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Many types of industrial equipment can potentially
produce an explosive oil mist if a fault develops. However,
information on the conditions in which a mist can be
ignited and continue to burn is limited. To help address this,
HSE and 14 industry sponsors co-funded a Joint Industry
Project (JIP) on oil mist formation and ignition.
This report, produced for the JIP, describes the assessment
of Computational Fluid Dynamics (CFD) for modelling the oil
mist clouds produced by small leaks in pressurised systems.
Some of the JIP experimental tests were modelled using
CFD with a range of different droplet sub-models. For those
experiments with good atomisation, where the mist was
easy to ignite, CFD predicted the observed droplet size and
concentrations well using a particular sub-model. The
results using this sub-model broadly matched existing
industry guidance on oil mist explosion hazards.
Other JIP experiments showed that some leaks produced
sprays that were not fully atomised. Many of these could
not be ignited easily. The CFD model over-predicted the
hazards in these cases.

This report and the work it describes were funded through a Joint
Industry Project. Its contents, including any opinions and/or
conclusions expressed, are those of the authors alone and do not
necessarily reflect HSE policy or the views of the Joint Industry Project
sponsors.
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EXECUTIVE SUMMARY
Objectives
This report describes the development and validation of a Computational Fluid Dynamics
(CFD) spray model using data from experiments conducted at the Cardiff University Gas
Turbine Research Centre (GTRC) for the Mist Explosion Hazards Joint Industry Project led by
HSE. The overall aim of the work was to determine whether a CFD model could be used
reliably to predict the extent of flammable mist clouds.
The CFD model used an Eulerian-Lagrangian approach in which the GTRC spray booth was
represented by a fixed computational mesh and the spray was represented by individual particles
that were tracked through the flow. Particles were injected at the nozzle location and allowed to
break apart under aerodynamic forces. The model accounted for the transfer of mass,
momentum and energy between the droplets and the surrounding air. A number of different
CFD sub-models were tested for the spray cone angle and the primary and secondary droplet
breakup.
Results from the CFD model were compared to measurements of the droplet size and
concentration, and measurements of the flammable envelope of the spray from ignition tests for
three fluids: Jet A1, hydraulic oil and Light Fuel Oil (LFO) at pressures between 5 bar and
20 bar. The three fluids were all released at ambient temperature and some additional tests with
LFO heated to 70 °C were also used.
Main Findings
For Jet A1 at 20 bar, where the spray was well atomised, the CFD model was found to be
relatively insensitive to the prescribed spray cone angle and secondary droplet breakup model.
The main effect on the results was from the initial droplet size predicted by the primary breakup
model.
The best performing primary breakup models were found to be the Miesse and DNV Phase III
JIP RR models. The centreline predictions of concentration and Sauter Mean Diameter using
these models were within a factor of two of the measurements. The predictions using these
models also captured some of the nuances seen in the experiments, such as the droplet diameter
increasing on the centreline and the smaller droplets drifting to the periphery.
However, a limitation of the Miesse model was that it failed to predict qualitatively the correct
behaviour of the heated LFO, where it gave larger droplet diameters than the ambient
temperature LFO. The DNV Phase III JIP RR model also had problems in predicting the correct
behaviour of Jet A1 at pressures of 10 bar and below, and LFO and hydraulic oil at pressures of
5 to 20 bar, where it gave droplet diameters that were much larger than the nozzle diameter.
This may reflect the fact that the model was developed for atomising sprays, whereas the sprays
in these cases were not fully atomised.
The experiments using hydraulic oil and ambient temperature LFO produced a narrow jet spray
with a long breakup length and poor atomisation. It was not possible to ignite the spray at any of
the locations tested. The agreement between the model predictions and experiments was
generally poorer in these tests and none of the models were clearly superior. There is the
possibility that the comparison exercise was adversely affected by the droplet measurement
equipment only recording nearly-spherical droplets and missing a large fraction of the liquid
mass, especially near the orifice.
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The overall conclusion from the validation exercise was that the CFD model could provide
reasonably good predictions of the droplet sizes and concentrations for atomising sprays. The
DNV Phase III JIP RR primary breakup model generally provided the best agreement with the
data.
For non-atomising sprays or discharges that produced long breakup lengths, the results showed
that the CFD model was less reliable. In these cases, the CFD model predicted droplets to occur
whereas in reality the liquid remained as a continuous liquid stream or long fluid ligaments.
A potential way forward for area classification of high flashpoint fluids may be to use a criterion
based on Weber and/or Ohnesorge number to determine whether or not a release will atomise
and pose a flammability risk. For releases that do atomise, the present work has shown that an
appropriately configured CFD model can provide reasonably good predictions of the droplet
size and concentration.
The validated CFD model was used to simulate sprays of Jet A1 for a range of pressures and
hole sizes in order to compare its hazard radii to those for Category C fluids given in the Energy
Institute (EI) guidance, EI15. The hazard radii given in the guidance is defined as the distance to
the Lower Explosive Limit (LEL), which it assumes to be a concentration of 43 g/m3.
The CFD model produced hazard radii that were slightly larger than the values given in the EI
guidance, but mostly well within a factor of two. The greatest differences were at lower
pressures, where the CFD results showed a trend for the hazard radii to increase with reducing
pressure, whereas the EI15 results showed the opposite trend. The main reason for these
differences appeared to be that the CFD model simulated a vertically downwards release,
whereas the EI15 guidance assumed a horizontal release.
The literature review by Gant (2013) found that the LEL in quiescent mists of uniformly large
droplets could be as much as a factor of 10 lower than the value assumed by EI15 (i.e.
approximately 5 g/m3). These low LEL concentrations were measured in flame tubes where the
mist was ignited from below. Taking into account this fact, together with the CFD results, it
may be appropriate to modify the existing hazardous area classification guidance to increase the
hazard radii beneath the release point, i.e. rather than define the hazardous area as a sphere
around the release point, the sphere could be extended in a column downwards towards the
floor.
Recommendations
Two main areas of uncertainty remain unresolved following the current programme of work.
Firstly, it is unclear whether the low LEL value of 5 g/m3 is applicable to spray releases that
need to be considered for area classification, where there is likely to be a range of droplet sizes
and the spray will behave more like a jet than a quiescent flow, at least near the leak source.
Although the GTRC experiments conducted as part of the present work measured droplet sizes
and concentrations near the edge of the flammable cloud, the measurements exhibited a
significant degree of scatter and it proved to be very difficult to accurately assess the LEL due
to the time-varying, dynamic nature of the spray.
The second area of uncertainty relates to the maximum extent of the flammable mist cloud. This
is one of the key quantities of interest for area classification but it was not measured directly in
the GTRC experiments. The flammable cloud in the GTRC experiments with Jet A1 probably
extended to the floor of the spray booth (it was ignited at all axial locations that were tested).
This was a consequence of the fact that the experiments used a 1 mm hole size, which
was chosen mainly because it is the smallest hole considered in the EI15 guidance. Prior
vi

