injection, we started 
the continuous recording of gas–vapor mixture temperature at the cylinder input using fast (10) and 
slow (11) thermocouples (see Section 2.4) connected to a high-speed analog input card (0.1 s 
sampling step), as well as via the LIP system (see Section 2.5). 

2.4. Thermocouple Measurement 

Both the gas and gas–vapor–droplet environment temperature during the experiments was 
measured with two different thermocouples (Figure 2): slow thermocouple 11 (Oven, Moscow, 
Russia) (K-type, measurement temperature range 0 to 1200 °C, junction diameter 1 mm, response 
time 3 s, accuracy ± 5 °C); fast thermocouple 10 (S-type, measurement temperature range 0 to 1200 
°C, junction diameter 0.25 mm, response time 0.1 s, accuracy ± 1 °C) (Figure 1). Sensors of both 
thermocouples were placed at a 2–3 mm distance from each other in the center of the observation 
area (Figure 1). The thermocouples were connected to the National Instruments 9213 analog input 
card. The sampling rate was 0.5 s. Thermocouple readings were loaded to a PC, where the variation 
trend of the measured environment temperature was plotted. 

 
Figure 2. Thermocouples used in the experiments. 

Notably, the presence of soot particles and water vapors in the flow can affect the characteristics 
of measurement. That is why we used a thermocouple with a very fast response time in our 
experiments. This enabled us to minimize the influence of the said factors. A thermocouple has a 
thin protection sheath to protect it from moisture and solid soot particle impact. However, we 
removed it in these experiments to improve the thermocouple response time. We calibrated the data 
of thermocouples in a heated air flow, using a specialized set-up and varying the temperature in a 
wide range (20–600 °C). The set-up consisted of a vertically positioned hollow quartz-glass cylinder 
channel 96 mm in the inner diameter. A heated air flow was generated inside the cylinder. For that, 
we used a LEISTER CH 6060 compressor with a flow rate of 0–5 m/s and a LEISTER LE 5000 HT 
heater with a temperature range of 20 to 600 °С. The accuracy of temperature setting was ±1 °C. A 
fast-response thermocouple was introduced through an aperture in the cylinder, using a motorized 
manipulator; the thermocouple readings were recorded with an NI 9219 analog input module with a 
time increment of 0.5 s. The deviations of the thermocouple readings from the established value did 
not exceed 1.5 °C within the whole temperature range. Moreover, heated air was not found to affect 
the integrity of the thermocouple junction not covered with a protection sheath. The condensate and 
vapors can have some influence, but it can be disregarded when analyzing the results of a series of 

Figure 2. Thermocouples used in the experiments.

Notably, the presence of soot particles and water vapors in the flow can affect the characteristics
of measurement. That is why we used a thermocouple with a very fast response time in our
experiments. This enabled us to minimize the influence of the said factors. A thermocouple has
a thin protection sheath to protect it from moisture and solid soot particle impact. However, we
removed it in these experiments to improve the thermocouple response time. We calibrated the data of
thermocouples in a heated air flow, using a specialized set-up and varying the temperature in a wide
range (20–600 ◦C). The set-up consisted of a vertically positioned hollow quartz-glass cylinder channel
96 mm in the inner diameter. A heated air flow was generated inside the cylinder. For that, we used a
LEISTER CH 6060 compressor with a flow rate of 0–5 m/s and a LEISTER LE 5000 HT heater with a
temperature range of 20 to 600 ◦C. The accuracy of temperature setting was ±1 ◦C. A fast-response
thermocouple was introduced through an aperture in the cylinder, using a motorized manipulator; the
thermocouple readings were recorded with an NI 9219 analog input module with a time increment of



Appl. Sci. 2020, 10, 2212 7 of 22

0.5 s. The deviations of the thermocouple readings from the established value did not exceed 1.5 ◦C
within the whole temperature range. Moreover, heated air was not found to affect the integrity of
the thermocouple junction not covered with a protection sheath. The condensate and vapors can
have some influence, but it can be disregarded when analyzing the results of a series of experiments.
A similar conclusion can be made when analyzing the influence of solid soot particles. After each
experiment in a series, we picked the thermocouple junction out of the channel and wiped it with a
cloth. The thermocouples were introduced into the channel again for measurement after they cooled
down at room temperature for 10 minutes. In particular, we conducted all the experiments in sets of
5 or 6, and then calculated the confidence interval. All the measured values lie within this interval,
and they are presented further in the figures (in Section 3).

