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Physical and mathematical (system of differential equations in private deriva-
tives) models of heat and mass transfer were developed to investigate the evapo-
ration processes of water droplets and emulsions on its base moving in 
high-temperature (more than 1000 K) gas flow. The model takes into account a 
conductive and radiative heat transfer in water droplet and also a convective, 
conductive, and radiative heat exchange with high-temperature gas area. Water 
vapors characteristic temperature and concentration in small wall-adjacent area 
and trace of the droplet, numerical values of evaporation velocities at different 
surface temperature, the characteristic time of complete droplet evaporation 
were determined. Experiments for confidence estimation of calculated integral 
characteristics of processes under investigation – mass liquid evaporation veloci-
ties were conducted with use of cross-correlation recording video equipment. 
Their satisfactory fit (deviations of experimental and theoretical velocities were 
less than 15%) was obtained. The influence of radiative heat and mass transfer 
mechanism on characteristics of endothermal phase transformations in a wide 
temperature variation range was established by comparison of obtained results 
of numerical simulation with known theoretical data for “diffusion” mechanisms 
of water droplets and other liquids evaporation in gas. 
Key words: evaporation, heat and mass transfer, high-temperature gases, 

droplets, water, vapor 

Introduction 

Up to the moment evaporation models were developed [1-9] which are applicable 
as a rule in limited variation ranges of parameters characterizing the heat intensity. Experi-
ments [10-14] showed that assumptions accepted at approach development [1-9] relate 
mostly to description of heat and mass transfer mechanisms dominant under one or other 
condition. 

In particular, the model of single water droplet evaporation [1-3] is considered to 
be the most popular one. In its terms, it is supposed the condition that all the energy get to 
droplet is consumed fully to implement the endothermal phase transformation. Conditions 
on liquid-gas boundary are described by group of expressions of the form Nu = 2 + f(Re, Pr) 
[1-3] at that convective heat exchange. It is known [1, 2] that this approach allows describ-
ing sufficiently completely heat exchange processes of cold solid sphere washed by heated 
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gas flow or hot particle washed by cold gas. It is quite acceptable to use this assumption for 
calculation of droplet evaporation velocities under conditions of diffusive [3] (evaporation 
process is limited by diffusion) liquid vapors reflux from vaporization surface. Solution of 
heat and mass transfer adjoint problems, when empirical values of heat exchange coeffi-
cients α are not used, is seem as the most reasonable as to conditions of intensive [15] (ki-
netic) evaporation mode (evaporation velocity is determined by liquid surface temperature) 
in high-temperature (more than 1000 K) gas area. 

Attempts were made [16-18] to solve heat and mass transfer problems under con-
ditions of intensive vaporization in adjoint formulations. Movement of single, small group 
and polydisperse flow of water droplets with sizes from 0.1 mm to 5 mm through gases 
(combustion products) with temperature about 1100 K was simulated [16-18]. Comparison 
of integral droplet evaporation characteristics obtained by using models [16-18] with the 
findings of experiments conducted in close conditions [12-14] showed the addition necessi-
ty of statements [16-18] with more detail processes description of energy supply to vapori-
zation surface. In particular, the radiative mechanism of heat and mass transfer in the liquid 
droplet at its evaporation in the gas area with temperature more than 1000 K and also radia-
tive heat supply on liquid-gas boundary is one of the most significative one under condi-
tions of high-temperatures. 

The purpose of the present work is a numerical investigation of radiative heat and 
mass transfer mechanism in water droplet – high-temperature gases system influence on in-
tegral characteristics of liquid evaporation under high temperature conditions. 

Heat and mass transfer model and methods  
of numerical investigations 

The problem was solved in a cylindrical system of co-
ordinates (fig. 1) similar to formulations [16-18]. It was con-
sidered a droplet in form of a cylinder elongate toward mov-
ing. Droplet was moved through the gas area with tempera-
ture Tf, which exceeds significantly liquid temperature T0. 
Droplet evaporation velocities, their existence time (life 
time) at intensive endothermal phase transformations im-
plementations as well as temperatures and concentrations of 
gases and vapor in small droplet vicinity were calculated ac-
cording to results of numerical simulation. 