to the current series of experiments being performed, it was unclear how far the
flammable cloud would extend. Although the pressure, temperature and fluid type
were varied, all of the experiments used the same 1 mm orifice size.
To address these uncertainties, it is recommended that further experiments be performed using
an orifice smaller than 1 mm, in order to measure directly the maximum extent of the flammable
cloud. It may also prove to be easier to measure the LEL with this experimental arrangement.
These experiments, combined with model validation, will help to improve confidence in the
model predictions of this critical quantity.

vii

CONTENTS
1
1.1
1.2
1.3

INTRODUCTION ..................................................................................... 1
Background and objectives ...................................................................... 1
Modelling of liquid sprays ........................................................................ 1
Model validation ....................................................................................... 1

2
2.1

MODELLING OF LIQUID SPRAYS ........................................................ 2
CFD model............................................................................................... 2

3
3.1
3.2
3.3
3.4
3.5

DISCHARGE AND DROPLET BREAKUP .............................................. 6
Outflow models ........................................................................................ 6
Primary breakup ...................................................................................... 7
Spray cone angle models ........................................................................ 8
Secondary breakup - models ................................................................. 10
Material properties ................................................................................. 11

4
4.1
4.2
4.3

SIMULATIONS WITH JET A1 – 20 BAR .............................................. 13
Primary breakup model results .............................................................. 13
Initial simulations ................................................................................... 13
Results ................................................................................................... 18

5
5.1
5.2
5.3

SIMULATIONS FOR JET A1, HYDRAULIC OIL AND LFO.................. 37
Primary breakup model results .............................................................. 37
Results ................................................................................................... 39
Prediction of the ignition locations ......................................................... 45

6

DISCUSSION OF MODEL VALIDATION RESULTS ............................ 48

7

PREDICTION OF HAZARD RADII ........................................................ 50

8

CONCLUSIONS .................................................................................... 54

9

REFERENCES ...................................................................................... 57

viii

1
1.1

INTRODUCTION

BACKGROUND AND OBJECTIVES

This report describes the development and validation of a Computational Fluid Dynamics
(CFD) model for sprays of high flashpoint liquids. The overall aim of the work was to
determine whether CFD models could be used reliably to determine the extent of flammable
mist clouds. This would allow predictions of scenarios not covered by the experimental
programme.
CFD involves the solution of the fluid flow equations over a discrete grid covering the domain
of interest. Producing a CFD model that can be used in a predictive sense requires the
construction of a model that captures the appropriate physics. It is also critical for the model to
be validated against relevant experimental data. For this study, the CFD model was validated
against data gathered in the GTRC experimental test programme (GTRC, 2014, 2015) for three
materials: Jet A1, hydraulic oil and Light Fuel Oil (LFO) at four pressures between 5 bar and 20
bar. All three liquids were released at ambient temperature, whilst for LFO an additional series
of measurements were obtained at an elevated temperature of 70 °C.
The modelling approach used in the current study was a combined Eulerian-Lagrangian scheme
in which the GTRC spray booth was represented by a fixed computational mesh and the spray
was represented by individual particles that were tracked through the flow. Particles were
injected at the nozzle location and allowed to break apart under aerodynamic forces. The model
accounted for the transfer of mass, momentum and energy between the droplets and the
surrounding air.
1.2

MODELLING OF LIQUID SPRAYS

CFD simulations using a Lagrangian particle-tracking approach assume that the generation of a
spray mist is divided into three distinct stages: discharge, primary breakup and secondary
breakup. Particles of a specified diameter were injected into the CFD simulation domain with
prescribed properties and were allowed to break apart as they travelled downstream. Sections 2
and 3 of the report describe, respectively, the general CFD modelling approach and the different
models used for discharge, primary breakup and secondary breakup.
1.3