2.5. LIP Measurement Technique

The Laser-Induced Phosphorescence (LIP) technique is not new. It is based on the phosphorescence
of specialized particles illuminated by near-UV radiation [13–15,24–27], and is actively used to diagnose
the temperature of gas media [25,27], droplets, and layers of liquids [28,29], as well as aerosol
clouds [30]. Abram, C. et al. [31] present the results of temperature measurement using LIP and
different luminophores: BAM:Eu, ZnO:Zn, ZnO:Ga, etc. The properties of these particles and their
validity ranges were determined. The dependence of phosphorescence intensity on temperature was
established. The results from the works in [27–31] correspond mainly to single-phase flows and media.
There are no research findings for the processes, characterized by the mixing of the gaseous and liquid
media. At the same time, the stability of some types of particles, both in gas and in liquid, allows us to
assume that LIP can be used to diagnose the temperature of multiphase media.

To evaluate the temperature distribution of the gas–vapor flow, we used LIP [24–26]: a non-contact
laser thermal mapping technique for gas and vapor temperature diagnostics. We recorded the
thermal emission from thermographic particles under the laser excitation by a 355 nm wavelength
beam. We used special phosphorescent particles of BaMgAl10O17:Eu powder (BAM:Eu) [24,25]
(particle dimensions 6–8 µm). The upper operating temperature range of these particles—thermal
degradation threshold—is 550–600 ◦C [24,25]. Two CCD video cameras equipped with interference
filters (420 ± 10 nm and 455 ± 10 nm) were used for recording. BAM:Eu particles absorb laser radiation
with a wavelength of 355 nm. The maximum of the BAM:Eu emission spectrum falls between 440 and
450 nm. With a gas medium temperature increase, the maximum of particle emission spectrum almost
does not relocate but we observe the left boundary of the spectrum shift towards lower wavelengths
(420–380 nm). The right side of the spectrum shifts as well (Figure 3a). The emission spectrum for
different temperatures (Figure 3a, left) of the BAM:Eu particles that we used is described in [24–26].
Here, the temperature of the flow depends on the emission intensity ratio of the left (420 nm) and
right (450 nm) sides of the emission spectrum. This ratio increases with a rise in the flow temperature
(Figure 3a, right). Thus, the use of optical filters with two different wavelengths 2 (Figure 1) allowed us
to register the spectral shift of BAM:Eu particles emission when their temperature changed.

Before the beginning of the experiments, BAM:Eu were dried in a muffle furnace at 100 ◦C for
120 minutes to prevent the particles from clumping and to ensure a more even seeding of the air
flow. To seed the air flow with BAM:Eu particles, we used an air compressor (24 l reservoir, 1.2 MPa
maximum pressure). Tracer particles were placed into an elbowed input duct fixed on the side of
the channel (Figure 1). The air from the compressor under a pressure of 200 kPa was fed through
the duct for 5 seconds, so that all the tracer particles were injected into the air flow. The mass of the
BAM:Eu particle sample injected into the air flow was approximately 1.5 g for each event. This is the
experimentally defined mass, sufficient for uniform seeding of the air flow. Each experiment involved
3–5 consecutive injection events. An air extraction duct 150 mm in diameter, provided with a fine-mesh
filter, able to absorb particles as small as 0.1 µm, was placed above the gas flow channel. The heated air
flow was collected by the extraction fan, and the tracer particles were absorbed by the filter. Figure 3b
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shows a typical video frame with BAM:Eu particles moving in an air flow (before it was processed in
the DaVis software).
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Figure 3. The emission (left) spectrum [26] and calibration (right) curve (a); video frame of
BAM:Eu particles before being processed (b); typical airflow temperature field without droplets (c),
air flow (d) and combustion products flow (e) after droplets pass-through obtained by Laser-Induced
Phosphorescence (LIP) technique (for Ta ≈ 200 ◦C).

For optical calibration of the measurement system (correcting and comparing images from two
cameras), a flat calibration target was used with an in-line array of markers, 2 mm in diameter located
5 mm away from each other. We used the DaVis software (LaVision Inc., Göttingen, Germany) for
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experimental image processing and temperature field recovery. Image processing comprised a series
of consecutive operations according to the conclusions made in [24,25]. A background was subtracted
from each initial image obtained. The image was then calibrated using the calibration target image.
A series of software filters were applied to remove noise, to mask areas with no tracer particles, and to
smooth the luminous intensity of tracers. The fluorescence gradient in the image was adjusted with
White Image Correction, and a temperature field was plotted based on the analysis of the emission
intensity from two optical filters.