Radiative heat transfer in water droplet and radiant 
flux on liquid-gas boundary were taken into account addi-
tionally in opposite to models [16-18]. As a consequence the 
system of non-stationary non-linear differential equations 

describing the process under investigation appears as follows. 
Energy equations for mixture of water vapors and high-temperature gases, and liquid 

droplet (with consideration for energy absorption of radiant heat flux): 

2 2
1 1 1 1

1 1 1 2 2
1T T T TC

t r rr z
r λ

 ∂ ∂ ∂ ∂
= + +  ∂ ∂∂ ∂ 

 

0 < r < RL,     0 < z < Z1,     Z2 < z < ZL;     R1 < r < RL,     Z1 < z < Z2 

(1) 

 
Figure 1. Scheme of heat and 
mass transfer problem solution 
domain 1 – high-temperature 
gases, 2 – water droplet 
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(2) 

 H(r) = Hrdexp[–χ(R1 – r)],      0 < r < R1,     Z1 < z < Z2  

when  Hrd = εσ(T3s
4 – T2s

4),     r = R1,     Z1 < z < Z 
(3) 

H(z) = Hzd1exp[–χ(z – Z1)],      0 < r < R1,     Z1 < z < Z1 + 0.5(Z2 – Z1) 

where  Hzd1 = εσ(T3s
4 – T2s

4),     z = Z1,     0 < r < R1 
(4) 

H(z) = Hzd2exp[–χ(Z2 – z)],     0 < r < R1,     Z1 + 0.5(Z2 – Z1) ≤ z < Z2 

where  Hzd2 = εσ(T3s
4 – T2s

4),     z = Z2,     0 < r < R1 
(5) 

Equations of water vapor diffusion and balance of forming gas-vapor mixture: 

2 2

3 2 2
1w w w wD

t r rr z
γ γ γ γ ∂ ∂ ∂ ∂

= + +  ∂ ∂∂ ∂ 
 

0 < r < RL,     0 < z < Z1,     Z2 < z < ZL;     R1 < r < RL,     Z1 < z < Z2 

(6) 

 1f wγ γ+ = ,     0 < r < RL,     0 < z < Z1,     Z2 < z < ZL;     R1 < r < RL,     Z1 < z < Z2 (7) 

Boundary conditions are similar to statements [16-18]. Radiative heat transfer was 
taken into account additionally on liquid-gas bound opposite to models [16-18]: 

T1 = T2,     4 42 1
2 1 3 3 3 2 3 2( ) ( )e e e s s s s
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at  r = R1,      Z1 < z < Z2 

(8) 

T1 = T2,     4 42 1
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at  z = Z1,     z = Z2,      0 < r < R1 

(9) 

Equation of droplet movement, methods, and algorithm of aerodynamic resistance 
coefficient cχ computation as well as expressions used for calculation of liquid evaporation 
velocity We are similar to that one used at problem solving [16-18]. 

A system of non-stationary non-linear differential equations (1)-(9) in private de-
rivatives was solved by the method of finite differences [19], the difference analogs of basic 
differential equations – by a local and 1-D method, non-linear equation – by iteration method. 
The sweep method [19] was used to solve the 1-D difference equations [19]. 

