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Abstract

Spray cooling technology plays a prominent role in the secondary cooling of continuously cast thin steel
slabs. The prevailing cooling conditions arise from the nature of the intermittent contact of drops with
the hot metallic surface, which is affected primarily by the size, velocity and water flux of the drops
approaching the surface. This study reports laboratory and computational work carried out to determine
these properties for air-mist jets generated by two different fan nozzles, operating over a wide range of
water and air flow rates and pressures. A Particle/Droplet Image Analysis (PDIA) technique was used
to measure simultaneously the droplet size and velocity spectra and their correlation. Room temperature
measurements were carried out over small probe volumes adjacent and perpendicular to the plane where
the steel strand would stand in the actual process. Furthermore, the distributions of impacting water flux
and mist impact pressure were measured to obtain a fuller characterization of the mists. On the theoretical
side, a computational fluid-dynamic (CFD) model based on the solution of the 3-D turbulent Navier-Stokes
equation for the air coupled to the motion equation for the water drops was used for predicting the mist
dynamics. The model requires exclusively the design and operating characteristics of the particular nozzle
and its corresponding drop-size distribution. The PDIA measurements showed that the number and
volume distributions of droplet size followed log-normal and Nukiyama-Tanasawa distributions, respectively.
Additionally, the distributions were correlated well to the water- and air-nozzle pressures over the wide
range of conditions studied. Input of these results to the CFD model led to an excellent prediction of the
mist dynamics, as the extensive validation results demonstrated. The increase in the proportion of finer
and faster drops that was found with the increase in air-nozzle pressure for a given water flow rate, suggests
that the intensification in boiling heat transfer reported in other studies, may be related to a more frequent
and intimate contact of finer drops with the surface.
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Introduction

Spray cooling technology plays a prominent role
in the secondary cooling of continuously cast steel,
removing on average ~ 60 % of the total thermal en-
ergy contained in Compact Strip Processing (CSP)
thin slabs [1]. The cooling by sprays or air-mists
is controllable through the selection of nozzle type,
nozzle operating conditions and nozzle position with
respect to the strand. These features make water
spray and air-mists ideally suited for controlling the
heat extraction distribution from the strand surface,
with the objectives of achieving optimum levels of
quality and productivity. In a typical CSP machine,
the nozzle types and positions are fixed and the only
degrees of freedom for the operator are the operating
conditions, i.e., the water flow rate in the case of hy-
draulic nozzles and the water- and air-flow rates and
pressures in pneumatic ones. In the case of pneu-
matic nozzles, heat transfer experiments have shown
that for a given water flow rate, intensified cooling
conditions can be achieved by increasing the air-
nozzle pressure, p,, to maintain the air-to-water flow
rates ratio, A/W >10 [2], [3]. These findings have
been demonstrated in practice by showing that a ju-
dicious control of the operating conditions of pneu-
matic nozzles increases the productivity of CSP cast-
ers, without detriment in the quality of the product
[3], [4].However, more information is required to de-
termine how the spray parameters (droplet size, dg,
droplet velocity, u, and water flux, w) vary with the
operating conditions and how they affect the heat
transfer phenomena, particularly in the film boiling
and transition boiling regimes. Given the large num-
ber of parameters and their combinations affecting
the spray characteristics, the number of necessary
experiments would be enormous unless studies cen-
ter in understanding the governing mechanisms of
this complex process. The objective of the work de-
scribed in this paper was to gain fundamental un-
derstanding about the fluid dynamics of industrial
air mists used in thin slab continuous casting.

Pedersen [5] used droplets with diameters rang-
ing from 200 to 400 pm and approach velocities
from 2.4 to 10 m/s, impinging on heated surfaces at
temperatures from 100 to 982 °C to investigate the
dynamic behavior and heat transfer characteristics
of individual water droplets. The author suggested
that the transition from wetting to non-wetting im-
pact of individual droplets was affected by the im-
pact velocity of the droplets, i.e., that the Leiden-
frost temperature was influenced by the dynamic be-
havior of the droplets. Also, it was reported that
in the film boiling or non-wetting regime, the effec-
tiveness of heat transfer (i.e., the fraction of heat

taken by the liquid with respect to the theoretical
maximum for complete evaporation on the surface)
increased by increasing the approach velocity of the
droplet. This behavior has been taken as an indi-
cation of the relationship between the heat transfer
process and the droplet deformation behavior dur-
ing impact [6]. It is generally agreed that the We-
ber number (We,s = pgu?.dq/o) associated to the
normal collision velocity, characterizes the impact
or deformation mode of the drops [6], [7]. Also,
the angle of the droplet trajectory with respect to
the hot surface has been found to affect the Leiden-
frost temperature [8]. According to the investigators
[8], small impinging angles (< 45 °) reduce the Lei-
denfrost temperature because the large tangential
velocity decreases the chance of physical contact be-
tween the drop and the surface and in this condition,
the gas boundary layer is likely to be important.
Bernardin et al. [9] reported that the We,4 has a
strong influence on the spreading characteristics and
integrity of droplets. In the film boiling regime and
at low impact Weber numbers (We,s <20) the au-
thors found that the surface tension force preserves
the integrity of the drop, which rebounds complete
after impact. But, as the We,; becomes larger the
spread time of the drops diminishes and the insta-
bilities responsible for their break-up augment. This
behavior was observed in all boiling regimes, i.e.,
film boiling, transition boiling and nucleation boil-
ing. A recent study investigated the effect of the
heat transfer mechanism on the secondary atom-
ization of millimetric water droplets, impacting on
a surface at different velocities [10]. It was found
that a larger kinetic energy at impingement caused a
larger spreading of the liquid lamella which resulted
in smaller thicknesses and eventually in finer sec-
ondary droplets once the lamella ruptured. Another
observation widely reported [10] was the formation
of a central jet whose height increased as the impact
velocity became larger.

