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Soray cooling of the superheated steam occurs with the interaction of many com-
plex physical processes, such as initial droplet formation, collision, coalescence,
secondary break up, evaporation, turbulence generation, and modulation, as well
as turbulent mixing, heat, mass and momentum transfer in a highly non-uniform
two-phase environment. While it is extremely difficult to systematically study par-
ticular effectsin thiscomplex interaction in a well defined physical experiment, the
interaction iswell suited for numerical studies based on advanced detailed models
of all the processesinvolved. This paper presentsresults of such a numerical exper-
iment. Cooling of the superheated steam can be applied in order to decrease the
temperature of superheated steam in power plants. By spraying the cooling water
into the superheated steam, the temperature of the superheated steam can be con-
trolled.

In this work, water spray cooling was modeled to investigate the influences of the
droplet size, injected vel ocity, the pressure and vel ocity of the superheated steamon
the evaporation of the cooling water. Theresults show that by increasing the diame-
ter of the droplets, the pressure and vel ocity of the superheated steam, the amount
of evaporation of cooling water increases.

Key words. cooling water, spray formation, break up model, evaporation, two
phase flow, turbulence

Introduction

The majority of computational spray models employ the particle-source-in-cell
method [1] or the discrete droplet model (DDM) [2]. The DDM has been employed for awide
range of spray simulations, particularly fuel spraysin engines[3-7]. The DDM involves solving
the equations of motion for a turbulent carrier gas in an Eulerian scheme, and integrating
L agrangian equations of motion for liquid droplets along with true passline. Thesetwo calcula-
tion schemes, and therefore the two phases, are then coupled through source termsin the trans-
port equations. The major advantages of thisover apurely Eulerian scheme are the ability to ef-
ficiently discretise the liquid phase into groups of identical droplets, and the fact that the
equations for the dispersed liquid phase are more naturally written down in a Lagrangian man-
ner. Modeling of non-stationary turbulent spray formation and evaporation isof practical impor-
tance not only for desuperheaters but al so for many other technological applications, including
transient processes in diesel engines, gas turbine, rocket combustors, and industrial burners, as
well asfor explosion and detonation studies. Due to the complexity of the processes involved,
very few dataexist in thisdomain and thus detailed numerical studiesbased on advanced models
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of the elementary processes are of current interest. The detailed spray evaporation models from
the literature [8, 9] use very crude reaction models and thus are unable to reproduce the very
complex injection and evaporation behavior of water. Some recent literatures[10-13] have used
the spray cooling in practical applications. In thiswork, k- model is used for turbulenceto re-
move the limitations of current approaches. Simple axi-symetric spray geometry is used to re-
produce the basic features of future direct injection and to model the spray vaporization in
superheated flow.

The model

In thiswork, the spray evaporation in a channel with determined dimensions and properties
ismodeled. According to fig. 1, superheated steam with the determined velocity, pressure and
temperature passes through the channel and cooling water isinjected into the superheated steam
to control the temperature of the superheated steam. The Lagrangian-Eulerian formulation is

used to analyze the droplet mo-

Cooling water tionand flow field. Turbulent dis-

persion of thedropletsismodeled

by random walk [14], and dropl et

collision and break up are ac-

count for. The analysis of the gas

peswperneated  T1OW iNVOlVES equations of mass,

s momentum, and energy. The k-¢

model is aso included with tur-

bulence modulation terms owing

to droplet motion. The model ap-

plied in this work is of a “sepa-

rated-flow” type. The Lagrangian

treatment is employed to groups of droplets in the so-called “stochastic particle method”, in

which afinite number of particles is used to represent the entire spray [14, 15]. In this work,

axi-symetry isassumed and the calcul ations are carried out only up to thetime of injectionin or-
der to reduce the computational work.

Computational
domain

Superheated
steam E>

Figure 1. Axial injection spray desuper heater
(color image see on our web site)

Droplet phase

The interaction of adroplet with the surrounding gasisillustrated in fig. 2.

