
Journal of Loss Prevention in the Process Industries 71 (2021) 104510

Available online 17 April 2021
0950-4230/© 2021 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Characterization of a medium velocity deluge nozzle for 
offshore installations 

Joachim Lundberg 
University of South-Eastern Norway, Kjolnes Ring 56, 3918, Porsgrunn, Norway   

A R T I C L E  I N F O   

Keywords: 
NORSOK 
Deluge spray 
Shadow imaging 
Linear patternator 

A B S T R A C T   

It is important to study the characteristics of the nozzle of the deluge spray to comply with the standards 
developed by the petroleum industry for offshore installations in Norway. Due to the stochastic nature of the 
decomposition processes and geometrical features within the nozzle, the deluge spray has a complex flow field. 
Since the flow field determines the performance of the spray, the present study performs an experimental 
characterization of a medium velocity deluge nozzle for validation of computational fluid dynamics (CFD) 
models. The experiment was conducted for a maximum supply water pressure of 8.0 bar (g), which is identical to 
the operating pressures of offshore installations. Formerly, characterization studies of deluge or sprinkler spray 
were mostly targeted on residential usage with lower supply water pressures. I utilized a laser-based shadow 
imaging system to capture high-speed images, which were later processed in MATLAB. A linear patternator was 
used to validate the results of the shadow imaging technique. The geometrical features of the deluge nozzle 
played an important role in determining the characteristics of the spray. In addition, the supply water pressure 
significantly affected the size and velocity distributions of the droplets, applied density (volume flux), and area 
coverage. However, the Sauter mean diameter did not vary significantly with the azimuthal or radial position of 
the droplet within the inner region of the spray. The measurements obtained in this study can be used to estimate 
the extinguishing efficiency of a deluge system for offshore installations with elevated supply water pressures. 
Deviations between measurements with shadow imaging and patternator technique are discussed and discrep-
ancies are discussed.   

1. Introduction 

The Norwegian petroleum industry has developed standards to 
ensure adequate safety, value addition, and cost-effectiveness following 
the accidents on the Norwegian continental shelf. The NORSOK S-001 
(NORSOK S-001, 2018) standard has been instituted for the technical 
safety of offshore installations. This guideline specifies that a source of 
quick and reliable firewater supply should be available for applicable 
deluge/firewater spray systems at a rate that is sufficient to meet the 
minimum demands for the applicable area and at a pressure that satisfies 
the nozzle pressure range requirements. The deluge system shall provide 
adequate coverage for the relevant fire and explosion scenarios in terms 
of both volume and area as well as equipment coverage. The standard 
also specifies that the minimal water densities (volume flux) shall be 
equal to 10(dm3 /min)/m2 for process areas and equipment surfaces and 
20(dm3 /min)/m2 for wellheads. The deluge system is designed ac-
cording to the NFPA 15 standard (Bell, 2017). Chapter 6.2.4 of the NEPA 
15 standard describes the criteria that must be followed while 

positioning the deluge nozzles. This standard discusses the extinguishing 
properties of the deluge system. The guidelines discuss the nozzle 
design, characteristics of the produced water spray pattern, effect of the 
nozzle orientation on the coverage characteristics, and impact of the 
wind and fire draft on very small droplets and large droplets with 
minimal initial velocities. 

The droplet size plays an important role in the design of the deluge 
system. A determinant quantity refers to the size distribution of the 
droplets. The small droplets can quench combustion and cool fire gases 
without penetrating the fire plume. However, the weather conditions at 
the offshore installation’s open structure direct the small droplets away 
from the desired regions. In contrast, large droplets have a higher mo-
mentum, which allows them to reach the origin of the fire and suc-
cessfully cool the process equipment (Wighus, 2012). 