Adequate assessment of developed model and numerical simulation results was car-
ried out with conservatism verification of used difference scheme, algorithms are similar to 
[20, 21], as well as comparison with experimental data (procedure and results are presented in 
the paper). 
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Numerical simulation results and their discussion 

Numerical investigations of heat and mass transfer processes and phase transfor-
mations have been carried out for the next typical values: initial water droplet temperature  
T0 = 300 K; gases temperature Tf = 1170 K; thermal effect of water evaporation  
Qe = 2.26·106 J/kg; droplet dimensions Rd = (0.25-1)·10–3 m, Zd = (1-4)·10–3 m; solution do-
main dimensions RL = 0.1 m, ZL = 1-5 m; initial droplet motion velocity V0 = 0.5 m/s; molar 

mass of water M = 18 kg/kmol; di-
mensionless ratio of evaporation  
β = 0.1; aerodynamic resistance coef-
ficient cχ = 0.98; reduced power of 
droplet blackness ε = 0.85; water ab-
sorption coefficient χ = 0.7. Thermo-
physical characteristics of water, gas-
es and water vapor were taken ade-
quate [16-18]. 

Figure 2 shows the typical iso-
therms and water vapor concentra-
tions in small vicinity of droplet sur-
face calculated according to models 
(1)-(9). It should be noted that pre-
sented isolines T and γw correspond 
sufficiently closely in general to simi-
lar arrangements which are in [16-18]. 

Numerical values of T and γw in 
the vicinity of the droplet as well as 
distance covered by it in high-
temperature gas area are differ from 
[16-18]. In particular, temperature 
and concentrations of water droplets 
are more by 15-20% than that ob-
tained with using models [16-18] un-
der identical conditions. The motion 
resistance force increased due to 
more intensive vaporization. As a 
consequence distance covered by 
droplet in high-temperature gas area 
decreased by 7-12% in comparison 
with results [16-18]. 

Established effects can be ex-
plained by intensification of heat-up 
processes and, correspondingly, wa-
ter evaporation in the concerned 
model due to radiative heat ex-

change. For example, fig. 3 shows temperature distributions in water droplet at different time 
moments. It is obvious that the process of droplet heat-up and its surface temperature increase 
is significantly non-linear. 

 

 
Figure 2. (a) Isoterms T [K] and (b) concentrations of 
water vapors γw, for t = 0.1 s, Rd = 0.25 mm, and Zd = 1 mm 

 
Figure 3. Temperature distributions in water droplet with 
initial values of Rd = 0.5 mm and Zd = 2 mm at different 
time moments – on droplet symmetry axis (R = 0) when  
Z1 + 0.5(Z2 – Z1) < z < Z2 
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Droplet surface temperature is sufficiently high (about 340 K) even at initial area  
(t ≤ 0.01 s) of the water droplet motion trajectory. Droplet heat-up process is intensified (tem-
perature in the droplet center increased up to 340 K, and on surface – up to 370 K) with 
growth of droplet motion (staying) time in high-temperature gas flow due to evaporation and 
consequently its sizes decrease. As a consequence, water evaporation velocity increases non-
linearly under concerned conditions. 

It was also established at the numerical simulation of the process under investiga-
tion that temperature gradients in water droplet near its forward, back and side surfaces (for 
concerned cylindrical form) are differed sufficiently significantly. Maximum values of this 
parameter are reached near the forward surface due to high gas temperature, fig. 2(b). Tem-
perature of washed water vapors near side droplet surfaces are significantly lower than gas 
temperature at droplet front. As a consequence temperature gradient is significantly low in 
droplet and near its side surfaces than at its forward surface. Temperature of water vapors 
and gas mixture is far less, fig. 2(a) in trace of each droplet. Therefore the droplet tempera-
ture on its back surface differs incidentally from gas-vapor mixture temperature at this 
boundary. 

One of the main investigation purposes was calculation of water evaporation mass 
velocities values under conditions of high-temperature heating. Results of We calculations at 
different surface temperatures are presented in fig. 4. 

The established nature of influence pre-
sented in fig. 4, corresponds closely to the basic 
conclusions and deductions [15] and illustrates 
the kinetic mode of vaporization under con-
cerned conditions of droplet and gas heat ex-
change. Also inference should be drawn that 
diffusion evaporation mode at gas temperature 
more than 1000 K is not implemented under 
any conditions. 

