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The number of thermal technologies is based on water droplets
heat and mass transfer processes. In this paper droplets heat trans-
fer and phase transformations were modelled in the context of wa-
ter spraying in humid flue gases application for biofuel combustion
technologies. Droplets warming is defined when its surface instan-
taneous temperature is calculated according to an iterative numeri-
cal scheme, which is based on heat fluxes balance that flows in and
from the droplet surface. The transfer processes interaction is taken
into account. The influence of spraying water temperature, biofuel
flue gases temperature and its humidity as well as droplets heat-
ing process impact on spraying water droplets transit phase trans-
formation regimes were highlighted. Technological cases of water
spraying in a biofuel furnace and heat recovery from removed flue
gases were highlighted. In condensing economizers at recovered
flue gases sprayed droplets heat transfer conditions are defined by
their slipping factor in flue gases, while in the case of biofuel com-
bustion in the furnace, droplets slipping and its surrounding radia-
tion factors are equivalent.
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INTRODUCTION

re and humidity of flue gases leaving the furnace.
When using physical warmth of flue gases, they

In order to conserve the fossil fuel and to reduce
environmental pollution itisimportant to increase
renewable energy component at energy producti-
on. For biofuel combustion technologies develop-
ment it is important to recover heat from remo-
ved flue gasses, because huge amounts of water
vapour latent heat quantities accumulate in flue
gases during the process of humid biofuel com-
bustion. The water spraying additionally irrigates
air, which is supplied to the furnace and biofuel
combustion process is controlled in the furnace.
In this case spraying water droplets evaporate,
therefore, it is important to define the temperatu-

cool down, but still remain humid. The phase
transformation heat from humid flue gases can
be recovered when condensing the water vapo-
ur. Before release to the environment flue gases
are directed to the condensing economizer. In
the contact condensing economizer the water
vapour condensates on sprayed water droplets
and warms them up, while the heat of droplets
warms thermofication water in plate heat exchan-
gers. In recuperative type condensation econo-
mizer’s technologies, the water in the flue gases
is condensing when they flow through the tubes.
In the upper part of the economizer the water is
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sprayed in order to irrigate biofuel flue gas flow,
when they flow through tubes, and hydrodyna-
mics of condensate film. Water droplets partly
evaporate until entering the tubes. Therefore, it
is important to evaluate flue gases irrigation and
cooling. That is why for biofuel technologies it is
important to know and define the water droplets
heat and mass transfer. It has been investigated
for over a century [1]. Due to a wide application
of spraying technologies, the attention for droplet
phase transformation is constantly growing [2]. It
is important to know deeper the self-interaction
of transfer processes, to define influencing fac-
tors and to evaluate its impact on phase transfor-
mations ongoing on droplets surface. Therefore,
the emphasis of regularities of droplets surface
temperature variation is the key to define sprayed
water phase transformation and mass transfer in
biofuel flue gases.

In this paper the water droplet warming and
phase transformations in humid biofuel flue gas
flow are modelled at different heat transfer bo-
undary conditions. Special attention is given to
condensation regime and variation of phase trans-
formation regimes. The factors influencing the va-
pour flow on the droplet surface are defined.

THE METHODOLOGY OF DROPLETS
PHASE TRANSFORMATIONS NUMERICAL
MODELLING

The biofuel flue gases are defined by T | tempera-
ture air and water vapour mixture flowing at speed

W, » whose humidity is p, = p, /p, when p = 10°
Pa. The assumption G, / G, >0i is made, therefore
T (T) go,p (M=p, and w (‘l') wg The con-
vection heating for water droplets is defined by
Reynolds Re; number. The radiation is defined
with parameter T = T /T . In droplets convection
heating “c” case T = 0. In the combined convec-
tion and radiation heating case “c + 1, TW =1.In
conduction heating case “k” Re = 0 and ’.I_“Sr = 0.
Droplets condensation, transit evaporation and
equilibrium evaporation regimes are combined
in the phase transformations t=0 -1, -1 -1
cycle. Conditionally, external and internal dro-
plets surface sides, when R = R* and R = R, are
separated. Droplet external and internal heating
intensity is defined by components of convection
and radiation:

q,(t, R") = g (1, R") + q.(1, R");
g,(t, R) =q (1, R) + q (7, R). (1)