The LIP technique experiments were conducted in two stages: The first one is the temperature
calibration of the system in the absence of sprayed flow in the observation area. For each standalone
experiment, the LIP temperature field could only be recorded while BAM:Eu particles were in the
observation area (1.5–2 s), which is not enough time to record the whole blending process. That is
why the second stage included a series of experiments, starting with the initial droplet flow injection
(recording initiated at 0 s), and then with 2 s increment until the temperature recovery relative to the
undisturbed gas flow.

When conducting their experiments, the authors focused on such matters as the power fluctuations
of the Nd:YAG laser and the concentration of the thermographic indicator in the measurement
area [26,27]. The experimental results have shown that, when the laser power ranges from 70 to 130 mJ,
the BAM:Eu emission changes proportionally. However, the emission intensity ratio of BAM:Eu
(420/450 nm) remains the same and does not exceed the systematic error of the technique. The result
obtained is in good agreement with the results from the work in [27], where the authors explored the
impact of laser power on the emission intensity and heating of thermographic phosphor particles.

On the other hand, for reliable measurements, it is important to maintain the optimal concentration
of BAM:Eu particles in the measurement area. The relative volume concentration (γp) of BAM:Eu
particles in a frame (Figure 3b) was derived indirectly from the intensity of the laser radiation emitted
by the particles. As a criterion to estimate γp, we used the ratio of the total area of BAM:Eu particles in
a frame (S*), derived from the binarization threshold, to the observation area size (S0 = x·y): γp=S*/S0.
Moreover, experiments have established that the average fluorescence of droplets did not exceed
25–30 intensity counts when they were on screen. At the same time, the fluorescence of BAM:Eu
particles was 10–12 times higher and reached 100–170 intensity counts for the left side of the emission
spectrum (420 nm) and 160–220 intensity counts for the right side (450 nm) of the same spectrum. Thus,
by specifying the binarization threshold above the luminous intensity of droplets, we discarded droplets
from analysis so that they did not affect the determination of γp. When constructing temperature fields,
we only considered the experimental frames where the relative concentration of BAM:Eu particles
γp was within 0.05–0.1. When γp was varied within the said range, temperature deviations did not
exceed 1.5 ◦C.

The goal of the first stage was to obtain a calibration curve (Figure 3a, on the right) – air flow
temperature versus relative fluorescence of BAM:Eu particles. The procedure is similar to the one
described in [17,18]. For this purpose, a series of experiments were conducted, capturing the particle
images in the air flow when increasing its temperature from 20 to 500 ◦C. The choice of the temperature
range is primarily conditioned by the thermal degradation threshold of the thermographic particles
used. There are several types of BAM:Eu with different threshold temperatures ranging from 600 ◦C to
800 ◦C [19]. The upper temperature threshold of the BaMgAl10O17:Eu particles used in the experiments
is 600 ◦C. However, as the temperature fluctuations of the combustion products (Section 3.2) often
exceed 60–80 ◦C, we chose 500 ◦C as the upper limit for the experiments. At least three experiments were
conducted for each point. In each experiment, an average between readings from two thermocouples
installed at the input and output of the small-size observation area was taken as the flow temperature.
The images obtained were processed as described previously, except the temperature field plotting
(this stage was excluded). Instead, as the final stage, we used the Temperature Calibration function to
plot a calibration curve from the points obtained (Figure 3a, left). At the same time, the calibration
curve (Figure 3a, right), as in most 2-color methods, was plotted by comparing the emission intensities
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of the left and right sides of the spectrum (Figure 3a, left). That is, we found the emission intensity
ratio of BAM:Eu (420 nm/450 nm). Then, for each ratio, we took the flow temperature measured by
a Type K thermocouple in the course of video recording. The data obtained was presented as the
calibration curve (Figure 3a, left). The experimental data scattering (emission intensity ratio of BAM:Eu:
420 nm/450 nm) on the calibration curve did not exceed 3% for the identical flow temperatures.

The second stage involved temperature recording in a gas–vapor trace of droplet flow (Figure 3c–e).
To generate a droplet flow in the observation area, we used the hardware described in Section 2.3.
At least three experiments were conducted for each different water injection duration (timp). After the
recording was finished, frames with the even distribution of tracer particles were selected to match
the tracer distribution in the images obtained during the temperature calibration. These second-stage
images were processed as described earlier. At the final stage of processing, instantaneous temperature
fields of the airflow were plotted with the help of the calibration curve obtained at the earlier stage of
the experiments.