MODEL VALIDATION

The main inputs to the CFD model that were varied in the model development process were the
specification of the correct spray cone angle, and the choice of appropriate primary and
secondary breakup models. Section 4 describes a series of simulations that were carried out to
assess predictions from the different models when compared with a subset of the GTRC
experimental data for Jet A1 at 20 bar.
The best performing combinations of cone angle and primary and secondary breakup models
were then used to simulate the full set of materials and pressures in the GTRC programme.
These simulations are described in Section 5.
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2

MODELLING OF LIQUID SPRAYS

The discharge of a liquid jet from a nozzle and its subsequent breakup regimes are shown in
Figure 1. The complex process of fragmentation of a liquid stream into dispersed spray droplets
cannot be readily simulated directly using CFD. Therefore, some aspects of the spray breakup
process need to be specified in the CFD model using empirically-derived sub-models. The first
of these sub-models involves specifying the outflow from the nozzle in terms of the mass
release rate, velocity and area at the nozzle exit. The second set of sub-models describes the
primary breakup process, where the initial droplet size, velocity and cone (jet spreading) angle
are calculated based on the discharge conditions and nozzle shape. The final sub-model
describes the process of secondary droplet breakup, which accounts for the fragmentation of
large liquid droplets as they move downstream under the action of aerodynamic forces. The
following sections provide an overview of the general CFD modelling approach. More specific
details of the cone angle and primary and secondary droplet breakup models are given in
Section 3.

Figure 1 Breakup of a liquid jet, from Herrmann (2003)

2.1

CFD MODEL

The spray releases were modelled using an Eulerian-Lagrangian approach, shown in Figure 2.
In this approach, the flow of air and vapour is calculated using a computational mesh that is
fixed in space through which the gases flow. Momentum, mass and energy conservation
equations are solved in each mesh cell to find the velocity, temperature, pressure and
concentration distributions. The spray of droplets is modelled using Lagrangian particle
tracking. The paths of discrete computational particles are tracked through the flow domain
from their injection point until they hit a solid surface, escape the domain or evaporate
completely. Each modelled fluid particle represents a large number of droplets with given mean
size and transport properties.

2

Figure 2 Particle tracking approach showing the fixed mesh and Lagrangian particles
injected from the nozzle

The exchange of momentum, mass and heat between the Eulerian phase and Lagrangian
particles is two-way. For momentum, particles falling through the air are subjected to drag
forces, and their trajectories can be affected by turbulent fluctuations in the air. The air is also
affected by the drag of the droplets and is entrained into the spray. Two-way coupling is
important in determining evaporation rates, where the vapour concentration in the gas phase
affects the rate of evaporation from the droplets and vice-versa. Droplet evaporation leads to a
temperature decrease that affects the saturation vapour pressure and hence the calculated
evaporation rate. Coupling between the two phases is achieved by introducing source terms
derived from the Lagrangian solution into the Eulerian transport equations. The overall CFD
solution is obtained by iterating between the Eulerian and Lagrangian models.
An alternative way of modelling sprays of droplets is to use an Eulerian-Eulerian approach in
which the spray of droplets is treated as another Eulerian phase that flows through the same
mesh as the air and vapour. Homogenous equilibrium models assume that the droplet phase
shares the same set of momentum equations as the air and vapour, whereas inhomogeneous
models solve a separate set of momentum equations for the droplet phase. The EulerianEulerian approach can have the advantage that it is computationally cheaper for monodisperse
flows in which the particle size is uniform. For polydisperse flows with a range of particle sizes,
the Eulerian-Eulerian can become computationally expensive as a separate set of equations
needs to be solved for each particle size.
The Eulerian-Lagrangian approach is commonly used in CFD for modelling of sprays involving
droplet evaporation and breakup. For a large range of particle sizes, as encountered in spray
breakup modelling, it is less computationally expensive than the Eulerian-Eulerian approach
and can also provide better resolution of the particle behaviour. For these reasons, the EulerianLagrangian approach has been applied extensively to modelling the fuel jets in diesel injection
systems. A review of the technique is given by Gosman and Clerides (1998), which although
dated, notes that the CFD technique has been in development since the late 1970s. More
recently, Gant et al. (2007) at HSE’s Buxton laboratories carried out a validation study of a
CFD model of methanol sprays produced by pressurised releases through nozzles.
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The CFD software used for the current study was ANSYS CFX (ANSYS, 2013a), a commercial
CFD code which can use the Eulerian-Lagrangian approach for modelling sprays. A brief
overview of its models for the exchange of momentum, mass and heat is given in the following
sections. The determination of initial droplet size and breakup are the main focus of Section 3.
2.1.1

Momentum exchange

Momentum exchange between the Lagrangian particles and Eulerian phase is accounted for by
equating the rate of change of particle momentum to the sum of the forces acting on the particle:
𝑚𝑚

