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Abstract 
 
Dispersion of two-phase jets from accidental releases in 
hydraulic pipes 
 
Accidental releases of hazardous liquids can occur in a multitude of ways. It is therefore a 
challenge to perform quantitative risk analyses since, typically, detailed information 
about the leak is missing. In this report we suggest a methodology for predicting the 
outcome of such accidental releases. The study focuses on the rupture of a hydraulic pipe 
in an industry building.  
 
In order to characterize the emerging spray from the release we use the laser diagnostic 
methods PDA (Phase Doppler Anemometry) for local analysis of the spray as this 
provides point-wise measurements of droplet size distributions and velocities, and PIV 
(Particle Image Velocimetry) for global analysis as this provides information on two 
dimensional velocity fields. The experimental results have then been used as initial 
conditions for the CFD-code (Computational Fluid Dynamics) FDS (Fire Dynamics 
Simulator), in order to simulate the dispersion at large distances from the leak.  
 
It is shown that this is a powerful method to predict the dispersion of an aerosol from 
released hydraulic oil. The report begins with a survey of statistics of accidental releases 
of hazardous liquids, and a survey of the relevant physics and experimental measurement 
techniques for such releases. 
 
Key words: two-phase flow, spray, droplet, jet, dispersion, accidental release, hydraulic 
oil, laser diagnostics, PDA, PIV, CFD, FDS 
 
 
SP Sveriges Tekniska Forskningsinstitut 
SP Technical Research Institute of Sweden 
 
SP Report 2011:23 
ISBN 978-91-86622-54-1 
ISSN 0284-5172 
Borås 2011 
 



4 

 

Contents 
1  Nomenclature 9 

2  Introduction 10 

3  Accidental two-phase releases 11 
3.1  Statistics 11 
3.1.1  U.S.A. 11 
3.1.2  Sweden 12 
3.2  Anecdotal information 12 
3.3  Research on two-phase accidental releases 14 
3.3.1  Superheated liquids, supercritical liquids, and flashing jets 15 
3.4  Standardization. 16 

4  Two-phase flow theory 18 
4.1  Flow through a hole 18 
4.2  Atomization of an ejected liquid 21 
4.3  Droplet size distributions 24 
4.3.1  Normal distribution 25 
4.3.2  Log-normal 25 
4.3.3  Nukiyama-Tanasawa 26 
4.3.4  Rosin-Rammler 26 
4.3.5  Maximum Entropy Principle (MEP) 27 

5  Materials and methods 28 
5.1  Experimental 28 
5.1.1  State of the art: optical methods for spray diagnostics 28 
5.1.1.1  Physical processes generating optical signals 28 
5.1.1.2  Measurement geometries 28 
5.1.1.3  Methods for spray characterisation 29 
5.1.1.3.1 Extinction/Shadowgraphy 29 
5.1.1.3.2 Schlieren imaging 29 
5.1.1.3.3 Scattering 30 
5.1.1.3.4 Phase Doppler Anemometry (PDA) 30 
5.1.1.3.5  ILIDS (Interferometric Laser Imaging for Droplet Sizing) 31 
5.1.1.3.6 Particle Imaging Velocimetry (PIV) 31 
5.1.1.3.7 Laser-Induced Fluorescence (LIF) 31 
5.1.1.4  Methods to be applied for the investigation of various properties 32 
5.1.1.4.1 Droplet size 32 
5.1.1.4.2 Velocities 32 
5.1.1.4.3 Spray edge identification 32 
5.1.1.4.4 Spray fluid distribution 32 
5.1.1.4.5 Temperature 32 
5.1.2  Experimental materials and methods used in this study 33 
5.1.2.1  Spray diagnostics. 33 
5.1.2.2  Hydraulic oils 33 
5.1.2.3  The hydraulic system 34 
5.1.2.4  Release configurations 35 
5.1.2.5  Experimental setup for spray characterization 38 
5.2  Modelling and CFD-simulations 43 
5.2.1  Overview of models and computer programs 43 
5.2.2  FDS (Fire Dynamics Simulator) 43 



5 

 

6  Experimental results 48 
6.1  PIV 48 
6.1.1  Circular d=0.25 mm hole 49 
6.1.1.1  Spinway 10 49 
6.1.1.1.1 Near field 49 
6.1.1.1.2 Far field 50 
6.1.1.2  Hydraway 32 52 
6.1.1.2.1 Near field 52 
6.1.1.2.2 Far field 53 
6.1.2  Circular d=0.45 mm hole 55 
6.1.2.1  Near field 55 
6.1.2.2  Far field 56 
6.1.3  Rectangular 0.23 × 2.15 mm hole 59 
6.1.3.1  Near field 59 
6.1.3.2  Far field 60 
6.2  PDPA 62 
6.2.1  Circular d=0.25 mm hole 63 
6.2.1.1  Comparison between oils of different viscosity 71 
6.2.2  Circular d=0.45 mm hole 73 
6.2.3  Rectangular 0.23 × 2.15 mm hole 82 
6.3  Conclusions from the experiments 89 

7  Results from CFD-simulations of the aerosol dispersion 91 
7.1  Input from the experiments 91 
7.1.1  Flow rates and spatial distribution of the sprays 91 
7.1.2  Input from the PDPA measurements: droplet size distributions and 

velocities 92 
7.2  Circular d=0.25 mm hole 94 
7.2.1  50 bar injection pressure 94 
7.2.2  100 bar injection pressure 99 
7.2.3  150 bar injection pressure 102 
7.3  Circular d=0.45 mm hole 104 
7.3.1  50 bar injection pressure 104 
7.3.2  100 bar injection pressure 107 
7.3.3  150 bar injection pressure 109 
7.4  Rectangular 0.23 mm × 2.15 mm hole 112 
7.4.1  50 bar injection pressure 112 
7.4.2  100 bar injection pressure 114 
7.4.3  150 bar injection pressure 117 
7.5  Conclusions from the simulations 119 

8  Conclusions and recommendations 121 
8.1  Recommendations for improved safety 121 
8.2  Recommendations for further research 122 

9  References 124 

 
 
 
 
 



6 

 

Preface 
 
AFA Försäkring sponsored this project with reference number Dnr 070081. Their support 
is gratefully acknowledged.  
 
Acknowledgment is also given to Ingrid Sihvo Broman and Jörgen Granefelt at MSB 
(Swedish Civil Contingencies Agency) for supplying statistics from incidents in Sweden. 
Mahrty Ahrens, John R. Hall Jr., Nancy Schwartz, Jennifer Flynn and Olga Caledonia at 
NFPA (National Fire Protection Association) are gratefully acknowledged for supplying 
statistics from incidents in the U.S.A. Lena Lindman (SP) took microscopy images of the 
holes in the hydraulic pipes, Anne Andersson (SP) measured the refractive index of the 
hydraulic oils, and Leena Andersson (SP) measured the surface tension of the oils. Their 
help is gratefully acknowledged. Francis Blanchot at ENSIAME in Valencienne, France, 
assisted in the early phase of the project and is gratefully acknowledged.  
 
 
 



7 

 

Summary 
 
A two phase release is the ejection of a pressurized liquid through a hole in a pipe, 
forming an aerosol of liquid droplets suspended in gas. The liquid can also be ejected 
through a safety release valve. Two phase releases are challenging to model since the gas 
phase and the liquid phase have very different properties, although they both participate 
in the transport process, and they strongly interact with each other. Incidents involving 
two phase releases are of major concern for society in general (due to the danger they 
represent) and for the process industries in particular (for their cost and the hazard they 
pose to personnel). In the U.S.A. only, it is estimated that such incidents cause on the 
order of one death, tens of injuries, and property damages corresponding to $20 000 000 
each year. The explosion at the Buncefield oil depot in the U.K. in 2005 involved a two 
phase flow when the overfilling of a tank caused fuel to spill over the edge of a tank and 
atomizing upon release. The atomization assisted in enhancing vaporization with a 
devastating explosion as a result. The estimated total costs arising from that incident were 
close to £1 000 000 000. 
 
During recent years the interest in regulations and standardization has grown given the 
threat to lives and property that this kind of release causes. In an annex to IEC 60079-10-
1, guidelines for flammable mists are presented. The classification requirements that were 
initially proposed were however very conservative and discussions are still ongoing in 
this field to establish relevant requirements. 
 
This reports presents a methodology to predict the global (industry size scale) outcome of 
an accidental release based on some small scale experiments and CFD (Computational 
Fluid Dynamics) simulations. In this way we propose that industry and authorities 
consider using scientific methods for assessing the security of a facility, instead of simply 
relying on prescriptive rules.  
 
Many powerful CFD-codes exist that could potentially be used for simulating the 
transport of two phase releases. We have chosen FDS (Fire Dynamics Simulator). This 
software has the advantages that is a freeware and that it cannot only simulate the 
transport of an aerosol but also the flammability properties of the dispersed aerosol. In 
this report we have only considered aerosol transport however. 
 
In order to perform CFD-simulations it is absolutely necessary to have good input data. 
The most important data for the calculations presented here has been droplet sizes and 
velocities of the ejected spray. It was found in this report that PIV-measurements (Particle 
Image Velocimetry) for a global understanding of the spray followed by PDA-
measurements (Phase Doppler Anemometry) for local analysis were the necessary 
experimental toolbox for the purpose. 
 
In this limited study it was decided to study accidental releases of hydraulic oils. The 
reason for this choice is the abundance of hydraulic systems in the process industry. The 
oil pressure studies were 50, 100, and 150 bar, which are typical pressures occurring in 
reality. The sizes of the holes in the hydraulic pipes were 0.25 mm and 0.45 mm 
diameter, and a rectangular 0.23 x 2.15 mm hole. Interestingly it was seen that the 
rectangular hole created a spray pattern with a degree of cylindrical symmetry that was 
similar to the circular holes. 
 
The simulations showed that although the major part of the released liquid is injected in 
the form of large droplets, ~100 μm diameter, the liquid that remains airborne after 10-
30 s is contained in the smallest droplets, with ~15 μm diameter. It is, therefore, 
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important to reduce the amount of small droplets released and make efforts to avoid the 
creation of more small droplets by for example splashing the jet against a hard surface. 
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1 Nomenclature 
 
Ca Capillary number, represents the relative effect of viscous 

forces versus surface tension. 
Cd Discharge coefficient relating the actual mass flow to the 

ideal mass flow according the Bernoulli equation. 
dhole Diameter of the hole in the hydraulic pipe. 
d10 Diameter of droplet with mean diameter. 
d30 Diameter of droplet with mean volume. 
d32 Sauter Mean Diameter (SMD). d32 is the diameter of a 

droplet whose volume to surface ratio is the same as that of 
the entire spray. 

Fdrag Aerodynamic drag force on a droplet [N]. 
Fσ Surface tension force on a droplet [N]. 
Fμ Viscous forces withing a droplet [N]. 
g Gravitational constant 9.82 ms-2 
Kinematic viscosity Dynamic viscosity divided by density [m2s-1] 
Oh Ohnesorge number, represents the relative effect of viscous 

forces compared to inertial and surface tension forces. 
p Pressure [Pa]. 
pi Internal pressure (inside pipe) [Pa]. 
pe External pressure (outside pipe) [Pa]. 
pdyn Dynamic pressure [Pa]. 
Q Volumetric flow rate [m3s-1] 
Re Reynold’s number, relates the inertial forces to viscous 

forces. 
v Velocity [ms-1] 
ve External velocity (outside pipe) [ms-1]. 
vi Internal velocity (inside pipe) [ms-1]. 
We Weber number. A measure of the relative importance of the 

fluid’s inertia to its surface tension. 
X Axial direction of the spray [m]. 
Z Height [m]. 
 
 
ρp Liquid density [kgm-3] 
ρgas Gas phase density [kgm-3] 
ρp Particle density [kgm-3] 
ρliquid Mass of liquid phase per unit volume in a two phase flow 

[kgm-3] 
σ Surface tension [Nm-1] 
η,μ Dynamic viscosity [kgm-1s-1] 
τ Shear stress [kg-1ms-2] 
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2 Introduction 
 
Two-phase accidental releases occur when there is a rupture in a pipe containing a 
pressurized liquid substance. Near the release there will always be a mixture of two 
phases: one liquid phase and one gaseous phase consisting of the ambient air and possibly 
of vapour from the liquid substance. If the substance is combustible, which is typically 
the case, the dispersion of the resulting aerosol will pose a major fire and explosion 
hazard [1]. As an example 25 people were killed by a fire caused in hydraulic oil from a 
ruptured line in a food processing plant in 1991[2]. Statistics show that on average 
accidental releases causes on the order of one death, tens of injuries, and property damage 
of $20 000 000 each year, in the U.S.A. alone [3]. 
 
Not only unexpected rupture of pipes may give rise to two-phase releases but in many 
instances relief venting through safety valves containing liquid fractions can generate a 
two-phase release [4]. In order to make correct risk analyses it is therefore necessary to 
understand the dispersion of the released aerosol. 
 
Estimating the outcome of a release is a complex task. Whereas the computation of 
transport of a well defined spray is difficult but to some extent feasible [5, 6], there is no 
unified atomization model [7, 8] for how such a spray is created when the substance is 
transported from the liquid phase in the pipe through the orifice to the ambient 
atmosphere. Therefore the approach needs to be experimental for the initial phase of the 
release, i.e. the near field, close to the leak. Thereafter simulations are possible for the far 
field once the properties of the stabilized spray, such as size and velocity distributions are 
determined. Once a detailed picture of the dispersion from a release has been established, 
it is possible to estimate the risks associated with fire/explosions [9] as well as with 
toxicity [10]. 
 
In this report we have focused on releases of hydraulic oil at pressures between 50 and 
150 bar. The investigated leaks are circular and rectangular and of millimetre size. The 
scope of the report is to present a methodology for quantifying the dispersion of released 
oil aerosols. Ignitability or toxicity falls outside of the scope of this work but are 
potentially topics of future interest. 
 
The report begins with an overview of the available statistics and literature on accidental 
two-phase releases in Section  3. Section  4 contains the most important parts of the 
physics needed to describe two-phase releases. In Section  5, an overview of the state-of-
the art of spray diagnostics is given, and the particular methods used in this work are 
presented. Section  6 contains the experimental results, including an extensive analysis of 
the sprays. Section  7 contains numerical simulations of the dispersion of the aerosols 
from the sprays. The case study is dispersion of the aerosol in an industrial building. 
Finally, Section  8 is devoted to recommendations for improved safety and further 
research needs in this field. 
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3 Accidental two-phase releases 
 
3.1 Statistics 
 
The statistics on accidents with leaking combustible liquids presented below were 
obtained from the Swedish Civil Contingencies Agency, MSB, Sweden, and from 
National Fire Protection Association (NFPA), U.S.A. It is very difficult to obtain 
information about this type of incident directly from industries. It is uncertain whether 
this is because specific information does not exist or is not shared with the public. 
 