The convection heat flux supplied for a droplet
is described by the Newton’ law, while the convec-
tion heat flux in a droplet is described according to
a modified Fourier law of heat conduction:

0.6k, 07D i 0
0.eR) =@ E e

The condition T (1) < T, is provided, therefore
external heat flux components g* and q' will be
positive sign sizes, of which vectors are directed
into the droplet. The radiation g flux spreads to-
ward the centre of the droplet, while g flux di-
rection is defined by temperature field gradient
in the droplet. The radiation flux absorption in
the droplet and the observed optical effects of
light beam reflection and refraction, when cros-
sing the contact surface of water and flue gases,
are defined by a complex spectral index of refrac-
tion ﬁw =n, - ikw, where n, and kw components
are finite sizes [3], therefore g~ @ q' = gq, . The ra-
diation flux is calculated according to the spectral
radiation model in the droplet [4]. The droplet
unsteady temperature field gradient is defined for
combined heat spread by conduction and radia-
tion case [4], while the forced water circulation
influence is evaluated by an effective heat conduc-
tivity parameter in a slipping droplet [5]. Water
phase transformation heat and vapour flux on
the droplet surface defines the phase transforma-
tion heat flux. The phase transformation heat flux
density depends on vapour flux density [6]:

g, (@©)=L(x) m,( T ORG) 5
{pv,R ()-p, -+ ﬁip In pRé )P @)+, g}

In condensation regime the vapour flux is ne-
gative sign size, while it is positive in evaporation
regime. The vector direction variation of vapour
flux on the droplet surface in expression (3) pro-
vides the Stefan’s hydrodynamic flow impact for
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two phase flow, which is evaluated by Stefan’s lo-
garithm. The model of heat fluxes (1-3) enables
to supply the universal interpretation of droplet
energy state in the entire, on the droplet surface
ongoing, phase transformation regimes cycle:

q(t,R)-q(t,R)=¢q,(t,R") - qj(r, RY). (4)

The expression (4) describes the interconnec-
tion of heat fluxes on the droplet surface, and that
defines droplet surface temperature T (1) functi-
on: the droplet surface instantaneous temperatu-
re at freely selected 1, time must ensure the ful-
filment of the requirement of heat fluxes flowing
in and from the surface. Therefore, to develop
the expression (4) numerical research scheme,
the finite number of control time T, = 1, + At
moments is foreseen. At = t,/(I-1), when I = 201.
The droplet diameter changes in the phase trans-
formation cycle. Therefore, in the numerical
scheme the internal layers of droplets are grid in
aspect of radial n = 7/R, coordinate = n,  + An,
when An = 1/(J-1) and ] = 41. Starting with
the t,_, time moment the iterative cycle is or-
ganized according to the fastest descent method
to define the droplet surface instantaneous T,
temperature. For the final IT iteration the requ-
irement is that the selected T, _, temperature
according to the calculated heat fluxes on droplet

surface will ensure the fulfilment of the require-
ment (4) with the accuracy of five one hundredths
of one percent. Values T, = T, _, are assigned
for instantaneous droplet surface temperatures.
Heat flux densities on the droplet surface are cal-
culated according to numerical equations (28-40)

provided in [7].
RESULTS

In biofuel combustion technologies water dro-
plets heat transfer and phase transformations
proceed in a wide boundary conditions range.
Flue gas humidity is defined by water vapour vo-
lume part p = 0-0.3, when T = 400-1300 K.
T,= 278 K temperature water is sprayed. Dro-
plets temperature variation in phase transforma-
tion regime depends on droplet heating case and
dispersity. The droplet surface temperature T (1)
distribution is individual for different dispersity
droplets (Fig. la). At 1300 K temperature and
p, = 0.15 humidity of the biofuel flue gases, small
water droplets warm up very fast from initial
278 K temperature up to the dew point 338.14 K
temperature, while larger droplets warming time
is significantly longer: in “c” heat transfer case
T, S = 0.0028, 0.011, and 0.069, while in “c+r”
case T, .., » § = 0.0025; 0.0089; 0.04, when droplet
radiusis 50, 150, and 250 micrometres, respectively.