There is some nonuniformity of the temperature fields in Figure 3c–e, connected with an
uneven concentration of BAM:Eu particles in the flow. There are regions where the concentration of
phosphorescent indicator particles is small or there are none of them. This creates a noisy picture,
when the results are processed. To smooth the temperature field, we used Linear Smoothing Filter,
averaging the data in the region 3 × 3 px in size. When processing the LIP measurement data, this type
of filter was used straight after finding the Ratio 420/455 nm. This allowed us to take into consideration
the changes in the ratio 420/455 nm due to smoothing. Thus, the calibration curve (Figure 3b) already
took into account the smoothing, and this process (3 × 3 Linear Smoothing Filter) had absolutely no
effect on the temperature of the resulting temperature field.

In the preparation and adjustment of the experimental technique, an important issue was the
influence of aerosol droplets on the reliability of temperature measurement using LIP. In particular,
the results from [32,33] show that the effects of absorption and, on the contrary, dissipation of
laser ultraviolet signal can lead to additional errors when determining the flow temperature. Thus,
e.g., Lee, H. et al. [32] show that a phosphorescent signal can be generated even in the areas that are
not seeded with BAM:Eu particles. This happens due to multiple dissipations in the areas in front of or
behind the jet under study [32]. Therefore, it was necessary to conduct additional experiments.

First, the coefficients of water and water vapor absorption were analyzed. According to the results
from the work in [34], the water absorption coefficient in the range of wavelengths 355 to 465 nm
varies from 0.00442 to 0.01137 m−1. Given that the maximum distance, covered by the laser sheet in
the measurement area, is comparable to the diameter of the quartz channel (0.1 m), the maximum
absorption will not exceed 0.12%, even when the droplet concentration is at maximum. According to
the data from HITRAN website, water vapors, forming as a result of droplet evaporation, absorb light
mainly in the near-IR range (over 900 nm). Thus, the main reason for error, caused by aerosol droplets,
can be the dissipation of laser radiation by them.

To evaluate the influence of aerosol droplets on the results of LIP measurement, we conducted
an experiment, using an air flow generation setup (Figure 1) at Ta ≈ 25 ◦C. At the first stage, the air
temperature was measured without aerosol flow injection, at the second stage, with aerosol droplets
in the recording area. The spray event duration in the experiment was timp ≈ 3 s. We calculated
temperature fields and compared them. Abram, C. et al. [25] established that the intensity ratio
(420/455 nm) in the recording area in two of the cases under consideration differs by no more than
1.5%, which does not exceed the systematic error of LIP for 25 ◦C The experimental results also
indicate that the local areas, corresponding to water droplets, have much lower (2 to 3 times) intensity
than the areas containing BAM:Eu particles. These areas were masked before the temperature field
plotting. When analyzing and comparing the final temperature fields, it was established that at a
volume concentration of droplets γd≈3.8·10−2 l/m3, their presence does not considerably deviate the
temperature field. The difference in the mean temperature recorded with and without aerosol droplets
did not exceed the error of LIP technique for 25 ◦C (~1.7% [25]). Moreover, the moment of aerosol
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injection, just as the whole process of its movement in the reversed gas flow, takes 1–5 s, which is much
less than the duration of the experiment (15–20 s). These estimates make it possible to conclude that it
is reasonable to use the newly developed measurement technique.

2.6. Experimental Data Processing

The temperature distribution (LIP measurement) and temperature trend (thermocouple
measurement) obtained were processed similarly to [20,21] to determine the following parameters; ∆Ta:
temperature drop of combustion products or air in the trace of droplet flow relative to its initial value,
◦C; τ: low (relative to the initial) gas temperature lifetime in the trace of droplet flow, s. Parameter τ
describes the time from the point when the temperature of combustion products started dropping,
τ1 (recording initiation at 0 s), until the time of the complete recovery of its initial value, τ2. The thermal
trace of a droplet is defined as an area in the wake of droplet flow with a temperature at least 10 ◦C
lower than the initial Ta.

Unlike in [20,21], for each of the measurement techniques in this research, we additionally
calculated temperature fluctuation δT as a difference between maximum (Tmax) and minimum (Tmin)
temperature readings in a single experiment (i.e., experimental temperature dispersion at identical
initial conditions). We also calculated the difference (∆T) between the thermocouple (TTherm) and LIP
(TLIP) measurement results. To do this, we compared the calculated mean averages from each series of
experiments for thermocouple measurement to similar parameters derived from the processed LIP
measurement data.

3. Results and Discussion

Presented below are the results of the experimental evaluation of gas and gas–vapor environment
temperature. We analyzed the difference between the experimental results of the high-speed optical
measurement (LIP) and thermocouple measurements typical of industrial power installations. Also,
the results obtained are generalized with respect to the techniques, data, and conclusions from the work
in [21]. The experiments have also shown that the differences between the temperature measurements
in the experiments with air flow and combustion products are significant. They show essentially
different effects and patterns. Therefore, we discuss the results for flows of different gases separately
(see Sections 3.1 and 3.2).

