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1. Introduction

In industry, energy, transport [1-9] and others
many technologies are based on heat and mass transfer pro-
cesses of sprayed water. The applicability of the sprayed lig-
uid is very diverse. However, at the surface of the droplets
the phase transient process is important, because its rate en-
sures the efficiency of the technologies. Liquid fuels and
water are often used in practice. In liquid fuel technology, it
is desirable for the droplets to evaporate as quickly as pos-
sible, since it is not the liquid fuel that burns, but its vapour.
Into the combustion zone the liquid fuel vapour through a
diffusive layer surrounding each droplet is supplied. In wa-
ter spray technology, a condensation phase transient mode
is important. Therefore, the phase transient mode of the
sprayed liquid droplets can generally consist of sequentially
changing condensation, transient evaporation, and equilib-
rium evaporation regimes. They all are very important in
modern biofuel combustion technologies [10].

The driving force F¢ of the phase transition on the
surface of the liquid is defined by the difference Ap: of the
partial pressure of the vapour in the diffuse layer:

Fy (f) = Apq (T) = Pyn (T)_ Pv.ss (T) ' 1)

where: p,,, and p,, are the partial vapour pressure of the

liquid in the gas mixture at the liquid surface H and at the
outer perimeter of the diffuse layer, respectively, Pa; &, is

the thickness of the diffuse layer, m; z is the time of the
phase transition process, s.
When the partial pressure of the vapour p,, is

greater than the pressure p, 5 , a superficial evaporation of

the liquid takes place and the vapour of the liquid diffuses
through the diffusion layer into the liquid gas. In case of
Pun < Pys, - the liquid vapour diffuses through the diffu-

sion layer towards the liquid in the humid gas mixture. The
condensation process requires the Ty surface temperature of
the liquid to be below the dew point Tg,. The liquid vapour
is then cooled to the saturated temperature and condensed.
Thus, the mode of phase transition on the surface
of the dispersed liquid is closely related to the thermal state
of the droplets. The latter is defined by the instantaneous
equilibrium of the heat fluxes supplied to the liquid and the
heating and evaporating fluxes of the liquid. This is gener-
ally described as the volume of the liquid in formal terms:

d, . (0)+d,, (0)+d, . (r)=0, )

is the total heat flow to the liquid volume from

+

where: q_

is the total heat flow

the external heat source, W/m?; qa

introduced into the fluid volume by the internal heat trans-
fer, W/m?, a, is the heat of phase transition released in

the steam condensation process or used to vaporize the lig-
uid, W/m?,

The latter is described as the vapour flux (g, kg/s)
density (my, kg/(m?s)) and the heat of the liquid phase tran-
sitions (L, J/kg):

a,,.(0)=m (L) = 2 o), @

where: A, is the surface area of the liquid volume, m2. The

surface area of the liquid volume changes due to the expan-
sion of the warming fluid and the phase transition on its sur-
face.

The parameter g, =G, /G, expressed as the ratio

of the flow rate of the injected liquid to the gas is important
for defining the biphasic flow of liquid micro-volumes and
gas. The resulting liquid volumes are grouped into the num-
ber of selected groups | and the proportion of the relative
flow rate of the liquid to be dispersed for each group i is
estimated. The fluid volume sphericity assumption is often
applied. The equivalent droplet diameter of 2Re,i, for each
group is defined. The area Ay of the liquid surface (3) is then
equated to the Ar area of the equivalent sphere, which for
each group of droplets is individual:

Mg M
SR M = @)

Ari = 47R%i0 Raw ~ i S
where: Ag; is the surface area of the equivalent droplet of
group i, m?, M is the mass of equivalent droplet in group
i, kg; M,; is the mass of the liquid in the group of droplets
i, kg; N,

is the number of droplets connected to group i.
In defining the function g,(z) of vapour flow for

liquid spray technology it is necessary to specify the formal
(1-3) model. For this, certain assumptions are made and em-
pirical correlations describing the various transfer processes
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are applied. Therefore, in practice different theoretical mod-
els are used for droplet heat and mass transfer investigation
and various methods of their solution are applied [11-15].
When modelling phase transition in a two phase flow, par-
ticular boundary conditions of the droplet transfer processes
need to be considered. The parameters of the gas flow and
the dispersible liquid are important. Since the rate of the
transfer processes in the droplet groups of different disper-
sion is different, the solution results of the equations system
will be individual for every droplet groups (1-4).