The effect of droplet parameters in multi-drop
systems (sprays) on the impaction and heat transfer
phenomena has been investigated in several works
[11]-[19]. Schmidt and Boye [11] employed a phase
Doppler anemometer (PDA) for measuring the size
and velocity of drops generated by flat and full-cone
hydraulic nozzles, operating between 200 and 600
kPa and producing small water impact densities,
0.30-1.7 L/m?s. Although, according to the authors,
ten different nozzles were characterized, the effect
of the nozzle type on the spray characteristics was
not described. In experiments performed in the film
boiling regime, at temperatures between 300-600 °C
and at constant water impact flux, the heat transfer



coeflicient showed a significant increase with the in-
crease in droplet velocity in the range of 3.8 to 6.7
m/s. In contrast, the droplet size had little or no
effect on the heat transfer coefficient in the range
investigated, 30 < d3p < 110 gm. A study involving
internal mixer air-blast atomizers reported volume
mean diameters, dgg, and mean velocities, ug,, in
the range of 5 to 18 um and 5 to 31 m/s, respectively,
as function of radial position, for W=0.0019 L /s and
200 < pa, kPa < 500 [12]. Also, through measure-
ments with a specially designed device (patternator)
it was found that not all the water sprayed reached
the collector surface. The amount of wasted water
went from 19 to 40 % as the air pressure increased
while the heat transfer measurements reported an
increase in the boiling heat transfer coefficient with
pressure. Although the heat fluxes and heat transfer
coefficients during spray cooling have been usually
expressed in terms of the water impact flux, w, the
effect of the air pressure, by its concomitant effect
on the spray characteristics, has been considered in
different forms [3], [13], [14]. These have included
the replacement of w by the kinetic energy [13], or
by a set of independent parameters such as volume
mean droplet size, volume mean droplet velocity and
droplet number density [14] or by the inclusion of the
air nozzle pressure, p,, in the correlations written in
terms of w [3].

Mathematical-modeling studies have also been
carried out to predict the velocity and trajectory
of drops in spray and mist jets [15]-[19]. Hatta et
al. [15]-[16] developed a two-dimensional (2-D) tran-
sient Eulerian-Lagrangian model to describe the mo-
tion of air and drops in a nozzle chamber and to
calculate their velocities at the nozzle exit. Then,
through a perturbation of these non-equilibrium ve-
locities, they simulated the two-phase flow in the
free and the impingement regions of the spray. The
works considered only particles of 1 and 10 um, and
found that the smaller particles were more suscepti-
ble to follow the gas-flow pattern, concentrating in
the jet boundary and remaining closer to the solid
surface after impingement. Issa and Yao [17] also de-
veloped a CFD model to calculate the in-flight mo-
tion of droplets and air over a short distance between
the nozzle exit and an impingement plane. The au-
thors assumed a distribution of particles with an av-
erage size of 40 pm, and simulated their rebounding
from the surface considering empirical information
on the normal coefficient of restitution as a function
of the impinging We,s. The tangential coefficient of
restitution was taken equal to one. The calculations
predicted that the larger particles rebounded farther
away from the surface, keeping enough of their mo-

mentum to later impinge back on it. Since the cal-
culations assumed that the droplets did not break
during impingement, they were intended to simulate
conditions with We,; < 80, this critical value for the
break-up of the primary droplets is larger than that
indicated in another study [9]. The equation of mo-
tion for drops projected horizontally in quiescent air
was solved for drops in the range 100 to 1000 pm
and velocities of 20 and 50 m/s, finding out that the
drops smaller than 100 um would experience large
deflections due to gravity, and would never reach a
plane beyond 0.25 m [18].

In a recent study [19] the authors presented a
numerical analysis of the fluid flow of air-mist jets,
under conditions relevant to secondary cooling of
continuously cast thin steel slabs. In the present
work, new information on the droplet size and veloc-
ity distributions have been obtained through a state
of the art PDIA system. As it is seen in the article,
the appropriate configuration of the system allowed
acquiring statistically meaningful samples of sharp
drop images at short focal distances, in sprays and
air-mists generated under conditions of practical in-
terest. The drop size distribution measurements al-
lowed improvements on the inputs to the CFD model
and the measured velocity distributions permitted a
more critical assessment of its validity. Empirical ex-
pressions for droplet size distribution were obtained
for mists produced by different fan-nozzles operating
over a wide range of conditions. The mathematical
model is able to predict the drop velocity distribu-
tion, water impact density and mist impact pressure,
without the use of any adjustable parameters.

Experimental Work
Experimental Setup, Conditions and Procedures
Figures 1(a) through (c) show the PDIA sys-
tem, the patternator and the pressure mapping sys-
tem used for measuring the droplet size and ve-
locity distributions, water impact flux distributions
and impact pressure distributions, respectively. Two
fan type air-mist nozzles were used in the experi-
ments, a Casterjet 1/2-6.5-90 and a Casterjet 1/2-5-
60 (Spraying Systems Co., Chicago, IL). The first
nozzle delivers a mist jet with a main expansion
semi-angle a= 45° and typically operates at a set-
back distance zs= 0.175 m from the impingement
surface. For the second nozzle, these parameters are
30° and 0.199 m, respectively. The relationships be-
tween the air and water flow rates for different nozzle
pressures of these fluids are displayed in the operat-
ing diagrams shown in Figs. 2(a)-2(b). From these
figures it is seen that there are considerable differ-
ences in the operating conditions of the two nozzles.
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Figure 1. Schematics of: (a) PDIA and fluids de-
livery system, (b) patternator and (c) pressure map-
ping grid. The lengths are in millimeters.

The triangles drawn in the diagrams indicate the
conditions for which measurements were done, and
the dashed lines represent the locus of conditions at
which the ratio A/W=10, to the right of these lines
the ratio becomes smaller. As seen in Figure 1(a),
the supply lines for the fluids were instrumented
with valves and digital manometers and flowmeters,
which signals were logged in a computer. The air
line included an automatic flow controller to mini-
mize variations caused by the compressor. The wa-
ter flow rates and pressures deviated from the de-
sired value by less than +2 %. The properties of
the fluids and the parameters of the nozzle used are
given in Table 1.