Despite several studies on the size distribution and break-up mech-
anisms of the deluge spray, little information is available on the detailed 
properties of a specific nozzle. Jackman (1992) manually measured the 
droplet sizes and velocities for some commercial nozzles through 
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photographic high-speed film images. The study characterized residen-
tial nozzles for fire sprinklers, but the obtained results were manually 
measured and dependent on the operator of the system. Sheppard 
(2002) categorized the droplet sizes and velocity fields by using phase 
Doppler anemometry (PDA) and particle image velocimetry (PIV), 
respectively. The study aimed to find characteristics of residential fire 
water nozzles for computational use. 

Zhou et al. (2012) used a laser-based shadow imaging technique to 
characterize sprinkler spray systems. The near-field measurements car-
ried out in the study were based on numerical fire models. An array of 
water collectors, equipped with pressure transducers, aided the valida-
tion of the volume-flux values used in the shadow imaging technique. 

Zlatanovic et al. (2014) characterized residential sprinkler spray 
systems at low water pressures. They observed that the droplet distri-
bution was heavily dependent on the sprinkler geometry. In addition, 
the initial spray characteristics displayed a weak dependence on the 
water temperature. The calculated and experimentally determined 
droplet sizes were found to be identical after making some assumptions. 

Myers and Marshall (2016) and Beji et al. (2018) utilized the results 
from (Ren et al., 2011; Zhou, 2015; Zhou et al., 2012) to develop a 
Euler–Lagrangian representation of the sprinkler spray in a CFD envi-
ronment. Beji et al. (2018) developed an accurate sprinkler spray model 
for hot air jets using a CFD software named Fire Dynamic Simulator 
(FDS). The study conducted by Myers and Marshall (2016) provided an 
initial description for the spray model that was based on statistical 
theory. They utilized the data from the same experimental setup as that 
used by Jordan et al. (2017) and Link et al. (2017). This study provided 
an implementation framework for spray models and application guid-
ance for the CFD software FireFOAM. 

Conventionally, offshore installations operate at higher supply water 
pressures than residential sprinkler systems (Roberts, 2004). Thus, the 
characteristics of the deluge spray for offshore and residential systems 
may be dissimilar. 

A medium velocity deluge nozzle, commonly used in offshore in-
stallations, was characterized for pressures up to 8.0 bar (g) in this study. 
A laser-based shadow imaging technique with image processing was 
used to categorize the deluge nozzle after validating the results with the 
data obtained from the patternator experiments. The results were 
simplified and expressed as CFD input values. Attempts were made to 
ensure that the applications of this study complied with the NORSOK S- 
001:2018 standard (NORSOK S-001, 2018). 

2. Materials and methods 

A medium velocity deluge nozzle (Tyco MV34-110) with a K-factor 
of 58.8 L/(min × √bar) was used in the current study to represent a 
deluge spray for offshore applications. The measurements were taken 
outside the primary break-up region in a horizontal plane, 1.00 m below 
the nozzle. The location was chosen as a reference location for later CFD 
implementation. 

A laser-based shadow imaging technique was used to obtain the 
spray characteristics. The raw images were processed in MATLAB 
2019b. This technique captured highly magnified images and extracted 
the data from every individual frame at different positions of the spray. 
A linear patternator was used to compare the experimentally obtained 
results with the actual volume flow and volume flux of the water in the 
spray. 

The experiments were performed in a container with a length, width, 
and height of 5.2 m, 2.4 m, and 2.4 m, respectively, in the process safety 
and gas explosion laboratories at the University of South-Eastern Nor-
way in Porsgrunn. The experiments were conducted from 2014 to 2020. 

2.1. Experimental setup 

The experimental setup used to measure the spray characteristics is 
shown in Fig. 1. A continuously pulsed copper vapor laser (Oxford lasers 
LS 20–50) was used to produce ~2 mJ/pulse of light at constant 
wavelengths of 511 nm and 578 nm. The laser beam was transferred 
through a 20 m optical fiber cable to a 100 mm collimating beam 
expander lens equipped with a diffusor plate. A high-speed camera 
(Photron APX-RS), equipped with a long-distance microscope lens 
(Questar QM-1), captured the expanded laser beam in a backlit forma-
tion. The camera was focused at a point 1.00 m below the nozzle. The 
distance between the camera lens and the focal point was approximately 
1.0 m. The distance between the camera lens and the light diffusor for 
the laser light was approximately 2.0 m. The resolution of the camera 
was 512 × 416 pixels (at 12500 frames per second) and provided a field 
of view (FOV) for the setup that measured 10.8 mm × 8.7 mm. The spray 
did not contain any screening or splash guards to preserve the flow field 
of the spray. The camera and laser were synchronized to capture images 
at intervals of 80 μs. 