3.1. Hot Air Flow

Figure 4a shows 3D surfaces illustrating the air flow temperature fields obtained by LIP. Maximum
temperature fluctuations over time for the LIP technique are shown as δT. They are approximately 11 ◦C
for Ta = 100 ◦C, approximately 20 ◦C for Ta = 200 ◦C, and approximately 47 ◦C for Ta = 300 ◦C. That
means, assuming the measured temperature is stationary, the LIP technique accuracy is approximately
±5.5 ◦C at 100 ◦C, approximately ±10 ◦C at 200 ◦C, and approximately ±23.5 ◦C at 300 ◦C. At first
glance, such high δT substantially limits the reliability of this measurement technique comparing
to the thermocouple one, which usually has an average error of 10 ◦C for the temperature range in
question. However, that would be a hasty conclusion. The temperature field data across the series
of experiments similar to those presented in Figure 4, we can conclude that an average temperature
across the complete measurement period for the series in the thermocouple vicinity (Figure 4) does not
deviate significantly (i.e., it does not exceed the contact technique error limits) from the thermocouple
measurement. However, peak (maximum) temperatures in Figure 4 in different sections of the flow do
exceed the average significantly. Such nuances could not be registered in thermocouple experiments
for obvious reasons: long response time and limited number of thermocouples in use.
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Figure 4. Temperature fields of the hot air flow (not blended with droplets) obtained by LIP (a),
and temperature variation trends obtained by two types of thermocouples (b).

Figure 4b shows the air flow temperature variation trends obtained by two types of thermocouple.
The maximum deviations of the temperature recorded by a slow and a fast thermocouple (see Section 2.4
for specifications) from the average temperature measured by LIP are as follows; approximately 2 ◦C
and 0.6 ◦C for Ta = 100 ◦C, approximately 8 ◦C and 1.5 ◦C for Ta = 200 ◦C, and approximately 11 ◦C
and 2.3 ◦C for Ta = 300 ◦C. A good correlation in general could be noted between the thermocouple
and LIP measurements prior to droplet injection and when the gas temperature recovered after the
droplets pass-through. Thus, the average air flow temperature deviation for all three cases does not
exceed 3–5 ◦C.

Figure 5 shows temperature variation trends of gas–vapor mixture in the trace of a droplet flow,
i.e., in the area of the air flow being passed through by droplets. The crosshatched area corresponds to
the period of aerosol injection. All three measurement types are compared: two thermocouples and
LIP technique. The thermocouple readings differ significantly from LIP measurement results during
the period when the droplets pass through the temperature measurement area. The main difference is
in the temperature peak values, number of these peaks, and periods between them.

It takes a slow thermocouple (Figure 5) quite a long time to recover the readings, namely, 30–40 s in
our experiments. This result is apparently caused by the junction size of the slow type K thermocouple
(Figure 2), which is 4 times bigger than that of the fast type S thermocouple. More liquid settles
on a large junction and its complete evaporation takes more time. Figure 5 demonstrates similarity
between LIP measurement and fast thermocouple measurement during the temperature recovery
period (after the droplets pass through). For a thorough comparative analysis of experimental data,
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parameters τ and ∆Ta are calculated as well as the difference (∆T) between LIP and fast thermocouple
measurements (Figure 6a). ∆T was calculated as follows,
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Figure 5. Air temperature variation in the trace of droplet flow during a single (1–3 s) injection of
droplets: (a,b) Ta ≈ 100 ◦C; (c,d) Ta ≈ 200 ◦C; (e) Ta ≈ 300 ◦C.