3.1.1 U.S.A. 
 
According to statistics from NFPA (National Fire Protection Association) an average of 
834 industrial fires were reported to occur due to ignition of class IIIB combustibles in 
the U.S.A. during the period 1980-1998 [3]. The estimates were made using the U.S. 
National Fire Incident Reporting System (NFIRS). This system captures 30-50% of all 
U.S. fires [3]. 
 
Class IIIB combustible liquids include cooking, transformer, lubrication, motor, mineral, 
and hydraulic oil. They have a flashpoint at or above 93.4°C. The fires on average caused 
1 death, 37 injuries, and direct property damage to a value of $24 000 000 each year. The 
rates decreased to 549 fires, 1 death, 21 injuries and $18 000 000 during the period 1994-
1998, consistent with the general decreasing trend of industrial fires in the U.S.A in that 
period. These fires, where class IIIB liquids were the item first ignited, accounted for 1% 
of all the fires in these occupancies. 
 
The statistics do not reveal whether the liquids were ignited in a spray configuration or a 
pool configuration. However, 29% of the fires were caused by part failure, leaks or 
breaks, which is relevant for this study. 
 
The biggest part of the fires, 44% out of 28 listed occupancy types, took place in metal 
and metal product manufacturing premises. One reason for this is probably that hot 
surfaces are abundant in those industries. In fact, out of 24 listed heats of ignition, molten 
or hot materials score highest, 11.5%. 
 
It was also found that the average direct property loss per fire was $15 000 when 
sprinklers were installed and $41 000 when no sprinklers were installed. 
 
According to statistics from FM Global [11] 134 fires involving hydraulic systems were 
reported in the period 1981-1990. Half of these fires occurred in the metal industry, in 
agreement with the statistics from NFPA. A total of 40% of the fires were caused by 
hydraulic oil being sprayed onto a hot surface. It was found that in 30% of the fires no 
sprinklers were installed, or they were installed but not functioning. These 30% of the 
fires accounted for 75% of the property damage. 
 
According to another review from FM Global, from 1996, it was reported 54 fires and 
explosions to a cost of $150 000 000 in losses due to fires involving heat transfer fluids 
during a recent ten year period [12]. 
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3.1.2 Sweden 
 
Statistics on fires in Sweden involving hydraulic oils is not easily accessible. According 
to the Swedish Rescue Service’s database on incident response reports [13], a total of 77 
responses were reported during the period 1996 to June 2010. This, however, also 
contains incidents where hydraulic pipes and hydraulic motors were involved as 
secondary fire sources, that is when for example a hydraulic hose was affected by an 
existing fire. In only 13 of the reports was it clear that a sudden release of hydraulic oil 
was the root cause of the incident. On the other hand the search was made using the word 
“hydraulic” and some report authors might have misspelled this word, and therefore those 
reports were not found. In some of the incidents a fire never broke out but only smoke 
was produced. Of the 77 reports 44 came from the metal industry, 7 from the wood 
industry, 5 from power/heat stations, 2 from commercial premises, 2 from repair 
workshops, 1 from an apartment house, 1 from the food industry, 1 from a 
hospital/nursing home, 1 from a school, 1 from a theatre/cinema/museum, 1 from a 
warehouse, and 11 from other industries. 
 
Statistics from the Swedish Work Environment Authority [14-19] shows that during 
2002-2005 approximately 260 work related injures were reported due to electricity, fire or 
explosions, of which four were fatalities. There is, however, no information available 
concerning how many of these injuries were due to spray accidents. 
 
 
3.2 Anecdotal information 
 
Some very serious incidents involving combustible liquids are reported below. It should 
be noted, however, that these incidents illustrate what can happen under unfortunate 
circumstances. In contrast, the statistics contain information concerning what typically 
happens, although in less detail. 
 
An estimated 40 tons of cyclohexane [20] was released in the form of vapour and mist 
[21] in Flixborough, U.K., in 1974. The cloud was subsequently ignited and 28 people 
were killed. 
 
On December 11, 2005, overfilling of a tank at the Buncefield oil depot in the U.K. led to 
a free fall of fuel droplets that entrained air which caused a rapid vaporization. The cloud 
of droplets and vapour was dispersed over a large area and ignited and caused widespread 
damage to the site and to neighbouring homes and businesses [22]. A total of 23 people 
were injured but fortunately there were no fatalities. The fire burned for five days and a 
large plume of smoke dispersed over southern England. The estimated total costs arising 
from the incident, including direct loss of property, loss for the aviation industry due to 
the smoke plume, emergency response etc., was close to £1 000 000 000 [23]. 
 
Twenty-five people died in a fire caused by hydraulic oil from a ruptured line in a food 
processing plant in North Carolina, U.S.A., in 1991 [2]. The rupture occurred during a 
repair when the line separated from a joint, approximately 1.5 m above the floor. The 
pressure in the line was estimated to be 50-60 bar and the hydraulic fluid was sprayed on 
the floor and on a nearby gas-fuelled cooker which caused an immediate ignition. There 
were an estimated 90 occupants in the building at the time of the accident and the 25 
deaths were mainly due to fire smoke spreading rapidly in the premises. The plant was 
permanently shut down after the disaster. 
 
A fire due to leakage of 7-8 m3 of lubrication oil caused the death of three employees at a 
power plant in New Jersey in 1992 [24]. The pipe was part of a lubrication oil pump for a 
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steam turbine. The break occurred at a flange connection of a 6-inch (150 mm) diameter 
lubrication oil pipe. The pressure was estimated to be 12 bar and the oil was preheated to 
90°C. The flash point of the oil is 200°C. It is believed that the break produced a fine 
spray of lubrication oil which created a pool under the steam turbine. The ignition was 
delayed and an unknown ignition source ignited the oil causing a small explosion. After 
the explosion there was fire in the oil pool as well as at the failed flange. 
 
A fire broke out in an aluminium mill in Illinois, U.S.A., in 1993. No loss of lives was 
reported but the fire rendered a loss of property to an estimated $20 000 000 [25]. 
Oncoming shift workers failed to notice that unfinished maintenance work had been 
performed on a milling machine. During the maintenance, the nozzles for coolant oil had 
been temporarily rotated out from the milling machine, instead of towards it. When the 
workers started the machine the oil was sprayed onto a nearby quartz lighting (a lamp) 
and ignited immediately. The coolant oil was continuously supplied during the fire and up 
to 75 m3 oil was released. 
 
Coolant oil ignited by hot transformers caused a property loss of $25 000 000 at a power 
plant in Virginia, U.S.A., in 2006 [26]. A valve failure in a pipe assembly for cooling oil 
for transformers caused a pressurized leak. The fire impinged on two transformers which 
in turn ruptured, supplying more oil to the fire. No injuries were reported. 
 
Fourteen fire fighters were injured and a property loss of $28 000 000 was caused during 
a fire in a steam, heat and electricity generating plant in Alabama, U.S.A., in 1991 [27]. 
The fire occurred when seal failed in an in-line oil filter and pressurized oil was ignited 
by a nearby steam line. 
 
Five fire fighters were injured and a property loss of $24 000 000 was caused during a 
fire in a coal strip mine in Illinois, U.S.A., in 1991 [27]. A high pressure hydraulic hose 
failed and sprayed hydraulic oil onto an electrical junction box approximately 14 m above 
the ground level. The oil caused an electrical short circuit and arc which ignited the fire. 
 
A fire in a large spray of hydraulic fluid occurred in a foundry in Finland in 1993 [28]. 
An improper casting caused a 1 cm rip in a hydraulic cylinder. The ejected spray hit a 
protection board and before continuing to the roof, which was 15 m high. On the way 
down, the spray was ignited by the hot cast. A fire started despite the fact that the 
hydraulic fluid was of a so called fire resistant type. 
 
An industry working with metal cutting machines reported ten fires in the cutting fluid 
during 1996.The fires were probably due to misdirected fluid jets and worn cutting edges 
causing high temperatures which ignited the fluid. The fires were extinguished with fixed 
CO2 systems integrated into the machines [28]. 
 
In 1995 an intensive fire was initiated in the hydraulic system of a 13 m long wooden 
stern trawler in the U.K. [29]. The probable cause of the fire was a leak in an hydraulic 
hose which created a mist that was ignited by the hot exhaust manifold. The crew was 
rescued by another fishing vessel. 
 
In 1999, at Ladbroke Grove station in London, U.K., more than 30 people were killed in a 
train accident [30]. The train passed through a red signal and collided with another train. 
The stationary train had a diesel fuel tank which was compressed and ruptured during the 
collision. A large diesel spray was released and ignited by an electrical discharge. This 
resulted in a large radiant fireball. 
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3.3 Research on two-phase accidental releases 
 
In this section a brief overview of some of the research that has been conducted 
previously on accidental two-phase releases is given. Some technical expressions are used 
which are explained in detail in Section  4. 
 
After the train accident at the Ladbroke Grove station, the accident was reconstructed in 
an experiment [30]. It was found that the average pressure in the diesel tank was 8 bar 
during the release. Due to this relatively low release pressure and due to the large release 
orifice (the crack in the ruptured tank) a significant fraction of the released fuel was 
contained in large droplets that rapidly rained out. An ignitable fine mist remained. The 
combustion of this mist produced large amounts of soot due to the rich mixture. This soot 
caused intense radiation from the resulting fire ball. 
 
Sukmarg et el. [31] reported measurements on heat transfer fluids (HTF) leaking from 
pressurized containers. HTFs have low vapour pressures, high boiling points and high 
flash point temperatures. It is, therefore, often assumed that these liquid are safe from a 
fire hazard perspective. In reality however these fluids have caused considerable fire 
damage [12]. A Malvern Laser Diffraction Particle Analyser was used to study droplet 
sizes and distance to a fully developed spray (aerosol distances). The fluids were 
pressurized to 11, 22, and 36 bar and circular orifices of diameters 0.21 and 0.38 mm 
were used. No information on the orifice length was given. The fluids were heated to 80, 
100, 120, 150 and 190°C and ejected into an ambient atmosphere at normal room 
temperature and pressure. A general trend from all measurements was that the droplet 
size, defined as the SMD, decreased with increased distance from the orifice. This is 
expected since the liquid exits the orifice as a liquid stream. When it encounters shear 
forces due to the friction with the ambient air it starts to break up into droplets. This is 
called the transitional regime. This atomization continues until the ratio between shear 
forces and the surface tension becomes so small that the surface tension inhibits further 
breakup due to do shear stress. This is the developed spray regime. This is described by 
the Weber number We, see Section  4.2. The critical Weber number, which determines the 
droplet size of the developed spray, was found to be 8-15, whereas it was estimated to be 
12-22 in a study by Johnson and Woodward [32]. The aerosol distance was below 450 
mm for all operating conditions except for 11 bar, 0.21 mm and the lowest temperatures, 
and except for11 bar, 0.38 mm for all temperatures. The SMD was found to be within 30 
– 70 μm for almost all operating conditions. Several measurement problems with the 
diffraction particle analyser were observed in the study, see also Section  5.1.1.3.3. 
 
Krishna et al. [33] made multiple regression analyses of the dependence of SMD droplet 
size on various dimensionless groups for six types of heat transfer fluids. Eq. (1) shows 
the correlation between SMD droplet size and the dimensionless groups for white mineral 
oil. The oil temperature was also varied but the temperature dependence is implicit in the 
dependencies on viscosity μ, surface tension (implicit in the Weber number), and density 
ρ. 
 

8.8 · 10 . .
. . .

 

 

(1) 
 

 
While expressions like Eq. (1) would be very useful in practical applications, the analysis 
gives a very big pre-factor and density exponent. This raises some concerns about 
whether the problem is well posed or not. For example, another type of heat transfer fluid, 
Di/Tri aryls, gives a pre-factor of 0.1723 and a density exponent of -2.5911, i.e. 
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significantly different to the result in Eq. (1) for white mineral oil. It would also be more 
useful to have temperature as an explicit parameter in the correlation analysis. Still, this is 
the type of information that is needed for risk assessments and more work in the same 
direction is strongly encouraged. 
 
3.3.1 Superheated liquids, supercritical liquids, and flashing 

jets 
 
Hazardous fluids are often transported under pressurized liquefied conditions [34]. Due to 
the increased pressure the fluid can under certain circumstances remain a liquid although 
its temperature is above the boiling temperature at atmospheric pressure. When a leakage 
occurs of such a fluid into the atmosphere the release is said to be superheated. The fluid 
is thermodynamically unstable and bubbles form rapidly in the liquid. In addition to the 
mechanical atomization, bubble formation and rapid evaporation increases the 
atomization of the jet. This mechanism is termed flash atomization. Typically droplets 
sizes are smaller for flash atomization than for purely mechanical atomization. 
Furthermore the spray shape typically exhibits a bell shaped geometry. 
 
Witlox et al. [35] performed scale sized experiments with water superheated to different 
degrees, i.e. with different temperatures above 100°C. They used PDA to measure the 
velocity and droplet size distribution as close to the exit orifice as possible. The authors 
proposed a new sub-model for predicting the droplet size and size distributions from 
flashing jets of different degrees of superheat. The new model predicts lower droplet sizes 
than previous models in the mechanical breakup regime, that is for low superheat. 
 
PDA and PIV were compared as measurement techniques in the near orifice zone for 
flashing jets in a study by Yildiz et al. [36]. It was found that the region closest to the 
orifice was very optically dense and it was difficult to measure velocities with as well 
PDA as with PIV. Further downstream the conditions were better and the comparison of 
PDA and PIV showed similar trends in the velocity as a function of distance from the 
orifice. The trend observed was that the velocity increases with distance from the orifice 
which might be surprising. The reason for the increasing velocity with increasing distance 
is the flashing breakup of the superheated liquid. Measurements of droplet size 
distributions were found to be ambiguous with the authors’ multi-intensity-layer PIV 
treatment. By comparison, the PDA measurements gave useful results, with increased 
quality downstream. 
 
Releases of superheated R134-4 (a jet fuel) were studied by Yildiz et al. [37]. PDA was 
used in the far field from the orifice for velocity and droplet size analysis. It was found 
that droplet size increased with increasing orifice size. The droplet velocities were not 
significantly affected by the orifice size. High speed photography confirmed previous 
observations that the atomization is more violent and occurs closer to the orifice for large 
orifices. It was also found that a change in the superheat temperature from 43.4°C to 
49.9°C drastically changed the leaking jet behaviour from relatively quiescent to a 
flashing spray. Increasing the pressure yielded smaller droplets and higher velocities, as 
expected. 
 
Cumber [38] describes a methodology to predict outflow from a ruptured pipeline 
transporting supercritical ethene (C2H4). As a supercritical fluid is pressurized and above 
its critical temperature, there is no distinction between liquid phase and gas phase, and the 
fluid can only be described as a fluid, and not as a gas or a liquid. Another way of 
expressing this is that at the critical temperature the gas phase fluid and the liquid phase 
fluid have the same densities. Ethene is widely used for example for the production of 
polyethene (a plastic for, e.g., grocery bags) and polystyrene (a plastic for packaging and 



16 

 

insulation). Estimating releases of ethene is challenging since its critical temperature, 
10°C, is just below typical operating temperatures. When a pipe fractures the 
depressurization causes phase changes from supercritical to a liquid phase, and from 
liquid to gas phase. The author points out that there is a lack of experimental data for 
model validation. Experiments in this field are difficult due to the inherent hazard of the 
process. 
 
