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During the course of a severe accident in a nuclear pressurized water reactor (PWR), hydrogen may be
produced by reactor core oxidation and distributed into the containment. Spray systems are used in order
to limit overpressure, enhance the gas mixing, avoid hydrogen accumulation, and wash out fission prod-
ucts. In order to simulate these phenomena with computational fluid dynamics codes, it is first necessary
to know the droplet size and velocity distributions close to the outlet nozzle. Furthermore, since most of the
phenomena relative to droplets (condensation, gas entrainment, and collisions) are of particular importance
in the region just below the nozzle, accurate input data are needed for real-scale PWR calculations. The
objective is, therefore, to determine experimentally these input data under atmospheric conditions. Experi-
mental measurements were performed on a single spray nozzle, which is routinely set up in many PWRs.
This nozzle is generally used with water at a relative pressure supply of 3.5 bar, producing a mass flow
rate of approximately 1 kg/s. At a distance of 20 cm, in which under ambient conditions atomization is just
achieved, it is found that the geometric mean diameter varies from 280 to 340 µm, the Sauter mean diameter
varies from 430 to 520 µm, and the mean axial velocity varies from 14 to 20 m/s. The radial velocity is
around 7 m/s, whereas the orthoradial velocity is almost equal to zero at this distance of the nozzle. Gas
velocity measurements around the spray are also performed.

KEY WORDS: spray, phase-Doppler anemometer, droplet size distribution, droplet velocity distribu-
tion, air entrainment, CFD numerical input data

1. INTRODUCTION

One of the main contributors to early failure in con-
tainment during a pressurized water reactor (PWR)
severe accident is associated with the presence of

hydrogen within the containment building. The hy-
drogen produced by reactor core oxidation and re-
leased from the reactor coolant system could mix or
accumulate in different parts of the containment. If
the composition of the hydrogen–steam–air mixture
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reaches a certain threshold, combustion could occur.
In order to prevent such a risk, an array of spray noz-
zle systems is positioned at the top of the contain-
ment. These sprays are used to limit overpressure,
enhance the gas mixing, avoid hydrogen accumula-
tion, and wash out fission products and structure ma-
terials that may be released. The spray system effi-
ciency may depend on the evolution of the droplet
sizes and velocity distributions during their fall, es-
pecially in the region just below the spray nozzle
where most droplet phenomena occur; i.e., conden-
sation (Mimouni et al., 2008), gas entrainment (Cos-
sali, 2001), and collisions (Qian and Law, 1997; Rabe
et al., 2009).

Some of the nozzles usually used in spray sys-
tems in many PWRs have already been character-
ized by Powers and Burson (1993), who used pho-
tographic and freezing methods, and by Ducret et
al. (1993), who used a micro-video system. These
works give interesting information about the spray
nozzle characterization but, unfortunately, no infor-
mation is given about the location where the mea-
surements were performed. Recent developments of
computational fluid dynamics (CFD) codes as well
as experimental techniques involving laser diagnos-
tics offer the possibility to more accurately charac-
terize actual PWR spray systems. Thus, the objec-
tive of this work is to provide the first detailed char-
acterization of the PWR spray nozzle in three di-
mensions, in terms of spray shape, droplet size, and
three-dimensional (3D) droplet velocity distributions
at spray locations as close as possible to the nozzle
outlet. Such measurements will give accurate and de-
tailed boundary conditions for CFD numerical sim-
ulations of spray behavior. This set of data provides
a valuable improvement, since appropriate boundary

conditions are mandatory for relevant CFD calcula-
tions. Moreover, since the internal geometry of the
PWR nozzle is known and available from the distrib-
utor Lechler (http://www.lechlerusa.com/), it is pos-
sible to simulate accurately the liquid flow. There-
fore, knowing the characteristics of the droplets at the
outlet of the nozzle can be interesting to validate at-
omization models.

2. PWR CONTAINMENT SPRAY SYSTEMS

Spray systems are emergency devices designed for
preserving the containment integrity in case of a se-
vere accident in a PWR. The French PWR contain-
ment buildings generally have two series of nozzles
placed in circular rows (Coppolani et al., 2004). More
precisely, for the 900 MWe PWR, there are exactly
four rings of nozzles, the characteristics of which are
presented in Table 1. Schematic views of these spray
rings and the associated spray envelopes are given in
Fig. 1.