Figure 6a clearly shows that the curves of the thermocouple measurements and LIP measurements
differ significantly. Thus, τ and ∆Ta for thermocouple measurements have almost no dependence on
timp and Ta. The same parameters for LIP measurement usually increase with the flow temperature
growth. The maximum deviation between the two measurement techniques is observed at the flow
temperature of 100 ◦C and it decreases with the further growth of Ta. This allows us to conclude that
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lowered temperature readings during thermocouple measurement are caused only by thermocouple
junction cooling and the delay of thermoelectric conversion. At the same time, lowered temperature
readings during LIP measurement are caused by droplet evaporation in the gas environment. Water
vapor in the observation area affects particle fluorescence (optical effect). The higher the initial gas
environment temperature, the more noticeably the LIP readings are affected by vaporization. Moreover,
the LIP measurements demonstrated quite an interesting result, for instance, with identical spray event
duration (Figure 6a), the growth of the temperature of the flow increases the low temperature lifetime
in its trace. Thus, at timp ≈ 1 s, the values of τ at Ta ≈ 100 ◦C and Ta ≈ 200 ◦C were approximately 3 s
and 6 s, whereas at timp ≈ 3 s, the values approximately 5.2 s and 5.5 s, respectively. This result can be
explained by the fact that the higher the Ta temperature, the higher the evaporation rates. That is to
say, an increase in the flow temperature results in a higher mass of vapors injected into the recording
area at each moment in time. This is indirectly confirmed by an increase in the maximum reduction of
temperature, ∆Ta, with the growth of Ta (Figure 6a). Besides, Figure 6a also suggests that an increase
in imp to 3 s does not considerably change τ and ∆Ta at Ta ≥ 200 ◦C. The obtained result is of great
practical importance.
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Figure 6. Parameters τ and ∆Ta of heated air calculated for two measurement types (a); an example of
instantaneous deviation (∆T) of LIP measurement from thermocouple (Fast Therm.) measurement (b);
coefficient Ka (c), areas per time period: 1: prior to droplet injection; 2: Ta temperature drop to the
lowest value; 3: Ta temperature growth; 4: Ta temperature recovery.

Several conclusions can be made from trend analysis in Figure 6b,c. First, the maximum difference
of ∆T for the two measurement techniques lies in the range of 20 to 60 ◦C (area 3 in Figure 6b).
Second, the recovery time of thermal trace (τ) derived from the measurement results varies by no



Appl. Sci. 2020, 10, 2212 15 of 22

more than 4.5 s. Third, Figure 5 shows that, due to the thermal delay of the fast thermocouple
immediately after the droplet injection, the flow temperature drop and subsequent recovery curve is
much smoother (compared to LIP), meaning that the thermocouple significantly flattens the actual
temperature variations. The LIP measurement displays a steep (substantial and fast) temperature
drop with an equally steep subsequent recovery. That is why area 3 in Figure 6 is characterized by
the maximum ∆T deviation. Readings from the second, much slower thermocouple have almost
no correlation with the measurement results of LIP or fast thermocouple, because the droplet flow
significantly cools down the larger junction. It takes much more time to recover (i.e., to heat the
junction) to the initial temperature Ta with experimentally observed periods of 40 to 60 s. As a result,
it is possible to predict quite accurately the effect of this factor on the measurement fidelity in actual
industrial applications.

3.2. Combustion Products

Figure 7 shows gas–vapor mixture temperature fields obtained by LIP measurement technique and
temperature variation trends obtained by two different thermocouples for experiments with droplets
and combustion products flow. Kerosene combustion products show much greater temperature
fluctuation than the heated air flow (Figure 4). For example, δT (Figure 7) for LIP technique is
approximately 26 ◦C for Ta = 100 ◦C, approximately 44 ◦C for Ta = 200 ◦C, and approximately 109 ◦C
for Ta = 300 ◦C. This parameter for fast and slow thermocouples is approximately 43 ◦C and 7 ◦C at
100 ◦C, approximately 57 ◦C and 5.5 ◦C at 200 ◦C, and approximately 88 ◦C and 19.9 ◦C at 300 ◦C.
The temperature fluctuations of combustion products are substantial for the whole duration of fuel
combustion (due to combustion products flow turbulence). The temperature variations (δT) for the
LIP technique are significantly greater than those of the S-type thermocouple measurements due to the
thermocouple response time. The thermocouple fails to record the peak variations of the gas–vapor
mixture temperature in the observation area and, consequently, to provide a reliable calculated δT.
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When analyzing δT, LIP-measured temperature in the vicinity of thermocouple position was
compared to the thermocouple readings. Due to a wide range of gas temperature variations in different
sections of temperature field in Figure 7, δT in those sections might differ significantly. This leads us to
a conclusion that the thermocouple placement in the flow has a significant effect on the measurement
results and on the difference from the LIP technique measurement results. This must be considered
when contact and non-contact measurement results in experiments with combustion products.