Differences of temperature gradients at 
side, back, and end droplet evaporation surfac-
es, fig. 2(a) revealed at numerical simulation 
and dependence We = f(Te) (fig. 4) allow ex-
plaining the established significantly non-uniform change of droplet sizes relative to initial 
values of Rd and Zd at evaporation. This leads to a non-linear change of complete droplet 
evaporation times too (this effect became still more observable with an allowance for radia-
tive heat exchange in comparison with results [16-18]). Table 1 shows characteristic life 
(complete evaporation) times of water droplets with various sizes during its motion through 
gases with temperature 1170 K. 

Table 1. Full evaporation time of water droplets with various initial sizes 

It is obvious from tab. 1 that values of droplet existence times differ from that ob-
tained in [16-18] by 15-22%. At that difference of time td from similar parameters [16-18] de-

 
Figure 4. Evaporation velocity influence on 
droplet surface temperature 

Rd, [mm] 0.1 0.25 0.5 0.75 1 

Zd, [mm] 0.4 1 2 3 4 

td, [s] 0.643 1.261 2.412 3.901 5.813 
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creases with droplet size growth. This is due to defining the role of droplet boundary layers 
heat-up process. The difference of their heating dynamics in a model (1)-(9) and statements 
[16-18] at small (less than 0.5 mm) sizes is significant. Temperature differences at size 
growth for concerned heat transfer models in droplet reach 7-12 K. Temperature differences 
only on the droplet surface at their any sizes for model (1)-(9) and statements [16-18] is not 
less than 17-23 K. These results illustrate the considerable contribution of radiative heat ex-
change mechanism on liquid-gas boundary. 

It should be noted that droplet evaporation velocity values (fig. 4) obtained as a re-
sult of theoretical investigations exceed significantly that one which obtained with using 
models [1-3]. Conditions of convective heat exchange on droplet surface is described with us-
ing expressions of the form Nu = 2 + f(Re, Pr) in accordance with approach [1-3]. Numerical 
estimations show that the values of We cannot exceed 0.05 kg/m2s for conditions of conducted 
theoretical investigations in case of only convective heating. Physical features analysis of in-
vestigated processes allows drawing the inference that radiative heat exchange on droplet sur-
face is definitive at high (Tf  > 1000 K) gas temperatures. For example, convective and radia-
tive flows for concerned conditions on the water droplet surface reach, accordingly: 

qc = α(Tf  – Te) = 15(1100 – 370) ≈ 10950 W/m2 

ql = εσ(Tf
4 – Te

4) = 0.95∙5.669∙10–8∙(11004 – 3704) ≈ 77840 W/m2 

It is visible that radiative heat flux from an external gas area exceeds the convective 
one more than in 7 times even at sufficiently large values of heat exchange coefficient α for 
conditions of conducted theoretical investigations (this correlation will be more than 10 at 
smaller α). It can be noted that the smaller diminution (Tf  – Te) is, the smaller difference is 
between flows qc and ql. But the condition ql > qc is fulfilled even at gas temperature about 
500 K. Therefore, most probably, it is sufficiently difficult to estimate the real values of We 
for high-temperature gases – water droplets system with using convective heating model  
[1-3]. Analysis shows that convective approximations can be used at gas temperatures not 
more than 500 K and commensurable flow values ql and qc. 

A series of experiments were conducted to estimate the adequacy of the model  
(1)-(9) and possible kinetic mode implementation conditions of water droplet evaporation in 
high-temperature gas flow (fig. 1). 

Procedure and result of experiments 

Experimental methods and set-up (fig. 5) similar to present in [12-14] were used. Wa-
ter droplets with predetermined initial sizes and velocities were emitted by dosing device and 
flew through the channel with high-temperature gases. Gas temperature corresponded to that 
one concerned above in heat and mass transfer problems (about 1150 K). Droplet evaporation 
velocities were determined with using optical methods of tracer visualization [22-24]. Sizes and 
mass of droplets at inlet into the high-temperature channel and at its outlet were recorded for 
that (fig. 5). As well as velocity values of droplet motion and liquid vapor outflow from their 
surface (in accordance with procedures [12-14] and algorithms [22-24]) were calculated. 