Drop Size and Velocity Measurement

As it is shown in Figure 1(a) and in the pho-
tographs of Figs. 3(a)-3(b) the size, dg4, and veloc-
ity, u, of individual droplets were determined us-
ing a Particle/Drop Image Analyzer system (Ox-
ford Lasers, VisiSizer N60V, Oxford Lasers Ltd.,
Didcot, United Kingdom). The system acquires
and analyzes shadow images of droplets moving
through small probe volumes. It employs a dual
head Nd:YAG laser that sends light pulses (15mJ
at 532 nm) through a fluorescent diffuser that il-
luminates the region of interest from behind, while
shadow images of the subjects are taken with a high
resolution (4 Mpixels, 15 Hz) digital camera. The
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Figure 2. Operating diagrams of the air-mist noz-
zles studied: (a) CJ-1/2-5-60 and (b) CJ-1/2-6.5-90.
The triangles indicate the conditions investigated.

Properties of fluids
pd; O 998; 7.28x10~2
0 1 1.02; 1.8x107°
Nozzle parameters
CJ-1/2-6.5-90 CJ 1/2-5-60
e 0.01 0.00825
Ly 0.00325 0.00235
L 0.00585 0.0050
Zs 0.175 0.199
Zme 0.25 0.020
a; 0 45; 10 30; 9

Table 1. Flow conditions, fluid properties and noz-
zle parameters (these are explained in Figure 4(a)).

particle size range and the velocity limit, for the
smallest droplet, that are detected by the system are
3.5 t0 5670 pum and 185 m/s for 3.5 um, respectively.
In this study, the lens configuration was selected to
optimize the resolution of drops in the range of 5-
366 pm, using field of views of 2.561x2.561 mm? and
5.245x5.245 mm?, with a depth of focus of ~ 0.49
mm. These probe volumes are schematically repre-
sented by the regions A-G shown in Fig. 1(a), and



Figure 3. Photographs of drops in a probe region:
(a) single image, exposure time 4 ns and (b) pair
of images in a succession separated by 1.7 us. The
nozzle axis direction, z, appears tilted because of the
arrangement designed to minimize water drop depo-
sition on the diffuser and camera, under the very
short focal lengths used.

were located over the major symmetry plane of the
mist jet at the designated z, distance. In double
pulse mode, i.e., for simultaneous measurement of
size and velocity, the laser and camera were trig-
gered so that consecutive short pulses (lasting 4 ns)
separated by a selectable time interval (1.7 us in this
study) froze the motion of the subject during each

frame capture; Fig. 3(a) shows a single frame and
Fig. 3(b) shows the superposition of two consecu-
tive frames. In the investigation the system was set
to analyze in real time 1000 frame-pairs to build-
up particle size distribution, velocity distribution,
size-velocity correlation and several statistics, e.g.,
di0, d3o, d32 and ug,, among others. To enhance the
analysis, a series of criteria were defined for back-
ground normalization and image thresholding, i.e.,
to distinguish between the particle shadows and the
illuminated background and for restricting the parti-
cles analyzed only to those that met certain accept-
ability criteria. In regard to the determination of
size, the criteria for particle consideration had to be
based on focal distance, depth of field, back-ground
intensity, contact with the borders of the field of
view and multiple shadow repetition at the same po-
sition. For the determination of velocity, the particle
pairs were discriminated by direction, maximum an-
gle deviation and maximum separation, maximum
area ratio and maximum halo ratio. The procedures
for the definition of the criteria for particle and par-
ticle pair consideration are given elsewhere [20]. The
number of frames captured provided samples in ex-
cess to 5500 drops which is required for obtaining
statistical confidence limits of 95 % [21]. The cali-
bration (i.e., the um/pixel) provided for the camera,
lens and magnification used were validated measur-
ing standard circles in a reticule and standard line
spacings in a grating, and the agreement was better
than 0.5 %.

Water Impact Flux and Air-mist Impact Pressure
Measurement

The local water impact flux, w, was measured
with the patternator shown in Fig. 1(b), orient-
ing the nozzle axis horizontally and pointing to the
center of a selected collector cell; each collector was
connected to a bottle. The setback distance of the
nozzle relative to the patternator corresponded to
the nominal z; value specified for each nozzle type,
as was given previously. While setting the desired
water- and air-flow rates during the test the pat-
ternator was shielded by a screen, and once the flow
stabilized, the screen was removed to initiate the wa-
ter capture for a sufficiently long time ¢t. The local
water impact flux was calculated as:

v
= 1
v (A, cosa’ cost' )t (1)

where V is the volume of water collected, A, is the
geometric area of the collector cells and o and 0 are
the angles between the nozzle axis and lines joining
the center of the nozzle orifice to the center of the



collectors aligned along the axis perpendicular to the
nozzle axis.

The pressure exerted by a mist upon a solid sur-
face was measured using dynamic electronic pres-
sure sensors (Tactilus, Sensor Products LLC, Madi-
son, NJ) arranged in a 9x8 matrix, as shown in Fig
1(c). The matrix of sensors was wrapped with a la-
tex bag and was calibrated by applying known pres-
sures. The mist pressure was sampled at a rate of
10 s~! and time averaged values were obtained over
a 1 min period.

Mathematical
Scheme
System Considered and Assumptions

Model and Computational

The modeling of air-mists considered the mo-
tion, under room temperature conditions, of a two-
phase free-jet issuing from a pneumatic nozzle, as it
is schematically shown in Figure 4(a). The air phase
was treated as continuous in an Eulerian frame of
reference and the water droplets were regarded as
discreet and randomly dispersed in the continuous
phase, and were considered in a Lagrangian frame
of observation. Because the visualization of the jets
and the measurements of their impact footprints in-
dicated double symmetry over the x — z and y — 2
planes shown in Fig. 4(a), the computational do-
main included just one quarter of the physical do-
main. Also, since stable air- and water-flow rates
were considered it was assumed that on a time av-
erage basis, the flow characteristics of the two-phase
jets could be simulated as in steady-state conditions.