𝑑𝑑𝑑𝑑
= 𝐹𝐹𝐷𝐷 + 𝐹𝐹𝐵𝐵 + 𝐹𝐹𝑉𝑉𝑉𝑉 + 𝐹𝐹𝑃𝑃
𝑑𝑑𝑑𝑑

(1)

where the term on the left represents the rate of change of particle momentum and the terms on
the right are as follows:
FD – aerodynamic drag force
FB – buoyancy force
FVM – virtual added mass force
FP - pressure gradient force.
Momentum exchange is responsible for entraining air into the spray, through aerodynamic drag.
The drag force is a function of the difference in velocity between the particle and continuum
(i.e. the Eulerian phase), the particle diameter and the particle drag coefficient. The drag
coefficient assumes that the particles are solid spheres.
2.1.2

Mass Transfer

Particle mass transfer can occur through evaporation of the particles into the Eulerian phase, if
the particles are sufficiently volatile. In CFX, the liquid evaporation model takes the following
form when the particles are below the boiling point:
𝑑𝑑𝑑𝑑
𝑊𝑊𝑐𝑐
1 − 𝑋𝑋 ∗
= 𝜋𝜋𝑑𝑑𝑃𝑃 𝜌𝜌𝐹𝐹 𝐷𝐷𝐹𝐹 𝑆𝑆ℎ
𝑙𝑙𝑙𝑙 �
�
𝑑𝑑𝑑𝑑
𝑊𝑊𝑔𝑔
1 − 𝑋𝑋𝑔𝑔

(2)

where dP is the particle diameter, ρF is the particle density, DF is the diffusivity of the particle
material in the continuum, Sh is the Sherwood number, which represents the relative strengths
of convective and diffusive mass transfer, Wc and Wg are the molecular masses of the particle
and continuum materials, X* is the saturation concentration of the particle material in the
continuum and Xg is the concentration of the particle material in the continuum.
From Equation (2) it can be seen that mass transfer by evaporation is driven by the
concentration gradient between the particle and the surrounding continuum, and it is affected by
the relative molecular masses of the particle and the continuum.
2.1.3

Heat Transfer

The rate of change of particle temperature (T) is determined by the convective heat transfer and
the mass transfer:
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𝑚𝑚𝐶𝐶𝑃𝑃

𝑑𝑑𝑑𝑑
= 𝑄𝑄𝐶𝐶 + 𝑄𝑄𝑀𝑀
𝑑𝑑𝑑𝑑

(3)

where m is the particle mass, CP is the heat capacity of the particle material and QC and QM are
the heat transfer by convection and mass transfer respectively. Heat transfer by radiation is not
accounted for in the current study. Convective heat transfer is a function of the Nusselt number,
Nu, (which defines the relative strengths of conductive and convective heat transfer) and the
temperature gradient between the particle and the surrounding fluid:
𝑄𝑄𝐶𝐶 = 𝜋𝜋𝑑𝑑𝑃𝑃 𝑁𝑁𝑁𝑁(𝑇𝑇𝑃𝑃 − 𝑇𝑇)

(4)

Latent heat effects are accounted for by:

𝑄𝑄𝑀𝑀 = ℎ𝑓𝑓𝑓𝑓

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(5)

where hfg is the enthalpy of vaporisation of the particle material, which defines the amount of
energy needed to vaporise a given amount of material. In the evaporation process, the latent heat
required to vaporise a droplet is therefore supplied by the particle itself, rather than being taken
directly from the surrounding vapour. The particle temperature is then a balance between heat
losses and gains through evaporation and convective heat transfer.
2.1.4

Turbulence modelling

Flows around high velocity jets will tend to be turbulent, which for modelling purposes can be
considered to consist of a mean flow with a fluctuating component. In the present study, a
Reynolds-Averaged Navier-Stokes (RANS) approach was used where the mean flow equations
were solved and the effects of the turbulent fluctuations were modelled. There are many
different turbulence models that range in complexity and accuracy in given applications. For the
present work, the industry standard SST turbulence model was used (Menter, 1994). This
combines two widely used models: the k-ω and k-ε models. The k-ω model is advantageous for
low Reynolds numbers and is applied in the boundary layer adjacent to solid surfaces, whilst the
k-ε model is used in the far-field (away from walls) to reduce the sensitivity of the model to
free-stream turbulence levels.
2.1.5

Turbulent dispersion

In a Lagrangian particle tracking calculation, the fluid velocity surrounding the particle is taken
to be the mean fluid velocity at that point. Therefore, two particles injected at the same location
will follow identical trajectories. Turbulent dispersion provides a means of accounting for the
effect of random turbulent fluctuations on the particle trajectories. When turbulent dispersion is
accounted for in the model, the particle trajectory is made a function of the local instantaneous
velocity. This is calculated from the sum of the mean velocity and a perturbation in a random
direction, which is a function of the turbulent kinetic energy of the flow. Two particles injected
at the same point will then follow different trajectories.
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3

DISCHARGE AND DROPLET BREAKUP

In the Lagrangian particle tracking approach, computational particles are injected from a twodimensional disc region located at the end of the nozzle. The injection area, particle diameter
distribution, cone angle, velocity and mass flow must be specified. In the present work, to
model the discharge from the nozzle, the injection area was set as a disc equal to the nozzle
orifice diameter at a location corresponding to the nozzle end. The particle velocity and mass
flow were set using an outflow model, the cone angle with a spray angle model and the particle
size using the primary breakup model.
3.1