Water droplets were emitted by dosing device with a frequency of 1 droplet per sec-
ond in the carried out experiments. Additional experiments were carried out to stabilize the 
shape of emitted droplets. Two typical modes of change in shape of the droplet were studied 
during its moving through the high-temperature gases [12]. Besides, the reasons for imple-
mentation of such modes were established. Therefore, the parameters for the desired mode of 
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change in shape of the droplet and satisfactory repeatability of experimental results were se-
lected due to varying the frequency of droplets emission, the tilt angle of the dosing device, 
the pressure before the dosing device. Not less than ten sets of experiments were carried out 
for each variant of initial conditions. Then, the results out of permissible limits were not to 
take into account. Analysis of systematic and random errors of measurement led to the con-
clusion about good repeatability of experimental results. 

Basic characteristics of recording equipment (fig. 5): cross-correlation digital cam-
era (3) with figure format 2048 × 2048 pixels, frame frequency not less than 1.5 Hz, minimal 
delay between two sequence figures not more than 5·10–6 s; double pulsed solid-state laser (2) 
with wavelength length 532·10–9 m, energy in impulse not less than 70·10–3 J, impulse time 
not more than 12·10–9 s, recurrence frequency not more than 15 Hz; synchronizing processor 
(5) with signal sampling not more than 10–8 s. 

Titanium dioxide nanopowder particles (0.5% by weight) were added into water 
immediately before the experimentations to increase the videogram contract at laser illumina-
tion (similar to procedures [12-14]). The choice of TiO2 powder as tracers is due to the fact 
that particles of this oxide do not dissolve in water and practically not influence on the vapor-
ization process [12]. 

Droplet sizes in registration areas of videograms (before and after high-temperature 
gas area) were determined with using procedures [12-14] and optical method interferometric 
particle imaging (IPI) [26-28]. Droplets in registration area were illuminated many times 
(more than 10 times per second) by pulse (6). Droplet sizes in gas flow were calculated in a 
number of interference fringes observed on videograms. Condition radius Rd was chosen as a 
characteristic droplet size similar to experiments [12-14]. This is due to the fact that liquid 
droplets take ellipsoidal form (fig. 6) at the motion through gas area. Maximum diameters 
(from 6 to 10 values according to configuration) for these droplets were calculated and aver-
aged. Average condition (droplet form is slightly different from sphere) radius Rd were calcu-
lated upon the obtained values. 

Integral characteristics of droplet evaporation – changes of their sizes Rd and mass 
md in high-temperature gas area as well as time of motion through the channel (13) (tm) were 
chosen as a function of experiment objective. Parameters ΔR, ΔR = [(Rd – Rd

*)/Rd] and Δm,  
Δm = [(md – md

*)/md], where Rd
* and md

* are condition radius and mass of droplets at the out-
let from the channel (13) were added under review. The maximum random errors of meas-
urement for droplet sizes were 5%, for mass – 2%, and time – 4%. Errors of measuring and re-

Figure 5. A scheme of experimental set-up  
1 – laser emission generator, 2 – double 
pulsed solid-state laser, 3 – cross-correlation 
digital camera, 4 – personal computer,  
5 – synchronizer of personal computer, cross-
correlation digital camera and laser, 6 – light 
“pulse”, 7 – vessel with liquid substance,  
8 – channel of experimental liquid supply,  
9 – dosing device, 10 – mount,  
11 – experimental liquid droplets,  
12 – cooling liquid channel of laser,  
13 – cylinder from a heat-resistant translucent 
material, 14 – hollow cylinder with 
combustible liquid in internal medium,  
15 – thermocouples, 16 – electronic weigher  
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cording devices for the droplet size determina-
tion did not exceed 1%, for mass – 2% and time 
– 1%, in accordance with procedures [12-14]. 