A spray can be divided into two or three regions: (a) dilute spray region, (b) dense
spray region, and (c) churn flow region. The last is
sometimes omitted

>\/ e / The e_quations for a single droplet in the dilute
spray region read:

— Droplet position
d_y 1
dry 2
Figure 2. Droplet exchanging momentum,

mass, and ener gy with the surrounding gas — Droplet momerntum
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where, k, =(3/4)C4 (p/ pq )1/ Dy )|\7rel | and |\7,d }isthe relative velocity between gasand liquid
phases, I\7,J={[U+u’)—ud 12 +[(V+V")—v41}Y2 1(2) is the correction factor for the effect of
masstransfer on the heat transfer coefficient, asgiven by El Wakil et al. [16]. In egs. (5) and (6),
the Shand Nu are the Sherwood and Nusselt number, respectively, and aredefined as: Sh=2.0 +
0.6 Re’5ScP22 and Nu = 2.0 + 0.6Re*5Pr®33 where Re, Sc, and Pr are Reynolds, Schmidt and
Prandtl number, respectively.

Spray formation

For the spray formation and evaporation, the model proposed by Reitz and Diwakar
[17] and Reitz [8] wasused with some modificationsto improvethe droplet break up and droplet
collision mechanism for high evaporation rates.

The model was adopted because it removes the need to specify theinitia droplet size
distribution at the nozzle, which is always a serious problem.

Atomization model

The atomi zation model tested is Johnsand Gosman model [ 7], including some modifi-
cations to improve its performance for high temperature and pressure cases.

Break up model

The Reitz and Diwakar model, in contrast to Huh and Gosman model [18], in which
the spray angleis predicted, assumesthat thisangleisknown and given asinput. The model uses
the concept that atomization of the injected liquid and the subsequent break up of drops arein-
distinguishable in adense spray. The model is based on the correlations given by Nicholls[19],
in which two regimes are considered:

— bag break up, when the Weber number is:

w2D
we=Le&="""d = LI 7)
(e}
— stripping break up, when the ratio:
We
——>5 (8)
vRe

In the stripping model, the droplet size changes continuously. In this study, stripping
break up model is used.



82 Ebrahimian, V., Gorji-Bandpy, M.: Two-Dimensional Modeling of Water Spray ...

Collision model
Droplet collision is modeled by the model offered by O’ Rourke [20].
Gas phase

Theanalysisof the gas phaseinvolves solving equations for mass, momentum, and en-
ergy. Included isalso the k-¢ model for the gas phase turbulence. In addition to the conventional
single-phase flow analysis, a droplet phase source term must be added (S;,); for dense sprays,
one must also consider effects of void fraction (0) on the governing equations.

The governing equationsfor the gas phase can be expressed as one general equation:

0 0 10 _
En (p6Ug) x (pOU9) "Ta (rpOVg)=

_2 FQ% +:—Lg reﬁ +0S, +S;q
OX OX ) ror or

(9)

where ¢ can be: density p, axial velocity U, radial velocity V, turbulence kinetic energy k, dissi-
pation rate ¢, enthalpy h, and species mass concentration Y.
The temperature (T) is calculated from the definition of the mixture enthal py:

h(r)=3 YD) :;l(T) (10)
i=1 i

|
where M; is the molecular weight for speciesi.

The sourcetermsand I” are givenin tabs. 1 and 2 where, in addition to the already de-
fined quantities, @; is the chemical reaction rate of speciesi.

Standard valuesof u,=C,pk?e,C,=0.09,C,=1.44,C,=192,6,= 6y =1.0,0¢=
=1.0,0,=K4CY2(C,,~C,4)[21], and 5, = 0.9 were used in the modeling.