Figure 8 shows the gas–vapor mixture temperature variation in the trace of a droplet flow.
The results of all three measurements are compared: two thermocouples and LIP. In general, the LIP
measurements are close to the fast thermocouple measurements. However, unlike in the heated
air experiments (Figure 5), the LIP-measured temperature at its maximum drop is lower than the
corresponding thermocouple readings, with up to 30–40 ◦C of difference. This must be because
solid particles of the combustion products settle on the thermocouple junction. This may lead to an
additional radiative heating of the junction. The thermocouple-measured temperatures are slightly
higher than the actual ones. This conclusion is indirectly confirmed by temperature variation readings
from the slow K-type thermocouple; the temperature is dropping slowly and monotonously, whereas
the subsequent recovery is relatively fast (Figure 8), unlike in the case of heated air (Figure 5). Moreover,
the fast temperature recovery of the slow thermocouple (Figure 8) is affected by the thermal radiation
of combustion products. Therefore, the moisture that settled on the junction is heated and evaporates
faster (Figure 5). This result allows us to conclude that reliable thermocouple measurements of
temperature are possible under the conditions of lower gas–vapor mixture temperature and shorter
injections of droplets.
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The comparison of Figures 5 and 8 shows that under identical initial experimental conditions,
the τ and ∆Ta parameters in the combustion products are on average 1.5–2 times greater than in the
heated air flow. There are several reasons for that. First, the additional release of energy due to the
radiation of combustion products results in higher evaporation rates of droplets in this medium than in
the air flow. This increases the mass of vapors injected into the gas medium. Second, a more turbulent
flow, as compared with the air flow, captures and retains aerosol droplets, thus minimizing their escape
outside the quartz channel. This also increases the total lifetime of droplets in the recording area and
the duration of their evaporation.

Figure 9 shows the LIP measurement deviation from the fast thermocouple measurement. It is
evident that at Ta ≈ 100 ◦C, overall the deviations are close to the corresponding results for the hot air
flow (Figure 6). However, with an increase in the temperature of combustion products up to Ta ≈ 200 ◦C,
the deviation increases up to 85–90 ◦C.
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Figure 9. Parameters τ and ∆Ta for combustion products flow obtained by two measurement
techniques (a), as well as difference (∆T) between LIP measurement and fast thermocouple measurement:
(b) Ta ≈ 100 ◦C; (c) Ta ≈ 200 ◦C (1: prior to droplet injection; 2: Ta temperature drop to the lowest value;
3: Ta temperature growth; 4: Ta temperature recovery).

The lowered temperature lifetime (τ) is close for both LIP and thermocouple measurements and
does not deviate for more than 1–3 s. This lifetime is in good agreement with experiments in [9–11].
However, it is important to note one important difference in τ recording results. The temperature fields
plotted in this work allowed us to register the non-monotonic variation of all the main dimensions
of the thermal traces and its lifetimes. It is highly difficult to register such occurrence using a single
thermocouple or a small group thereof. The temperature fields obtained by LIP allow us to record this
effect and to explain it by turbulence caused by counterflow blending of gas and droplet flows with
different initial temperatures.
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3.3. Adjustment and Generalization of Measurement Results

After analyzing the thermocouple temperature results, we introduced coefficient K with regards
to the LIP results to adjust the thermocouple measurements. Coefficient K is calculated as a ratio
of LIP-measured temperature to thermocouple-measured temperature for each experimental point:
K = TLIP/TTherm. Typical variations of K are shown in Figure 10. From the results of the K calculation,
we can see its continuous variation with time. For all the experiments, deviation of K from 1 is lower
than 0.1–0.15, that is, prior to droplet injection and after the temperature recovery (areas 1 and 4). This
is due to the accuracy level of the LIP technique. The maximum K is observed when the temperature
recovers (rises) in the trace of the droplet flow (area 3, Figure 10), which is explained by the delay of
the thermoelectric converter. It can be seen from Figure 10 that thermocouple measurements need to
be adjusted at this very stage (area 3).
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For the case of heated air (Figure 10a), the adjustment leads to an increase in the temperature
readings, and, consequently, to a slight (5–15%) decrease in the maximum temperature fluctuations ∆Ta.
The reverse is true for the case of combustion products flow (Figure 10b), when the actual temperature
in the trace is lower than the thermocouple readings, and the adjustment increases ∆Ta by 20–30%.
This effect is worth considering when predicting the maximum drop of the gas temperature in the
trace of a gas–vapor–droplet flow.

Thus, with the help of coefficient K we can adjust the readings of thermoelectric converters
(make temperature readings closer to actual values) in cases when using non-contact measurement
tools does not seem possible.
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Figure 11 shows the dimensionless lifetime of low temperature (τ/timp) and the dimensionless
gas–vapor–droplet mixture temperature in the trace of a droplet flow versus Reynolds number
(Re calculated as in [21] considering droplet and gas flow velocity). The figure provides the LIP
results and the experimental data from [21]. We can see the results from multiple experiments with
thermocouples placed in different gas–vapor–droplet trace sections and taking into account the droplets
cloud polydispersity.Appl. Sci. 2020, 10, x FOR PEER REVIEW 20 of 23 
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Figure 11. Dimensionless lifetime (τ/timp) of the low gas temperature and relative temperature drop
(∆Ta/Ta) in the trace of droplets versus Re number (crosshatched area shows the data from the work
in [21]): (a) dependence of τ/timp=f (Re); (b) dependence of ∆Ta/Ta=f (Re).

