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Spray cool ing of the super heated steam oc curs with the in ter ac tion of many com -
plex phys i cal pro cesses, such as ini tial drop let for ma tion, col li sion, co ales cence,
sec ond ary break up, evap o ra tion, tur bu lence gen er a tion, and mod u la tion, as well
as tur bu lent mix ing, heat, mass and mo men tum trans fer in a highly non-uni form
two-phase en vi ron ment. While it is ex tremely dif fi cult to sys tem at i cally study par -
tic u lar ef fects in this com plex in ter ac tion in a well de fined phys i cal ex per i ment, the
in ter ac tion is well suited for nu mer i cal stud ies based on ad vanced de tailed mod els
of all the pro cesses in volved. This pa per pres ents re sults of such a nu mer i cal ex per -
i ment. Cool ing of the super heated steam can be ap plied in or der to de crease the
tem per a ture of super heated steam in power plants. By spray ing the cool ing wa ter
into the super heated steam, the tem per a ture of the super heated steam can be con -
trolled.
In this work, wa ter spray cool ing was mod eled to in ves ti gate the in flu ences of the
drop let size, in jected ve loc ity, the pres sure and ve loc ity of the super heated steam on 
the evap o ra tion of the cool ing wa ter. The re sults show that by in creas ing the di am e -
ter of the drop lets, the pres sure and ve loc ity of the super heated steam, the amount
of evap o ra tion of cool ing wa ter in creases.

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

In tro duc tion

The ma jor ity of com pu ta tional spray mod els em ploy the par ti cle-source-in-cell
method [1] or the dis crete drop let model (DDM) [2]. The DDM has been em ployed for a wide
range of spray sim u la tions, par tic u larly fuel sprays in en gines [3-7]. The DDM in volves solv ing
the equa tions of mo tion for a tur bu lent car rier gas in an Eulerian scheme, and in te grat ing
Lagrangian equa tions of mo tion for liq uid drop lets along with true pass line. These two cal cu la -
tion schemes, and there fore the two phases, are then cou pled through source terms in the trans -
port equa tions. The ma jor ad van tages of this over a purely Eulerian scheme are the abil ity to ef -
fi ciently discretise the liq uid phase into groups of iden ti cal drop lets, and the fact that the
equa tions for the dis persed liq uid phase are more nat u rally writ ten down in a Lagrangian man -
ner. Mod el ing of non-sta tion ary tur bu lent spray for ma tion and evap o ra tion is of prac ti cal im por -
tance not only for desuperheaters but also for many other tech no log i cal ap pli ca tions, in clud ing
tran sient pro cesses in die sel en gines, gas tur bine, rocket combustors, and in dus trial burn ers, as
well as for ex plo sion and det o na tion stud ies. Due to the com plex ity of the pro cesses in volved,
very few data ex ist in this do main and thus de tailed nu mer i cal stud ies based on ad vanced mod els 
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of the el e men tary pro cesses are of cur rent in ter est. The de tailed spray evap o ra tion mod els from
the lit er a ture [8, 9] use very crude re ac tion mod els and thus are un able to re pro duce the very
com plex in jec tion and evap o ra tion be hav ior of wa ter. Some re cent lit er a tures [10-13] have used
the spray cool ing in prac ti cal ap pli ca tions. In this work, k-e model is used for tur bu lence to re -
move the lim i ta tions of cur rent ap proaches. Sim ple axi-symetric spray ge om e try is used to re -
pro duce the ba sic fea tures of fu ture di rect in jec tion and to model the spray va por iza tion in
super heated flow.

The model

In this work, the spray evap o ra tion in a chan nel with de ter mined di men sions and prop er ties
is mod eled. Ac cord ing to fig. 1, super heated steam with the de ter mined ve loc ity, pres sure and
tem per a ture passes through the chan nel and cool ing wa ter is in jected into the super heated steam
to con trol the tem per a ture of the super heated steam. The Lagrangian-Eulerian for mu la tion is

used to an a lyze the drop let mo -
tion and flow field. Tur bu lent dis -
per sion of the drop lets is mod eled 
by ran dom walk [14], and drop let
col li sion and break up are ac -
count for. The anal y sis of the gas
flow in volves equa tions of mass,
mo men tum, and en ergy. The k-e
model is also in cluded with tur -
bu lence mod u la tion terms ow ing
to drop let mo tion. The model ap -
plied in this work is of a “sep a -
rated-flow” type. The Lagrangian 

treat ment is em ployed to groups of drop lets in the so-called “sto chas tic par ti cle method”, in
which a fi nite num ber of par ti cles is used to rep re sent the en tire spray [14, 15]. In this work,
axi-symetry is as sumed and the cal cu la tions are car ried out only up to the time of in jec tion in or -
der to re duce the com pu ta tional work.