OUTFLOW MODELS

The discharge rate of liquid from an orifice can be determined using Bernoulli’s equation:
𝑚𝑚̇ = 𝐶𝐶𝐷𝐷 𝐴𝐴�2𝜌𝜌𝑃𝑃𝑔𝑔

(6)

where A is the orifice area, ρ is the liquid density, Pg is the gauge pressure of the liquid and CD
is the discharge coefficient, which is used to account for the difference between the ideal flow
rate and the actual flow rate. There are two main factors that cause the actual flow rate to be
lower than the ideal value. The first is the narrowing of the orifice area due to flow streamlines
converging and the second is the effect of energy loss through fluid friction. The effect of
frictional loss is usually negligible and the dominant effect is the narrowing of the effective
orifice diameter. A value of 0.6 is typically used for the discharge coefficient but the actual
value depends on the orifice geometry, material properties and discharge conditions.
The flow velocity can be calculated by rearranging Bernoulli’s equation as follows:
2𝑃𝑃𝑔𝑔
𝑉𝑉 = �
𝜌𝜌

(7)

Since the frictional losses are assumed to be negligible, the velocity is unaffected by the
discharge coefficient. Using the above expressions to predict the outflow is reliant on an
estimate being made of the discharge coefficient. Models for the discharge coefficient have been
developed which aim to take various physical effects into account. For example, the path of the
streamlines through the orifice may be influenced by cavitation and therefore some models
calculate CD as a function of the vapour pressure of the fluid as well as the driving pressure and
the orifice geometry. A brief review of some of these models was given by Gant (2013).
In the present work, an attempt was made to predict the mass flow rates using the discharge
model described in the ANSYS Fluent CFD software manual (ANSYS, 2013b). This model is
based on the work of Schmidt and Corradini (1997) and it derives an effective orifice area based
on the state of the flow through the orifice (cavitating or non-cavitating). However, it was found
that the model overpredicted the mass flow rates measured in the GTRC experiments by a
significant amount, particularly for Jet A1. The velocity predictions from this model were very
similar to that obtained using Bernoulli’s equation. Due to the potential for errors in the mass
flow rate to propagate throughout the simulations and affect the results, it was decided instead
to use the measured mass flows from the GTRC experiments, but retain the velocity predictions
from the Schmidt and Corradini (1997) model. The process adopted for the simulations was
therefore as shown in Figure 3:
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Figure 3 The stages in spray modelling with CFD

3.2

PRIMARY BREAKUP

Three primary breakup models are available in CFX which take into account the conditions
upstream of the nozzle and automatically determine the particle size distributions. Alternatively,
an independent primary breakup model can be used and the predicted particle size input directly
by the user. The Lagrangian particle tracking approach employs statistical “packets” of
particles, rather than tracking individual particles. Each packet represents a number of particles
having a particular diameter. It is possible to supply either a uniform initial particle size, or one
of several commonly-used particle size distributions.
Primary breakup has been studied extensively and there is a significant amount of material on
the subject in the academic literature, partly due to its importance in fuel injection systems and
many other applications where it is necessary to characterise sprays. An overview of the theory
and a description of several primary breakup models were given by Gant (2013).
The primary breakup models available in CFX are the “Enhanced Blob” model, The “LISA”
model and the “Turbulence Induced Atomization” model (ANSYS 2013a). The LISA model is
intended for pressure swirl atomisers rather than the plain orifice type nozzle used in this study
and therefore it was not used here. The CFX Enhanced Blob model accounts for the effects of
cavitation within the nozzle and requires manual input of:
•

Mass flow rate (or CD and ΔP)

•

Spray angle

•

Coefficient of contraction

•

Injection total pressure and temperature

•

Normal distance of pressure probe to spray release point

The Turbulence Induced Atomization model is based on the principle that turbulence within the
nozzle causes disturbances in the liquid exiting the nozzle and therefore influences the liquid
breakup. This model, which does not account for cavitation in the nozzle, requires manual input
of:
•

Pressure difference, ΔP

•

Mass flow rate

•

Nozzle length/diameter ratio
7

•

Normal distance of density probe to spray release point

In addition to the in-built models in CFX, a number of independent primary breakup models
taken from the literature were used. These included some of the models summarised by
Lefebvre (1989) and those published by TNO (2005) and DNV (2006). These models mostly
have an empirical basis, i.e. they have been tailored to specific fields of application and the
substances relevant to those fields. The complete set of primary breakup models tested is shown
in Table 1. This list excludes some models that resulted in the prediction of unphysical
diameters in some of the GTRC experiments (this matter is discussed later). The models in
Table 1 all produce predictions for the single characteristic droplet size, the Sauter Mean
Diameter (SMD), with the exception of two models, DNV Phase III JIP and Fluent, which
predict both a single SMD and a Rosin-Rammer (RR) droplet size distribution.

Table 1 List of primary breakup models

3.3

Model

Reference

TNO

Yellow Book (2005)

DNV Phase III JIP

DNV (2006)

Miesse

Miesse (1955)

Fluent

ANSYS (2013b)

CFX Blob

ANSYS (2013a)

CFX Enhanced Blob

ANSYS (2013a)

CFX Turb. Ind. Atom.