T, K
368

358
348
338

0 0.050.10.150.20.25 0.3 0.35 0.4 0.45

(®) Fo

Fig. 1. The impact of water spraying dispersity on the droplet surface temperature (a) 7 (1) and (b) T (Fo) functions. Droplet
heating case (1,3, 5)"C’, (2,4,6) “c+r"; R - 105, m: (1, 2) 50, (3, 4) 100, (5, 6) 250; Re, = 50; p, = 0.15; T =1300K
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A more detailed results analysis justified the time
scale, expressed by Fourier Fo = 1 - a/R? num-
ber, importance for generalization of the dro-
plets phase transformation cycle. In droplets “c”
heating case the calculated condensation regime
duration Fo, = 0.15 is independent from droplets
dispersity, therefore functional T,. .(Fo) graph is
universal for all droplets (Fig. 1b; curves 1, 3, 5).
The flue gases energy impact on sprayed water
droplets is defined by heat flux q; density taking
into account the radiation and convection heat
transfer components that are sensitive to flue ga-
ses temperature and droplets dispersity (Fig. 2).
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Fig. 2. The impact of flue gas temperature and droplets
dispersity of external heat flux components. p = 0.15;
Re,=35; T, K: (1,2) 900, (3, 4) 1200; R - 107, m: (1, 3)
150, (2,4) 250; g: (5) g7, (6) g

r

When T = 900 K, then g ;, kW/m?* is 420.76,
and 251.3, while 4, kW/m? is 28.83 and 30.01,
when R is 150 and 250 micrometres, respective-
ly. When T = 1200 K, then g _;, kW/m? is 730.27
and 436. 77 while g , kW/m? is 86.91 and 93.08,
when R is 150 and 250 micrometres, respective-
ly. In condensation regime, droplets warm up ra-
pidly (Fig. 1), while its diameter changes relati-
vely little. Therefore, the decrease of convection
heat flux density in the initial intensive droplet
heating stage is caused by flue gas temperature
and droplet temperature difference AT = T -T,

variation. The absorbed radiation flow in water
depends on droplets size while the local g,
density is distributed individually within di-
fferent size droplets (Fig. 3). Strong radiation
flux nonlinearity in droplets is defined by light
reflection spectral effects on the droplets surfa-
ce, which also depends from water temperatu-
re [3]. Therefore the droplet surface temperature
R ..»(Fo) function graph remalns sensitive re-
garding droplets dispersity in “c+r” case (Fig. 1b;
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Fig. 3. The impact of droplets dispersity for local radiation
fluxinside droplet. T_=1300K; R- 107, m (1) 15, (2) 25, (3)
50, (4) 100, (5) 200, (6)1000

curves 2, 4, 6). At the case defined by boundary
conditions parameters Re;, T, 4, and T, the no-
ticed universality of droplets surface function
T,..(Fo) graph is valid for all thermal parame-
ters that are related to droplet unsteady tempe-
rature field, e.g. P,..(Fo) functions. The droplet
parameter P . (Fo) function distributions, as
well as P (Fo) function distributions are not
universal 1n aspect of droplets dispersity. Howe-
ver, the provided function graphs are universal
by the aspect of droplets dispersity in dimensi-
onless P - (Fo) = (Fo)/P form (Fig. 4; cur-
ves 1, 3, 5) In the comblned c+r” heat transfer
case the Pq’“w,, (Fo) function graphs are individual
for a different dispersity level of droplets (Fig. 4;
curves 2, 4, 6).
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Fig. 4. The impact of droplets dispersity on convection heat
fluxes g7 (Fo)/q, , and q_(Fo)/q_, function, which are indicated
by curves (7) and (8), respectively. Marking is the same as in
Fig. 1