Drop let phase

The in ter ac tion of a drop let with the sur round ing gas is il lus trated in fig. 2.
A spray can be di vided into two or three re gions: (a) di lute spray re gion, (b) dense

spray re gion, and (c) churn flow re gion. The last is
some times omit ted.

The equa tions for a sin gle drop let in the di lute
spray re gion read:
–  Drop let po si tion
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Fig ure 1. Ax ial in jec tion spray desuperheater
(color im age see on our web site)

Fig ure 2. Drop let ex chang ing mo men tum,
mass, and en ergy with the sur round ing gas
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mass trans fer on the heat trans fer co ef fi cient, as given by El Wakil et al. [16]. In eqs. (5) and (6),
the Sh and Nu are the Sherwood and Nusselt num ber, re spec tively, and are de fined as: Sh = 2.0 + 
0.6 Re0.5Sc0.33 and Nu = 2.0 + 0.6Re0.5Pr0.33, where Re, Sc, and Pr are Reynolds, Schmidt and
Prandtl num ber, re spec tively.

Spray for ma tion

For the spray for ma tion and evap o ra tion, the model pro posed by Reitz and Diwakar
[17] and Reitz [8] was used with some mod i fi ca tions to im prove the drop let break up and drop let 
col li sion mech a nism for high evap o ra tion rates.

The model was adopted be cause it re moves the need to spec ify the ini tial drop let size
dis tri bu tion at the noz zle, which is al ways a se ri ous prob lem.

At om iza tion model

The at om iza tion model tested is Johns and Gosman model [7], in clud ing some mod i fi -
ca tions to im prove its per for mance for high tem per a ture and pres sure cases.

Break up model

The Reitz and Diwakar model, in con trast to Huh and Gosman model [18], in which
the spray an gle is pre dicted, as sumes that this an gle is known and given as in put. The model uses 
the con cept that at om iza tion of the in jected liq uid and the sub se quent break up of drops are in -
dis tin guish able in a dense spray. The model is based on the cor re la tions given by Nicholls [19],
in which two re gimes are con sid ered:
– bag break up, when the Weber number is:

We
gas d

= >
r

s

w D2

2
6 (7)

– stripping break up, when the ratio:
We

Re
>5 (8)

In the strip ping model, the drop let size changes con tin u ously. In this study, strip ping
break up model is used.
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Col li sion model

Drop let col li sion is mod eled by the model of fered by O’Rourke [20].

Gas phase

The anal y sis of the gas phase in volves solv ing equa tions for mass, mo men tum, and en -
ergy. In cluded is also the k-e model for the gas phase tur bu lence. In ad di tion to the con ven tional
sin gle-phase flow anal y sis, a drop let phase source term must be added (Sfd); for dense sprays,
one must also con sider ef fects of void frac tion (q) on the gov ern ing equa tions.

The gov ern ing equa tions for the gas phase can be ex pressed as one gen eral equa tion:
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where f can be: den sity r, ax ial ve loc ity U, ra dial ve loc ity V, tur bu lence ki netic en ergy k, dis si -
pa tion rate e, enthalpy h, and spe cies mass con cen tra tion Yi.

The tem per a ture (T) is cal cu lated from the def i ni tion of the mix ture enthalpy:
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where Mi is the mo lec u lar weight for spe cies i.
The source terms and G are given in tabs. 1 and 2 where, in ad di tion to the al ready de -

fined quan ti ties, &w i  is the chem i cal re ac tion rate of spe cies i.
 Stan dard val ues of  mt = Cmrk2/e, Cm = 0.09, Ce1 = 1.44, Ce2 = 1.92, sr  =   sY  = 1.0, sk = 

= 1.0, se = k2/C C Cm e e
1 2

2 1
/ ( )-  [21], and sh = 0.9 were used in the mod el ing.