Spatial calibration was performed with a reticle (Patterson globe and 
a 1.5 mm sphere). The depth of field (DOF) was obtained by traversing 
the reticle in a plane perpendicular to the field of view of the camera. 
The relationship between the DOF of the ith droplet DOFi and droplet 

Fig. 1. Experimental setup: 1) traverse with nozzle mounting, 2) deluge nozzle, 3) high-speed camera with a long-distance microscope lens, 4) deluge spray, and 5) 
laser transmitting optics. 
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diameter di is given as DOFi = 24⋅di. The sizes and velocities of 
approximately 2000 droplets were measured at every point in the spray 
to ensure the reliability of the results. The following section explains the 
image processing algorithm used in the measurements. 

According to the calibration of the sizing standard used in this study, 
the percentage of uncertainty in the measurement method was capped at 
approximately 10%. Lundberg (2015) has explained the measurement 
procedure in greater detail. 

The specifications of the medium velocity deluge nozzle are listed in 
Table 1. 

The linear patternator used to verify the data, as shown in Fig. 2), 
consisted of fifteen 10 mm acrylic cylinders placed side-by-side. The 
internal diameter and height of each cylinder were 9.4 mm and 450 mm, 
respectively. The patternator was designed to collect water droplets at 
the same locations as those of the shadow imaging technique (except at 
150 cm). A digital weight and timer measured the actual volume flux of 
the supplied water. 

The spatial location of the measurements was in a circular horizontal 
plane 1.0 m below the tip of the nozzle. The plane was represented in 
polar coordinates by the radius from the center of the spray (r) and the 
azimuthal angle (φ), where the frame arm was equal to 0◦. 

Fig. 3 shows the locations of the measurement points that have been 
listed in Table 2. 

2.2. Image processing 

The image-processing algorithm was developed by using the image 
processing toolbox in MATLAB (Mathworks, 2019). A combination of 
established and novel image processing techniques was used to extract 
information about the deluge spray from the shadow images. The 
droplet sizes and droplet velocity varied from 100 μm to 3000 μm and 0 
m/s to 30 m/s, respectively. 

The shadow images consist of droplets (both “in-focus” and “out-of- 
focus”), noise, and the background. The background refers to an image 
without any droplets or noise. In an ideal shadow image, the “in-focus” 
droplets are black, the “out-of-focus” droplets are gray, and the back-
ground is white, thereby making it is easy to identify the “in-focus” 
droplets. However, due to varying illumination and optical aberrations 
in actual experiments, the background appears to be uneven, and there 
are only minor differences between “in-focus” to “out-of-focus” droplets. 
An original image obtained from one of the shadow imaging experi-
ments is shown in Fig. 4a. 

Due to spatially uneven illumination and interference patterns, the 
backgrounds of the images need to be corrected. An estimate of the 
variable background can be obtained by averaging all the measurement 
frames according to Eq. (1). 

B=
1
n
∑n

i=1
Ii. (1) 

The above equation is obtained by assuming a low droplet density 
(<10% area based). The difference between the background and an 
original image yields a corrected image, independent of uneven illu-
mination and interference patterns. The corrected image and back-
ground estimate are shown in Fig. 4a and 4c, respectively. 

A threshold algorithm binarizes the image into droplets and back-
ground (including noise). The popular Otsu algorithm (Otsu, 1979) was 

used to calculate the threshold value t. The algorithm maximizes the 
inter-class variance between the droplets and the background (Gonzalez 
et al., 2009). The threshold value converts the grayscale image ji (x, y) 
into background and droplets, where (x, y) represents the pixel co-
ordinates. The output of the threshold algorithm is a binary image, i.e., 
droplets and background, as shown in Fig. 4d. 