Accidental release of pressurized liquefied ammonia (NH3) has been an important field of 
research. Large scale atmospheric releases (on the order of 100 kgs-1) were investigated in 
the Desert Tortoise series of tests [39] in the U.S.A. Intermediate scale releases were 
performed in conjunction with the Fladis Field Experiments [40] (on the order of 0.5 
kgs-1) at the Hydro-Care test site in Landskrona, Sweden [41] and in the INERIS tests (on 
the order of 2-4 kgs-1) in France [42]. These studies focused on the dispersion of ammonia 
in the open air and on the effects of obstacles, for example buildings, on this dispersion. 
Some of the findings were that the density difference between the ammonia cloud and the 
ambient air was an important parameter. This density difference is affected by, for 
example, the condensation of the water in the entrained ambient air, on the rainout of 
liquid aerosols, and on heat transfer from the surroundings [41]. 
 
 
3.4 Standardization. 
 
One of the main purposes of this study was to provide scientific data and guidance for 
IEC TC31 in their work on standard IEC 60079-10-1 “Classification of areas – Explosive 
gas atmosphere”. 
 
In Europe the ATEX (ATmosphere EXplosible) directive, 94/9/EC, for equipment, and 
99/92/EC, for workplaces [43], came in force 2003-07-01. In the directive 99/92/EC, gas, 
vapor, mist, and dust are identified as sources which can give an explosive atmosphere. If 
there is an explosive atmosphere the area should be classified as an explosive area. 
 
At the time when the European directives were issued in 2003 there was no guidance on 
how an area where there is a risk of mist should be classified. A work started to solve the 
mist problems which ended up in Annex D of IEC 60079-10-1. In this annex some 
guidance is given on the explosion hazard from flammable mists generated by the release 
under pressure of high flash point liquids, 
 
It was noted in the standard that: 
 
“Flammable mists may form or be present at the same time as flammable 
vapours. Liquids not considered to be hazardous in terms of this standard (due to 
the flash point), when released under pressure may also generate flammable 
mists. In such cases, the strict application of area classification for gases and 
vapours may not be appropriate as the basis for selection of equipment.” 
 
Similar observations concerning the increased combustion limits for liquids when they 
appear as mist instead of in bulk has also been pointed out by for example Krishna et al. 
[33] concerning heat transfer fluids. 
 
There has been an intensive discussion about how to classify areas, and the first attempt 
was to introduce a scheme where the pressure, above 0.7 bar, and a possible leak such as 
a flange would result in a classified area. There is much equipment in industry with a 
pressure above this limit where flammable liquid are found, and consequently area 
classification would have to be introduced into a lot of industries which use hydraulic 
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fluids. The IEC, however, considered this approach to be unnecessarily conservative and 
it was decided to include an informative annex to describe the problems with mist instead. 
 
The lack of knowledge in the field is a disadvantage and there is a need for further 
investigations concerning risks associated with mist. Therefore, for the present report, we 
have selected scenarios that typically occur in practical systems. These include leaks from 
small holes of hydraulic fluid lines at pressures between 50 and 150 bar. With a better 
understanding of the mist problems it is possible to define where there is a risk of 
explosions or fire, and proper classification of the area can be performed. As for the 
present report, a methodology is also proposed for performing computer simulations 
concerning the outcome of an accidental release. This points to the possibility for an 
engineering approach instead of purely prescriptive requirements. A parallel can be 
drawn with the increased interest in Fire Safety Engineering (FSE), as an alternative to 
prescriptive fire codes [44]. 
 
An overview of existing test methods, for fire testing and classification of hydraulic fluid 
was presented by Simonson [43], in 1996. It was concluded that no method existed that 
incorporated a scientifically sound testing and classification procedure. Two methods 
were suggested as the starting point for further research; the Buxton spray test [44] and 
NT FIRE 031 [45]. 
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4 Two-phase flow theory 
 
4.1 Flow through a hole 
 
A scientific analysis of the flow through a hole begins with the Bernoulli equation [45]: 
 

Cgzvp =++ ρρ 2

2
1  

 

(2) 
 

 
where  
 
p is the pressure, 
 
ρ is the density, 
 
ν is the speed, 
 
g  is the gravitational constant, 
 
z is the height, and 
 
C is a constant. 
 
Bernoulli’s equation is only valid under the following assumptions: 
 

− Viscosity is negligible 
− The flow is steady 
− The flow is incompressible 
− The equation is valid along a streamline 

 
The condition of steady flow is fulfilled if the pressure in the tube is kept constant. The 
condition of incompressibility is also fulfilled with the liquids and pressures considered in 
this study. Leaving the assumptions of viscosity and streamlines aside for the moment 
and assuming that the changes in z is negligible Eq. 2 reduces to: 
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Equating Eq. (3) inside the tube and at the exit of the hole gives: 
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Assuming the velocity is constant over the cross section of the hole, so called plug flow, 
gives a volumetric flow rate of: 
 

ρ
π pdQ hole

Δ
=

22  

 

(6) 
 

 
However, viscosity forces the liquid to stick to the wall of the hole. This is called the no-
slip condition. The velocity at the wall of the hole is therefore zero, vhole wall = 0 while it is 
at its maximum in the centre of the hole. The velocity distribution depends on the nature 
of the liquid. For a Newtonian fluid the derivative of the velocity with respect to position 
is proportional to the shear stress τ: 
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where η is the viscosity. This gives a parabolic velocity distribution in the hole according 
to: 
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The volumetric flow rate can be calculated by integrating the velocity over the cross 
section which gives 
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For a fully developed laminar flow the shear stress at the wall is given by [45]: 
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where ttube is the thickness of the pipe, or the length of the hole. This gives 
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This equation is called Poiseuille’s law and it should be emphasized that it is only valid 
for fully developed laminar flow. This requires that the hole is relatively long, meaning 
that Dhole/ttube<<1. Eq. (12) is strictly valid only for horizontal holes but for the pressure 
drops considered in this study gravitational effects inside the hole are negligible. 
 
The considerations above are only valid for laminar flow. However, the flow conditions 
in this study can sometimes be considered as laminar. The flow is typically laminar in the 
tube if the Reynolds number is below 2100 [45]. The Reynolds number is a measure of 
the relative magnitude of the inertial forces to the viscous forces and is defined as: 
 

η
ρ holevD
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Turbulent flow is considered to exist when the Reynolds number exceeds 4000. Consider 
a hydraulic tube where the diameter of the hole is 1 mm and the pressure in the tube is 
100 bar. The viscosity of the oil is 0.1 kgs-1m-1 and its density is 1000 kgm-3. An estimate 
of the velocity in the hole can be obtained from Eq. (5): 
 

1-
5

ms 140
1000

10)1100(2
≈

⋅−
=v  

 

(14) 
 

 
This gives 
 

1400
1.0

1011401000Re
3

=
⋅⋅⋅

==
−

η
ρ holevD

 

 

(15) 
 

 
which is within the laminar region. 
 
For engineering purposes it is necessary to use an empirical expression for the flow rate 
through a hole. The reason for this is that the conditions in an experiment do not fulfil the 
requirements for Bernoulli’s equation nor for Poiseuille’s law. For this purpose the 
concept of a discharge coefficient Cd is used. The discharge coefficient is the ratio of 
actual mass flow to the ideal mass flow according to the Bernoulli equation: 
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The discharge coefficient varies with operating conditions. The most important 
parameters affecting the discharge coefficient are: Reynolds number, ttube/Dhole ratio, 
pressure in the tube (injection pressure), ambient gas pressure, inlet chamfer and 
cavitation [8]. 
 
During the course of the experiments in this project it was, however, observed that this is 
a too simplistic an approach to estimate the flow rate through a hole in a pipe with a 
pressurized liquid substance, even if the viscosity [46] can be neglected. Visual 
observations showed very inhomogeneous behaviour at the exit of the hole, which is not 
accounted for by the Bernoulli or the Poiseuille equation. It is believed that the conditions 
inside the pipe can not be considered as stagnant but that the flow inside the pipe also 
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needs to be considered. This will not be pursued further here but is recommended for 
future research. 
 
4.2 Atomization of an ejected liquid 
 
Atomization is the process by which a homogeneous liquid, injected into for example 
ambient air, breaks up into ligaments and droplets due to disruptive internal and external 
forces. If no disruptive forces exist the surface tension will pull the liquid into a sphere 
[8]. In reality however there are internal forces, such as turbulence for example, and 
external forces, such as air pressure, which will distort the liquid and/or split the droplets 
into several smaller more or less spherically shaped droplets. 
 
Atomization can be divided into two phases: primary and secondary atomization. Primary 
atomization is caused mainly by purely internal forces in the liquid. Secondary 
atomization is caused by aerodynamic forces, caused by the droplets travelling through 
the ambient air, overcoming the restoring forces of the droplets [47], mainly surface 
tension and viscous forces. 
 
This work has focused onto the fire/explosion hazard associated with the aerosol that is 
produced from leakage in a hydraulic pipe. The transport properties for such droplets 
depend on their size, and their initial velocities. Therefore, it is critical to know the 
droplet size distribution of the fully developed spray, i.e. the final droplet size distribution 
when atomization has ceased. In this case, the very complex primary breakup can be 
neglected and one can focus on the theory of secondary breakup, related to the maximum 
size of stable droplets subjected to a relative air stream velocity. 
 
The dynamic pressure on a droplet surface exposed to a perpendicular air flow with speed 
v is given by: 
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The force that the dynamic pressure exhibits on, for example, a droplet is proportional to 
the dynamic pressure multiplied by the cross-sectional area of the droplet. Since the 
droplet does not expose an infinite perpendicular area towards the air flow there is a 
proportionality constant Cdrag, the drag coefficient. The drag force on a droplet becomes: 
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The velocity v is the relative velocity between the droplet and the air. In this study the 
liquid is assumed to be ejected into quiescent air and v is therefore the droplet velocity. 
The drag force Fdrag acts as a deforming force. The surface tension on the other hand acts 
as a restoring force. The contracting force around the perimeter of a droplet, Fσ, is given 
by the surface tension σ multiplied by the length of the circumference: 
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The ratio Fdrag/Fσ is: 
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(20) 
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Where We is the dimensionless Weber number: 
 

 
(21) 

 
 
A droplet subjected to a relative air velocity can be assumed to be unstable, i.e. prone to 
breakup, when the deforming drag force is equal to or greater than the restoring surface 
tension, that is when expression (20) is equal to or greater than unity. The maximum 
stable drop size is obtained as: 
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This is often expressed in terms of the critical Weber number 
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Critical Weber numbers have been found to be in the range 15-32 by Korsunov and 
Tishin [48] for transformer oil and in the range 12-22 by Johnson and Woodward [32] for 
heat transfer fluids. Kolev [49] reported critical Weber number between 5-20 for low 
viscosity liquids with 12 being the most common value. A list of results from studies on 
Wecrit for different liquids and operating conditions can be found in reference [50]. 
 
Here, it is interesting to forestall the experimental results in Section  6.2 and check what 
the typical theoretical maximum drop diameters are for leaking hydraulic oils used in this 
study. The surface tension σ of the oil was measured as 32 mNm-1. The density of air is 
1.2 kgm-3. Equation (14) shows that a typical exit speed is on the order of 140 ms-1. 
Inserting these values in Eqs. (22) and (23) gives: 
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(24) 
 

which is indeed in agreement with the measured size histograms in Section  6.2. 
 
In the discussion above the only restoring force was the force due to surface tension. 
However, for viscous liquids there is also a force resisting velocity gradients within the 
droplet. This also acts as a restoring force [51]. A detailed analysis of the effect of 
viscosity on secondary breakup on droplets is complex and out of the scope of this work. 
However, a qualitative analysis can be made using a force balance methodology. The 
ratio between deforming (Fdrag) and restoring surface and viscous forces (Fσ and Fμ) can 
be written as: 
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The deforming and restoring forces balance for Fdrag/(Fσ+Fμ)=1, i.e., 
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Inserting Eq. (20) into Eq. (27) we obtain: 
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Using Eq. (23), which was derived with the assumption of no viscous forces, μ=0, we 
find that: 
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The frictional force due to viscosity, Fμ, is not easily quantified since it depends on 
velocity gradients inside the droplet. A dimensionless number relating viscous forces to 
surface tension forces is the capillary number Ca: 
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It would therefore be logical to write 
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where c is a constant. In the literature, however, there is a tendency to describe viscous 
effects using the Ohnesorge number: 
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which is a measure of the ratio between viscous forces and drag and surface tension 
forces. Oh can also be expressed as 
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Hinze [52] argues that the critical Weber number can be expressed in the form: 
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while Brodkey [53] has proposed the empirical expression: 
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(35) 
 

 
which is claimed to be accurate within 20%. 
 
Finally it should be noted that when Wecrit is reached, or exceeded, the condition for 
break-up is met. This means that the droplets start to break up. If the droplet is 
transported to a region with lower Weber number it might not complete the break-up 
process. Another observation is that when a droplet starts to deform its surface changes 
and the aerodynamic drag force might increase, which would accelerate the break-up 
process. The process is obviously complex but three generally valid observations were 
stated by Mackrory [54]: 
 

1. Larger droplets are more prone to secondary atomization than smaller droplets 
given the same conditions. 
 

2. High gas densities and high relative velocities between droplets and the 
surrounding gas promotes secondary atomization. 
 

3. Liquid viscosity dampens the disturbances in the droplet that lead to secondary 
atomization. 

 
 
4.3 Droplet size distributions 
 
Small droplets (< 2 mm) are in general close to spherical in shape and can therefore be 
described using a single parameter [55]. Larger droplets are typically distorted by gravity. 
Different parameters are then used depending on the application. Some of the most 
commonly used parameters are summarized below. 
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where fd is the distribution of droplets in a spray. 
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Volume Mean Diameter 
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Sauter Mean Diameter, SMD 
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where d32 is the diameter of a droplet whose volume to surface ratio is the same as the 
volume to surface ratio of the entire spray. 
 
As was pointed out in the introduction to this report there is no unified model for 
atomization [7, 8]. It is, therefore, not possible to calculate the droplet size distribution fd 
from first principles. A number of mathematical expressions for fd have been proposed, 
based either on probabilistic or purely empirical considerations. The most important of 
these expressions are listed below [8]. 
 
4.3.1 Normal distribution 
 
The normal distribution is typically described using the following: 
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where σsd is the standard deviation and d10 the mean value of the distribution.  
 
This distribution is relatively simple to treat mathematically but its application is quite 
limited since it only applies to atomization processes which are completely random, 
without any bias. 
 
4.3.2 Log-normal 
 
The log-normal distribution is typically described using the following: 
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where σsd is the standard deviation of the log-normal distribution and μmedian is the median 
size of the distribution. 
 