Exit velocities of tracer particles (corre-
spond to water vapor outflow velocities into the 
gas area) from droplet surfaces were calculated 
with using optical method particle image veloci-
metry (PIV) [22-24] at the processing of video-
grams with droplet images. Flat of laser light 

pulse was considered to be the measuring area (fig. 5). Tracer particles in measuring area of flow 
(in a small vicinity of the droplet) were illuminated many times. Particle patterns were registered 
on digital cross-correlation video camera. The next processing of images allowed calculating the 
particle displacements in a time between flashes of light source (100 µs) and constructing the ve-
locity fields of tracers [12-14]. Cross-correlation algorithm and fast Fourier transform method 
was used subject to conditions of correlation theorem [12-14]. Each videogram was divided in 
registry areas. After that cross-correlation function was calculated. The maximum of cross-
correlation function corresponded to the most probable shift of particles in the registry area [12-
14]. Momentary velocities of tracers were determined at a known time delays between laser 
flashes and the most probable particle movements (determined from the maximum of cross-
correlation function) in registry areas of videoframes. Accuracy (method) errors of tracer veloci-
ty-finding device did not exceed 1% in accordance with procedures [12-14]. 

Results of videograms processing and liquid droplet mass measurement in series of 
experiments are in tab. 2. 

Table 2. Characteristics of water droplet evaporation in high-temperature gas area 

Values of mass water droplet evaporation velocity were established under concerned 
conditions at analysis of obtained parameters Rd, md, and tm (tab. 2): 

 e
1 d

d
mW

S t
=  (10) 

where S = 4πR2 is the condition area of the droplet surface (R changes during droplet flight 
from Rd to Rd

*). Droplet mass is changed from md to md
*. It can be represented the condition 

droplet volume V = 4πR3/3, and its condition mass m = ρ2V, where ρ2 [kgm–3] is the water 
density. In this case eq. (10) can be in the form: 

 
*

2 d d
e

m

( )R RW
t

ρ −
=  (11) 

where derivative was changed by its difference analog dR/dt ≈ (Rd – Rd
*)/tm. 

 
Figure 6. Typical for conducted experiments 
images of water droplets moving through  
high-temperature gases (Rd = 2.5 mm) 

No. of  
experiment 

Rd 
[mm] 

Rd
* 

[mm] 
ρ2  

4πRd
3/3 [g] 

ρ2  
4πRd

*3/3 [g] 
md  
[g] 

md
*  

[g] 
tm  
[s] 

We [kgm–2s–1] 
by eq. (11) 

1 2.52 2.39 0.067 0.057 0.0667 0.0563 0.606 0.241 

2 2.51 2.36 0.066 0.055 0.0656 0.0548 0.619 0.242 

3 2.52 2.36 0.067 0.055 0.0673 0.0557 0.603 0.265 

4 2.52 2.35 0.067 0.054 0.0674 0.0548 0.613 0.277 

5 2.51 2.36 0.066 0.055 0.0668 0.0546 0.617 0.243 
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Calculated values of We (correspond satisfactorily to fig. 4) as well as droplet masses 
at the inlet and outlet from the channel are in tab. 2. Comparison of calculated droplet masses 
with measured ones in tab. 2 allows drawing the inference of legitimacy of condition droplet 
radius Rd usage as their characteristic size in concerned experiments. Good frequency of ex-
perimental results should be noted (tab. 2). Random errors of Rd and md determination did not 
exceed 1.5%. 

It was established in experiments that values of tracer particle velocities in small (to 
10 µm) wall-adjacent droplet area (obtained by PIV method [22-24]) are Vv = 0.424- 
-0.482 m/s. They correspond to velocities of liquid vapors outflow from droplet surfaces into 
gas area. Knowing the mass evaporation velocity We and velocity Vv of vapor outflow from 
evaporation surface estimated in experiments it can be determined the water vapor density in 
the immediate vicinity to this surface by expression We = Vvρ3. Processing of experiment re-
sults showed that values of ρ3 are 0.568-0.573 kg/m3 under concerned conditions. 