Although the threshold algorithm isolates the droplets, false readings 
(out-of-focus droplets, background noise, droplets in front of each other, 
and droplets with uneven edges) may still exist. A distinction between 
real droplets and false readings can be performed by accounting for the 
droplet shape. An object recognition algorithm is applied to the droplets 
to measure the properties. A visual consideration of the droplets suggests 
that the characteristic feature of a non-real droplet (false reading) is 
either an uneven edge or a non-circular shape. The non-real droplets are 
excluded before studying the characteristics of the spray, as shown in 
Fig. 4e. The droplet qualification algorithm is described in (Lundberg, 
2015). 

The droplet diameter is calculated by Eq. (2) on the area containing 
the isolated droplets. 

di =
̅̅̅̅̅̅̅̅̅̅̅
4A/π

√
. (2) 

The velocity is measured by comparing each droplet’s position in a 
given frame with the position of the same droplet in subsequent frames, 
as shown in Fig. 4f. The technique is based on an assignment problem 
described by Lundberg and Lysaker (2015). 

3. Theory 

The deluge spray is often represented in CFD software by Lagrangian 
particles introduced to a continuous Eulerian phase. A Lagrangian- 
Eulerian approach is adopted for such problems. The continuous phase 
(combustion gas or air) is modeled as a Eulerian field by a control vol-
ume method. The droplets are modeled by using Lagrangian droplet 
tracking. The initial droplet size and velocity field of the Lagrangian 
particles are determined either by a model or experimentally. Due to the 
stochastic nature of the decomposition of the droplets and the deluge 
nozzle’s geometrical features, a non-homogeneous flow field is expected 
and averaged for all parameters (size and velocity distribution and 
applied volume flux). 

The results of the shadow imaging technique are obtained by 
combining droplet data at different locations in the spray. One of the 
disadvantages of using the shadow imaging technique was that a large 

Table 1 
Specifications for the medium velocity deluge nozzle.  

Parameter Units Value 

Orifice diameter mm 9.6 
Discharge coefficient dm3/(min ×

̅̅̅̅̅̅̅
bar

√
) 58.8 

Dispersion angle ◦ 110.0 
Working pressure range bar (g) 1.4–12.1  

Fig. 2. Measurement of the actual water flow/flux by using a patternator.  
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droplet had a larger depth of field and smaller field of view than those of 
a small droplet. This effect was compensated for by using a statistical 
weight. 

The statistical weight (SWi) for the ith droplet is represented by the 
following equations. 

SW(Borderi)=FOVi =
W⋅H

(W − di)⋅(H − di)
, (3)  

SW(DOFi)=
dref

DOFi
, (4)  

SWi = SW(DOFi)⋅SW(Borderi). (5)  

dref is the reference droplet diameter, and DOFi represents the depth of 
field for the ith droplet. W and H represent the width and height of the 
field of view, respectively (extent of the images) (Kashdan et al., 2003). 

The Sauter mean diameter (d32) is an indicator of the flow properties 
for the deluge spray. It is known to be descriptive for mass transfer and 
chemical reactions (Lefebvre and Mcdonell, 2017). The Sauter mean 
diameter is equal to the ratio of the sum of the volume of the droplets to 
the sum of their surface areas. This quantity has a volume to surface area 
ratio that is identical to that of the whole spray (Grant et al., 2000). d32 is 
calculated using Eq. (6). 

d32 =

∑
SWi⋅(di)

3

∑
SWi⋅(di)

2. (6) 

The mass-averaged velocity vMA represents the velocity distribution 
of the droplets and is calculated by using Eq. (7). 

vMA =

∑
SWi⋅(di)

3⋅vi
∑

SWi⋅(di)
3 , (7)  

where vi is the velocity of the ith droplet. 
The averaged applied water flux is equal to the amount of water per 

area per unit time and can be calculated by feeding the data from the 

images into Eq. (8). 