The nozzle type used in many PWRs, in par-
ticularly French 900 MWe PWRs, is the so-called
SPRACO 1713A, distributed by Lechler under Refer-
ence No. 373.084.17.BN (Fig. 2). This nozzle is gen-
erally used with water at a relative pressure of 3.5 bar,
producing a flow rate of approximately 1 L/s. The
outlet orifice diameter is 9.5 mm. The temperature of
the injected water during a hypothetical nuclear re-
actor accident is either 20◦C or from 60 to 100◦C,
depending on the kind of process (the 60 to 100◦C
process is the so-called recirculation mode).

Powers and Burson (1993) and Ducret et al.
(1993) gave droplet size distributions for this noz-
zle. However, they did not precisely identify the lo-
cation at which the measurements of the spray were

TABLE 1: Characteristics of spray rings for the French 900 MWe PWR

Spray ring Height (m) Diameter (m) Number of nozzles
Estimated minimum distance
between nozzles (m)

First ring 54.8 10.0 66 0.5
Second ring 54.2 14.8 68 0.7
Third ring 52.3 22.5 186 0.4
Fourth ring 51.0 27.0 186 0.4

Atomization and Sprays
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FIG. 1: Spray rings and envelopes in a French PWR (not to scale).

FIG. 2: Spray nozzle SPRACO 1713A (Lechler 373.084.17.BN).

performed. Nowadays, more information can be ob-
tained using methods such as phase-Doppler interfer-
ometer (PDI), diffractometry, or shadowgraphy. Fur-
thermore, the PDI technique allows the determination
of the spatial distribution of the droplet size together
with the velocity close to the nozzle outlet.

3. EXPERIMENTAL FACILITY

The experiments were carried out at the French Insti-
tute for Radiological Protection and Nuclear Safety
(IRSN), in the Characterization and Application of

Large and Industrial Spray Transfer (CALIST) Fa-
cility (see Fig. 3), which was inspired by the facility
available at the von Karman Institute, where global
spray characterization was first performed. However,
the von Karman Institute facility is too small to per-
form measurements in all the parts of the spray.
Moreover, this facility could not be easily adapted
to the measurement of the gas velocity. The setup is
composed of a hydraulic circuit supplying, for those
experiments, a single spray nozzle with a flow rate of
1 L/s at a relative pressure of 3.5 bar. The pulverized
water is collected in a 5 m3 pool. The axial position
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FIG. 3: CALIST water-spray experimental facility.

of the spray nozzle can be changed using a monitored
carriage.

The measurement of the spray characteristics re-
quires a technique such as the light diffraction, shad-
owgraphy, or PDI. The latter was chosen since it
provides high-resolution local information about the
spray drops. Indeed, PDI measures the size and ve-
locity of drops passing through an optically defined
probe volume (Bachalo and Houser, 1984). The laser
light sources of the present two-dimensional (2D) Ar-
tium PDI system (http://www.artium.com/) are two
solid-state continuous-wave laser systems, a blue one
with a wave length at 473 nm and a green one with a
wave length at 532 nm. The off-axis angle (scattering
angle), at which the receiving optics unit is placed,
is 30◦. Lenses of 2 m focal length have been used so
that diameters from 20 to 2000µm could be detected.

PDI can only measure droplets of spherical shape.
In order to determine where atomization is achieved
(i.e., where droplets are spherical), visualization
was performed with a Phantom high-speed camera
(http://www.visionresearch.com/) used with a reso-
lution of 800×600 pixels at a frequency of 4796 Hz,
with an exposure time of 10µs. The spray close to
the nozzle outlet, where atomization occurs, was il-
luminated from the back in order to obtain consis-
tent and machine readable images. All measurements
were performed in air under atmospheric conditions

(ambient pressure of 1 bar and ambient temperature
of 20◦C).

Even if these experimental conditions (pressure,
temperature, and gaseous composition) are not simi-
lar to the ones of a PWR containment in a situation
of a severe accident, it is important to note that these
results on this nozzle are the first ever found.