The log-normal distribution has the same basic form as the normal distribution but with 
the logarithm of the diameter used as a variable, instead of the diameter. The log-normal 
distribution has often been found to be more useful than the normal distribution. 
 
In this report it has been found that the droplet size distributions of the ejected hydraulic 
oil can be reasonably well approximated with log-normal distributions, see Section  6.2. 
 
4.3.3 Nukiyama-Tanasawa  
 
A simplified formula to describe the droplet size distribution function has also been 
developed by Nukiyama andTanasawa [56]: 
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where a, b, p and q are independent parameters. The Nukiyama-Tanasawa distribution  is 
relatively generally applicable since it contains as many as four independent parameters. 
 
4.3.4 Rosin-Rammler  
 
The Rosin-Rammler distribution [8, 57-59] gives the volume distribution fv as: 
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where X and q are free parameters. The Rosin-Rammler volume distribution is a special 
case of the Nukiyama-Tanasawa distribution and is also known as the Weibull 
distribution [60]. 
 
By integrating the distribution from zero diameter to d the cumulative fraction Fv is 
obtained. This is the fraction of the total drop population with diameter less than d. We 
obtain: 
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The median volume diameter is obtained by setting FV = 1/2 which gives the relation: 
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4.3.5 Maximum Entropy Principle (MEP) 
 
Since the later 1980s a new approach to characterizing, or even predicting, droplet size 
distribution has emerged [61, 62]. This is based on entropy and the second law of 
thermodynamics. By maximizing the entropy of a spray, droplet sizes could be predicted 
[63] and the Nukiyama-Tanasawa distribution was derived [64]. Recently, Dobre and 
Bolle [65] reproduced bimodal experimental data for droplet size distribution from a 
high-energy ultrasonic atomizer. However, the maximum entropy principle is strictly only 
applicable for isolated systems in thermodynamic equilibrium, which is typically not the 
case for a spray [7, 61]. Therefore this approach has not gained broad acceptance. 
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5 Materials and methods 
 
5.1 Experimental 
 
5.1.1 State of the art: optical methods for spray diagnostics  
 
Optical methods are very powerful tools for spray diagnostics, since they are non-
intrusive and enable high time resolution and imaging possibilities. Here, a short survey 
of optical methods suitable for the characterisation of the spray formed by an evaporating 
liquid in air is given together with the basics of the generation of optical signals and how 
spatial information can be obtained.  
 
5.1.1.1 Physical processes generating optical signals  
 
There are several processes in the light-matter interaction which can be used to derive 
information about the spray such as absorption, emission (fluorescence), scattering or 
diffraction/refraction. 
 
Absorption is the process by which photons are absorbed by molecules and the molecules 
subsequently become excited. The excitation could be to a higher electronic, vibrational 
or rotational state. The excited molecule can relax to a lower state, either by emitting a 
photon again, fluorescence, or by converting the energy to “thermal modes” – vibration, 
translation and rotation. Fluorescent light is normally emitted at a different wavelength 
than the excitation light, e.g. for larger organic molecules the fluorescence is shifted to 
longer wavelengths compared to the excitation light. 
 
Scattering is a process in which the light is not absorbed but changes direction and/or 
other properties when interacting with a molecule or a droplet. The scattering can be 
elastic, i.e. there is no change in wavelength of the light, or inelastic, i.e. the wavelength 
of the light changes due to energy transfer between the photon and the scattering object. 
 
Extinction is a common term for the loss of incident light when interacting with the 
measurement object, e.g. a spray. The extinction corresponds to the loss of transmitted 
light, and this loss can be due to both absorption and scattering. 
 
Light is diffracted when the light wave arrives at a border between media with different 
refractive indices. The border may be sharp or more diffuse with a gradual change in 
refractive index over a finite distance. For spray imaging diffraction may occur on both 
“global” and “local” scales. At the interface between the spray and the surrounding air 
there is a change in refractive index since the vapour part of the spray has a different 
composition and possibly also temperature than the air. Even if this difference in 
refractive index is relatively small it is sufficient to cause diffraction of light passing the 
spray. On a more local scale there is diffraction of the light as it impinges on liquid 
droplets in the spray surrounded by air or vapour. Some part of the light will be reflected, 
while the rest will continue through the droplet with a change in direction, and when the 
light again reaches the surface of the droplet, it will either cross the border with a change 
in direction or be reflected.  

 
5.1.1.2 Measurement geometries  
 
Different methods are able to derive information with different spatial information or 
resolution. There are a group of methods in which the information is obtained from only 
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one point (or rather a small volume). This is typically the case for methods based on 
crossing light beams. Methods based on detecting the emission or scattering of light can 
also be employed as point measurements if the light emitted/scattered from a limited 
volume only is allowed to pass to the detector. 
 
Extinction measurements are inherently line-of-sight measurements since all extinction of 
light from the source to the detector will be detected. Further, the extinction measurement 
itself contains no information concerning exactly where the signal was lost. 
Emission/scattering can also be line-of-sight methods if the light is not collected from 
exactly one point, but from a line ending in the detector opening. 
 
If possible, imaging is the preferred detection method since it enables detection of 
information from all (or at least a large part) of the spray simultaneously. However, one 
should be aware that all imaging with cameras will result in a two-dimensional image of a 
three-dimensional object. Images may be recorded as separate images or as a sequence of 
images with a short time interval so that the direct evolution of a spray can be followed. 
Images may represent line-of-sight information as is the case with transmission images 
or, images detecting light scattered from the whole spray. A common method to obtain 
images with well defined information is to illuminate not the whole spray but a cross-
section of the spray with laser light focussed into a thin sheet.  
 
5.1.1.3 Methods for spray characterisation  
 
Here some of the most commonly used spray diagnostic methods will be made. The focus 
will be on methods suitable for characterising a spray of liquid droplets in air, and it is 
assumed that the liquid evaporates (partially) during the spray evolution.  
 
5.1.1.3.1 Extinction/Shadowgraphy 
 
Extinction measurements provide information about the density of the spray, integrated 
along the light path. With a detector without spatial information, the density along one 
line can be determined. However, it is most common to use a camera as a detector in 
order to obtain a two-dimensional projection of the three-dimensional density. There are 
also tomographic approaches in which the extinction is measured along several crossing 
lines in order to obtain three-dimensional density information. 
 
The extinction can be due to scattering, absorption or both. In a spray, micrometer-sized 
droplets have a strong scattering cross-section and scattering is often the dominating 
extinction mechanism, unless there happens to be strong absorption at the wavelength of 
the incoming light. 
 
A recent method for extracting information from the area closest to the orifice, which 
typically contain a dense spray, is so called ballistic imaging. By only imaging photons 
that have only been scattered once, or a few times, it is possible to obtain sharp images of 
the internal structure of the spray, even if the optical density is very high. This method 
calls for advanced equipment such as femto-second lasers and fast gated electronics [66]. 
 
In the last decade electronic high speed cameras, with frame speeds of the order of 
100 000 frames per second, have been made available for research. These have facilitated 
the development of a good qualitative understanding of the dynamics of sprays. 
 
5.1.1.3.2 Schlieren imaging 
 
Schlieren imaging is often combined with shadowgraphy, where instead of using all the 
transmitted light only the light diffracted by refractive index gradients in the spray is used 
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to form the image. Thus, for example, the borders of the spray can be identified even if 
the extinction there is much weaker than in other parts of the spray with high droplet 
densities, and the edges of vapour clouds can be visualized.  
 
5.1.1.3.3 Scattering 
 
Besides detecting scattering through the extinction of the incoming light, detection of the 
scattered light can also be made. One method to determine the droplet size is to detect the 
scattered light at several angles compared to the direction of the incoming light. 
 
Imaging of Mie scattered light provides a distribution of droplets. Common approaches 
are either to illuminate the whole spray or a cross-section of the spray. When the whole 
spray is illuminated, often called direct imaging, a two-dimensional projection of the 
three-dimensional droplet density is obtained. However, in many cases the extinction is 
significant so that an enhanced sensitivity is obtained for the parts of the spray closest to 
the light source and camera. When a cross-section of the spray is illuminated with a laser 
sheet, more detailed information is obtained about the local structure in this plane, 
although the effects of extinction and multiple scattering may distort this information. 
 
In a similar way Rayleigh scattered light, i.e. light elastically scattered by molecules, can 
be used for imaging. Since the Rayleigh scattering is much weaker than the Mie 
scattering, it can only be properly analysed in the absence of droplets giving rise to Mie 
scattering. The cross-section for Rayleigh scatting is much higher for hydrocarbons than 
for the most abundant components of air, nitrogen and oxygen. Therefore, an enhanced 
scattering is obtained from areas with a high concentration of evaporated hydrocarbons 
compared to areas with only air. 
 
Raman scattering is an inelastic scattering mechanism, in which the photons gain or lose 
energy corresponding to one or a few vibrational or rotational quanta. This makes it 
possible to identify which molecules caused the scattering and determine concentrations 
of the main species. A limitation is the very weak cross–sections associated with Raman 
scattering which only allow for one-dimensional imaging or point measurements. 
 
Coherent Anti-Stokes Raman Scattering (CARS) is a method capable of generating a 
relatively strong Raman scattering signal from one point that enables measurement of 
both the main species at that point (if they have Raman active modes) and the temperature 
at that point. The signal is generated by three laser-beams overlapping at one point. The 
signal generated will be a beam in a certain direction depending on the geometry of the 
incoming beams. 
 
Line-of-sight laser diffraction measures the droplet sizes [67] by imaging the diffraction 
pattern of the forward scattered light from a collimated beam onto a ring-shaped multi-
element detector. This is a special application of Mie scattering [68].  
 
5.1.1.3.4 Phase Doppler Anemometry (PDA)  
 
Phase Doppler Anemometry, sometimes also called Phase Doppler Particle Analyzer 
(PDPA), is a method for measuring droplet sizes and droplet velocity. Measurements are 
conducted in a single point (typically a volume < 1 mm3). Droplets are characterized one 
at a time and data is typically collected for thousands of droplets and treated statistically 
to obtain a representative sample. 
 
In this method the light from a continuous laser is split into two beams, which are 
focussed at an angle of a few degrees and intersect at one point. This will create an 
interference pattern in the volume where the beams overlap. The light scattered, 
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diffracted and/or reflected by the droplets passing this volume is detected by detectors 
positioned at a relatively large angle from the incoming beams. The angle is selected to 
optimise the detection of diffracted or reflected light, where reflected light is used when 
measuring non-transparent droplets. 
 
When a droplet passes through the volume, the intensity of the scattered/diffracted/ 
reflected light will be modulated with a frequency that depends on the distance between 
the fringes of the interference pattern and the velocity of the droplet. Since the distance 
between the fringes is given by the wavelength of the light and the angle between the 
incoming laser beams, the velocity component perpendicular to the fringes can be 
determined. If two pairs of laser light beams, at different wavelengths, are used two 
diffraction patterns are generated and velocity components in two directions can be 
determined. 
 
If the scattered light is detected by two detectors with a small difference in scattering 
angle, there will be a phase difference in the diffracted light that can be used to determine 
the droplet size. 
 
In the related method, Laser Doppler Anemometry (LDA), phase shifts are not analysed 
and only information about droplet velocities is obtained.  
 
5.1.1.3.5 ILIDS (Interferometric Laser Imaging for Droplet Sizing) 
 
In order to determine the size of particles that have an inhomogeneous refractive index 
and/or are absorbing Pan et al. [69] took advantage of the fact that the oscillation spacing 
of the scattered light is least sensitive to the refractive index at a 60º scattering angle. 
Image distortion due to the 60º imaging was corrected for using a geometric method. The 
proof-of-concept was not made on a spray but on a graded refractive index optical fibre. 
The size distribution and velocity field of a water spray were determined and it was found 
that the maximum droplet concentration for good performance was around 3000 cm-3 for 
the configuration used. It was pointed out that particle tracking is greatly simplified when 
the particle sizes has been determined since each droplet then has an identity, i.e. its size. 
 
5.1.1.3.6 Particle Imaging Velocimetry (PIV) 
 
Particle Imaging Velocimetry is a method to determine two-dimensional flow field 
velocities in a plane. A more advanced form, stereo-PIV, of the method can be used to 
derive the third velocity component.  
 
A cross-section of the spray is illuminated using laser light formed into a thin sheet. The 
scattered light is detected using a camera. The illumination is conducted using two laser 
pulses with a short time separation where images are recorded for each laser pulse. The 
resulting two images are compared and the distance and direction the imaged objects have 
moved during the time separation reflects the velocity field. Normally the air is seeded 
with small particles to provide reference objects whose motion can be imaged, but when 
measurements are made on a spray the droplets of the spray can be used directly.  
 
5.1.1.3.7 Laser-Induced Fluorescence (LIF) 
 
Fluorescence-based methods are useful since they enable species selectivity by the 
selection of excitation and/or detection wavelengths. The most common geometry 
requires that a cross-section of the spray be illuminated by laser-light focussed into a 
plane. The resulting fluorescence light is detected by a camera, i.e. planar laser-induced 
fluorescence (PLIF). The fluorescing species could be compounds already present in the 
spray-forming liquid, but often a non-fluorescent liquid, to which a fluorescent species is 
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added in trace amounts, is used. Thus, the fluorescent properties of the liquid can be 
reproducibly controlled. Normally, the molecules will fluoresce both in the liquid phase 
and in the vapour phase, although the fluorescence of some species is strongly quenched 
by oxygen when the vapour mixes with air. For some species the absorption or 
fluorescence spectrum is temperature dependent, which makes it possible to determine 
local temperature by exciting or detecting at several wavelengths 
 
Laser-induced exciplex fluorescence (LIEF) is an extension of LIF which aims at 
selective detection of fluorescence from liquid phase and vapour phase species. Instead of 
using only one fluorescent tracer, two tracers are added to the liquid. The tracers are 
selected so that they form an excited complex, an exciplex, after excitation of one of 
them. This exciplex fluoresces at another wavelength than the individual molecules, the 
monomers. Since the exciplex formation is efficient only in the liquid phase and not in 
vapour phase, the fluorescence light from the liquid and the vapour will have different 
spectral signatures and can be selectively detected using two cameras.  
 
5.1.1.4 Methods to be applied for the investigation of various properties 
 
In this section the methods described in previous section are listed based on which spray 
properties they are able to determine.  
 
5.1.1.4.1 Droplet size 
 
PDA, angle-resolved scattering, ILIDS, or combination of planar Mie scattering and PLIF 
(Mie scattering proportional to droplet surface area and fluorescence proportional to the 
volume) can all be used for droplet size measurements.  
 
5.1.1.4.2 Velocities 
 
PDA provides the velocity of individual droplets, whereas PIV shows the velocity of 
structures in a small volume.  
 
5.1.1.4.3 Spray edge identification 
 
Shadowgraphy, Schlieren, Mie scattering (direct imaging, planar), PLIF can all be used 
for spray edge identification. The methods relying on Mie scattering show the extension 
of liquid droplets, whereas Schlieren and LIF/LIEF also show the penetration of the 
vapour phase. With high-speed imaging the progression of the spray edge can be 
identified.  
 