In the model, it was assumed that the wa-
ter stream splattering on the deflector surface was
sheared by the air and became atomized, forming
drops with the same size distribution as that mea-
sured outside the nozzle, i.e., it was assumed that
the droplets did not break or coalesce after forma-
tion. This statement seems reasonable since drop
interaction must be small due to the reduced vol-
ume fraction occupied by the drops, even within the
mixing chamber of the nozzle (<0.08). Also, it was
considered that after the drops originated they were
transported by aerodynamic drag from the deflec-
tor surface to the nozzle exit, i.e., it was assumed
that the drops started from a zero axial velocity and
reached a certain velocity at the nozzle exit.

Governing Equations

Under the considerations just described, the
governing equations for the air mist flow can be writ-
ten as,

Mixing
chamber

Water
y velocity
J A1r Veloc1ty profile
1\
Water ﬂux ‘

distribution y

Figure 4. Schematics of: (a) system considered
and computational domain, (b) air-velocity profiles,
and (c) water-velocity profiles and flux distribution
assumed at the nozzle orifice.

Continuity equation:

aU;
= 2
oz, 0 (2)
Navier-Stokes equations:
8Uj - 8]?
Vige = o,
n i (4 + 12) oU; n oU;
O0x; o Ox;  Ox;
+.5; (3)

where S; is a source term expressing that the mo-
mentum transferred between the air and the drops
in a given cell of the fixed Eulerian grid is equal to
change in the momentum of all the drops, 7, passing
through the cell over the Lagrangian time step [23],
and is given as:

i =

Dy ul(d®)3 — nun dn 3 4
6pvceu n (Pd 2 ) paui (dg) ) (4)
The turbulence of the air was treated by the k — ¢
model for low Reynolds flows of Lam-Bremhorst
modified by Yap [23], and which is given by the fol-
lowing equations:
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where the turbulent dynamic viscosity is defined as
follows:

k‘2
te = pfuCa— (7)

The values of the constants oy, 0., ¢y, co and Cy and
the expressions for the functions f; and f; appearing
in (5)-(7) are listed in Table 2.

The equation of motion for individual drops ac-
counted for the effects of the aerodynamic drag and
gravity, and thus it was expressed as follows:

dt - 4CD ,Oddd |Uz u1| (Uz uz)
p
+1-Lyg
( pd)g

(8)

The drag coefficient Cp was assumed to vary with
the particle Reynolds number, Re4, according to the
expressions given in Table 2. The trajectory of the
drops was computed from the change with time of
the components of the position-vectors, as follows:

dmi
pralall (9)

Boundary and Initial Conditions

In the case of a free, non-impinging air-mist jet,
the turbulent equations of motion for the air phase,
(2), (3), (5) and (6), were solved by applying the
following conditions at the boundaries displayed in
Figure 4(a):

- Ambient conditions at the boundaries ABCD,
A’B’C’D’, ABB’A’ and BCC'B’, specified as follows:

P=Pyu; k=e=0 (10)

To approach these conditions, the computational
boundaries were located far away from the jet, as
it is schematically illustrated in the figure.

- Symmetry conditions at the boundaries
ADD’A’, DCC’D’, given as:
aU; ok

_OU_ Ok 9 (11)

j_ﬁmj_éixj 6l‘j

where j represents the index for the coordinate nor-
mal to the respective symmetry plane.

To examine a free jet impinging on a solid sur-
face located at z = z4, the boundary A’B’C’D’ was
placed at this position, and non-penetration and
non-slip conditions were specified as follows:

U=k=c=0 (12)

Similar conditions were specified at the external wall
of the nozzle.

The nozzle orifice corresponded to an internal
boundary where air velocity profiles such as those
shown in Figure 4(b) were prescribed. Along the z-
direction, the velocity profile was uniform over the
flat hollow portion of the flanged orifice having a
length l;, as indicated in Fig. 4(b), in the rest of
the orifice they decreased to zero varying in angle
from 0 deg to a deg at the edge; this distribution
was held constant throughout the whole thickness
direction of the orifice. The velocity profile was sug-
gested by the geometry of the flanged orifice and is
supported by the results presented in a later section.
The mathematical expressions for the air velocity
profiles at the orifice are given in Table 2, together
with the expressions used to evaluate k and ¢ at this
boundary.

To assign initial conditions for droplet motion to
be used in (8) and (9), a first step was to design a way
to distribute drops of different size over the nozzle
orifice. To do this, the nozzle orifice was simulated
as a grid of ports, k, releasing drops with the volume,
va(= 1/6md3), and frequency, 7j4, needed to satisfy
the water-flow rate, W, as follows:

Np,t
W = Zﬁd,ka,k (13)

k=1
Furthermore, this water flow was assumed to be
distributed according to an obelisk-shaped distri-
bution [3] as that shown in Figure 4(c). Since
the PDIA technique resolved drops over the whole
size range, the number of ports assigned to each
drop size category d; was prescribed according to
the volume frequency histogram, corresponding
to the particular nozzle and operating conditions
considered. The drop size assigned to each port was



Constants and functions involved in the turbulence model
Ci=1.44; C3=1.92 ; C4=0.09 ; 0p,=1.0 ; 0.=1.3
fu=(1-exp(-0.0165Re,))? ( 1+ %)éf ) ; fi=l + (0];25 )35 fa=1 - exp(-Re?)
where
ReZ/:\/EZ/ ; Ret:l’f—z
Drag coefficient expressions
Stokes law region, Reg<2 Cp=24/Rey
Intermediate region, 2 < Rey < 500 Cp=10/v/Req
Newton’s law region, 500 < Rey < 2x10° Cp=0.44
where
Red:dd\Ui*uH
Boundary conditions at the nozzle exit
Air Water
0<z<l, Upo=0,uyo=0,U0="Usmax Ug,o = Uzt sin(az/ly)
Ug,o = Usz,o tANA, Uy o =0 Uy,o = Uz, Sin(0y/ly)
l; <z <ly Uz = Uzmar(le —2)/(le — l;c> Uz,0 = [“E,t - U’?v,o - ui,o]l/2
g = a(r — l;)/(lm - l;c>
eaman = (A" + W) /20, (1 + L)]
0<a<l, ko=001u7,, ;60 = 2k° (L +1,)/(4l:1,)

*A is computed at the local conditions, 25 °C and 86 kPa.