The reliability of the modelling results must be
based on the experimental results. Therefore, the experi-
mental researches results of the liquid droplets heat and
mass transfers are important both for the definition of trans-
fer processes regularities and for the reliability evaluation in
modelling methodology. The liquid droplets evaporation
process was well experimentally investigated.

The primary experimental results for droplets
evaporation in low-temperature air was summarized in work
[16]. Further experiments had shown that, for water [10, 17-
33] et. all., for fuels and other liquids [34-47] the evapora-
tion of a droplets takes place in a wide range of boundary
conditions when taking into account the influence of envi-
ronmental characteristics and the heat transfer boundary
conditions of the droplets. Pure fuel [39], diesel and bio-
diesel [42, 43], kerosene [44-46], various oils [37, 38], fuel
mixtures [35, 41], and other multi-component fuel droplets
[34, 47] are popular subjects of experimental and theoretical
studies of the fuel droplets.

The heat and mass transfers processes of a water
droplets have been experimentally investigated in different
boundary conditions: while evaporation in the gas flows
[17-21], in contact with surfaces [22, 23], in icing nucleation
[24] and crystallization [25], in the freezing of a cold surface
[26-29], and in various emulsions [30-32]. The research of
heating and evaporation of a water droplet overflown by air
flow is presented in the work [21]. This work is distin-
guished by the complexity of experimental research and nu-
merical modelling in a wide range of air temperature varia-
tions from 100 to 800°C. Various measurement methods
have been used that are calibrated with each other in the
study [21]. It is interesting to note that not only the change
in the average temperature of the evaporating water droplet
is investigated, but also warmth of the droplet layers is ex-
perimentally determined. The results suggest that the tem-
perature of the droplet is non-homogeneous during the heat-
ing process, and the influence of water circulation on the
temperature field gradient in the droplet is defined by the
effective thermal conductivity coefficient according to the
[48] model.

An experimentally investigated the droplets evap-
oration in a radiative medium is difficult. In work [33], ex-
ceptionally original experiments for water droplet equilib-
rium evaporation were carried out while heating the droplet
by complex heat transfer of radiation and weak forced con-
vection. The results of these studies were used for validation
of the complex heat transfers and numerical models of the
evaporation water droplets [49, 50].

The definition universality of liquid droplets heat
and mass transfer modelling and experimental research re-
sults is improved by their analysis in universal time scale
expressed by Fourier number. It is defined by the calculated
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number Fo=7-a,/R? for the initial conditions of the drop-

let [50]. For the current practise of research results pro-
cessing, it is popular to use the time scale

Tmog =7/ RE, s/mm? which is proportional for the droplet

initial surface area, in order to eliminate the influence of in-
itial temperature of liquid [35-38, 40, 43, 46]. The modified

time scale 7o =7- Dy /(2R ) cases in the aspect of dif-

fusion coefficient are also available [39].

The applicability and specificity of water spraying
in biofuel combustion technologies and the importance of
cognition of droplet phase transitions have been extensively
discussed [10]. Two characteristic cases of water injection
into biofuel flue gas can be distinguished. In the first case,
the water, together with the dissolved detergents, is injected
into the flue gas at 800-1000°C to reduce the concentration
of toxins. In the second case, water is injected into the flue
gas at 150-200°C to improve the heat recovery process. In
the first case, experimenting with high temperature flue gas
is difficult. Therefore, for the verification of modelling re-
sults of heat and mass transfer of the sprayed liquid the ex-
perimental investigation of the water droplet thermal state
and transfer processes is important in relatively low-temper-
ature flue gas. In the experiments, flue gas is often treated
as a mixture of dry air and water vapour. Relative humidity
of air is an important factor [10, 51, 52]. In the air, at a
higher relative humidity the water droplets may even cool
in a transient evaporation mode [10, 51]. The moisture con-
tent of biofuel flue gas, expressed as a volume fraction of
water vapour, can be very high and exceed 0.3. For the re-
moved biofuel flue gas, an experimental investigation of
water droplets thermal state in additionally humidified and
heated air flow was performed for near real conditions [10].
Its results highlighted not only the quantitative but also the
qualitative effect of air humidification and initial water tem-
perature on the thermal state of the droplets.