5.1.1.4.4 Spray fluid distribution 
 
Shadowgraphy enables imaging of the distribution of liquid droplets (if Mie scattering is 
the dominating extinction mechanism) or spray fluid in both the liquid and vapour phase 
(if absorption is dominating). Since shadowgraphy is based on extinction, absolute 
concentrations can be determined if extinction cross-sections are known. Planar Mie 
scattering can be used for analysing the distribution of droplets. Planar LIF shows the 
fluid distribution in both liquid and vapour phases, while LIEF is able to separate signals 
from the vapour and liquid phase. Fluorescence methods have the potential to provide 
quantitative results, but careful calibration of the signals is required.  
 
5.1.1.4.5 Temperature 
 
LIF, LIEF and CARS are methods capable of temperature measurements.  
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5.1.2 Experimental materials and methods used in this study 
 
5.1.2.1 Spray diagnostics. 
 
In this work information was needed concerning droplet sizes and velocities. No 
information on temperatures or vapour concentrations were needed. Therefore PIV was 
used for capturing a qualitative understanding of the sprays. Thereafter PDA was used for 
point-wise measurements of droplet size and velocity distributions. The PIV-data also 
assisted in the planning of the PDA-measurements so that they could be conducted in an 
effective manner. 
 
5.1.2.2 Hydraulic oils 
 
The hydraulic oils used in this study were Statoil SpinWay XA 10 and Statoil HydraWay 
HMA 32. Densities and kinematic viscosities were obtained from datasheets [70, 71]. The 
surface tension was measured with a Kruss tensiometer K6 according to ISO 304 [72], 
see Figure 1. The refractive index, necessary for the PDA droplet size measurements, see 
Section  5.1.2.5, was measured with an Abbe refractometer. The properties of the 
hydraulic oils are summarized in Table 1. 
 
Table 1.  Properties of the hydraulic oils used in the study. 
 SpinWay XA 10 HydraWay HMA 32 
Density @15°C [kgm-3] 891 870 
Kin. viscosity @20°C [mm2s-1] 22 85 
Dyn. viscosity @20°C [kgm-1s-1] 0.020 0.74 
Surface tension @20°C [mNm-1] 32.1 32.6 
n @20°C, @589nm 1.48 1.48 
 

 
Figure 1.  Measurement of the surface tension using a Kruss tensiometer K6. 
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5.1.2.3 The hydraulic system 
 
The sprays were achieved using a hydraulic system pressurized by compressed air. The 
system was delivered by Specma Hydraulic in Skellefteå and a schematic drawing is 
shown in Figure 2. 
 

 
Figure 2. Drawing of the hydraulic system used to obtain the sprays. 
 
The numbers in Figure 2 indicate: 
 

1. Compressed air bottle (pressure up to 200 bar) 
2. Valve 
3. Valve 
4. Hose 
5. Accumulator. This is where the oil was filled. 
6. Safety valve 
7. Hose 
8. Valve 
9. Valve 
10. Adjustable restriction 
11. Pressure gauge 
12. Pressure gauge 
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13. Stopper 
14. Hydraulic pipe with hole 

 
5.1.2.4 Release configurations 
 
The hydraulic pipes were made of aluminium with an outer diameter of 10 mm and 
aluminium thickness of 1.5 mm. Two circular holes and one rectangular hole were 
investigated. The circular holes had diameters of 0.25 mm and 0.45 mm. The rectangular 
hole had dimensions 0.23 mm × 2.15 mm, see Figure 3 to Figure 5. 
 

 
Figure 3. The hole with a diameter of 0.25 mm. 
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Figure 4. The hole with a diameter of 0.45 mm. 
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Figure 5.  The hole with a dimension of 0.23 mm x 2.15 mm. 
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It was critical to keep the lenses of the PDPA system clean. Therefore paper and plastic 
cones were mounted on the receiver and the transmitter, see Figure 9. 
 

 
Figure 9.  PDPA transmitter (left) and receiver (right) with the paper cones and flexible 

hose, as well as hydraulic injection system. 
 
To remove droplets inside the cones, two flexible hoses were coupled to the cones which 
supplied compressed air which blew out the droplets. The pressure of the air supplied to 
the cones was limited to approximately 0.5 bar above atmospheric pressure, so 
disturbance of the spray was avoided. 
 
The spray hit the plastics protection behind the PDPA-system and ran down towards a 
hole in the plastics sheet, where a container collected the oil. The oil was then filtered and 
reused several times. 
 
Below, a 3D model illustrated how the PIV and PDPA systems were placed with respect 
to the spray. It was necessary for the PIV camera to be placed perpendicular to the laser 
plane and focused on it. The part of the spray that is imaged by the PIV-camera is the part 
that is intersected by the laser plane, see Figure 10 and Figure 11. 
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5.2 Modelling and CFD-simulations 
 
5.2.1 Overview of models and computer programs 
 
A multitude of computer program exists that with different degrees of sophistication can 
model the dispersion of a liquid aerosol, such as a leak of hydraulic oil. Some of these 
programs are briefly discussed below. 
 
An early computer program for computation of releases of superheated pressurized liquid 
is RELEASE [73], which was a result of the project “Development of a Mathematical 
Model for Liquid Releases” conducted at the Center of Chemical Process Safety (CCPS) 
in the U.S.A.. Limitations and potential improvements of the model are discussed in 
reference [74]. 
 
The company GexCon with Headquarters in Bergen, Norway, have developed FLACS 
(FLame ACcelaration Simulator) [75] that is widely used, for example, by the offshore 
industry. This software can handle gas-phase dispersion and explosions. In the current 
version it is possible to model small droplets within a homogeneous multiphase model. A 
more powerful Lagrangian particle tracking model is under development for improved 
modelling of two-phase jets. Another software developed by GexCon is DESC [76] 
which is used for modelling dust explosions. 
 
PHAST (Process Hazard Analysis Software Tool) has been developed by Det Norske 
Veritas (DNV), also with their Headquarters in Norway. PHAST is able to simulate 
various release scenarios such as leaks, line ruptures (including jet releases), long pipeline 
releases and tank roof collapse [77]. 
 
FLUENT [78] is a general purpose software for fluid dynamics sold by Ansys. It contains 
several models for two-phase flow: Eulerian, Lagrangian and a faster mixture model. 
FLUENT has, for example, been used to simulate [79] the Fladis Field experiments on 
releases of ammonia [40]. 
 
In reference [38] several models that deals with outflow from ruptures pipelines are 
discussed. These models are called PROFES, BLOWDOWN, SLURP, OLGA, PLAC, 
and EBREAK. 
 
Finally, FDS (Fire Dynamics Simulator) is CFD program that has been developed by 
NIST (National Institute of Standards and Technology) in the U.S.A. in cooperation with 
VTT Technical Research Centre of Finland. FDS was selected as the CFD-simulator for 
this project. FDS has been used for simulating gas dispersions, see for example reference 
[80], but to our knowledge this is the first time it has been used to simulate hazardous 
dispersion of two-phase jet releases. One of the main results of this report is the proposal 
to use FDS for risk analysis considering two-phase jet releases. Importantly, FDS can be 
downloaded and used free of charge [81]. FDS is described in some detail in the next 
section. 
 
5.2.2 FDS (Fire Dynamics Simulator) 
 
The basis for fluid dynamics are the Navier-Stokes equations [45]. These are conservation 
equations that are numerically solved by FDS in three dimensions using a finite-
differences method [82]. Turbulence is treated with large eddy simulations (LES) 
although direct numerical simulation (DNS) is also possible if the grid size is fine 
enough. In the present report LES was used. 
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Two phase flow, such as the hydraulic releases studied here, were simulated using 
Lagrangian particles. Lagrangian particles can be used to simulate the transport of liquid 
droplets which normally cannot be described on a numerical grid. Computations with 
Lagrangian particles are typically more powerful than using a homogeneous two phase 
model. Details about FDS can be found in the technical reference guide [83]. 
 
The case study employed in this project was an empty industrial room with dimensions 
40 m × 20 m × 5 m (length × width × height). The leakage was positioned at a height of 
2.5 m and a distance of 1 m from one of the short walls of the room, with the spray 
directed along the long wall of the room. There was an offset between the leak and the 
axial position where input data on droplet sizes and velocities were entered [83]. This 
offset distance was 1.6 m and therefore the position where the spray emerged in the 
computational domain was 2.6 m from the short wall of the room. The injection time was 
10 s. The room and the liquid were at room temperature, as was the case for the 
experiments. Evaporation was not considered in this study.  
 
Examples of the distribution of the spray in the room are given in Figure 14 to Figure 
16.The droplets are coloured according to their size; blue color for 15 μm diameter, green 
for 50 μm diameter, and red for 100 μm diameter. 
 
 

 
Figure 14  Spray distribution after 10 s, that is right at the end of the injection period. The 

scenario is the rectangular 0.23 mm x 2.15 mm hole with an injection pressure 
of 150 bar. The droplets are coloured according to their size; blue color for 15 
μm diameter, green for 50 μm diameter, and red for 100 μm diameter. 
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Figure 15  Spray distribution after 30 s, that is 20 s after the end of the injection period. 
 

 
Figure 16  Spray distribution after 60 s, that is 50 s after the end of the injection period. 
 
It is clearly seen that the major hazard comes from the smallest droplets (blue, 15 μm) 
since they are most easily transported out into the room. The larger particles rain out near 
the orifice. The accumulated rain on the floor for droplet diameter 15 μm and for droplet 
diameter 100 μm are shown in Figure 17 and Figure 18, respectively. 
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Figure 17  Visualization of the rainout of droplets with diameter 15 μm on the floor after 

30 s. This information was used to calculate the amount of airborne liquid in 
Sections  7.2- 7.4.  

 

 
 
Figure 18  Visualization of the rainout of droplets with diameter 100 μm on the floor after 

30 s. This information was used to calculate the amount of airborne liquid in 
Sections  7.2 7.4.  

 
Although the graphical illustration might be visually satisfying they do not give the most 
useful information for analysis. In Section  7, where the results from the simulations are 
presented in more detail, we have chosen to present the curves with the maximum 
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concentration of liquid fuel at different distances from the hole, and curves with the total 
amount of airborne liquid in the entire room for different times after start of injection. 
The maximum concentrations of liquid fuel were probed at slices with a spacing of 1 m. 
An illustration of the sampling plane is shown in Figure 19 where a few selected slices, 
with a distance of 4 m between them, are shown. Maximum concentrations of liquid fuel 
is an indication of the penetration of the aerosol, and therefore of the spatial extend of the 
risk zone. The total amount of airborne liquid was calculated as the difference between 
injected liquid an the rained out liquid, indicated in Figure 17 and Figure 18. 
 

 
Figure 19  Visualization of a few of the slice plane that were used to sample the maximum 

concentration of liquid fuel. Only a few plane, separated by 4 m, are shown. In 
the simulations the spacing was 1 m throughout the room. 

 
A sensitivity analysis showed that a cell size of 13 cm and total lagrangian particle 
number of 9000 was sufficient to give stable results. This was checked for the most 
challenging configuration, i.e. the rectangular 0.23 mm × 2.15 mm hole with pinj=150 bar. 
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6 Experimental results 
 
6.1 PIV 
 
In order to obtain an overall understanding of the spray behaviour, PIV was used. In 
addition to the velocity fields the raw images from the PIV measurements also give 
important information concerning the distribution of the spray, which is needed to 
determine which points should be investigated with the PDA, see Section  6.2. Although it 
was not studied here, the transport of the aerosol around obstacles such as machines, or 
entire buildings, is important for the validation of the CFD-simulations. PIV is the 
method of choice for this type of study due to its robustness and the potential for large 
scale imaging. 
 
In this section the results for the different hole sizes and the different injection pressures 
are presented. The near field images show the core of the spray at a distance of 9-50 cm 
from the orifice. The field of view for the far field images is 41-82 cm from the orifice. 
The far field images may show a considerable amount of spray even if the spray seems to 
diminish in right part of the near field images. The reason for this is that different laser 
powers and camera apertures were used in the near and far field.  
 
True PIV images, that is velocity vector fields, are displayed only in the far field. The 
reason for this is that in the near field the density of the spray together with high velocity 
gradients made the analysis complex and outside the scope of this report. The PIV images 
are single shot measurements of the spray within a time interval of a few tens of 
microseconds. This should be kept in mind when for example the maximum velocity in 
an image is considered. This is the maximum velocity for a particular single shot image 
and is not necessarily representative for a time averaged spray behaviour. The PDA 
measurements contain time averaged information, used as input to the CFD simulations. 
 
The PIV velocity fields should be considered as single shot qualitative information about 
the flow fields of the sprays. Statistics and near field analysis may be published in future 
reports. 
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6.1.1 Circular d=0.25 mm hole 
 
6.1.1.1 Spinway 10 
 
6.1.1.1.1 Near field 
 

 
 

 
 

 
Figure 20.  Spray pattern at the centre of the spray 9-50 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.25 mm. 
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6.1.1.1.2 Far field 
 

 
 

 
 

 
Figure 21.  Spray pattern at the centre of the spray 41-82 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.25 mm. 
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Figure 22.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 50 bar 

injection pressure. The hole size was 0.25 mm. 
 
 

 
Figure 23.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 100 bar 

injection pressure. The hole size was 0.25 mm. 
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Figure 24.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 150 bar 

injection pressure. The hole size was 0.25 mm. 
 
 
6.1.1.2 Hydraway 32 
 
For this scenario the spray is tilted downward somewhat. This is an effect of the 
orientation of the hole rather than an effect of gravity. 
 
6.1.1.2.1 Near field 
 

 
 

 
 

 
Figure 25.  Spray pattern at the centre of the spray 9-50 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.25 mm 
and the oil was the higher viscotic HydraWay 32. 
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6.1.1.2.2 Far field 
 

 
 

 
 

 
Figure 26.  Spray pattern at the centre of the spray 41-82 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.25 mm 
and the oil was the higher viscotic HydraWay 32. 
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Figure 27.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 50 bar 

injection pressure. The hole size was 0.25 mm and the oil was the higher 
viscotic HydraWay 32. 

 

 
Figure 28.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 100 bar 

injection pressure. The hole size was 0.25 mm and the oil was the higher 
viscotic HydraWay 32. 
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Figure 29.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 150 bar 

injection pressure. The hole size was 0.25 mm and the oil was the higher 
viscotic HydraWay 32. 

 
6.1.2 Circular d=0.45 mm hole 
 
6.1.2.1 Near field 
 

 
 

 
 

 
Figure 30.  Spray pattern at the centre of the spray 9-50 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.45 mm. 
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6.1.2.2 Far field 
 

 
 

 
 

 
Figure 31.  Spray pattern at the centre of the spray 41-82 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.45 mm. 
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Figure 32.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 50 bar 

injection pressure. The hole size was 0.45 mm. 
 

 
Figure 33.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 100 bar 

injection pressure. The hole size was 0.45 mm. 
 