q̇flux =

(
∑N

1

πd3
i ⋅vi⋅cos

(
ϕ
)

6FOVi⋅DOFi

)
1
N
, (8)  

where ϕ represents the direction of the droplets in the vertical axes, and 
N is the total number of frames. The procedure is similar to that adopted 
by Zhou et al. (2012). However, the expression in the current study are 
modified to consider the measurements in a plane 1.0 m below the 
nozzle. Further, Zhou et al. (2012) performed measurements spherically 
from the nozzle. The current study performs measurements linearly in a 
plane below the nozzle. 

The frequency of the measured droplet diameters is divided into 
three droplet size (diameter) intervals, namely small, medium, and large 
droplets, which is similar to the procedure adopted by Myers et al. 
(2018). However, the range values are modified because the current 
spray is meant for offshore applications that operate at higher pressures. 
The intervals are listed in Table 3. 

The volume flow of water is calculated by interpolating the applied 
volume-flux measurements to a polar coordinate system and multiplying 
them with their respective area value. The azimuthal contributions are 
then summarized to obtain the radial volume-flow distribution of water 
in volume per unit length. 

Qj=0→150 = 4⋅
∑φ=90◦

φ=0◦
q̇φ,j⋅Aφ,j. (9) 

The total volume flow of water is equal to the sum of the radially 
distributed flows. 

Q=
∑

Qj=0→150. (10)  

4. Results and discussion 

A complete characterization of a medium velocity deluge nozzle 
(Tyco MV34-110) was performed for a water supply pressure of 2.0, 5.0, 
and 8.0 bar (g). The purpose of this study was to calculate the averaged 
spray parameters to validate CFD models. 

Due to the nozzle’s geometrical features and the stochastic nature of 
the break-up processes occurring within the deluge nozzle, the size and 
velocity distributions varied across the control volume of the spray. The 
size-dependent droplet velocity was proved to be dependent on the 
location as well. Fig. 5a shows the droplet size distribution at one point 
of the spray. Fig. 5b shows the size-dependent velocities of the droplets 

Fig. 3. a) Schematic of the measurement directions in the setup. b) Locations of the measurement points.  

Table 2 
Range of the experiments.   

Range Interval 

Supply water pressure 2.0–8.0 bar (g) 3.0 bar 
Radial distance 0–150 cm 10 cm 
Azimuthal angle 0–90◦ 15◦
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at the same point. 
The results indicate that the size distribution at this point had a 

Rosin–Rambler shape. The size-dependent droplet velocity increases 
with increasing droplet diameter. 

As a result, it was impractical to document the droplet size and ve-
locity distributions at all locations in the spray. The normalized 

frequencies of the small, medium, and large droplets are given for 
different radial positions in the spray and averaged for the azimuthal 
angle. Fig. 6a, 6b, and 6c present the variation in the normalized fre-
quencies of the droplet sizes with the radial position for different supply 
water pressures. 

The figures show that the normalized frequencies of the small 
droplets were lower at 2.0 bar (g) than they were at 5.0 bar (g) and 8.0 
bar (g). In addition, the number of large droplets decreased with 
increasing pressure. 

Variation in the Sauter mean diameter with the radial position for 
different azimuthal angle and supply water pressures is shown in Fig. 7a, 
7b, and 7c. 

The Sauter mean diameter was found to decrease with reducing 
supply water pressures. However, the Sauter mean diameter increased 

Fig. 4. a) Original image Ii, b) background-subtracted image Ji obtained by using Eq. (1), c) background B, d) thresholded image Ti, e) qualified droplets, and f) 
velocity field. 

Table 3 
Droplet size categories for deluge water droplets.  

Small di<300  
Medium 300<di<600  
Large 600<di   
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with increasing radial distance. The smaller droplets were dominant in 
the center of the spray, while the large droplets dominated the outer 
regions. The Sauter mean diameter was significantly affected by large, 
individual droplets that impacted the stability of the results in regions 
with few droplets (r > 100 cm). 