Table 2. Auxiliary equations.

chosen stochastically through a random number gen-

erator' 100||||]||||||||l||||||||
The initial conditions then used in (8) and (9) z i o _ ) T
were assigned to each port of the nozzle orifice, such 2 80 p-superficial velocity of air at 250 kPa-
that at ¢t = 0: g\; i
= . 60
= < L
U= Uy and T =1, (14) g = 20 L d
As mentioned in the beginning of the section, the = - -
initial velocity, w,, of the drops was prescribed E 20 Pa-kPa W,L/s A, NL/s|]
according to the velocity reached by the drops L —0— 250 0.5 695 |J
when accelerated by the air stream from rest, from T O S B
the deflection plate to the nozzle exit. For all the 0 100 200 300 400

drop sizes considered, the numerical solution of the
equation of motion, using Euler’s method, predicted
that the drops reached their terminal velocity before

Drop diameter dgj, um

reaching the nozzle orifice, thus u,, = u,;. The
variation of the terminal velocity with particle size
is given in Fig. 5 for a particular set of conditions.
As suggested by the observed drop trajectories [19],
according to the position assigned to the drop the
angle of the velocity varied from 0 deg to « deg
in the x—direction and from 0 deg to 6 deg in the
y—direction. A schematic representation of the ve—
locity vectors of the drops is displayed in Fig. 4(c)

Figure 5. Terminal drop velocities as a function of
size calculated for superficial air velocities based on
the effective cross sectional area of the orifice of a
CJ-1/2-6.5-90 nozzle and the given conditions.

and the expressions for the u;, and u,, velocity
components are given in Table 2.



Solution Procedure

The Eulerian and Lagrangian equations of the
model were solved using the control volume method
and the particle tracking facility implemented in
Phoenics. The meshes used had 130x25x105 and
128x25x99 control volumes for the impacting and
non-impacting problems and the number of ports
was 12x100. The convergence criterion specified a
total residual for all the dependent variables < 1073,

Results and Discussions
Droplet Size and Velocity Characterization

The PDIA technique used in this work is a mul-
tiple droplet counting technique that samples the
drops occupying instantaneously a given volume, as
it is shown in Figs. 3(a)-3(b), and in that sense is a
spatial technique. However, since the size and veloc-
ity of the drops present in the volume are determined
simultaneously, liquid flux distributions can also be
estimated.

As indicated in the measurement subsection, the
size and velocity measurements were done at regions
A through G shown in Figure 1(a). Figure 6(a)
through 6(c) show the results of number frequency
and volume frequency of droplet size, together with
the cumulative distributions and the velocity his-
togram obtained over all the probe volumes A-G,
for a Casterjet 1/2-6.5-90 nozzle operating under
the given conditions. Comparing in Figs. 6(a) and
6(b), the frequency and cumulative histograms for
the number and volume of the drops corresponding
to the measured sizes, it is evident that the smaller
size droplets (< 50 um) constitute a very large pro-
portion, 96.9 %, of the total number of drops. How-
ever, these drops account for a relatively small pro-
portion of the total volume (25.6 %).The volume his-
tograms such as that shown in Fig. 6(a) revealed rel-
atively isolated droplets with large sizes contributing
a significant amount of volume to the sample. These
events illustrated the need to carefully ensure that
adequate samples were obtained. By increasing the
number of frames taken, the likelihood of observing
these infrequent droplets increased. ASTM guide-
lines [24] state that the largest drop size reported
should make up less than 1 % of the volume of the
spray flux, as reported in Figs. 6(a)-6(b).

The distribution of the magnitude of the veloc-
ity for regions A through G is displayed in Fig. 6(c),
where it is seen that the velocities span a wide range.
The number frequency distributions of the measured
droplet velocities resemble closely normal distribu-
tions. The correlation between the magnitude of
the velocity and the droplet diameter, shown in Fig.
7, indicated that the smaller droplets had velocities

that varied over a wider range than the larger ones,
possibly because of the larger effect that the air flow
has on them.
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Figure 6. Measured: (a) number and volume fre-
quency distributions of the diameter of droplets,
(b) cumulative number and volume distributions of
droplet diameters and (¢) number frequency dis-
tribution of the velocity of drops. The results
lump the measurements in all probe regions A-G,
obtained with a CJ-1/2-6.5-90 nozzle operating at
W =0.5L/s and p, = 320 kPa.

Characterization of Droplet Size Distribution

The experimental data for a Casterjet 1/2-6.5-90
nozzle operating under the conditions corresponding
to the triangles drawn in Fig. 2(b) were analyzed



to determine the droplet size distribution functions
representing best the number and volume spectra of
the diameter data. Various functions were tested by
comparing statistical parameters estimated from the
correlations, for the conditions shown in Fig. 2(a),
with the corresponding parameters calculated from
the distributions measured for a Casterjet 1/2-5-60
nozzle.
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Figure 7. Measured correlation between drop ve-
locity and diameter obtained over the probe re-
gions A-G, with a CJ-1/2-6.5-90 nozzle operating
at W = 0.5L/s and p, = 320 kPa.