 
 



58 

 

 
Figure 34.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 150 bar 

injection pressure. The hole size was 0.45 mm. 
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6.1.3 Rectangular 0.23 × 2.15 mm hole 
 
6.1.3.1 Near field 
 

 
 

 
 

 
Figure 35.  Spray pattern at the centre of the spray 9-50 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.23 mm 
x 2.15 mm. 
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6.1.3.2 Far field 
 

 
 

 
 

 
Figure 36.  Spray pattern at the centre of the spray 41-82 cm from the hole. Upper: 50 bar, 

mid: 100 bar, and lower 150 bar injection pressure. The hole size was 0.23 mm 
x 2.15 mm. 
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Figure 37.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 50 bar 

injection pressure. The hole size was 0.23 mm x 2.15 mm. 
 
 

 
Figure 38.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 100 bar 

injection pressure. The hole size was 0.23 mm x 2.15 mm. 
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Figure 39.  PIV velocity field at the centre of the spray 41-82 cm from the hole. 150 bar 

injection pressure. The hole size was 0.23 mm x 2.15 mm. 
 
 
6.2 PDPA 
 

Reliable Phase Doppler Anemometry data is normally sampled in the spray far from the 
orifice (z co-ordinate), since factors such as non-sphericity of droplets or high droplet 
densities may affect the data accuracy negatively. Suitable measurement distances from 
the orifice must be assessed for each spray since this varies with operating conditions 
such as liquid pressure, temperature, orifice geometry amongst other things. 
 
For all orifices and cases it was decided to take measurements at a minimum of three 
distances from the orifice: 400 mm, 1000 mm and 1600 mm. At each distance at least 
three radial points corresponding to the spray core, the outer part of the spray core and the 
outer part of the spray were sampled. Therefore, the sampling procedure at a fixed z-
distance was to initially carry out a radial sweep in order to find the spray core where the 
bigger and fastest droplets were located. Once the spray core was located, radial positions 
across the spray were sampled. However, it should be noted that there is a risk that the 
presence of non-spherical droplets, or droplets larger than the detection limit of the PDPA 
instrument were present, at 400 mm from the orifice, which would affect the accuracy of 
the measured size distributions. 
 
Characterization along z co-ordinate was first made by considering only the core points. 
In addition, for the radial characterization of the spray, symmetry analyses were carried 
out by sampling in perpendicular directions. Moreover, droplet diameter histograms were 
presented at core points along the spray. 
 
For this study, sampled droplets are divided into three size groups for further analysis, as 
well as for input to the CFD modelling. The groups were: small (0-25 µm, denoted as 15 
µm), intermediate (25-75 µm, denoted as 50 µm) and large (>75µm, denoted as 100 µm). 
One reason to chose these intervals is the different ability of the different size particles to 
remain airborne for long times. The cumulative volume for each group, normalized 
relative to the total volume of all size groups, was calculated; and the evolution of the 
average velocity of each size group was determined. 
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In conclusion, the sampled data provided the information necessary to characterize the 
spray and provided input to the CFD simulations. 
 
6.2.1 Circular d=0.25 mm hole 
 
During the experiments it was necessary to clean the orifice from time to time by placing 
a 0.25mm drill tool into the hole. Therefore the shape and size of the hole was slightly 
modified each time. A deviation of approximately 20% was found in the mass flow 
measurements before and after the experiments conducted at 150 bar.  
 

 
Figure 40.  Left hand: Mean axial velocity distribution along the spray (z) at 50 bar, 100 

bar and 150 bar at the core of the spray R = 0mm. Right Hand: Mean diameter 
distribution along the spray (z) at 50 bar, 100 bar and 150 bar at the core of the 
spray R = 0mm. 

 
At first glance, the left hand plot in Figure 40 clearly shows that the spray axial velocity 
depends on the oil pressure, at higher pressures one measures faster velocities. This fact is 
easily observed at positions closer to the orifice. Further, as the spray develops it 
decelerates mainly owing to aerodynamic effects in all cases studied. 
 
It is more complex to analyze the size distribution in right hand plot in Figure 40, 
considering the mean values. Therefore diameter histograms at the core, as well as 
volume and velocity for the different size groups are presented below.  
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Figure 41.  Top: Histograms of droplet diameters at the core and three distances from the 

orifice for 50 bar. Bottom: Volume distribution and velocity distribution of 
droplets at the core at three distances from the orifice. 
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Figure 42.  Top: Histograms at the core and three distances from the orifice for 100 bar. 

Bottom: Volume distribution and velocity distribution of droplets at the core 
and three radial distances from the orifice. 
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Figure 43.  Top: Histograms at the core and three distances from the nozzle for 150 bar. 

Bottom: Volume distribution and velocity distribution of droplets at the core 
and three radial distances from the orifice. 
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The bottom right hand plots in Figure 41 to Figure 43, show that bigger droplets are 
always faster than the smaller ones, as is most clearly observed at the measurement point 
closest to the orifice. In the volume distribution plots, bottom left hand plots, a shift in the 
relative distribution can be seen. In fact, as the spray develops in the z-direction, in 
particular between 400 mm and 1000 mm from the orifice, the volume proportion of the 
intermediate size droplets drops and the volume proportion of the larger droplets 
increases. In the histogram plots in the upper part of the figure this trend can also be seen, 
with a relative decrease in the number of droplets with diameters around 50 µm. Actually, 
in the histograms there is an increase in the relative number of small droplets, but since 
the smaller droplets each have a small volume their fraction of the total volume is still 
relatively small. There are several factors that can contribute to the change in 
diameter/volume distribution with increasing distance from the orifice. At the shorter 
distance break-up may still occur producing a larger number of small droplets, whereas 
droplet-droplet coalescence is a source for the formation of larger droplets. The change in 
axial velocity, different for different sizes, and the fact that gravity has a larger influence 
on larger droplets will also influence the size/volume distribution measured at different 
points in a complex way. 
 
In addition, at the furthest point in the mean size distribution along z-direction, the plot of  
the mean diameter of droplets is smaller compared to mean value at z = 1000 mm, 
probably because larger droplets rain out as is reflected in the histograms in that long tail 
disappeared and the peak became sharper further from the orifice. Further, the 50 bar case 
does not look as expected, i.e. larger droplets were expected due to poorer atomization. 
The reason for the unexpected results at 50 bar can be explained by the limits of PDA 
which is not able to measure liquid ligaments or larger droplets detected with PIV images, 
so the only droplets measured at 50 bar were the smallest ones. 
 
The radial symmetry of the spray was studied by analyzing the average axial velocity and 
mean diameter at different distances from the core, as presented in Figure 44. There is a 
good agreement between both radial directions, therefore only one radial direction will be 
used in radial distribution plots in the following.  
 

 
Figure 44.  Radial symmetry analysis at 400 mm from the orifice at pressures 150 bar from 

top to bottom respectively. 
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Figure 45.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 400 mm from the orifice . Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 400 mm from the 
orifice. 

 

 
Figure 46.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 1000 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 1000 mm from the 
orifice. 

 
 

 
Figure 47.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 1600 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 1600 mm from the 
orifice. 

 
Figure 45 to Figure 47 show size and velocity distribution across the spray, at three 
distances from the orifice. For all cases and distances the spray core has the largest and 
fastest droplets. In addition, from these figures it is possible to determine an approximate 
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spray width which defines the cone angle and depends on several factors, such as the oil 
pressure. For instance, by analyzing the velocity distribution at z = 400 mm, Figure 45, it 
is observed that at 20 mm the fastest droplets are at 150 bar, so as the oil pressure 
increases the spray becomes wider, and it was difficult to collect data at the outermost 
points at 50 bar due to the decreased cone angle. 
 
Moreover, at z = 1600 mm, the radial dependence of the size and velocity distribution is 
much weaker compared to the strong dependence at closer positions, showing that the 
spray has a much wider cross-section. With the overall lower velocities, the spray has 
become more cloud-like. 
 
Furthermore, histograms across the spray are presented at three distances from the orifice 
z = 400 mm, z = 1000 mm and z = 1600 mm and 100 bar, see Figure 48. 
 

 
Figure 48.  Histograms at several radial positions at 100 bar and three distances from the 

orifice z = 400 mm, z = 1000 mm and z = 1600 mm. 
 

 
Figure 48 shows that at the position furthest from the orifice, z = 1600 mm, there were a 
large number of small droplets which supports the impression of a cloud, and only small 
differences between the outer parts and the core. Closer to the orifice there were different 
droplet size distributions, although the peak of each curve, representing the most 
abundant size, was at practically the same droplet diameter for each axial position. What 
differs at between the radial position at z = 400 and 1000 mm was the relative abundance 
of larger droplets.  
 
The size histograms data were approximated by a log normal distribution, see Section 
 4.3.2, having good agreement for the positions close to the orifice than for those furthest 
away, see Figure 49. 
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Figure 49.  Histograms and approximated statistical distribution at two radial positions 0 

mm and 40 mm, three distances z = 400mm, z = 1000 mm and z = 1600  mm 
and a pressure of 100 bar. 
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6.2.1.1 Comparison between oils of different viscosity 
 
Two types of oils with different viscosities were tested in order to analyze the effect of 
viscosity on the spray. The comparison was carried out with the 0.25-mm orifice and at a 
pressure of 150 bar. As previously, data is first presented for the analysis along the z-axis 
and secondly for the radial distribution. 
 

 
Figure 50.  Left hand: Mean axial velocity distribution for both oils along the spray (z) at 

150 bar at the core of the spray R = 0 mm. Right Hand: Mean diameter 
distribution for both oils along the spray (z) at 150bar and at the core of the 
spray R = 0mm. 

 
At first glance it can be seen in Figure 50 that the higher viscosity oil spray has faster 
droplets. The radial analysis has been conducted in one axial direction only, as in the 
previous cases. 
 
 

 
Figure 51.  Left hand: Mean axial velocity across the spray (R) for both oils at pressures 

150 bar and 400 mm from the orifice. Right hand: Mean diameter across the 
spray (R) for both oils at pressures 150 bar and 400 mm from the orifice. 
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Figure 52.  Left hand: Mean axial velocity across the spray (R) for both oils at pressures 

150 bar and 1000 mm from the orifice. Right hand: Mean diameter across the 
spray (R) for both oils at pressures 150 bar and 1000 mm from the orifice. 

 

 
Figure 53.  Left hand: Mean axial velocity across the spray (R) for both oils at pressures 

150 bar and 1600 mm from the orifice. Right hand: Mean diameter across the 
spray (R) for both oils at pressures 150 bar and 1600 mm from the orifice. 

 

 
Figure 54.  Histograms of the two oils at two radial positions R = 0 mm and R = 20 mm, 

from left to right respectively, at 150 bar and a distance of z = 400 mm. 
 
The thicker oil produced a spray with a more pronounced core, as it is observed in the 
sharper droplet distribution with increasing radius in the velocity and diameter plots at z = 
400 mm and z = 1000mm. Figure 54 shows the histograms of both oils at z = 400 mm and 
two radial positions. For both oils, a large change to a size distribution more concentrated 
around smaller sizes with increasing radius was observed, and the larger average for the 
thinner oil was seen as the peak slightly shifted to larger sizes. Finally, one can note that 
in the far field, z=1600 mm, the spray produced by thicker oil result in droplets with a 
larger mean diameter.  
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6.2.2 Circular d=0.45 mm hole 
 

The properties of the spray along the spray-axis (z), i.e. the distance to the orifice, are 
presented as is the radial distribution at selected z-distances.  
 

  
Figure 55.  Left hand: Mean axial velocity distribution along the spray (z) at 50 bar, 100 

bar and 150 bar at the core of the spray R = 0mm. Right Hand: Mean diameter 
distribution along the spray (z) at 50 bar, 100 bar and 150 bar at the core of the 
spray R = 0mm. 

 
Figure 55 shows the mean diameter and average axial velocity as a function of z. From 
the velocity plot, a deceleration of the spray due to aerodynamics and a dependence on oil 
pressure can be observed, as for the 0.25 mm orifice. For the mean diameters no clear 
trends are obvious although a tendency for smaller diameters with increasing z can be 
observed. For a more detailed analysis of the spray evolution along the z-axis, diameter 
histograms and average velocity and volume fractions for different droplet size ranges are 
presented.  
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Figure 56.  Top: Histograms at the core and three distances from the orifice at 50 bar. 

Bottom: Volume distribution and velocity distribution of droplets at the core 
and three distances from the orifice. 
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Figure 57.  Top: Histograms at the core and three distances from the orifice at 100 bar. 

Bottom: Volume distribution and velocity distribution of droplets at the core 
and three distances from the orifice. 
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Figure 58.  Top: Histograms at the core and three distances from the orifice at 150 bar. 

Bottom: Volume distribution and velocity distribution of droplets at the core 
and three distances from the orifice. 
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Figure 56 to Figure 58 display similar trends to the data for the 0.25-mm orifice; the drop 
velocity decreases with the distance from the orifice as larger droplets are faster than 
smaller ones. Furthermore, there is a shift in the size distribution with a decrease in the 
relative number of medium-size droplets, and an increase in the relative number of small 
and larger droplets. In particular, between 1000-1600 mm, and for the two highest 
pressures, the relative increase in the number of smaller droplets is obvious. Even if the 
size histograms show a substantial shift to smaller droplets with increasing z, the total 
volume of liquid oil contained in the smaller droplets is still much less than in the 
remaining large and medium-size droplet fractions.  
 
Next, the characterization across the spray, i.e. varying the radial position, at three 
distances from the orifice (400 mm, 1000 mm and 1600 mm) and three pressures (50 bar, 
100 bar and 150 bar) is presented. Before analyzing the radial dependence as a function 
of z, the symmetry of the spray was analyzed. Figure 59 shows the radial dependence of 
the average axial velocity and mean diameter in two radial directions, sideways and 
upwards, at 400 mm and three pressures. When doing these comparisons it should be kept 
in mind that it is difficult to find the exact centre of the spray, and that due to the nature 
of the spray the core may fluctuate slightly sideways with time. Therefore there is an 
uncertainty in actual radial distances of up to 5 mm from the values given, especially at 
longer distances from the orifice.  
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Figure 59.  Radial symmetry analysis at 400 mm from the orifice at pressures 50 bar, 100 

bar and 150 bar, from top to bottom. 
 
 
In Figure 59, it can be seen that the development of the average velocity and diameter is 
the same when moving upwards or sideways from the spray axis. For the 50 bar and 
150 bar cases, the quantitative numbers are also quite similar. Due to the overall 
similarity of behaviour when moving off axis in different directions, only data for the 
sideways displacement is shown below.  
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Figure 60.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 400 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 400 mm from the 
orifice. 

 
 

 
Figure 61.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 1000 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 1000 mm from the 
orifice. 

 
 

 
Figure 62.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 1600 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 1600 mm from the 
orifice. 