Fig. 8 shows the dependence of the mass-averaged velocity on the 
droplet size. The velocity was averaged to compensate for deviations in 
the velocity due to different droplet sizes. Variation in the mas-averaged 
velocity with the radial position for different water supply pressures is 
shown in Fig. 8a, 8b, and 8c. 

The mass averaged velocity varies with the azimuthal angle and 
radial position of the droplets. Most droplet velocities ranged from 4 m/s 

to 10 m/s and increased gradually with increasing supply water pres-
sure. However, some geometrical dependencies can be observed on the 
measurements following the nozzle tines (15◦, 45◦, and 75◦) compared 
to the measures following the slots (0◦, 30◦, 60◦, and 90◦). This variation 
was absent at the highest supply water pressure. 

Fig. 9a and 9b shows the variation in the volume flow and volume 
flux with the radial position at different supply water pressures. The 
spray was found to have a higher coverage at lower supply water 
pressures. 

The volume-flow distribution of the water, measured with the 
shadow imaging technique, is compared with the flow distribution 
measurements of the linear patternator in Fig. 10a, 10b, 10c. 

Fig. 5. (a) The diameter (b) and velocity of the local droplet distribution for a supply water pressure of 2.0 bar (g) at a radial location of 80 cm and an azimuthal 
angle of 45◦. 

Fig. 6. Variation in the normalized frequencies of the droplet sizes with the radial position for supply water pressures of a) 2.0 bar (g), b) 5.0 bar (g), and c) 8.0 
bar (g). 

Fig. 7. Variation in the Sauter mean diameter of the droplets with their radial position for different azimuthal angles at supply water pressures of a) 2.0 bar (g), b) 
5.0 bar (g), and c) 8.0 bar (g). 
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Fig. 10 shows that the shadow imaging technique underpredicted the 
volume flow at high supply water pressures within the inner regions of 
the spray due to low visibility. In addition, the shadow imaging tech-
nique also overpredicted the volume flow in the outer areas of the spray, 
which is attributed to the interference between droplets from different 
azimuthal angles. Both techniques show the water flow to be distributed 
more closely to the inner regions for the higher supply water pressures. 
The 5.0 bar (g) measurements give the most homogeneous flow distri-
bution of the three series. The area coverage of the spray is increasing 
with decreasing supply water pressure, while the volume flow increases 
with increasing pressure. 

The results of the measurement of the applied volume flux with the 
shadow imaging technique for the different supply water pressures are 

shown in Fig. 11a, 11b, and 11c. 
The applied volume flux was dependent on the radial and azimuthal 

positions of the droplet in the spray. The increasing supply water pres-
sure was found to have a negative impact on the area coverage, thereby 
narrowing the spray. The geometrical features of the nozzle influenced 
the spray pattern by producing a non-homogeneous applied volume 
flux. 

The actual volume flux was measured by a linear patternator to 
validate the results of the shadow imaging technique. The results are 
shown in Fig. 12a, 12b, and 12c. 

The actual delivered volume flux of the water, measured by the 
linear patternator, demonstrated similar tendencies to that measured by 
the shadow imaging technique. However, the former technique 

Fig. 8. Variation in the mass-averaged velocity of the droplets with the radial position for different azimuthal angles at supply water pressures of a) 2.0 bar (g), b) 
5.0 bar (g), and c) 8.0 bar (g). 

Fig. 9. Variation in a) volume flow and (b) applied volume flux of the water with the radial position.  

Fig. 10. Comparison of the variation in the volume flow of the water with the radial position obtained by the shadow imaging technique and the patternator for 
supply water pressures of a) 2.0 bar (g), b) 5.0 bar (g), and c) 8.0 bar (g). 
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indicated the presence of high flux zones in the inner regions of the 
spray, which were absent in the measurements obtained by the latter. 