The experimental data was fitted to the func-
tions commonly applied [25]-[26] for the charac-
terization of the droplet size distribution in liquid
sprays, namely: Log-Normal (LN), Rosin-Rammler
(RR), Modified Rosin-Rammler (MRR), Nukiyama-
Tanasawa (NT) and Upper-Limit (UL) distribu-
tions. All these functions with the exception of the
upper limit have the advantage of including only two
parameters: a representative size parameter, and a
dispersion parameter. The UL distribution uses ad-
ditionally the maximum droplet size as a parame-
ter. Figures 8(a) and 8(b) compare the experimental
number size and volume size distributions, respec-
tively, with the calculated distribution functions for
the particular set of conditions given with the fig-
ures. From them it is appreciated that the LN func-
tion gives the best fitting for the measured number
distribution and that the NT function does this for
the volume frequency distribution. Figure 8(c) re-
sumes the error differences between the calculated
and experimental cumulative number and cumula-
tive volume frequencies, obtained under the different
conditions studied. From the figures it is seen that
the error is low, below 10 %. The equations for the
LN and NT function distributions are given as:
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Figure 8. Comparison between measured and fit-
ted: (a)-(b) number and volume frequency distri-
butions of droplet diameter, respectively, for a CJ-
1/2-6.5-90 nozzle operating at W = 0.58 L/s and
Pa = 279 kPa. (c) Error differences between fitted
and calculated cumulative number and volume fre-
quencies for all the conditions studied appearing in
Figure 2(b).



The size parameters, dg, 4 and a, and the disper-
sion parameters, o, and §, appearing in distributions
functions (15) and (16) were correlated to the water-
and air-nozzle pressures, p,, and p,, according to the
following equation:

Yy = ao+bpw + Cpa +dp%u +€P3 +fpwpa

+9p3, + hpd + ipwp? + jpipa (17)

The values of the coefficients are given in Table
3, together with the correlation coefficients of the
equations, which it is seen to be > 0.98. Equations
(15) through (17) were used to evaluate the diam-
eters dyg,dao,d3o and dsze for a Casterjet 1/2-5-60
nozzle, operated under the conditions marked
by the triangles in Figure 2(a). The comparison
between the measured and estimated values of these
statistical quantities is shown in Table 4, in terms
of percentage differences. It is seen that in gen-
eral the percentage differences between measured
and calculated diameters are smaller than 30 %.
This agreement seems quite reasonable since the
characteristic diameters dsp and dss are strongly
influenced by the droplet diameter, particularly of
the larger drops.

Influence of Air-nozzle Pressure on Droplet Size and
Velocity

Figures 9(a) and 9(b) show the number fre-
quency distributions of droplet sizes and droplet ve-
locities for three air nozzle pressures, the histograms
group together the data for regions A through G.
From Figure 9(a) it is seen that as the air pressure
increases, the relative fraction of the smaller size
range of droplets in the mist increases at the ex-
pense of larger size ranges. However, the maximum
droplet diameters remain unaltered by the increase
in pressure, within the range studied. The geometric
standard deviations, o4, of L-N drop size distribu-
tions at p, of 205, 279 and 340 kPa were 1.91, 1.82,
1.81, respectively, this shows that increasing the air
pressure does not modify appreciably the width of
the size distribution. In contrast to the distribution
of droplet size the distributions of droplet velocities
shown in Fig. 9(b) display considerable displace-
ments of the distributions towards larger velocities
as p, increases, within the range considered. In the
case of the distributions of droplet velocities, it is
noteworthy that, the fraction of the smaller droplet
velocities decrease considerably and large velocities
become more frequent as the air pressure increases.
The standard deviations of the droplet velocities at
po of 205, 279 and 340 kPa were 5.1, 6,9 and 8.7,
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Table 3. Values of the coefficients appearing in
Equation (17).

Log-Normal

Y =20y Yy = dd,ng
o 3.391x10° 4.155x10°
b 5.414x10~4 | -1.100x1073
c | -1.772x10~2 1.747x10~1
d 2.391x10~7 | 6.303x10¢
e 6.793x107° | -7.194x107*
f | -4.612x107% | -1.984x107°
g | 4.675x10~' | -1.010x107?
h | -8.912x10~8 8.908x10~"
i 1.314x108 3.936x10~8
j | -1.811x107% | -1.167x10~%
r? 0.99 1.00

Nukiyama-Tanasawa

y=a y=29
a, | -1.319x107 3.244 x10°
b 6.747x1073 | 6.506 x10~*
c 1.641x10° | -3.641 x10~2
d 5.398x107° | -4.775 x10~7
e | -6.260x1073 | 1.444 x10~*
f | -1.349x10~* | -3.635 x10~
g | -2.067x10~% | 6.783 x10~ 1!
h 7.704x107% | -1.846 x10~7
i 5.560x10~7 | 1.805 x10~9
j | -7.494x107% | 1.702 x10~?
r2 0.98 0.98

Pw, Pa,
kPa kPa %edlo %edgo %ed30 %ed32
150 | 205 1.7 -0.4 20.0 66.2
165 | 257 6.1 3.6 22.8 33.9
185 | 320 8.2 6.2 47.7 20.2
575 | 205 5.6 0.8 129 | -25.3
615 | 257 3.1 -1.0 20.1 31.6
655 | 320 4.2 0.6 35.9 36.2
985 | 205 -54 | -143 | -11.1 -44.9
1015 | 257 -4.4 | -12.7 -0.9 593.5
1060 | 320 -0.4 -6.7 13.4 -3.3

Table 4. Percentage errors between fitted and mea-
sured statistical parameters of droplet diameter, for
mists produced by a CJ-1/2-5-60 nozzle operating
under different water- and air-nozzle pressures.

respectively, indicating that the velocity spectrum
broadens as the pressure increases.

Figure 10(a) shows the numerical mean diam-
eter, dyg, the volume mean diameter, d3p, and the
Sauter mean diameter, dss obtained at air nozzle
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Figure 9. Comparisons of measured number fre-
quency distributions of: (a) droplet diameters and
(b) drop velocities at different air-nozzle pressures.
The distributions lump the data obtained for re-
gions A-G with a CJ-1/2-6.5-90 nozzle operating at
W =0.58 L/s.

pressures of 205, 279 and 340 kPa. The three size
parameters decrease with the increase in pressure,
particularly the Sauter mean diameter, which repre-
sents the size of a droplet that has the same ratio
of surface area to volume as that of the entire spray.
Figure 10(b) presents the variation of the arithmetic
mean velocity, u.,, and the volume weighted mean
velocity, u,, with pressure, in the range investigated.
From the figure, it is seen how rapidly the values of
these quantities increase with the air nozzle pres-
sure. The velocity u, stands for the velocity that
the total volume of liquid should have to own the
total momentum of the droplets in the entire spray,
passing through the measuring plane.