The generalization of our experimental results and data from [21] shows that complete recovery
times of temperature fields after droplet and gas flow blending are very close (experimental data from
contact and non-contact measurements correspond well in Figure 11a). The maximum temperature
variation of the gas–vapor mixture differs significantly in Figure 11b. This result shows enough room
for improvement of findings [21] in terms of exploring maximum (short-time peak values) gas–vapor
mixture temperature variations that were difficult to record by thermocouples. This becomes possible
with the application of non-contact recording techniques reviewed in the present work.

The gas–vapor–droplet technologies [35–43] use water-based solutions and emulsions as the
operating fluid for the defrosting of granular materials, treatment of thermally loaded surfaces of
power equipment, thermal or flame treatment of water, production of heat transfer fluids, firefighting,
etc. One of the main problems when defining the parameters of all the above applications is the reliable
prediction of droplets and vapor temperature and concentration. Using the technique presented in the
present work, this can be achieved with high reliability and speed.

The results of this study are important for improving the performance of heat transfer technology
in high-temperature high-speed applications (contact heat exchangers, thermal treatment chambers,
and firefighting systems) due to higher measurement accuracy of gas–vapor mixture temperature.
Accurate data from high-speed measurement is very important for emergency shut-down systems, as
well as for efficient monitoring and control of operation parameters, i.e., temperature, heat release,
thermal, and electric power generation. Simple prediction gives us roughly 20 to 60% of performance
improvement for the applications mentioned above, if the measurement system obtains temperature
readings fast and accurately in certain sections of the flow and records reliable unsteady inhomogeneous
temperature fields in general. Temperature field data will provide for the advanced optimization
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of time and resource consumption. Decreasing the additive evaporation time in thermal treatment
chambers by as little as 1–2 s will lead to consumption optimization by 20–40%.

4. Conclusions

The unsteady temperature fields of the gas–vapor mixture give us insight into the comparative
advantages and limitations of contact and non-contact measurement techniques. In particular,
non-contact techniques proved to be more efficient in terms of the number of simultaneous measurement
points, recording speed, peak temperature recording (both maximum and minimum), and the ability
to conduct measurement under the condition of extensive phase transformations. LIP technique
demonstrates substantial, albeit short-term, difference in the measurement results from thermocouple
ones. In terms of the variation periods and peak temperatures (maximum and minimum), the difference
may reach 60–80%. The wider the temperature gradient in the area of droplet and gas flow blending,
the greater the difference in temperature field readings from non-contact and contact measurement
techniques. The defining role here belongs to the heat transfer between the thermocouple and the
gas–vapor mixture, droplets in particular, later being the main elements of the blended environment.
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Nomenclature and Units

K
coefficient which is calculated as a ratio of LIP-measured temperature to
thermocouple-measured temperature for every experimental point: K=TLIP/TTherm;

m number of droplet groups (for a single frame);
n number of droplets in one group;
Rd droplet radius, mm;
Rdm mean radius of droplets in a group, mm;
S* total area of BAM:Eu particles in a frame calculated by binarization threshold, mm2;
S0 observation area size (S0 = x·y), mm2;
Ta gas flow temperature, ◦C;
timp spray event duration, s;
TLIP LIP-measured temperature, ◦C;
Tmax temperature maximum, ◦C;
Tmin temperature minimum, ◦C;
TTherm thermocouple-measured temperature, ◦C;
Ua gas flow velocity, m/s;
Ud droplet velocity, m/s;
Va notional volume of the observation area, m3;
Vm average volume of droplets in a group, l;
x, y width and height of the observation area, mm;
Re Reynolds number.
Greek
γd droplet volume concentration in the sprayed flow, l/m3;
γp dimensionless volume concentration of BAM:Eu particles in a frame;
∆T difference between LIP measurement and fast thermocouple measurement, ◦C;

∆Ta
combustion products or heated air temperature drop in the trace of droplet flow, relative to
its initial value, ◦C;

δT maximum temperature deviation (fluctuation) (Tmax − Tmin), ◦C.
η thickness of the Nd:YAG laser sheet, mm;
τ lowered temperature lifetime of combustion products in the trace of droplet flow, s;
τ1 start of combustion products temperature decrease, s;
τ2 complete time of combustion products temperature recovery to its initial value, s.
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