Ta ble 1. Source terms Sf

f G Sf

1 0 –

U m - +
æ

è
ç

ö

ø
÷ +

æ

è
ç

ö

ø
÷ - Ñ +

¶

¶

¶

¶

¶

¶

¶

¶

¶

¶

¶

¶

p

x x

U

x r r
r

V

x x
Um m m r

1 2

3
( k )

V m - +
æ

è
ç

ö

ø
÷ +

æ

è
ç

ö

ø
÷ - -

¶

¶

¶

¶

¶

¶

¶

¶

¶

¶

¶

¶

p

r x

U

r r r
r

V

r

V

r r
m m m

1
2

2

32
( )m rÑ +U k

k m/sk G – re

e m/se
e

ree e
k

C G C( )1 2-

h m/sh
¶

¶

p

t
+ &wh

Ywa ter m/sY rw& water

Yi m/sY rw& i

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



where

G
U

x

V

r

V

r

U
t=

æ

è
ç

ö

ø
÷ +

æ

è
ç

ö

ø
÷ +

æ

è
ç

ö

ø
÷

é

ë
ê
ê

ù

û
ú
ú
+m 2

2 2 2
¶

¶

¶

¶

¶

¶r

V

x
U k U+

æ

è
ç

ö

ø
÷

ì
í
ï

îï

ü
ý
ï

þï
- Ñ + Ñ

¶

¶

2
2

3
( )m rt

and m = mmol + mtNp is the num ber of par -
cels in fluid el e ment dV, and Nd p is the
num ber of drop lets such as a par cel rep re -
sents. 

De tails of nu mer i cal study

The sim u la tion of the gas phase in -
volves solv ing tran sient Eulerian con ser -
va tion equa tions for mass, spe cies, mo -
men tum, en ergy, tur bu lent ki netic en ergy,
and the state equa tion. In ad di tion to con -
ven tional sin gle phase flow anal y sis, a
drop let source term is added to con ser va -
tion equa tions rep re sent ing the ex change
of mass, mo men tum, and enthalpy be -
tween the gas and the drops. For dense
spray, the void frac tion ef fect is also in -
cluded in the equa tions. Drop let mo tion,
break up, col li sions, evap o ra tion, and tur -
bu lent dif fu sion are con sid ered. Open
space with a side wall where the in jec tion
oc curs is used as the com pu ta tional do -
main. The ini tial and bound ary con di tions
are as fol lows. The gas is mov ing ini tially
with a con stant ve loc ity. All gas prop er ties 
are ini tially as sumed to be uni form. For the 
gas phase, a con trol vol ume for mu la tion is
used and PISO (pres sure im plicit with
split ting of op er a tors) al go rithm ap plied,
fig. 3. For the liq uid phase, Eu ler in te gra -
tion is used with ex plicit po si tion, semi-im plicit mass and en ergy and im plicit mo men tum in te gra -
tion scheme. In this work, axi-symetry is as sumed and the cal cu la tions are car ried out only up to
the time of in jec tion in or der to re duce the com pu ta tional work. The tem per a ture of the up per wall
is con stant. The ve loc ity, pres sure, and tem per a ture of in flow wall are de ter mined. For the out flow 
wall, the tem per a ture will be ob tained and stag gered grid is used. All the gov ern ing equa tions
were discretized by nu mer i cal fi nite vol ume method.

Re sults and dis cus sion

The case stud ied in volves wa ter jet in jected into super heated steam at 550 °C and 150 bar
at a ve loc ity of 50 m/s (wa ter pres sure in front of the noz zle is 220 bar) through noz zle 0.9 mm in di -
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Fig ure 3. Com pu ta tional do main

Ta ble 2. Source terms Sfd
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am e ter. The com pu ta tional grid used in the
sim u la tion is shown in fig. 4. Ac cord ing to 
fig. 1, noz zle is lo cated at the first grid.

Fig ure 5 rep re sents the ef fect of time step 
on the to tal mass of evap o rated wa ter (mil li -
gram).

Ac cord ing to this fig ure, by de creas ing
the time step, the amount of evap o ra tion of
wa ter in creases. In this work, time step of 6.94·10–6 s is used to ob tain the re sults with a good ac -
cu racy and lower com pu ta tional time con sum ing.

Con trol ling the tem per a ture of the super heated steam is sig nif i cant down stream of the
super heat ers in the steam boil ers of steam power plants. The wa ter evap o rated causes the tem -
per a ture of the super heated steam within the spray to be low. 

Fig ure 6 shows the ef fect of super heated steam on to tal mass of evap o rated wa ter. Ac -
cord ing to this fig ure, by in creas ing the pres sure of the super heated steam (PTRAP), the amount
of evap o ra tion of wa ter in creases.