Table 1. Sourceterms S
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Details of numerical study
u J7; —ngNd p%(mdud)p
The ssimulation of the gas phase in-
volves solving transient Eulerian conser- v u SN g (myVe),
vation equations for mass, species, mo- dt
mentum, energy, turbulent kinetic energy, . o, c. iy
and the state equation. In addition to con- k
ventional single phase flow anaysis, a N d

. h / _ N, —
droplet source term is added to conserva- Hon 2p"Na pdt(mdhd)p
tion equations representing the exchange v N d
of mass, momentum, and enthalpy be- e oy ~2p"Na pa(md)p
tween the gas and the drops. For dense Y, Mo,
spray, the void fraction effect is also in-

cluded in the equations. Droplet motion,
break up, collisions, evaporation, and tur-
bulent diffusion are considered. Open
space with a side wall where the injection !
occurs is used as the computational do- n'
main. Theinitial and boundary conditions We--oooo- R A R ~E
are asfollows. The gasis moving initialy .
with aconstant velocity. All gas properties 'S
areinitially assumed to beuniform. For the

gas phase, acontrol volumeformulation is I_l _
used and PISO (pressure implicit with

splitting of operators) algorithm applied, Figure 3. Computational domain

fig. 3. For the liquid phase, Euler integra-

tionisused with explicit position, semi-implicit mass and energy and implicit momentum integra-
tion scheme. In thiswork, axi-symetry is assumed and the calculations are carried out only up to
thetime of injection in order to reduce the computational work. The temperature of the upper wall
isconstant. Thevelocity, pressure, and temperature of inflow wall are determined. For the outflow
wall, the temperature will be obtained and staggered grid is used. All the governing equations
were discretized by numerical finite volume method.

Results and discussion

The case studied involves water jet injected into superheated steam at 550 °C and 150 bar
at avelocity of 50 m/s (water pressurein front of the nozzleis 220 bar) through nozzle 0.9 mmin di-
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ameter. The computational grid used in the
simulation is shown in fig. 4. According to
fig. 1, nozzleislocated at thefirst grid.

Figure 5 representsthe effect of time step
on the total mass of evaporated water (milli-
gram).

According to this figure, by decreasing
the time step, the amount of evaporation of

Figure 4. Computational grid 40 x 100

water increases. Inthiswork, time step of 6.94-10- sisused to obtain the resultswith agood ac-
curacy and lower computational time consuming.

Controlling the temperature of the superheated steam is significant downstream of the
superheatersin the steam boilers of steam power plants. The water evaporated causes the tem-
perature of the superheated steam within the spray to be low.

Figure 6 shows the effect of superheated steam on total mass of evaporated water. Ac-
cording to thisfigure, by increasing the pressure of the superheated steam (PTRAP), the amount

of evaporation of water increases.

B ? o DT = 8.675€-7

® 7 DT = 1.735¢-6 s

s 64 - DT=347e6s

|-~ DT =6.94e-6s

o E 4 _DT-1388e-65

© 3| ——DT=2776e6s

g2 .

€ 14 e

T 0 e EEE T T

2 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time of injection [ms]

Figure5. Effects of time step (DT) on the
evaporation rate of water cooling spray
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Figure 6. Total mass of evaporated water as a
function of time

P = 220 bar, Dygpe = 0.9 mm, Type = 300 K,
Ugeam = 50 M/s

Infig. 7, the effect of velocity on total mass
of evaporated water isshown. According to this
figure, the amount of evaporation of water in-
creases by increasing the velocity of the super-
heated steam.

Infig. 8, theeffect of droplets on the amount
of evaporation of water is shown. According to
this figure, by decreasing the droplet diameter
(D31), total mass of evaporated water increases.

Infig. 9, theeffect of dropletswhen no break
up isinto account, on the amount of evaporation
of water is shown. According to this figure, to-

tal mass of evaporated water increases by increasing the droplet diameter but it is lower than

when break up model isinto account.

The differences between the two states; no break up and break up isinto account, are

showninfig. 10.
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Figure 8. Total mass of evaporated water as a
function of time
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Figure 10. Total mass of evaporated water as a
function of time (break up and no break up is
into account)

Piny = 220 bar, Dnozzie = 0.9 MM, Tyaer = 300 K,
Us[eam =50nm/s

In fig. 11, the effect of injected
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Figure 9. Total mass of evaporated water as a
function of time
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Figure 11. Total mass of evaporated water as a
function of time

Pinj = 220 bar, Dpozzie = 0.9 MM, Tyaer = 300 K,
Us(eam =50m/s

Velocity vectar (B0  after injection)

velocity on the total mass of evapo-

rated water is shown. According to

this figure, by increasing the in-

jected velocity, the amount of evap-
oration of water increases.