The discussed energy parameters p (Fo) func-
tions regularities are also valid for droplet phase
transformation parameters p, (Fo) functions. This
is confirmed by vapour flux g, (Fo) function gra-
phs - the main phase transformation parameter
(Fig. 5; curves 1, 3, 5). In the combined “c+r” heat
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Fig. 5. The impact of droplets dispersity on vapour flux g (Fo)/g,
functions. Boundary conditions the same as in Fig. 1

transfer case, the specific function I_’“HL,,, % (Fo)
graph inclination regarding function P., (Fo)
universal graph will define the radiation impact to
heat and mass transfer parameter for the droplet of
specific dispersity. This method is applied to eva-
luate the influence of boundary conditions. Accor-
ding to the generalized modelling results the main
defining parameters of droplets heat transfer con-
ditions are: flue gas temperature and humidity,
sprayed water temperature, droplets dispersity and
initial slipping in flue gases. On the surface, of cold
water droplets which are sprayed into biofuel flue
gases of high temperature and average humidity,
the initial calculated density of condensing water
vapour flux is 0.204, 0.102, and 0.0408 (kg/m?s),
when droplet diameter is 100, 200, and 500 micro-
metres, respectively. When droplet warms inten-
sively in condensation regime the vapour flux on
the droplet surface decreases to zero, while during
evaporation regime it rapidly increases (Fig. 5).

In transit evaporation regime, compared with
the initial condensing vapour flux, the vapour flux
on the droplet surface increases more than two ti-
mes in “c” heat transfer case, while in combined
“c + r” heat transfer case the observed vapour flux
variation is more significant and for droplets of
big size can reach even five hundred percentages
(Fig. 5). Therefore, for further analysis the radia-
tion impact is evaluated for large 500 micrometres
diameter droplets, providing that this case will de-
fine maximum radiation impact on phase trans-
formations of water droplets sprayed in biofuel
flue gases. When flue gas temperature decreases,
the duration of condensation phase transformati-
on regime on droplet surface increases and radiati-
on impact reduces, Fo, .. is 0.754, 0.346, and 0.18,
while Fo, ... p 25015 0.686, 0.257, and 0.107 when
T, K is 600, 900, and 1200, respectively. Biofuel
flue gas of relatively low T < 600 K temperature
flows into the condensing economizer, therefore
the heating process of water droplets sprayed in
flue gases is defined by convection heat transfer.
The duration of condensation phase transforma-
tion regime depends on flue gas humidity: Fo, ..
at modelled cases is 0, 0.24, 0.544, 0.812, 1.001,
and 1.113 when ﬁg is 0, 0.02, 0.04, 0.08, 0.15, and
0.3, respectively. In transit phase transformation
regime, the vapour flux, compared with initial, in
dry flue gases increases more than 12 times, while
in average and high humidity flue gases the initial
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value does not change. Droplets convection hea-
ting is defined by droplets slipping development
in water spraying process in flue gases, which is
evaluated by initial Reynolds Re, number. Friction
forces are increasing on the surface of slipping dro-
plets in flue gases. These forces evoke water flow
on the surface and therefore the local whirls forms,
which causes the convection heat transfer from
droplet surface to internal layers. The warming of
droplet central layers is accelerated due to water
circulation, while for surface layers is opposite [7].
Therefore, the surface of intensively slipping dro-
plet warms longer up to the dew point and the du-
ration of condensation phase transformation regi-
me is increasing (Fig. 6): Fo, .. for simulated cases
are 0.79,0.913, 1.023, and 1.082, when Re, is 10, 20,
40, and 100, respectively. When condensation regi-
me duration increases, more water vapour is con-
densed out from flue gases and heat recovery from
the removed biofuel flue gases is more effective.

0.5

0.25

0 0.5 1

Fig. 6. The impact of droplets slipping on vapour flux in “c”
heat transfer case. Tg= 500 K; p, = 0.15; Re: (1) 0, (2) 10,
(3) 20, (4) 40, (5) 100; R, =50- 10" m; |mvro| =0.077 kg/(m?s)

The described phase transformation metodics
reliability is confirmed when the calculated vapo-
ur flux on the droplet surface is compared with
equilibrium evaporation rate at combined “k + r”
heating case defined in [8] (Fig. 7). The experi-
ment [8] conditions were replaced when droplet
diameter stability was provided.

g 107 kg/s
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Fig. 7. The vapour flux on the droplet surface in combined “k + "
heating case T_= 7;] =1043K; p, = 0; R(1)-10°¢, m: (1, 3) 505,
(2, 4) 780; Lines are numerical simulation; dots are experimental
values [8]