Comparing results obtained by the patternator represents the total 
volume of the water delivered to a specific location in the flow, and is 
sufficient to fulfill the demand of a minimum applied water flux. How-
ever, in the case of a scenario with fire or windy conditions the velocity 
and droplet size is important parameters and are impossible to obtain 
with such a technique. 

Table 4 compares the total amount of water calculated using the 
shadow imaging technique and the linear patternator with the amount 
of water entering the nozzle. 

The total amount of water listed in Table 4 shows the shadow im-
aging method to deviate from the amount of water entering the nozzle 
due to the droplet density in the inner region of the spray in the 5.0 bar 
(g) and 8.0 bar (g) run. For the 2.0 bar (g) run, the amount deviates due 
to the overprediction of the large droplets in the outer regions of the 
spray. Nevertheless, the Sauter mean diameter for the three supply 
water pressures shown in Fig. 7a, 7b, and 7c have consistent values for 
the mean diameters in the inner regions of the spray. This implies that 
the droplet size distribution is not skewed by the measurement method. 
The measurements with the patternator deviate less from the amount of 
water entering the nozzle and can be adjusted to give the same total flow 
by assuming the distribution of water is the same. 

5. Conclusion 

A laser-based shadow imaging system and a linear patternator were 
used to characterize the spray emitted from a medium velocity deluge 
nozzle. The supply water pressures were identical to the pressure values 
expected in offshore oil and gas installations. The results obtained from 
the shadow imaging system were compared with the data obtained from 
the linear patternator. A reasonable agreement was found between the 
results obtained from the two methods for most of the spray considering 
Fig. 10. 

The geometrical features of the nozzle were found to affect the water 
distribution of the spray. However, the Sauter mean diameter did not 
vary significantly with the azimuthal and radial positions of the droplets 
in the inner region of the spray. The small droplets were dominant in the 
inner regions of the spray, while the larger droplets dominated the outer 
regions of the spray. 

Considering the extinguishing properties of the spray, present study 
demonstrated that the droplet size reduced and the droplet velocity 
increased with increasing supply water pressure. In addition, the area 
coverage was reduced with increasing pressure. However, the total 
amount of water increased with increasing supply water pressure. 
Interestingly, the area coverage was less even at low supply water 
pressures and indicated dependencies on the geometrical features of the 
nozzle. 

The measurements were taken 1.00 m below the nozzle in the cur-
rent study and need to be extrapolated at different locations in appli-
cations where the nozzles are placed at greater distances from the 
process equipment and vessels. The area coverage is estimated to in-
crease with decreasing supply water pressure in these cases. 

The data obtained from this study can be utilized for practical risk 
assessments in the actual environment. These data can be utilized by 
CFD software to simulate the weather conditions and physical properties 
of the process equipment. Complex spray measurements are not feasible 

Fig. 11. Measurement of the applied volume flux of the water with the shadow imaging technique for supply water pressures of a) 2.0 bar (g), b) 5.0 bar (g), and c) 
8.0 bar (g). 

Fig. 12. Measurement of the actual volume flux of the water with the patternator for supply water pressures of a) 2.0 bar (g), b) 5.0 bar (g), and c) 8.0 bar (g).  

Table 4 
Comparison of the total amount of water calculated by the shadow imaging 
technique and linear patternator with the amount of water entering the nozzle.  

Pressure Supply water flow 
[kg/min] 

Patternator [kg/ 
min] 

Shadow imaging 
[kg/min] 

2.0 bar(g) 80 79 119 
5.0 bar(g) 126 104 83 
8.0 bar(g) 161 115 65  
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to recreate in a CFD analysis, but the experimental work in this study can 
give the CFD programmer information of the extends of the simplifica-
tions that are made. Reported measurements point out area coverage, 
droplet size, and velocity measurement of deluge spray that can be 
adopted to safety policy for offshore rigs in addition to current minimal 
volume flux demand. 

The major limitation of the shadow imaging method is droplet 
density. Future development of the measurement technique can be to 
measure in far-field regions following the spray. This reduces the spray 
density and reduces the number of droplets removed by the shadow 
imaging technique due to improper readings. 
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