In this work results of experimental research on the
phase change of water droplets in additionally humidified
air flow were presented and analysed. Impact of air heating
and additional humidification for droplet diameter change
was estimated.

2. Experiment method and processing of the results

The principal scheme of the experimental setup
was presented and described in detail in the work [10]. A
droplet of water is pipetted onto the thermocouple bead.
With a special injection system, the droplet is placed in the
centre of a 5x5 cm square experimental channel where it is
overflown with air. The airflow settings can be changed by
heating the room air in the heater and adding vapour from
the water vaporizer and adjusting the blower capacity. The
thermodynamic parameter of environment air is measured
using a TESTO 445 device. The water droplet changes of
temperature t;, °C is recorded with K type thermocouple.
According to droplet temperature measuring results the ther-
mogram ti(z) is formed. The temperature of air stream tg, °C
is defined by the stabilized temperature of the thermocouple
bead after the water has been evaporated. The humidity of
the air stream flow is calculated from the air flow rate and
the water vapour component of the air stream:



()

where: @, , is the mass fraction of water vapour in the air;

Gy is the water vapour flow rate, kg/s; Gg is the air flow rate,
kals.

The airflow and the water vapour component in the
experimental section are defined according to working
model (1-7) [10]. The hydrodynamics regime of gas flow is
determined by Reynolds Req number:

G

9

Re .
pgvglk

9

(6)

The hydrodynamics regime of droplet overflow is
determined by Reynolds Re; number:

G,R

Re, =1
pgvglk

()

where: pq is air density, kg/m?; vq is kinematic viscosity of
air, m?/s; Iy is the characteristic dimension of the experi-
mental channel, m; 2R is the diameter of the equivalent
sphere of the thermocouple bead and the surrounding water
system, m.

Due to the phase transitions on the surface of the
water and the expansion of the warming water the equiva-
lent diameter of the droplet changes. The droplet is illumi-
nated through the glass wall of the channel and its projection
is increased by approximately 30 times (Fig. 1).
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Fig. 1 Water droplet in different times: a) the beginning of
the experiment, b) the maximum diameter of a drop-
let, c) the evaporation process, and d) only the ther-
mocouple is visible

.

Fig. 1 shows the variation of water droplet diame-
ter in humid air flow in different time moments. Image a)
shows a water droplet at the beginning of the experiment in
a humid air flow. In image b), the water droplet reaches its
maximum diameter due to water thermal expansion and va-
pour condensation. Image ¢) shows the water droplet in to
evaporation process. Finally, image d) is taken at the end of
the experiment where only the thermocouple bead is visible.

A graph of the droplet equivalent diameter change
function 2R(z) is created/drawn in a basis of image recog-

nition methodology [53]. The methodology used for the
video frame processing is shown in Fig. 2. In Fig. 2, the pre-
sented droplet was enlarged by approximately 33 times.
First, the unprocessed image a) is read by the program, and
with the help of Gaussian filter, the image b) is processed in
order to minimize errors of the identification limit of grey
colour after using a filtering the black and white imagine is
get (c); where the white line indicates the edge of water
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droplet. Using the recovery sub-program, white lines are
connected to a solid line which marks the perimeter (d) of
the water droplet. The image is inverted from black to white,
and the water droplet is filled with a black colour (¢). The
area filled with the black colour is calculated, and converted
into the equivalent diameter of a water droplet.

a b c
d e
Fig. 2 Main principle of created program for image recogni-
tion and analysis in MATLAB environment