4. EXPERIMENTAL RESULTS

4.1 Global Spray Characterization

4.1.1 Characteristic Numbers

Experimental measurements were performed with
supply water under relative pressures of 3.5, 5, and
7 bar. The measured flow rate, flow number FN, and
discharge coefficientCD were measured and are pre-
sented in Table 2. The flow number denotes the effec-
tive flow area of the exit orifice and is calculated from
the mass flow rate and injection pressure as follows:

FN =
Qm√
∆P

(1)

whereQm is the mass flow rate (kg/s) and∆P is the
relative pressure between the nozzle and the outlet.

The following discharge coefficient is used to de-
scribe the behavior of a nozzle:

Atomization and Sprays
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TABLE 2: Values of flow rate, flow number, and discharge coefficient of the SPRACO 1713A nozzle for
relative water supply pressures from 3.5 to 7 bar

Relative pressure (bar) Flow rate (L/s) Flow number (kg/s−1Pa−0.5) Discharge coefficient
3.5 1.04 0.00176 0.55
5 1.22 0.00173 0.54
7 1.50 0.00179 0.56

CD =
QV

S
√

2∆P/ρl

(2)

Here,Qv is the volumetric flow rate (m3/s), S is the
surface of the nozzle outlet, andρl is the density of
the liquid injected. The value of this coefficient de-
pends on the pressure drop, as well as on the turbu-
lent energy and the presence of a secondary flow. If
CD equals unity, the whole energy is transferred to
the flow at the nozzle outlet.

The flow number appears to be constant by in-
creasing the pressure. Therefore, this nozzle follows
classic behavior (Lefebvre, 1989). The values of the
discharge coefficient showed that almost half of the
energy was lost in the nozzle, regardless of the value
of the pressure.

4.1.2 Atomization

A spray is usually created by the instability of ei-
ther a liquid jet or sheet at the outcome of the noz-
zle (Dumouchel, 2008). When surface forces become
weaker than inertial forces, atomization occurs; i.e.,
the liquid jet/sheet breaks into filaments that shatter

into droplets. The high-speed visualization showed
that the distance from the nozzle exit at which most
of the liquid was atomized into droplets was approx-
imately 20 cm, as depicted in Fig. 4. Before 20 cm,
the spray was too dense and the validation rate of the
PDI was too low. Therefore, it may be anticipated
that PDI measurements of droplets are reliable from
20 cm (Fig. 5). The relative water supply pressure
was fixed at 3.5 bar for all results presented in the
following sections.

4.2 Local Water Concentration

In agreement with information provided by the noz-
zle manufacturer, it was found that the SPRACO
1713A nozzle creates a hollow cone spray (Fig. 6).
The spray angle was found to be around 60◦ (Fig. 5).
Only a few droplets of very small diameter (less than
100µm) were present in the core of the spray. At a
distance of 20 cm from the nozzle, due to the hollow
cone created by this nozzle, most of the droplets were
concentrated in an annular area situated between 8
and 15 cm from the nozzle axis, with a maximum

ΔP = 3.5 bar ΔP = 5 bar ΔP = 7 bar

20 cm 20 cm 20 cm

FIG. 4: High-speed camera images of the SPRACO 1713A nozzle at relative water supply pressures of 3.5, 5, and
7 bar.
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FIG. 5: Position of reliable PDI measurements of sprays produced by the SPRACO 1713A nozzle at a relative
water supply pressure of 3.5 bar.
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FIG. 6: Annular cross section of the hollow cone spray.

presence at 11 cm, as seen in Fig. 7. This local water
concentration (kg/m3) was measured with the PDI.
Here, this technique provides good approximate data,
even though it is known not to be the best one for
evaluating liquid concentrations.

4.3 Description of the Measurement Points

PDI measurements of droplet size and velocity distri-
butions were performed at 20 cm from the nozzle out-
let. Four measurement series, separated by 90◦ an-
gles, were performed at six radial positions situated
in the annular area described in Fig. 8.