In fig. 7, the ef fect of ve loc ity on to tal mass
of evap o rated wa ter is shown. Ac cord ing to this
fig ure, the amount of evap o ra tion of wa ter in -
creases by in creas ing the ve loc ity of the super -
heated steam.

In fig.  8, the ef fect of drop lets on the amount 
of evap o ra tion of wa ter is shown. Ac cord ing to
this fig ure, by de creas ing the drop let di am e ter
(D31), to tal mass of evap o rated wa ter in creases.

In fig. 9, the ef fect of drop lets when no break 
up is into ac count, on the amount of evap o ra tion 
of wa ter is shown. Ac cord ing to this fig ure, to -

tal mass of evap o rated wa ter in creases by in creas ing the drop let di am e ter but it is lower than
when break up model is into ac count.

The dif fer ences be tween the two states; no break up and break up is into ac count, are
shown in fig. 10.
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Fig ure 4. Com pu ta tional grid 40 ´ 100

Fig ure 5. Ef fects of time step (DT) on the
evap o ra tion rate of wa ter cool ing spray

Fig ure 6. To tal mass of evap o rated wa ter as a
func tion of time
Pinj = 220 bar, Dnoz zle = 0.9 mm, Twa ter = 300 K,
Usteam = 50 m/s

Fig ure 7. To tal mass of evap o rated wa ter as a
func tion of time
Pinj = 220 bar, Dnoz zle = 0.9 mm, Twa ter = 30 K



In fig. 11, the ef fect of in jected
ve loc ity on the to tal mass of evap o -
rated wa ter is shown. Ac cord ing to
this fig ure, by in creas ing the in -
jected ve loc ity, the amount of evap -
o ra tion of wa ter in creases.

In fig. 12, ve loc ity vec tors for
the chan nel are shown. The ef fect of 
tur bu lence and in jec tion time in the
flow field can be seen in this fig ure.

The ef fects of in jec tion time on
tur bu lent ki netic en ergy are shown
in fig. 13. By in creas ing the in jec -
tion time, tur bu lent ki netic en ergy
in creases. Ac cord ing to this fig ure,
the amount of tur bu lence is higher
near the noz zle, where the con cen -
tra tion of drop lets is higher than
other places.
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Figure 8. Total mass of evaporated water as a
function of time
Pinj = 220 bar, Dnozzle = 0.9 mm, Twater = 300 K,
Usteam = 50 m/s

Figure 9. Total mass of evaporated water as a
function of time 
Pinj = 220 bar, Dnozzle = 0.9 mm, Twater = 300 K, 
Usteam = 50 m/s

Figure 10. Total mass of evaporated water as a
function of time (break up and no break up is
into account)
Pinj = 220 bar, Dnozzle = 0.9 mm, Twater = 300 K,
Usteam = 50 m/s

Figure 11. Total mass of evaporated water as a
function of time
Pinj = 220 bar, Dnozzle = 0.9 mm, Twater = 300 K,
Usteam = 50 m/s

Figure 12. Velocity vectors for different injection times



The ef fects of in jec tion time on wa ter va por mass frac tion (WVMF) are shown in fig.
14. The max i mum of WVMF is 1, where there is just va por. By in creas ing the in jec tion time,
WVMF in creases. Ac cord ing to this fig ure, WVMF is higher near the noz zle, where the con cen -
tra tion of drop lets is higher than in the other parts of the flow do main.

Con clu sions

In or der to de crease the tem per a ture of super heated steam in power plants, cool ing of
the super heated steam can be ap plied. In this nu mer i cal study, wa ter spray cool ing was mod eled
to in ves ti gate the in flu ences of the di am e ter of the drop lets, the pres sure and ve loc ity of the
super heated steam on the evap o ra tion of the cool ing wa ter.

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

Figure 14. Contour of water vapor mass fraction for different injection times

Fig ure 13. Con tour of tur bu lent ki netic en ergy 
for dif fer ent in jec tion times



The fol low ing re sults are ob tained.
· Detailed numerical studies of spray formation and evaporation were performed for simple

2-D geometry in channel. Cooling water was injected into the superheated steam flowing in a 
channel to decrease the temperature of the superheated steam.

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

· 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, allowing 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 a relation with the evaporation of the water.
· Water spray desuperheater is affected by particle size. The smaller the water particle size, 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.

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

· 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.
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