3. Experimental results and discussion

The experiment was performed for the regularities
definition of water droplets phase change in biofuel flue gas
flow. In the experimental investigations the biofuel flue gas
is replaced by heated and additionally humidified air flow.
By heating and additionally humidifying air flow, was fo-
cused on the water droplets heat and mass transfer processes
boundary conditions, which are specific for condensing
economisers for heat recovered of the removed biofuel flue
gases, when flue gas average temperature t;=80 +100°C
and vapour volume (molar) fraction in gas mixture
Pyg=PR,/P, =002

The phase change regime of a droplet is defined by
the water temperature and the air humidity. The water drop-
let in humid air flow can evaporate or water vapour may
condense on it. The influence of the boundary conditions for
the droplet heat transfer and phase change is provided in the
graphs of the equivalent diameter variation (Fig. 3-5).

The variation diagrams for a droplet and thermo-
couple bead system of equivalent 2R diameter are created
according to the results of a video camera when following
the procedure described above. The initial water tjo temper-
ature and initial equivalent 2R, diameter are fixed just be-
fore an air flow contact with the droplet.

The variation of the equivalent diameter of a drop-
let is determined through two processes. One is the thermal
expansion of the heated water, and the second one is the
phase changes on the droplet surface. Both of these factors
are closely related to the change in the thermal state of the
droplet (Fig. 6). In the humid air gas flow the droplets ther-
mal state change and the phase change regimes cycle of a
water droplets can be qualitatively defined by dimensionless

Ty =Tg /T, and T, =T,/T, parameters [54]. The dew
point Tqp temperature is defined by the humidity of the air.
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Fig. 3 The variation of water droplet equivalent diameter in
phase changes regimes for humid air flows. tq,°C: 1
10.62, 2,3 30.84, 4,5 4.97, 6 53.23; 1,,°C: 1 31.7, 2
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6 17.452; Req: 1 28554.2, 2 8869.4, 3 8877.4, 4,5
15032.6, 6 17871.9; Rey: 1 824.6, 2 808.9, 3 891.3, 4
1479.2, 5 1204.4, 6 1687.1; t3,°C: 1 96.6, 2 96.5, 3
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At equilibrium evaporation T, the heat supplied to
the droplet evaporates the water only. Thus, the tempera-
tures Tqp and T, defines the heat and mass transfer boundary
conditions of the droplet, and the temperature of the sprayed

water To can be chosen freely. The condition T,; >1 is nec-

essary for a full phase change cycle, when condensation,
transient evaporation and equilibrium evaporation regimes

occurs sequentially; otherwise, at condition T_e >1, the
droplet warm up to the equilibrium evaporation temperature
and evaporate, or will cool down at fe <1. Theoretical gen-
eralisation of parameters T,, and T,, have been verified and
validated experimentally in the paper [10].

200

2.42

2R, mm

241

2.4

2.39

2.38

2.37

2.36

2.35

2.305

2R, mm

2.3

2.295

2.29

2.285

251

2.505

2.5

Fig. 4 The influence of initial phase change regime and ex-
perimental boundary conditions (1-3) on the varia-
tion of droplet equivalent diameter. Case (1-3) are in-
dicated in Fig. 3
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Fig. 5 The influence of initial phase change regime and ex-
perimental boundary conditions (4-6) on the varia-
tion of droplet equivalent diameter. Case (4-6) are in-
dicated in Fig. 3

201

100

t, °C

90

80

70
60
50
40

30 °

20
0 15 30 45 60 75 90 105 120 135 150 165 18103195

a

t,°C

75
70
65
60
55
50
45
40
35
30

25
0

4
—e—5

—A—6

25 50 75 100 125 150 175 200 225 250
7. S
b

Fig. 6 The variation of water droplet temperature in phase
changes regimes for humid air flows [10]. Case (1-6)
are indicated in Fig. 3

The condition T, >1 is satisfied in the second,

third, and sixth experiments, which results in a condensation
mode at the initial phase transition. At the initial stage of the
transitional regime, the droplet growth is affected by the
thermal expansion of water along with the condensation of
vapour on the droplet surface until the droplet surface tem-
perature reaches the dew point temperature. Therefore, the
droplet equivalent diameter is rapidly increasing in the be-
ginning (Fig. 4, b, c and Fig. 5, ¢). At the time moment when
the thermal expansion and evaporation effects equalizes the
maximum peak forms in the droplet effective diameter var-
iation graphs, from this point droplet starts to decrease con-
sistently. Due to the expansion of the warming water and the
surface condensation of vapour, the volume of the droplet in
the additionally humidified air increases by about 2.7 per-
cent (Fig. 7, curves 2 and 3).