The spray stability was tested during a 30 min PDI
measurement. This result was compared to 20 mea-

surements of 30 s. Between each of them, the pump
was stopped and restarted. Figure 9 shows that the
droplet size and velocity measurement of the spray
characteristics were stable. In the set of the 20 mea-
surements of 30 s each, the geometric mean diame-
ter D10 varied from 311 to 313µm (standard devia-
tion of 1.3µm), the Sauter mean diameterD32 varied
from 510 to 523µm (standard deviation of 6.3µm),
the droplet mean axial velocity varied from 15.68 to
15.76 m/s (standard deviation of 0.04 m/s), and the
droplet mean radial velocity varied from 7.69 to 7.88
m/s (standard deviation of 0.1 m/s).

In the following, mean data from PDI measure-
ments will be presented for each spray radiusR,
by averaging over all azimuthal angles (from 0◦ to

Atomization and Sprays
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FIG. 7: Normalized local water concentration at 20 cm from the nozzle outlet as a function of distance from the
nozzle axis. The relative water supply pressure is 3.5 bar.
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FIG. 8: Position of the measurement points in the cross section of the hollow cone spray (top view).

270◦). The standard deviation over azimuthal angles
will confirm the hypothesis of cylindrical symmetry
of the spray.

Since the spray was slightly pulsating at 3.5 bar
at 20 cm from the nozzle orifice, it was estimated
that the spray angleα uncertainty wasσα = ±1◦.
Hence, the uncertaintyσR on the measurement
position (Fig. 10) is:

σR = 20 tan
(

tan−1 R

20
+ σα

)
−R (3)

This uncertaintyσR led to an uncertaintyσY on the
measured valueY. Indeed, if the measurement was
performed in an area whereY varied strongly, the
uncertaintyσY became important. It was, therefore,
calculated from the evolution ofY when the spray ra-
diusRvaried withσR (Fig. 11).

Finally, for each measurement point, the droplet
size and axial velocity distributions were measured
three times. In the following figures (Figs. 13, 15, and
18), the error bars are estimated from the differences
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between these three tests for each position and from
the uncertainties presented above.

4.4 Drop Size Distribution

Size distributions, measured at a distance of 20 cm
from the nozzle outlet, and at various radial positions,
are presented in Fig. 12. They are normalized by their
maximum value. These data are averages of the three
size distributions obtained during the three series of
measurements. The size distributions obtained by the
average of the three measurements, for all radial dis-
tances, can be well fitted, for all the spray radii, by
a log-normal law with a standard deviationσ of 0.5

and a mean diameterdmean of 260µm, as plotted in
Fig. 12:

f (d) =
1√

2πσ d
exp

(
− [ln (d)− ln (dmean)]

2

2σ2

)

σ = 0.5 and dmean= 260 µm (4)

For each measured size distribution, global spray fea-
tures (i.e., geometric mean diameterD10 and Sauter
mean diameterD32) were calculated. The results are
displayed in Fig. 13. The mean diameterD10 changed
slightly with the radial position, from around 280 to
340µm, and the Sauter mean diameter changed from
around 430 to 520µm. The smallest droplets were
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observed at low radial distances. This may be ex-
plained by the entrainment of droplets by air, since
small droplets are much more sensitive to the drag
force than the biggest ones. This is due to an air flow
that is created by the spray in the direction of the cen-
ter of the spray (Cossali 2001) and the small droplets
tend to follow this direction.

4.5 Velocity Distribution

Measurements of the droplet velocity were also per-
formed at a distance of 20 cm from the nozzle orifice.
The droplet axial velocity distributions, normalized
by their maximum value, are plotted in Fig. 14. Their
shape is rather similar for all positions on the annu-

lar ring of the spray envelope, even though the mean
values differ.

The radial and orthoradial velocity distributions
cannot be directly measured with this experimental
setup. PDI measurements were performed in thex-y
plane, so thatVx andVy could be measured. The an-
gle between the radial velocityVr and they axis and
the one between the orthoradial velocityVθ and the
x axis were known, since it is a characteristic of our
setup. Its value is 15◦. Therefore,Vr was given byVr

= Vy/cos15◦ andVθ was given byVθ = Vx/cos15◦.
These polar components of velocity, together with

the mean droplet axial velocity, are plotted in Fig. 15.
The mean axial velocity decreased from 20 to 14 m/s,
whereas the radial velocity increased from 5.8 to 7.4
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m/s. The orthoradial velocity can be neglected since
its maximum value is 0.3 m/s.