In fig. 12, velocity vectors for
the channel are shown. The effect of
turbulence and injection time in the

flow field can beseeninthisfigure. R [em]

The effects of injection time on

turbulent kinetic energy are shown

in fig. 13. By increasing the injec-

tion time, turbulent kinetic energy
increases. According to this figure,
the amount of turbulence is higher
near the nozzle, where the concen-
tration of droplets is higher than
other places.

Q= N Wbk oo~
T

Figure 12. Velocity vectorsfor different injection times
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The effects of injection time on water vapor mass fraction (WVMF) are shown in fig.
14. The maximum of WVMF is 1, where there is just vapor. By increasing the injection time,
WVMFincreases. According to thisfigure, WVMF ishigher near the nozzle, where the concen-
tration of dropletsis higher than in the other parts of the flow domain.
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Figure 14. Contour of water vapor mass fraction for different injection times

Conclusions

In order to decrease the temperature of superheated steam in power plants, cooling of
the superheated steam can be applied. In thisnumerical study, water spray cooling was modeled
to investigate the influences of the diameter of the droplets, the pressure and velocity of the
superheated steam on the evaporation of the cooling water.
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The following results are obtained.

e Detailed numerical studies of spray formation and evaporation were performed for simple
2-D geometry in channel. Cooling water wasinjected into the superheated steam flowingina
channel to decrease the temperature of the superheated steam.

e The pressure and velocity of the superheated steam have a direct relation with the
evaporation of the water.

e Water spray desuperheater is affected by turbulence. As the flow within the pipeline
becomes more turbulent, the individual entrained water particles reside longer in the
desuperheater, alowing for greater heat transfer. In addition, turbulence encourages the
mixing of the cooling water and the superheated steam. Increased turbulence results in a
shorter distance being required for complete desuperheating to occur.

Droplet has arelation with the evaporation of the water.

Water spray desuperheater isaffected by particlesize. The smaller thewater particlesize, the
greater the ratio of surface area to mass, and the higher the rates of heat transfer. Since the
water is being directly injected into the moving superheated steam, the smaller the particle
size, the shorter the distance required for heat exchange to take place.

e By increasing the injected velocity of cooling water the amount of evaporation of the water
increases.

e Break up model has an important effect on the evaporation of water. The amount of
evaporation when break up model is applied is much more than when no break up model is

into account.
Nomenclature
Co - drag coefficient, [-] U — axial velocity, [ms™]
C,  — specific heat, [kg~K™] u - velocity inx direction, [ms™]
D — diffusivity, [m*s™] u — fluctuating velocity, [ms™]
Dy - droplet diameter, [m] Ug — droplet velocity in x direction, [ms™]
h — enthalpy, [J] \Y; — radial velocity, [ms™]
k — thermal conductivity, [Wm *K™] % — velocity inr direction, [ms™]
k — turbulent kinetic energy [m?s?] v — fluctuating velocity, [ms™]
L,R - lengthandradiusof the pipe, respectively, Vy — droplet velocity inr direction, [ms™]
[m] Xg — droplet position, [m]
my — droplet mass, [kg] We  — Weber number, []
Nu  — Nusselt number, [-] w — droplet-gas relative velocity, [ms™]
P, — gas phase total pressure, [Pa)
P,s  — vapor pressure at the droplet surface, [Pa] Greek letters
P,.  — vapor pressureaway fromthedroplet, [Pa]
Pr — Prandtl number (= Cyu/K), [-] Sy — fluid element, []
R — gaslaw constant, [kg K™ P — dissipation rate [m’s™]
Re — Reynolds number (= p|\/,d Dg/u), [ u — dynamic viscosity, [kgm™s™]
Iy — droplet position, [m] p — density of gas, [kgm"1
Sc — Schmidt number (=u/pD), [ 04 — droplet density, [kgm™]
Sh — Sherwood number, [] 0 — void fraction, []
T — gas phase temperature, [K] c — liquid surface tension, [Nm™]
Ty — droplet temperature, [K] @i — chemical reaction rate of speciesi, []
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