The condition T,, >1 in low humidity air was not

satisfied in the first, fourth and fifth experiments. Therefore,
no condensation regime occurred during the initial phase



transition. In the fourth and fifth cases, the condition T, <1

was still valid and the droplet initially cooled (Fig. 6 curves
5 and 6). As the equilibrium evaporation regime started
from the beginning, the droplet began to shrink immediately

(Fig. 5, a and b). In the first experiment T_e >1 was still

valid, so the droplet warmed up (Fig. 6, curve 1), but thermal
expansion of water is quickly compensated by the water sur-
face evaporation process. Therefore, the droplet volume in-
creased only about 0.2 percent in the first experiment (Fig. 7
curve 1).

0.025 0.05 0.075

0.1 0125 015 0175 0.2

Fo
Fig. 7 The Influence of air flow parameters for the droplet
growth at the initial point of the transitional phase
change regime. The duration of the condensation re-
gime zco, S: (1) 0, (2) 0.16, and (3) 0.92; The parame-

ter aolez (1) 0.023059, (2) 0.025764, and (3)
0.021258; V, = (1-V /V;)-1009% and V =42R*/3;
Case (1-3) are indicated in Fig. 3

In all experiments the water of the droplet was
completely evaporated so that at the end of the equilibrium
evaporation the equivalent diameter is equal the thermocou-
ple beads diameter of 1.27 mm (Fig. 3). The evaporation
time of the water was greatly influenced by the boundary
conditions of the heat and mass transfer of the droplet and
in the experiments performed it ranged from 50 to 230 sec-
onds (Fig. 3).

4, Conclusions

The results of the experimental investigation of the
water droplets phase change in the additionally humidified
gas flow confirmed the following:

1. The regularities of the water droplets phase changes
in humid air flow is well illustrated by experimental
diagrams of their diameter changes. In order to de-
termine their specificity, a complex analysis of the
phase transition modes of the droplet and the change
in the thermal state of the droplet is required.

Phase transition processes on the surface of water are
influenced by the droplets heat and mass transfer
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boundary conditions. The most important parameters
are the humidity and temperature of the air and the
temperature of the sprayed water.

For the first time, the results of the experiment sub-
stantiate that not only change of water droplet ther-
mal state can be qualitatively determined by

Tg =Ty /Ty and T, =T, /T, in humid gas. But also

the tendencies of the droplet geometric dimension
(diameter, surface area, volume) in the initial phase
transition phase can be predicted. The droplets will
initially be reduced through evaporation when

T, <1, orfor T, >1, water will expand owing to ther-
mal expansion, and the growth will be further stimu-
lated by condensing the vapour when T_rT >1.

According to the results of the experiment it can be
stated that in the technology of heat recovery from
the biofuel flue gas, the evaporation time of the drop-
lets can vary up to 5 times depending on the condi-
tions of water injection.
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V. Ramanauskas, L. Paukstaitis, G. Miliauskas, E. Puida

EXPERIMENTAL INVESTIGATION OF WATER
DROPLET PHASE CHANGE IN HUMIDIFIED AIR
FLOW

Summary

An experimental research method and an analysis
of the results of a water droplet phase change in the addi-
tionally humidified air flow are presented. The diagrams of
variation of the equivalent diameter of convectively heated
water droplets are presented and analysed. The influence of
initial water temperature and additionally humidifying air
flow on the phase change of a droplet in transient regime is
experimentally substantiated.

Keywords: air flow, additionally humidifying, water drop-
lets, phase change, experimental investigation.
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