CONCLUSIONS

The factors defining the phase transformation cy-
cle of water droplets sprayed in biofuel flue gases
are: flue gases temperature and humidity, water
temperature and droplets dispersity, as well its he-
ating process. The defining factor of heat transfer
is droplet slipping intensity when heat is recovered
from relatively low temperature flue gases. When
flue gases temperature rises, the radiation impact
increases and radiation as well as droplet slipping
factors are equivalent in high temperature flue ga-
ses. Droplets heat and mass transfer parameters
function P(Fo) distributions are universal in as-
pect of droplets dispersity in “c” heat transfer case.
This allows to optimize the numerical modelling
of water droplets heat and mass transfer when dro-
plet is sprayed in biofuel flue gases. It is enough to
simulate the phase transformation cycle of freely
chosen diameter and according to its results it is
possible to define the universal functions P‘C,,(Fo)
for the desirable droplets dispersity. These func-
tions can be easily transformed into individual
functions P(t) based on individual parameters P,
and a /R}. At the combined droplet heating case,
the phase transformation cycle will be individual
for each droplet.
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ABBREVIATIONS

a - thermal diffusivity, m*/s; D - mass diffusivity,
m?/s; Fo - Fourier number; G - mass flux rate, kg/s;
k.- effective conductivity parameter; k- spec-
tral coefficient of absorption, m™; L - latent heat
of evaporation, J/kg; m - vapour mass flux, kg/
(m’); M - mass, kg; p — molecular mass, kg/mol;
n, - spectral index of refraction; Nu — Nusselt num-
ber; p - pressure, Pa; P — symbol of free parameter in
heat-mass transfer; Re — Reynolds number; g - heat
flux, W/m?* r - radial coordinate, m; Rll - uni-
versal gas constant J/(kgl K); T - temperature, K;
1 — non-dimensional radial coordinate; A — thermal
conductivity, W/(m K); p - density, kg/m* 1 - time;
w — velocity, m/s.

Subscripts: C — droplet centre; ¢ - convection;
¢ + r — combined heating by convection and radiati-
on; f - phase change; g - gas; i — time index in a digi-
tal scheme; it - number of iteration; I — index of con-
trol time; j — index of radial coordinate; ] — index of
droplet surface; ko - condensation; k — conduction;
k + r — combined heating case by conduction and
radiation; [ - liquid; m - mass average; pf — transit
phase transformation regime; r - radiation; rt — dew
point; R — droplet surface; sr — radiation source;
v — vapour; vg — gas-vapour mixture; w — spectral;
Y - total; 0 - initial state; oo — far from droplet;
+ — external side of droplet surface; - — internal side
of droplet surface.
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SUDETINIAI VANDENS LASELIY
PEREINAMIE]JI SILUMOKAITOS IR
FAZINIUY VIRSMU PROCESAI BIOKURO
TECHNOLOGIJOSE

Santrauka
Vandens lageliy Silumos ir masés mainy procesais
grindziama daugelis terminiy technologijy. Darbe
skaitiskai sumodeliuota laseliy $ilumokaita ir faziniai
virsmai drégnuose damuose pagal vandens iSpurs-
kimo pritaikymo biokuro deginimo technologijas.
Laseliy $ilimas apibréztas jy pavir§iaus momentine
temperatiirg apskai¢iuojant pagal iteracine skaitine
schemg, kuri grista prie laselio pavirSiaus pritekan-
¢iy ir nutekanciy $ilumos srauty balansu. Atsizvelgta
i pernasos procesy tarpusavio saveikg. I$ryskinta
i$purskiamo vandens temperatiiros, biokuro damy
temperataros ir jy drégnumo bei laseliy $ildymo
proceso jtaka i$purksto vandens laseliy pereinamuyjy
faziniy virsmy rezimui. Akcentuoti vandens i$purs-
kimo biokuro karykloje ir jpurskimo i $alinamus da-
mus $ilumos i§ jy utilizavimo technologijos atvejai.
Duamy $ilumos utilizavimo kondensaciniuose ekono-
maizeriuose lageliy $ilumokaitos salygas apibrézia jy
slydimo dimuose veiksnys, o biokuro deginimo ki-
rykloje atveju laseliy slydimo ir apsupties spindulia-
vimo veiksniai yra lygiaver¢iai.

Raktazodziai: biokuro technologijos, vandens i$-

purskimas, laseliai, faziniai virsmai