Constants of water droplet evaporation under concerned conditions can be deter-
mined at known values of We. Expression for liquid evaporation velocity is in the form [15]: 

 e
e1 2π

n

t

P PW
k R T

M
β

β
β

−
=

−
. (12) 

Results of numerical investigations presented show that droplet surface temperature 
(Te) during their motion through high-temperature gases reach 365 ± 10 K, in other words it is 
equal to the maximum possible temperature of water evaporation. It can be accepted well 
founded that the water vapor temperature in the immediate vicinity of evaporation surface un-
der conditions of intensive vaporization and, correspondingly, formation of droplets with thin 
buffer (vapory) layer is practically not differed from the temperature of phase interface Tv ≈ 
Te. Vukalovich-Novikov constitutive equation for overheated water vapor can be used to de-
termine the pressure of gas-vapor area immediately near to liquid-gas boundary because gas 
concentrations are minimal, fig. 2(b) and relative volume fractions of tracer nanopowder par-
ticles TiO2 are not exceed 1% in small wall-adjacent droplet area in consequence of buffer 
layer formation [25]: 

 e
2 3 2

3 2
e

33

1 '1
11

t
m

R Ta cP b

T
ρ

ρρ

+

   
   

    + − = −    Μ             

, (13) 

where a = 620 Nm4/kg2, b = 0.0009 m3/kg, Rt = 8.314 L/molK, M = 18 kg/kmol,  
c' = 405000 m3K/kg, and m = 1.968 in accordance with [25]. 

It is obtained from eq. (13) with maximum possible temperature of the phase inter-
face surface Te = 373 K and ρ3 = 0.568-0.573 kg/m3, that vapor pressures near the droplet sur-
face are (0.979-0.988)·105 N/m2. As a consequence, Pn – P ≈ 2560-3450 N/m2. Expression 
β/(1 – kββ) is 0.0726-0.1121 at Pn – P ≈ 2560-3450 N/m2 and Te = 373 K, it was obtained with 
using experimental values of evaporation velocities We = 0.241-0.277 kg/m2s and formulas 
(12). Parameter kβ value, as a rule, is accepted equal to 0.396-0.432 [15]. Then the range  
β = 0.0703-0.1072 can be marked for evaporation coefficient and it can be drawn the infer-
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ence that established values of constant β correspond to maximum possible liquid evaporation 
velocities under concerned conditions (coefficient β was accepted equal to 0.1 at numerical 
solution similar to statements [16-18]). 

Conducted series of experiments showed that We values are changed relatively to 
that one adduced in tab. 2 at variation of Rd and Zd initial values in sufficiently wide ranges 
presented above. Nature of We change corresponds closely to fig. 4. So marked values of β 
and kβ can be used at simulation of heat and mass transfer processes in the vicinity of water 
droplets moving in high-temperature gas area at change of their characteristic sizes in sufficient-
ly wide and typical for many supplements ranges, Rd = (0.25-1)·10–3 m, Zd = (1-4)·10–3 m. 
Comparison of experimental investigation results and conducted theoretical analysis allows 
drawing the inference that kinetic [15] evaporation mode when evaporation velocity depends 
on liquid droplet surface temperature (fig. 4) is implemented under condition of high tempera-
tures of outdoor environment. 

The results of an experimental analysis of droplets size and weight change character-
istics in moving in high-temperature gas flow are presented in publications [29-31]. The in-
fluence of environmental parameters, liquid droplet properties, their composition, sizes and 
velocities of motion has been analyzed. The characteristic regularities of drops braking in 
counter high-temperature flow, their reversal, coagulation, fragmentation, dispersion and col-
lisions have been also studied [32-35]. A joint influence of neighboring drops on the condi-
tions of their evaporation has been established. In general, the results obtained from numerical 
simulation in the present work correlate well with the experimental data [29-35]. 