4.6 Velocity–Size Correlation

To perform velocity–size correlations, the droplet
population was divided into classes on the basis of
their diameters. These classes were 50µm in width
and, using the measurements performed on the spray,
we obtained the axial velocity distribution for each
group of droplets. We then derived the velocity–size
correlation. Indeed, small droplets do not have the
same velocity as bigger ones, mainly due to the drag
force. Knowing the actual velocity of each droplet
size is useful for data input in numerical simula-

tions. In particular, these experimental data can be
directly used in the sectional approach (Greenberg et
al., 1993) or the multifluid method (Laurent and Mas-
sot, 2001; Fox et al., 2008).

The mean results are given for different spray ra-
dial positions at a distance of 20 cm from the noz-
zle outlet (Fig. 16). Even if the experimental setup
cannot provide the same type of results for the ra-
dial velocity, the radial velocity–size correlation can
be evaluated. Considering that, for a given spray ra-
dius, trajectories of droplets are independent on their
diameter, the radial velocity may then be calculated
from the axial velocity–size correlation. The results
are plotted in Fig. 17. It can be noticed that mean
axial velocity increases with the diameter. A plateau
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of mean velocity seems to be reached for droplets
with diameters higher than 300µm. Under this limit,
the Stokes number becomes close to unity, which
means that these droplets can be influenced by the
gas around them.

5. GAS VELOCITY AROUND THE SPRAY

A gas flow is created by the spray due to the drag
force between the gas and the droplets (Cossali,
2001). The experimental setup at the CALIST facil-
ity allows estimating the gas velocity. For that pur-
pose, fog nozzles producing small droplets of 50µm
were fixed at the top of the CALIST. Without the
PWR spray, the velocity of these droplets, at the
place where the measurement was performed, was
equal to approximately 0.6 m/s. By comparison with
their diameter, the terminal fall velocity of the fog
droplets was about 0.3 m/s. The Stokes number of fog
droplets, using a characteristic length scale of 0.1 m,
which corresponds to the radius of curvature of the
gas trajectory observed experimentally, and a char-
acteristic velocity of 1 m/s, estimated from the PDI
measurements (Fig. 18), was of the order of 7×10−2,
which is small compared with unity. This means that
droplets adapt fast to the change in the ambient flow
field. Thus, characteristic values of this flow field
may be estimated with the fog droplet motion. Figure
18 gives the axial and radial mean velocity of the 50
µm fog droplets when the PWR spray was activated.

6. CONCLUSION

Measurements of the hydrodynamic characteristics
of a real-scale spray nozzle (SPRACO 1713A) cur-
rently used in PWRs, have been performed for the
first time in terms of droplet size and axial veloc-
ity distributions. Measurements have been conducted
as close as possible to the nozzle outlet (i.e., at 20
cm from the nozzle orifice), where the atomization
process appears to be completed, as observed experi-
mentally with a high-speed camera. Droplet size and
velocity distribution have been obtained for typical
conditions used in nuclear reactors (i.e., a relative
pressure supply of 3.5 bar).

However, in a nuclear containment during a se-
vere accident, pressure and temperature in the con-
tainment can increase. Therefore, the physical prop-
erties of the gas and liquid are different from the
ones used in this experiment, and this could lead to
changes in the size and velocity distributions. Fur-
ther work is necessary to estimate these changes, but
due to the size of the spray produced, experiments
with high pressure and high temperature are difficult
to perform, especially because it is important to keep
free space around the spray to avoid wall influence.

These results give a full overview of the spray
characteristics and can be directly used as input data
for CFD calculations of real-scale sprays in nuclear
reactors. It should be emphasized that the considered
spray region is of particular importance since most
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radial distance in the spray.

Atomization and Sprays



Droplet Size and Velocity Measurements 905

of the phenomena relative to droplets (condensation,
gas entrainment, and collisions) are enhanced in the
region below the spray nozzle. Finally, these data can
be used to validate atomization models on spray with
the importance of size, the works of which are still
quite poor in the available literature.
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