 
The radial dependence analysis provides a significant amount of information concerning 
the spray, for instance by analyzing the velocity plot in Figure 60 to Figure 62 it is 
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possible to estimate the width of the spray from a cross-section in which the droplets have 
a significant forward velocity. Defined this way, the spray is significantly narrower at 
50 bar, in particular at short z-distances. At the farthest distance, both the overall 
velocities are low and the drop in velocity with increasing radial distance is low. Thus, at 
1600 mm from the orifice the spray no longer has a well-defined core but has a cloud-like 
character. 
 
The mean diameter plots in Figure 60 to Figure 62 show that the larger droplets are in the 
core of the spray, whereas smaller drops more easily move to the outer parts of the spray. 
Size histograms across the spray at several radial positions are presented in Figure 63. 
Again, the well-defined core with a wider size distribution in the centre was found at 
z = 400 mm, and at z = 1000 mm there was a higher number of large droplets around 
100 µm in diameter close to the core, whereas the size distributions were almost identical 
at the different radial distances 1600 mm from the orifice.  
 

 
 
Figure 63.  Histograms at several radial positions (0 mm, 10 mm, 20 mm, 40 mm, and 75 

mm) at 100 bar and three distances from the orifice z = 400 mm, z = 1000 mm 
and z = 1600 mm. 

 
The size histograms have further been analysed by fitting log-normal size distributions to 
the experimental data. As is seen in Figure 64, reasonable agreement was found at 
z = 400 mm and 1600 mm, especially outside the core. In particular at 1000 mm, there is 
an enhanced abundance of droplets with diameters between 50-120 µm, making it 
impossible to obtain a good fit to one peak. These experimental data points alone are not 
sufficient to determine to what extent the observed size distributions depend on the 
secondary break-up processes, leading to more small droplets, coalescence leading to the 
formation of large droplets, or relative motion of drops inside the spray leading to the 
accumulation of smaller and larger dropletss at different radial distances from the core.  
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Figure 64.  Histograms and approximated statistical distribution at two radial positions 0 

mm and 40 mm, at three distances from the orifice z = 400mm, z = 1000 mm 
and z = 1600 mm and a pressure of 100 bar. 
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6.2.3 Rectangular 0.23 × 2.15 mm hole 
 

 
Figure 65.  Left hand: Mean axial velocity distribution along the spray (z) at 50 bar, 100 

bar and 150 bar at the core of the spray R = 0mm. Right hand: Mean diameter 
along the spray (z) at 50 bar, 100 bar and 150 bar at the core of the spray R = 
0mm. 

 
Figure 65 shows the velocity and diameter distribution along the spray. As in previous 
sections, the left hand figure shows the spray velocity as a function of distance from the 
orifice for the different oil pressures. The spray velocity increases with pressure and 
decreases along z. The right hand figure shows the size distribution along z. The 
behaviour is difficult to analyze simply by considering the mean values. Therefore, size 
histograms are presented below. 
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Figure 66.  Top: Histograms at the core and three distances from the orifice at 50 bar. 

Bottom: Volume distribution and velocity distribution of droplets at the core 
and three radial distances from orifice. 



84 

 

 

 

 
Figure 67.  Top: Histograms at the core and three distances from the orifice at 100 bar. 

Bottom: Volume distribution and velocity distribution of droplets at the core 
and three radial distances from the orifice. 
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By analyzing Figure 66 to Figure 68, the same qualitative spray behaviour as for the 
circular orifices was found. There was a shift from medium size droplets to larger and to 
some extent to smaller droplets. Note that the larger droplets are faster than the smaller 
ones. However, there were also differences relative to the circular orifices, since the shift 
from medium sized droplets predominantly occurred towards larger sizes, and to a much 
smaller extent to smaller size droplets. Moreover, far from the orifice both average sizes 
and average velocities were larger than for the circular orifices.  
 
Analyzing the symmetry of the spray from the rectangular orifice is as expected more 
complex. Often a “double core” i.e. two lines with a high density of drops could be 
observed. In those cases the denser of the two cores was selected as the central core. 
Nevertheless, a fairly equal development of the average velocity and diameter as a 
function of radial distance was found moving upwards or sideways from the spray core at 
z = 400 mm as shown in Figure 69. In the following analysis of the radial distributions, 
data from the sideways direction will be presented.  
 

 
 
Figure 69.  Radial symmetry analysis at 400 mm from orifice at 100 bar. 
 
 

 
Figure 70.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 400 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 400 mm from the 
orifice. 
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Figure 71.  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 1000 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 1000 mm from the 
orifice. 

 

 
Figure 72  Left hand: Mean axial velocity across the spray (R) at pressures 50 bar, 100 bar 

and 150 bar and 1600 mm from the orifice. Right hand: Mean diameter across 
the spray (R) at pressures 50 bar, 100 bar and 150 bar and 1600 mm from the 
orifice. 

 
The radial distribution of average size and velocity are presented in Figure 70 to Figure 
72. It can clearly be observed that droplets in the core were larger and faster, and that the 
pressure plays an important role. Higher pressure resulted in higher velocities, whereas 
the influence on mean diameters was less systematic. 
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Figure 73  Histograms at several radial positions at 100 bar and three distances from the 

orifice z = 400 mm, z = 1000 mm and z = 1600 mm. 
 
Figure 73 shows size histograms in all radial positions at 100 bar oil pressure and the 
three z-distances. At z = 400 mm there was a significant shift in the size distributions, 
from a much wider distribution and larger droplet diameters in the centre to much smaller 
droplets towards the periphery. The same trend could also be seen more far from the 
orifice, but the changes in size distribution with radial position were much smaller. The 
measured size distributions from the rectangular orifice were fairly well approximated by 
log-normal distributions as shown in Figure 74.  
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Figure 74.  Histograms and approximated statistical distribution at two radial positions 

0 mm and 40 mm, for two distances z = 400mm and z = 1600 mm at 100 bar. 
 
 
6.3 Conclusions from the experiments 
 
As mentioned in 4, the atomization process depends on several factors, such as the 
geometry of the hole, the injection pressure and the viscosity of the oil. The atomization 
has a direct influence on spray characteristics such as penetration, velocity and droplet 
size distributions, and cone angle. During the experiments three different orifices, two 
oils and three injection pressures were tested. 
 
Similar trends have been identified in the spray characterization for each orifice: 
 

• There is a significant decrease in the velocity along the spray propagation 
axis, from more than 30-40 ms-1 at a distance of 400 mm from the orifice to 
less than 10 ms-1 1600 mm from the orifice. At all measured points, a higher 
oil pressure resulted in higher droplet velocities. Larger droplets have a 
higher velocity than smaller ones. 

 
• For the evolution of the size distribution the trends are less obvious, but a 

few observations can be noted. There was a redistribution in the size 
histogram, with a relative decrease in medium sized droplets and a 
corresponding relative increase in the number of small and large droplets as 
the distance from the orifice increased. The smaller droplets (0-25 µm) 
always represented a small fraction of the total volume distribution, but this 
fraction was highest for the highest pressure. 
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• Close to the orifice there was a relatively narrow spray core, whereas the 

decrease in average velocity and diameter with increasing radius was much 
smaller further from the orifice (1600 mm). The PIV images show that the 
spray width increased significantly along the spray propagation axis. 
 

• In many cases, but not all, the measured size distributions were well 
described by a log-normal size distribution.  

 
There were also differences in spray characteristics for the different orifices. The shape 
and size of the hole strongly affects the spray velocity and droplet sizes, see Figure 75. 
From the figure it is seen that larger holes result in poorer atomization which translates 
into larger size and faster droplets. However, the largest droplet diameters and velocities 
in the far field were measured for the rectangular hole. The higher velocities for the 
rectangular hole may also be related to the larger flow rate for this hole, since the total 
momentum and kinetic energy of the released liquid was higher and thus the retardation 
by the air, assuming a comparable spray width, was less efficient.  
 
 
 

   

 
Figure 75.  Comparison in velocity and mean diameter, for the 0.25 mm and the 0.45 mm 

hole, at 50 bar and 100 bar injection pressure. 
 
The high viscosity oil produced a spray which in the near field had a more concentrated 
and narrower spray core and in the far field had a larger average droplet size and velocity. 
Having said that the orifice shape affects the spray characteristics it was however also 
found that the symmetry was similar for a rectangular hole as for a circular hole. 
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7 Results from CFD-simulations of the 
aerosol dispersion 

 
The simulated injection time of the released oil was 10 s and the total simulation time was 
120 s. The results of maximum liquid concentrations were filtered using a spatial running 
average filter, over 3 m, in order to avoid large fluctuations which would have made the 
visual interpretation difficult. A general overview of FDS and the settings used in this 
work were given in Section  5.2.2. All simulations are based on the low viscosity oil, 
SpinWay 10. 
 
 
7.1 Input from the experiments 
 
In order to perform reliable simulations good experimental information about the spray is 
required. This information constitutes the initial and boundary conditions for the CFD 
simulations. Such information was obtained from the PDPA-measurements presented in 
Section  6.2. 
 
The required input for FDS is: room geometry, position of the leaking pipe, flow rate, oil 
density, droplet sizes, droplet velocities, and cone angle of the spray. The geometry and 
mesh information was given in Section  5.2.2. The flow rates and cone angles of the 
sprays are presented in Section  7.1.1. The densities are presented in Table 1. The droplet 
sizes and velocities are presented in Section  7.1.2. 
 
7.1.1 Flow rates and spatial distribution of the sprays 
 
The rate of leaking flow was measured by filling a container with the leaking oil for a 
given amount of time, and then weighing the ejected oil. The results are shown in the 
column “Flow rate” in Table 2. These results cannot be reproduced by the Bernoulli or 
the Poiseulle equations as was mentioned at the end of Section  4.1. The reason for this  
is probably that the condition inside the pipe cannot be considered as stagnant and that the 
flow inside the pipe also needs to be considered. More research is needed on this topic. 
 
Figure 31 (mid part) shows an image of part of the spray at 600 mm from the hole. The 
hole diameter was 0.45 mm and the injection pressure 100 bar. As was discussed in 
Section  6.2 the droplet sizes and droplet velocities exhibited a radial dependency. The 
velocities were always highest in the spray core and decreased with increasing radius. 
The droplet size had a weaker dependency on the spray radial position but typically 
decreased with increasing radius. In order to implement this radial dependence in the 
simulations the spray was split into two cones: an inner cone, spanning the angle from 0° 
(the core) to 1.91° (corresponding to a radius of 20 mm at 600 mm from the hole); and an 
outer cone, spanning from 1.91° to 3.8° (corresponding to radii of 20 mm and 40 mm at 
600 mm from the hole). Figure 76 illustrates the inner and outer core. 
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Figure 76  Definition of inner and outer core of the spray. 
 
As will be seen below, the small droplets defines the hazard due to a hydraulic leak since 
these are the ones that do not rain out in a short period of time. Since the fraction of small 
droplets differs with the radial position in the spray, the flow rates in the two different 
cones must be estimated. This is not trivial, but analysis of the images obtained from the 
PIV-measurements provided a possibility for such a quantification. Given some 
simplifying assumptions the scattering of the laser light from the droplets is proportional 
to the total area of the droplets. This means that the volume of the droplets roughly scales 
as the intensity to the power of 3/2. It should be emphasized that this is not a strict 
quantification but it is a better estimate than simply assuming that there is no radial 
dependency on the droplet velocities and size. Image analysis of the PIV-images gives the 
estimation of the fractional flow rate into the inner and outer cone for the studies 
configurations given in Table 2. 
 
Table 2  Flow rate measurements 

Hole Pressure [bar] Flow rate 
[gs-1] 

Fractional flow rate 

   Inner cone Outer cone 
0.25 mm diameter 50 3.2 0.86 0.14
 100 4.7 0.85 0.15
 150 5.7 0.81 0.19
 
0.45 mm diameter 50 4.5 0.88 0.12
 100 6.8 0.76 0.24
 150 13.2 0.74 0.26
 
0.2 mm x 2 mm 50 9.0 0.92 0.08
 100 13.8 0.91 0.09
 150 31.9 0.84 0.16
 
0.25 mm diameter 50 3.0 1.00 0.00
(high viscosity) 100 5.2 0.90 0.10
 150 7 0.88 0.12
 
 
7.1.2 Input from the PDPA measurements: droplet size 

distributions and velocities 
 
As was discussed in Section  6.2, droplets were classified into three groups according to 
their size: small (0-25 µm, denoted as 15 µm), intermediate (25-75 µm, denoted as 50 
µm) and large (>75µm, denoted as 100 µm). These three mono-dispersed groups, with 

3.8°

1.91° 
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their volume fractions and their velocities, were used as input to FDS. This simplified 
droplet tracking relative to using the combined log-normal and Rosin-Rammler 
distribution which is the only poly-dispersed distribution available in FDS [83, 84].  
 
Further, it was decided to use the data at 1600 mm from the orifice as input because it is 
not possible to simulate the coalescence effect detected between 400 mm and 1000mm in 
FDS. However, at that distance it cannot be assumed that the core of the spray is 
representative for the entire spray, as is done for other simplified spray models. 
Therefore, two radial positions were used as inputs as mentioned above. 
 
The two radial positions were selected by analyzing the volume and velocity distribution 
across the spray, see Figure 77. The selected radial positions were: the core, or 0 mm 
radial position, and at 75 mm. These correspond to the two spray cones in Figure 76. 
 

 
Figure 77.  Volume and velocity distribution of droplets at the core and four radial 

distances from the spray centre line: 0 mm, 10 mm, 20 mm, 40 mm, 75 mm. 
The hole diameter was 0.25 mm and the injection pressure was 100 bar. 

 
How the droplet size distribution, volume fraction of the three size groups, and mean 
velocity change with the radial position can be made by comparing the spray centre data 
in Figure 78 with the 75 mm off axis results in Figure 79. At the core, there are the faster 
droplets and the large droplets had a big influence on the volume. On the other hand, at 
75 mm, the smaller and intermediate droplets had a greater influence on the volume. 
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Figure 78.  Size distribution, volume fractions, and mean velocities at a distance 1600 mm 

from the orifice in the spray core, i.e. R = 0. The hole diameter was 0.25 mm 
and the injection pressure was 100 bar. 

 

 
Figure 79.  Size distribution, volume fractions, and mean velocities at a distance 1600 mm 

from the orifice at R = 75 mm, i.e. 75 mm off axis. The hole diameter was 0.25 
mm and the injection pressure was 100 bar. 

 
This analysis was performed for all cases (hole size, injection pressure, and oil viscosity) 
and is presented in Sections  7.2- 7.4 below. 
 
 
7.2 Circular d=0.25 mm hole 
 
7.2.1 50 bar injection pressure 
 
Figure 80 to Figure 82 show the maximum concentration of liquid at different distances 
from the hole, for droplet diameters 15 μm, 50 μm, and 100 μm, respectively. Some of the 
planes where these maxima were sampled are shown in Figure 19. It is seen that the 
largest droplets do not penetrate more than 5 m while the intermediate droplets penetrate 
a few meters more. The smallest 15 μm droplets do however penetrate further and at the 
end of the simulation time, 120 s, there were significant amounts still airborne. This 
means that if the simulations had been continued, the fuel penetration in the form of small 
droplets would continue. The reason why the larger droplets had a shorter penetration is 
that they rain out due to gravity. This effect is clearly more important than the higher 
momentum of the large droplets. 
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Figure 80.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole diameter was 
0.25 mm and the injection pressure was 50 bar. 