ANSYS (2013a)

Maragkos

Maragkos (2002)

SPRAY CONE ANGLE MODELS

The jet spreading angle is defined as the angle between the jet axis and a line extending along its
periphery. The spreading angle depends on a number of factors, primarily the orifice geometry,
material properties and the density of the material into which the liquid is being sprayed. Plain
orifice nozzles of the type considered in this study tend to produce a narrow cone with the spray
of droplets relatively evenly distributed across the diameter (Lefebvre, 1989). Spray cone angle
calculations were made using several models, listed in Table 2 and values were calculated for
Jet A1 at 20 bar using the default material properties from CFX for Jet A1. Further discussion of
the material properties is given in Section 3.5.
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Table 2 List of spray cone angle models
Model

Note

Ranz (1958)
Reitz and Bracco (1979)

Equivalent to Ranz (1958)

Heywood (1988)

Simplified version of Reitz & Bracco (1979)

Abramovich (1963)
Arai et al. (1984)
Yokota and Matsuka (1977)

An unfeasible cone angle was predicted

Arregle et al. (1999)

A large cone angle was predicted

Ruiz and Chigier (1991)
Fluent (ANSYS, 2013b)

Based on two models, depending upon
whether a vapour bubble extends along the
length of the nozzle: 1) Heywood, 2)
“Flipped” model (if vapour bubble present)

The results of the spray cone angle models are shown in Figure 4, where the cone half angle has
been plotted against the nozzle dimensions. The models by Arai et al. (1984) and Abramovich
(1963) and those by Ranz (1958) and Reitz and Bracco (1979) are equivalent. The Fluent
flipped model was not applicable to Jet A1 as this produced a cavitating nozzle, rather than a
flipped one. Three possible cone angles were therefore predicted, which for the nozzle with L/D
of two, were 2.3°, 3.3° and 7.4°.
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Cone Half-Angle (deg)

7
6
Ranz

5

Reitz & Bracco

4

Abramovich

3

Arai

2

Fluent flipped

Ruiz & Chigier

1
0
1

2

3
4
Nozzle length/diameter

5

Figure 4 Results of spray cone angle models

3.4

SECONDARY BREAKUP - MODELS

Primary breakup of the liquid stream may result in droplet sizes that are aerodynamically
unstable once they interact with the surrounding air. The aerodynamic stability of the droplet is
characterised by the Weber number (We), which is the ratio of the destructive aerodynamic
forces to the restoring surface tension:
𝜌𝜌𝑙𝑙 𝑈𝑈𝑑𝑑2 𝑑𝑑𝑑𝑑
𝑊𝑊𝑊𝑊 =
𝜎𝜎

(8)

where ρl is the liquid density, Ud is the slip velocity between the droplet and the surrounding air,
dd is the droplet diameter and σ is the droplet surface tension. A higher Weber number indicates
that a droplet is more likely to breakup.
A second relevant dimensionless number is the Ohnesorge number, which relates viscous forces
to surface tension forces:
𝑂𝑂ℎ =

𝜇𝜇𝑙𝑙

�𝜌𝜌𝑙𝑙 𝑑𝑑𝑑𝑑 𝜎𝜎

(9)

The Ohnesorge number is constant for a given material and nozzle diameter. It has been found
that secondary breakup can be characterised into several distinct regimes depending on the
Weber and Ohnesorge numbers (for a review, see Gant, 2013) and this influences the jet
breakup length and resulting droplet size.
Two secondary breakup models were used in the current study, the Schmehl and ETAB models,
which are described in detail in the CFX documentation (ANSYS, 2013a). The Schmehl model
is based upon a characteristic timescale and breakup regimes classified according to Weber and
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Ohnesorge numbers. Breakup is affected by the flow regime and whether the particle lifetime
has exceeded the characteristic timescale. The ETAB model is based on the Taylor analogy
where droplet distortion from a spherical shape is modelled as a one-dimensional, forced,
damped, harmonic oscillation. This is similar to a spring-mass system where the droplet
viscosity acts as a damping force and the surface tension acts as a restoring force. Breakup
occurs when the distortion of a particle exceeds a particular value. The ETAB model assumes
that the rate of droplet production depends on the breakup regime.