The variation of the Sauter mean diameter with
position is shown in Fig. 11 for different air pres-
sures. The results indicate that the finer drops tend
to be located in the inner region of the mist jet and
that the larger ones move around the periphery. The
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rotational motion of the drops while traveling in the
mixing chamber must tend to segregate the largest
drops to the periphery and hence they should exit
close to the edges of the orifice. In agreement with

100 | L LI L L L L L L |
et ]
B 80 d;, -
5 1
2 60 - -
st -
T 40t %0\0 .
B L _
S d

[\
(e}
T

—_
&
-
o

40 -
E L 4
= 30 | .
5 L |
2
S 20 - _
g - -
§ 10 O Uyy| A
L auy |
(b) 0 T T I I T T T T Y Y I T N |
200 230 260 290 320 350

Air nozzle pressure p, , kPa

Figure 10. Measured: (a) mean diameters vari-
ation and (b) mean velocities variations with air-
nozzle pressure. The data from all probe regions
A-G were used for the averages and correspond to a
CJ-1/2-6.5-90 nozzle operating at W = 0.58 L/s.
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Figure 11. Measured variation of Sauter mean di-
ameter with position, for different nozzle operating
conditions. The data correspond to a CJ-1/2-6.5-90
nozzle operating at W = 0.58 L/s.



the droplet size distribution the figure shows that
as the air pressure increases, the profile of Sauter
mean diameters display smaller values. However,
the diameters of the larger droplets at the periphery
of the jet seem to be a little affected by the pressure.

Computational Results

The computed and measured x— and z— ve-
locity components of drops moving through the
probe volumes, A through G, located at a distance
25=0.175 m from the orifice of a Casterjet 1/2-6.5-90
nozzle are shown in Fig. 12, for a particular set of
operating conditions. The agreement of the compu-
tational results with the measurements is quite good.
The dispersion of both types of results arises from
the randomness with which drops of different size
may leave from diverse orifice sites and from the dis-
tinctive interaction that the drops would have with
air, depending on their size and relative velocity. As
indicated by the lines in the figure, the average dro-
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Figure 12. Comparison between experimental

and computed: (a) x—velocity components and (b)
z—velocity components of drops, as a function of
the z—position. The results correspond to a CJ-
1/2-6.5-90 nozzle operating at W = 0.58 L/s and
Pa = 279kPa.
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plet velocities obtained from the experimental and
computational data are very similar, despite that
the computational sample considers that all particles
emerge only from 1200 ports and thus results only in
this number of trajectories. This suggests that the
model accounts for the main features of the actual
system.

Figure 13 shows the profiles of the z-velocity
components of the air and droplet phases, computed
across the major-symmetry plane of the jet for a dis-
tance z,=0.175 m. The figure indicates that inside
the core of the air-mist jets, the continuous and dis-
crete phases move at similar velocities, so that their
relative velocity is small, and thus, in general the
drops can maintain a relatively high velocity up to
the plane located at z,=0.175 m. In the periphery
of the jet, the velocity of the air-phase falls rapidly
and the drops follow this tendency, although as ex-
pected due to their inertia, their velocity declines
more slowly. The correlation between droplet veloc-
ity and droplet size is presented in Figure 14. The
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Figure 13. Computed profiles of the air and
drop velocity components in the (a) z— and (b)
z—directions. The results correspond to a CJ-1/2-
6.5-90 nozzle operating at W = 0.58 L/s and p,
279 kPa.



experimental measurements, presented in the figure,
show that drops with the same size exhibit a wide
range of velocities and this behavior is also reflected
by the model results. In the model, droplets with a
single size left the nozzle from different sites but with
a prescribed single velocity, hence, the variation in
droplet velocity for a single droplet size arises mainly
from the interaction that the droplets have with the
local motion of the air-phase during their flight.
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Figure 14. Comparison between computed and
measured drop velocity-droplet diameter correla-
tions. The results lump the data of regions A-G
and correspond to a CJ-1/2-6.5-90 nozzle operating
at W = 0.58 L/s and p, = 279 kPa.

The flux of impacting water, which is an impor-
tant overall property of sprays in spray cooling was
evaluated from the parameters associated with the
collective trajectories of droplets impinging on small
area elements, A(x,y), of the impact plane, accord-
ing to the following expression:

1 nL
W= —7—% Nd,kVd,k
Az, y) kz::l

where k,nq 1, and vq, ), represent trajectories, number
flow rate and volume of individual droplets. An ex-
ample of the computed and measured water impact
flux maps is reported in Fig. 15, for a specific set
of conditions. The agreement between both sets of
results is excellent. Comparing the assumed water
flux distribution at the nozzle orifice, shown in Fig.
4(c), with the water flow footprint at z = z, is
apparent that the typical dog-bone-shape displayed
by the last one must arise from the interaction of
the droplets with the air, that deviate the drops
from straight trajectories. As seen in the Figure 15

(18)
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the water impact fluxes of interest to continuous
casting are much higher than those that have been
typically studied before in connection with spray

cooling [11], [12], [17].
=
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Figure 15. Measured and computed water impact
flux contours for a CJ-1/2-6.5-90 nozzle operating at
W =0.5L/s and p, = 257 kPa.

Similarly to w, the droplet number flux, N, is
calculated based on the properties of the trajecto-
ries of droplets falling upon area elements A(x,y),
the water flow rate, @), and droplet diameter, dg 1,
according to the following expression:

n

1 Qrk
A,y ,; 1/6(da,r)?

(19)

A contour plot of the droplet number flux for a spe-
cific set of conditions is shown in Fig. 16, the values
appearing in the contours correspond to the loga-
rithm of the quantity. According to these model
results the water number flux varies from the center
to the edges of the footprint from 10* drops/mm?ms
to 1 drop/mm?ms.