 
 

 
Figure 81.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole diameter was 
0.25 mm and the injection pressure was 50 bar. 
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Figure 82.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole diameter was 
0.25 mm and the injection pressure was 50 bar. 

 
Figure 83 to Figure 85 show the total amounts of airborne liquid in the room as a function 
of time, for each droplet size. As expected the airborne liquid increased between 5 s and 
10 s since the injection continued for the first 10 s. After 10 s, however, the airborne 
liquid decreases due to rainout. The smallest 15 μm droplets in Figure 83 decreased 
relatively slowly and smoothly, while the bigger droplets were completely absent within 
20 s. 
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Figure 83.  Total airborne liquid in the form 15 μm diameter droplets in the room as a 

function of time. The hole diameter was 0.25 mm and the injection pressure 
was 50 bar. 

 

 
Figure 84.  Total airborne liquid in the form 50 μm diameter droplets in the room as a 

function of time. The hole diameter was 0.25 mm and the injection pressure 
was 50 bar. 
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Figure 85.  Total airborne liquid in the form 100 μm diameter droplets in the room as a 

function of time. The hole diameter was 0.25 mm and the injection pressure 
was 50 bar. 

 
Figure 86 shows that same information as that in Figure 83 to Figure 85 but for all droplet 
sizes and with a logarithmic y-axis, in order to make a comparison possible. Although the 
initial amount of airborne liquid is more than an order of magnitude greater for the largest 
droplets in the initial phase, compared to the smallest droplets, it is seen that after 10 s the 
intermediate droplets carry most liquid, and after 20 s, and onwards, the smallest droplets 
carry most, or rather all, airborne liquid. 
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Figure 86.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. The y-scale is logarithmic. Some curves stop and do not continue 
to 120 s as the airborne liquid dropped to zero which cannot be visualized on a 
logarithmic axis. The hole diameter was 0.25 mm and the injection pressure 
was 50 bar. 

 
 
7.2.2 100 bar injection pressure 
 
Figure 87 shows the maximum concentrations of the smallest droplets for 100 bar 
injection pressure. Compared to the 50 bar case in Figure 80 it is seen that the 
concentrations increase somewhat but the penetration is essentially unchanged, around 
13 m. These trends are also valid for the 50 μm and 100 μm droplets. 
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Figure 87.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole diameter was 
0.25 mm and the injection pressure was 100 bar. 

 

 
Figure 88.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole diameter was 
0.25 mm and the injection pressure was 100 bar. 
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Figure 89.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole diameter was 
0.25 mm and the injection pressure was 100 bar. 

 

 
Figure 90.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole diameter was 0.25 mm 
and the injection pressure was 100 bar. 
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7.2.3 150 bar injection pressure 
 
When the injection pressure is increased to 150 bar the concentrations increased 
significantly. The penetration lengths also increased by a few meters for all droplet sizes. 
Comparing the total amount of airborne liquid for 50 bar, Figure 86, and 150 bar, Figure 
94, it can be seen that the amount of airborne liquid is almost an order of magnitude 
greater for 150 bar.  
 
 

 
Figure 91.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole diameter was 
0.25 mm and the injection pressure was 150 bar. 
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Figure 92.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole diameter was 
0.25 mm and the injection pressure was 150 bar. 

 

 
Figure 93.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole diameter was 
0.25 mm and the injection pressure was 150 bar. 
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Figure 94.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole diameter was 0.25 mm 
and the injection pressure was 150 bar. 

 
 
7.3 Circular d=0.45 mm hole 
 
7.3.1 50 bar injection pressure 
 
When the hole diameter was increased to 0.45 mm the effects on the maximum liquid 
concentrations were very small. The penetration for the 15 μm droplets at 120 s was 
around 14 m instead of 13 m but for the larger droplets the effects were negligible. The 
amount of airborne liquid at 120 s in Figure 98 is around 200% larger than for the 
0.25 mm hole (~3·10-4 kg as compared to ~1·10-4 kg for the 0.25 mm hole at 50 bar in 
Figure 86.) 
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Figure 95.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole diameter was 
0.45 mm and the injection pressure was 50 bar. 

 
 

 
Figure 96.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole diameter was 
0.45 mm and the injection pressure was 50 bar. 
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Figure 97.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole diameter was 
0.45 mm and the injection pressure was 50 bar. 

 

 
Figure 98.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole diameter was 0.45 mm 
and the injection pressure was 50 bar. 
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7.3.2 100 bar injection pressure 
 
For the 0.45 mm hole the trend is similar to the case with the 0.25 mm hole when the 
pressure was increased. However, the increase in maximum concentrations was larger for 
the 0.45 mm hole and the penetration increased by some meters. 
 

 
Figure 99.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole diameter was 
0.45 mm and the injection pressure was 100 bar. 
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Figure 100.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole diameter was 
0.45 mm and the injection pressure was 100 bar. 

 

 
Figure 101.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole diameter was 
0.45 mm and the injection pressure was 100 bar. 
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Figure 102.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole diameter was 0.45 mm 
and the injection pressure was 100 bar. 

 
 
 
7.3.3 150 bar injection pressure 
 
At 150 bar injection pressure the maximum liquid concentrations had increased around a 
factor of three for all droplets sizes, see Figure 95-Figure 97 for 50 bar versus Figure 103-
Figure 105 for 150 bar. By comparing Figure 98 with Figure 106 it can be seen that the 
amount of airborne liquid at 120 s had increased by a factor of 6. 
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Figure 103.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole diameter was 
0.45 mm and the injection pressure was 150 bar. 

 
 

 
Figure 104.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole diameter was 
0.45 mm and the injection pressure was 150 bar. 
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Figure 105.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole diameter was 
0.45 mm and the injection pressure was 150 bar. 

 

 
Figure 106.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole diameter was 0.45 mm 
and the injection pressure was 150 bar. 
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7.4 Rectangular 0.23 mm × 2.15 mm hole 
 
7.4.1 50 bar injection pressure 
 
The rectangular hole, with an injection pressure of 50 bar, gave fairly similar maximum 
liquid concentrations as for the circular 0.45 mm hole for the smaller droplet sizes of 
15 μm and 50 μm. This can be seen by comparing the data for 0.45 mm orifice in Figure 
95 and Figure 96 with the data for the rectangular orifice in Figure 107 and Figure 108 
below. The penetration length increased due to the higher velocity for the release from the 
rectangular hole. The maximum liquid concentrations increased by a factor of two for the 
100 μm droplets from the rectangular orifice compared to the 0.45 mm hole.  
 

 
Figure 107.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 50 bar. 
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Figure 108.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 50 bar. 

 
Figure 109.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 50 bar. 
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Figure 110.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole size was 0.23 mm × 
2.15 mm and the injection pressure was 50 bar. 

 
7.4.2 100 bar injection pressure 
 
When the pressure was increased from 50 bar to 100 bar the maximum concentrations did 
not change much but the penetration lengths increased considerably. For the 15 μm 
droplets the penetration length increased from 16 m to 20 m, for the 50 μm droplets from 
~9 m to ~13 m, while for the largest 100 μm droplets the increase was modest, from 6 m 
to 7 m.  
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Figure 111.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 100 bar. 

 

 
Figure 112.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 100 bar. 
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Figure 113.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 100 bar. 

 
Figure 114.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole size was 0.23 mm × 
2.15 mm and the injection pressure was 100 bar. 

 



117 

 

7.4.3 150 bar injection pressure 
 
This is the worst case, i.e. the case with the highest injection pressure and largest hole 
size. By comparing the results from this pressure with those for the same hole but for 50 
bar it can be seen that the maximum concentrations increased by a factor of two to three, 
see Figure 107 to Figure 109 versus Figure 115 to Figure 117. Further, the amount of 
airborne liquid at 120 s reached 25·10-3 kg. 

 
Figure 115.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 15 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 150 bar. 
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Figure 116.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 50 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 150 bar. 

 
 

 
Figure 117.  Maximum concentration of liquid fuel at different times as a function of 

distance from the hole, for droplets of diameter 100 μm. The hole size was 0.23 
mm × 2.15 mm and the injection pressure was 150 bar. 
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Figure 118.  Total airborne liquid in the in the room as a function of time, for all three 

droplet sizes. NOTE: the y-scale is logarithmic. The hole size was 0.23 mm × 
2.15 mm and the injection pressure was 150 bar. 

 
 
7.5 Conclusions from the simulations 
 
Based on input from carefully performed small scale experiments on sprays it was 
possible to simulate the dispersion of the release of a liquid phase into its surroundings. In 
this report a very simple geometry was used but the simulations can be generalized to 
model any geometry of nominally any complexity and size. 
 
It has been seen that the larger droplets, 50 μm and 100 μm, rain out completely within a 
time frame of 10-30 s after the end of a 10 s release. The smallest 15 μm droplets carry all 
airborne liquid after this time. These droplets on the other hand rain out slowly and, if 
injected in sufficient quantities, remains a hazard for several minutes or more. 
 
Figure 118 shows the total amount of airborne liquid, summed over all droplet sizes, for 
all nine scenarios. It is seen that pressure is the main factor affecting the amount of 
airborne liquid after 120 s. A high pressure increased both the flow rate and the velocity, 
whereas increased hole size primarily affected the flow rate. Higher velocities created 
more air turbulence which could then carry the small droplets, which in turn inhibited the 
rainout. 
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Figure 119.  Total airborne liquid in the in the room as a function of time. All scenarios are 

displayed and for each scenario the sum of airborne liquid for the three droplet 
sizes has been added. 

 
From a hazard evaluation point of view it should, however, be noted that rainout does not 
mean that the liquid is completely safe. Re-evaporation from the floor, or from warm 
surfaces, can lead to increased gas-phase concentrations of combustible or toxic gases 
independent of the presence of a spray [35]. 
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8 Conclusions and recommendations 
 
The direct conclusions from the experiments and the simulations are presented in 
Sections  6.3 and  7.5, respectively. A very detailed understanding of the spray behaviour 
of hydraulic leaks has been obtained and it has been shown how CFD can be used to 
extrapolate small scale experimental results to a large scale dispersion, such as in an 
industrial facility for example. The geometry chosen in this report was very simple but 
nominally any size and any complexity is theoretically possible to simulate, with enough 
computing power. 
 
The major part of oil transported to distances more than 10 m from the leak is contained 
in small droplets, less than 50 μm. 
 
This reports served as a proposal for a methodology to predict the outcome of an 
accidental release, with applications to fire/explosion safety and potentially also to toxic 
risks. However, the method could also be of value in modelling the contamination of 
sensitive equipment in an industrial facility. Given this modelling capability it would be 
possible to optimize ventilation in the event of a release in such a way that this 
contamination is minimized. 
 
 
8.1 Recommendations for improved safety 
 
The primary goal of any risk mitigation strategy must be to prevent leaks from occurring. 
Maintenance of the hydraulic oil itself is an important part in avoiding leaks since this 
diminishes the wear on pipes and hoses [85]. Leaks do typically occur in valves or 
flanges and it is therefore important that regular control and maintenance is conducted 
with a focus on these parts. Selection of less flammable hydraulic liquids is also a 
possible counter-measure but care should be made when evaluating the effect of using 
such liquids since the bulk fire properties are not easily translated into aerosol fire 
properties [28]. 
 
Despite best efforts, however, leaks do occur and possible ignition sources like hot 
surfaces etc should not be exposed in areas where release of flammable mists is possible. 
It is often possible to install the pipe and the hot surfaces with a safety distance separating 
the fuel from the ignition source. If, however, hot surfaces cannot be avoided the surfaces 
should be protected with thermal insulation. Another possibility, if the hot surfaces 
cannot be insulated, is to cover the pipes in a way that avoids release of sprays. This can 
be done in many different ways, e.g.; 
 

• Install a splash guard (metallic or softer cushion-like material) around the 
flange, hydraulic hose etc, see example in Figure 120 

• Tape the flange with an armoured tape 
• Use threaded connection instead of flanges 
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Figure 120.  Splash guards covering flanges and hydraulic pipes. These inhibit the release of 

an oil aerosol in the event of a leak. 
 
In order to protect electrical equipment from coming into contact with the mist it is 
recommended to use IP class 54 or 65. 
 
As was concluded in Section  7.5, the small droplets poses the greatest hazard at large 
distances from the leak. It is, therefore, important that splash guards are manufactured, 
mounted, and sealed in such a way that they do not create small droplets which can 
escape to the surroundings. Such a bad example could, for example, be a simple steel 
plate placed near the pipe. When the ejected spray hits such a surface larger droplets may 
break-up and bounce back from the plate. A solution like this will increase the hazard far 
away from the leak by increasing the amount of liquid retained in small droplets. On the 
other hand safety could be improved near the leak by avoiding a direct hit by the spray on 
a hot surface. 
 
Based on their studies on heat transfer fluids Krishna et al. [33] recommended the use of 
liquids with high density, high viscosity and high surface tension in order to promote the 
formation of as large droplets as possible, which rain out rapidly, in the event of a 
leakage. 
 
 
8.2 Recommendations for further research 
 
This report presents a methodology to predict the dispersion of the liquid phase from an 
accidental leak of hydraulic oil. The greatest distance from the leak where the 
experimental data was sampled for input to the numerical model was quite large, 
1600 mm. This means that there was a stable spray and no more coalescence and/or 
break-up was expected. The quality of the input data can therefore be considered high. 
Despite this, validation of the simulation is needed to properly assess the reliability of the 
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methodology. The simplest such validation would probably be to measure the rainout in 
different parts of a room identical to the simulated room. 
 
In order to fully evaluate the outcome of a release, the vapour phase also needs to be 
considered. Evaporation can be simulated with FDS. If, however, temperature gradients 
occur a better understanding of the heating of the droplets is needed. The combustion 
limits for flammable mists is poorly known and more research in this field would also be 
most welcome. The explosive properties of a liquid can differ significantly depending on 
whether the liquid is in bulk form or in the form of an aerosol. Further, the toxicological 
effects of a liquid aerosol can differ from the gas phase effects of the same substance. 
 
In the course of this work it was found that the flow through the orifices studied was very 
complex. We suspect that the conditions inside the pipe cannot be considered as stagnant 
and that the flow inside the pipe also needs to be considered. Visual observations near the 
leak showed a complex behaviour, sometimes with multiple jets. For some scenarios, it 
also appeared that the effective area of the leak increased with the pressure, i.e. at lower 
pressures the liquid was only ejected from a fraction of the cross section of the hole, 
whereas for larger pressures this fraction increased. These effects cannot be described by 
the Bernoulli or the Poiseuille equations. The flow rate is very important for the amount 
of airborne liquid of all droplet sizes. Therefore more investigations are needed in order 
to be able to estimate the flow rate for a given scenario, without having to perform 
experiments. 
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