3.5

MATERIAL PROPERTIES

The liquid evaporation model in CFX requires thermodynamic properties to be supplied in
addition to the fluid mechanical properties needed for the droplet breakup models. In particular,
the Antoine equation coefficients are required to be able to determine the fluid vapour pressure
as a function of temperature. The vapour pressure is also used in the Fluent plain orifice
discharge model to determine the state of the flow, i.e. whether there is cavitation within the
nozzle. Detailed thermodynamic information is not available from the material safety data
sheets and is often not provided by the manufacturers, in part because the exact composition of
the materials is not well characterised. For substances such as hydraulic oil and LFO, the vapour
pressure is often listed as being “less than x” at a given temperature.
In the present work, evaporation of the droplets makes a smaller contribution to the overall
droplet size than the aerodynamic breakup effects. For this reason, a single-component
evaporation model was used for Jet A1, hydraulic oil and LFO. This “pseudo-component”
approach assumes that the vapour pressure for the multi-component hydrocarbons in each test
material can be approximated by a single vapour pressure curve.
In CFX, the material thermodynamic properties are supplied for Jet A1 as the pseudocomponent substance C12H23 using the CFX in-built material libraries. Pre-defined substances
were not available for hydraulic oil or LFO and it was necessary to devise surrogate pseudocomponents and to then obtain the material thermodynamic properties for the surrogates. These
surrogates were selected based on their molecular weight and flash point, which is indicative of
vapour pressure. The choice was complicated by the fact that the LFO contained heavy
components but the vapour pressure was increased due to the presence of lighter fractions.
Choosing a surrogate based on the molecular weight alone would have resulted in a material
that was almost solid at ambient temperature.
The hydrocarbon 1-octadecene (C18H36) was chosen as the surrogate for hydraulic oil and
1-tetradecene (C14H28) for LFO. The molecular weights of these substances are slightly lower
than hydraulic oil and LFO (hydraulic oil can have a typical molar mass up to 400 kg/kmol),
and the flash points differ slightly, mainly because the surrogates do not capture the influence of
the lighter fractions. This may have an effect on the evaporation rate, from Equation 2. Table 3
shows the material property values used in the simulations. The fluid mechanical properties
shown in bold were taken from the Flammable Mists JIP Phase 1 report (GTRC, 2014) and the
thermodynamic properties from Yaws (1998) and Speight (2005), with the exception of Jet A1
where the thermodynamic properties and the density were taken from the material property
library in CFX. The vapour pressure curves for the three substances are shown in Figure 5. It
can be seen that 1-octadecene and 1-tetradecene (C14H28) are relatively involatile and
evaporation will therefore have a small influence on the particle size, compared to aerodynamic
breakup.
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Table 3 Material properties used in the simulations. Values in italic were obtained from
the CFX material library and values in bold taken from the phase 1 report
Property

Units

Molar mass

kg/kmol

Jet A1

Hydraulic oil

LFO

Heated LFO

(C12H23)

(C18H36)

(C14H28)

(C14H28)

167.31

252.48

196.38

196.38

5

3.43×10

5

3.33×10

5

3.33×105

Latent heat

J/kg

3.60×10

Liquid heat capacity

J/kg.K

NASA

2.29×103

2.37×103

2.37×103

3

3

1.83×103

Vapour heat capacity

J/kg.K

NASA

1.68×10

Liquid thermal cond.

W/m.K

0.140

0.14

0.13

0.13

Vapour thermal cond.

W/m.K

0.010

0.0070

0.0071

0.0071

0.09657
4.14×10-6

0.158
5.23×10-6

0.01584
5.23×10-6

-3

Liquid dynamic viscosity

kg/m.s

Vapour dynamic viscosity

kg/m.s

1.50×10
5.00×10-6

Liquid density

kg/m3

1.83×10

780

870

930

880

Surface tension

2

kg/s

0.026

0.03328

0.03317

0.03148

Surface tension

dyne/cm

Antoine A

-

26.00
23.3

33.28
19.87

33.17
21.08

31.48
21.08

Antoine B

K

5600

3671.47

4038.94

4038.94

Antoine C

K

25

-154.85

-101.63

-101.63

Flash point of surrogate

o

N/A

154

107

107

Flash point of test material

o

38

223

81

81

C
C

100000

Vapour pressure (Pa)

10000
1000
100
Jet A1

10
1

C18H36

0.1

C14H28

0.01
0.001
300

310

320

330

340

350

360

Temperature (K)

Figure 5 Vapour pressure curves for Jet A1 (C12H23), 1-Octadecene (C18H36) and 1Tetradecene (C14H28)
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4

SIMULATIONS WITH JET A1 – 20 BAR

The previous section described a number of primary breakup, spray cone angle and secondary
breakup models. To carry out a “full factorial” set of simulations with these models, i.e. every
combination of model, material and pressures, would require a total of 864 simulations. Given
that each simulation took roughly one day, this was unfeasible. Instead, an initial series of
simulations was run for Jet A1 at 20 bar and the results were used to select a more limited set of
models to be used in the subsequent validation tests.
4.1

PRIMARY BREAKUP MODEL RESULTS

Table 4 shows the results for the primary breakup models for Jet A1 using the material
properties from Table 3. Results are shown only for the independent primary breakup models
and not for the in-built models in CFX (the Enhanced Blob and Turbulence Induced
Atomization models). The diameters are the predicted Sauter Mean Diameter (SMD), other than
for the DNV Phase III JIP and Fluent models, where both the SMD and the Rosin-Rammler
diameter (and its accompanying index) are listed. The models predicted a wide range of
diameters, from 1 mm for the CFX Blob model through to 0.029 mm for the Fluent RosinRammler diameter.

Table 4 Results for the primary breakup models for Jet A1 at 20 bar
Model
TNO Yellow Book
DNV Phase III JIP
Miesse
Fluent RR
CFX Blob
Maragkos

4.2

RR Size (mm)
0.671
0.0290
-

SMD (mm)
0.0603
0.423
0.710
1
0.0841

RR Index
2
1.5
-

INITIAL SIMULATIONS

The GTRC spray booth is shown in Figure 6. This was represented in the CFD model by a
rectangular box with solid no-slip walls and a nozzle from which particles were injected. The
flow domain was meshed using tetrahedral cells with smaller cells clustered around the nozzle
and in the jet envelope. Simulations were initially performed with a small offset between the
nozzle and the circular plane from which droplets were injected. The reason for introducing this
offset was to help avoid numerical difficulties due to the sudden injection of mass near to a solid
surface. However, it was found that that the presence of the nozzle wall and the offset (Figure 8)
had a significant effect on the predictions (Figure 9). The cause of these effects was found to be
related to the flow around the nozzle remaining laminar for some distance downstream of the
nozzle when an offset was used or the presence of the nozzle was ignored, as can be seen in the
turbulent kinetic energy plots in Figure 10. When a small downstream offset was used, the
turbulent kinetic energy remains too low initially and then the sudden transition to turbulent
flow results in an unphysical brush-shaped spray pattern. In the case of the nozzle being
removed altogether, turbulence remains unphysically low and the particles all follow the same
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rod-like path with no turbulent perturbations. The CFD model with no offset reproduced the
correct physical behaviour and was used for all of the subsequent simulations.