Conclusions 

● Radiative heat transfer at liquid-gas boundary under conditions of high temperatures in 
concerned system (fig. 1) is determinative. Radiative (ql) heat flux exceeds the convective 
one (qc) in several times. Heat transfer due to emission in the droplet is also intensified 
sufficiently the droplet heat-up and, correspondingly, water evaporation despite the rela-
tively small temperature gradient inside it. 

● Variation ranges of water evaporation velocities We established at numerical simulation 
and in experiments exceed significantly the values which can be obtained by using diffu-
sion models [1-3]. First of all revealed effects is due to radiative energy transfer which is 
not taken into account in models of convective heat exchange [1-3]. 

● The results of numerical investigations are in good agreement with integral evaporation 
characteristics obtained in conducted experiments. A well-founded conclusion can be 
done about developed heat and mass transfer model adequacy. It can also be concluded 
that it is expedient to solve the adjoint heat and mass transfer problems under conditions 
of high-temperature liquid droplet evaporation to approximate the results of numerical in-
vestigations to real processes. 

Nomenclature 
C – constant specific heat, [Jkg–1K–1] 
cχ – dimensionless resistance coefficient, [–] 
D – diffusion coefficient, [m2s–1] 
g – gravitational acceleration, [ms–2] 
H(r), H(z) – radiant flow density in droplet, [Wm–2] 
Hrd, Hzd1, Hzd2 – radiant flow densities on droplet 

surface, [Wm–2] 
kβ – dimensionless coefficient, [–] 

M – painting mass of water, [kgkmol–1] 
md – droplet mass, [g] 
Δm – relative difference of droplet mass at outlet 

and inlet into high-temperature channel in 
experiments, [g] 

Nu – Nusselt number, [–] 
P – pressure of water vapor near the phase 

transition border, [Nm–2] 
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Pn – pressure of saturated water vapor, [Nm–2] 
Pr – Prandtl number, [–] 
Qе – thermal reaction coefficient of 

evaporation, [Jkg–1] 
qc, ql – convective and radiative flow on droplet 

surface, [Wm–2] 
Rd, Zd – drop dimensions, [m] 
RL, ZL – solution domain dimensions, [m] 
Rt – universal gas constant (= 8.31), [Jmol–1K–1] 
Re – Reynolds number, [–] 
ΔR – relative difference of droplet sizes at outlet 

and inlet into the high-temperature 
channel in experiments, [g] 

r, z – co-ordinates of the cylindrical system, [m] 
T – temperature, [K] 
T0 – initial water temperature, [K] 
Tе – evaporated droplet surface  

temperature, [K] 
Tf – initial gas temperature, [K] 
Tv – water vapor temperature near droplet 

surface, [K] 
T2s, T3s– temperature of water and vapors  

in the vicinity of the phase transition 
border, [K] 

t – time, [s] 
td – time of full evaporation, [s] 

tm – time of droplet movement through the 
high-temperature channel, [s] 

V – relative volume of droplet, [m3] 
Vd – droplet movement velocity, [ms–1] 
Vе – velocity of water vapors from the 

corresponding droplet surface, [ms–1] 
Wе – mass velocity of evaporation, [kgm–2s–1] 

Greek symbols 

α – heat-exchange coefficient, [Wm–2K–1] 
β – dimensionless coefficient of condensation 

(evaporation), [–] 
γf – dimensionless concentration of gases, [–] 
γw – dimensionless concentration of water 

vapors, [–] 
ε – reduced emissivity factor, [–] 
λ – thermal conductivity, [Wm–1K–1] 
ρ – density, [kgm–3] 
σ – Stefan-Boltzmann constant (= 5.67·10–8), 

[Wm–2K–4] 
χ – extinction coefficient, [–] 

Subscripts 

1 – high-temperature gases 
2 – water droplet 
3 – water vapors 
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