For a more extensive validation of the CFD
model, the measured impact-pressure fields, ob-
tained with the pressure mapping system, can be
compared with values calculated according to the
following formula, which again involves quantities
related to the characteristics of the droplet trajecto-
ries in the mist:

Pzs (I, y) = Z Nd,kVd,kUzs k+PA(x,y) (20)

2A(ac Y)

where 1, 1 is the velocity of individual drops reach-
ing the impact plane at z = z; while moving along
a trajectory k and Py, is the pressure applied by
the air-phase on the surface element centered around
a node with coordinates = — y. The experimental
and computed pressure maps are shown in Fig. 17,



where it can be seen that the agreement between
both maps is again quite good.
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Figure 16. Computed droplet number flux contours
for a CJ-1/2-6.5-90 nozzle operating at W = 0.5 L/s
and p, = 257 kPa.
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Figure 17. Measured and computed mist impact
pressure contours for a CJ-1/2-6.5-90 nozzle operat-
ing at W =0.5 L/s and p, = 320 kPa.

Summary and Conclusions

A comprehensive experimental study, involving
measurements of droplet size, droplet velocity,
droplet trajectory, velocity-size correlation, water
impact flux and water impact pressure, was carried
on air-mist jets generated under conditions of inter-
est in the secondary cooling system of continuous
casting machines for the production of thin steel
slabs.  The droplet size measurements allowed
characterizing the number and volume distributions
found in air-mist fan nozzles and thus provided the
vital information needed to simulate the dynamics
of air-mist jets. An Eulerian-Lagrangian model
coupling the turbulent Navier-Stokes equations
and the equation of motion for the discrete-phase -
consisting of multi-size drops, exiting a nozzle at dif-
ferent velocities from stochastically chosen positions
- was developed. The CFD model rendered very
good estimates of the dynamics of fan air-mists.
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The direct information obtained about the effect
of air-nozzle pressure on droplet size and droplet
velocity is helping us to elucidate the causes behind
the observed intensification of spray cooling under
these conditions, and finally optimize the operation
of secondary cooling systems. This work is part
of a research program on the behavior of air-mists
employed in continuous casting, which involves
studies at low and high temperature conditions.
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Nomenclature

a Size parameter from Nukiya-
ma-Tanasawa distribution,
Eq. (16)

ap,b,c,d, e

fr9,h,i,5  Coeflicients of the regre-
ssion function given by
Eq. (17).

A air flow rate at normal condi-
tions (i.e.,0 °C, 101.3 kPa)
(NL/s), or ambient condi-
tions (25 °C, 86 kPa), L/s

Az, y) local area in impact plane
centered around coordinates,
T,y

A, cross section area of collec-
tor cells in patternator, m?

c1,c2,Cq constants in the turbulence
model

Chb drag coefficient

dg drop diameter, m

da.ng Size parameter in Log-Normal
distribution, Eq. (15)

dpq diameter moments,
= (X, &) Y, d) e
(p7C1):(170)7(2=O)7(370)7(273)7 m

Yoedpq Error difference of diameter
moments
= (dpg,eap — dpq,comp)/ dpg,capr100

fu, f1, f2 functions in turbulence
model

g acceleration due to
gravity, m/s?

k turbulence kinetic

energy, m?/s?



N, N

Pa; Pw
pZS

Py, P

Qr

Reg, Rey, Re

At, t

u, uz,oa uz,t

U
Vq
14
w, W
We.s
x? y) z
J"O) u()

half length and half width
nozzle orifice and half length
of hollow portion of nozzle
orifice, respectively, m

number of drops trajecto-

ries, in the model, that im-
pinge upon area A(z,y),
Eqgs.(18)-(20); or total

number of drops used for deter-
mining the diameter moments
port number or number

of ports

number frequency of drops
with diameter dg; droplet
number flux, drops/m?s

air- and water-nozzle pre-
ssures, kPa

pressure applied by a mist
impinging on a surface, kPa
local pressure applied by

the air in a mist jet impinging
on a surface; pressure, kPa.
water flow rate associated

to a k—trajectory, m?/s
Reynolds number for drop
phase; high turbulence Rey-
nolds numbers

source term for momentum-
transfer interaction between
the drops and the air, m/s?
time interval; time, s

velocity of the discontinuous
phase (drops); initial z-velo-
city component of drop in the
mixing chamber; terminal velo-
city of drops and drop velocity
at nozzle orifice, m/s

velocity of the continuous phase
(air), m/s

volume of a drop, m?

volume frequency of drops
with diameter dg, Eq.16; or
volume of water collected

in each cell of the patternator,
Eq. (1), m?

water-impact flux, L/m?s;
water-flow rate, L/s

impinging droplet Weber num-
ber

rectangular coordinates, m
vectors of position and velocity
for drops at each port of the
nozzle orifice, m and m/s,
respectively
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Greek symbols
a,t

o0

oy it

O-k:a UE
Subscripts
amb

av

cell

comp

exrp

initial position of drops in
mixing chamber; length of mi-
xing chamber; setback distance;
distance from solid surface, m

jet expansion half angles

in x and y directions, deg
angles between the nozzle
axis and lines joining the
center of the nozzle orifice
to the center of the collec-
tors aligned along the axis
perpendicular to the nozzle
axis.

dispersion parameter from
Nukiyama-Tanasawa distri-
bution, Eq. (16).
dissipation rate of turbulence
kinetic energy, m2s—3
gamma function with

oo
argument z, :(f tz_le_tdt>
0

continuous-phase molecular and
turbulent dynamic viscosities,
Pas

number flow rate of drops, s~
constant, 3.141592654
continuous-phase density;
discontinuous-phase density,
kg m—3

surface tension, N m~™
dispersion parameter from
Log-Normal distribution,

Eq. (15).

laminar and turbulent Schmidt
numbers for k and e

1

1

ambient conditions,

P=86 kPa, T=25 °C

average

discretization cell

computed by the model

drop

measured in laboratory
experiments

indexes for coordinate directions
index for port trajectories
maximum

orifice

total number

coordinate directions or indexes
for vector components



Superscripts

o,n

indexes to indicate output to
control volume
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