Figure 6 GTRC spray booth

Figure 7 CFD domain for the GTRC spray booth showing the mesh on the central
plane and the particle injection from the nozzle
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5 mm offset

No nozzle blockage

No nozzle offset

Figure 8 Particle injection location offsets (view close to nozzle)

5 mm offset

No nozzle blockage

No nozzle offset

Figure 9 Effect of particle injection offset on spray pattern
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5 mm offset

No nozzle blockage

No nozzle offset

Figure 10 Effect of particle injection offset on turbulent kinetic energy
The CFX solver was run with the numerical parameters shown in Table 5. Sensitivity tests were
performed to assess the effect of varying mesh densities and numbers of computation particles.
Two of these tests, the “standard” and “fine” variations, are listed in Table 6. The effect on the
predicted droplet concentration and particle size is shown in Figures 11 to 13, which show that
refining the mesh and using a greater number of particles had practically no effect on the results.

Table 5 CFD model numerical parameters
Parameter
Number of particles
Timestep (s)
Particle iteration frequency
Number of particle integration steps per element
RMS residual target

Value
10,000
1
3
15
1×10-4

Table 6 Comparison of standard and fine solutions
Number of nodes
Number of particles
Run time
Results file size

Standard
1.3 M
10,000
34 CPU hrs
1.7 Gb
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Fine
3.1 M
30,000
134 CPU hrs
5.2 Gb

Standard

Fine

Figure 11 Comparison of the standard and fine meshes with superimposed droplet
concentrations
Standard

Fine

Figure 12 Comparison of droplet concentrations for the standard and fine meshes
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Standard

Fine

Figure 13 Comparison of the droplet diameters for the standard and fine meshes

4.3

RESULTS

The review by Gant (2013) identified that the main factors controlling flammability of mists are
the droplet concentration (mass/volume) and the droplet size. The Phase 1 experimental
programme at Cardiff University (GTRC, 2014) tested for the ignitability of mists and produced
datasets of simple “go” and “no go” results for various spatial locations. The subsequent second
phase investigation (GTRC, 2015) involved optical measurements of droplet size and
concentration. Thus it is possible to derive a link between the spray characteristics and
flammability.
Both the droplet concentration and SMD were output from the CFD model for comparison with
the measurements. These quantities were derived by interpolation between the Lagrangian
particle phase and the Eulerian mesh, which is responsible for the “speckled” pattern shown in
the results. The ignition information from the Phase 1 experiments was used to provide an
indication of the presence of droplets, which was useful in assessing whether the CFD model
produced the correct spray pattern.
Results are presented below for a series of simulations for the 20 bar Jet A1 experiments. The
purpose of these simulations was to understand which combination of the cone angle model,
primary breakup and secondary breakup model gave good agreement with the measurements.
Results are presented in the form of contour plots of the droplet mass concentration and SMD.
Superimposed on the contour plots are the experimental results depicted by a cross in a coloured
circle. These are presented at three axial locations, which were constant for all tests (0.3 m, 0.6
m and 0.9 m downstream from the nozzle), and three radial locations, which were varied for
each test. The radial locations were the centreline, the outermost point where ignition was
observed and a third point where ignition was not observed. At each experimental point, the
cross in the contour plot indicates where ignition occurred (a black cross) or did not occur (a
white cross). Ignitions were not attempted on the centreline and only droplet diameter and
concentration were measured there.
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4.3.1

Effect of cone angle and primary breakup

Figures 14 and 15 show the droplet concentration for the Miesse primary breakup model, which
gave the largest droplets, and the Fluent model, which gave the smallest droplets. For each
primary breakup model, the smallest cone angles (2.3o) and largest cone angles (7.4o) were tried.
In all cases, the Schmehl secondary breakup model was used. For the larger initial droplet size
from the Miesse model, increasing the cone angle results in a slightly wider initial spray, but
further downstream there is little difference. For the smaller initial droplet size from the Fluent
model, there is very little difference to the spray pattern because the smaller droplets tend to be
influenced by the turbulent fluctuations. There is practically no difference between the droplet
size predictions for the two cone angles (Figures 16 and 17).

2.3°

Miesse

7.4°

Figure 14 Predicted droplet concentration (kg/m3) for the Miesse primary breakup
model and cone angles of 2.3o and 7.4o. Experimental results indicated by the crosses
(black = ignited)
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2.3°

Fluent

7.4°

Figure 15 Predicted droplet concentration (kg/m3) for the Fluent primary breakup
model

2.3°

Miesse

7.4°

Figure 16 Predicted droplet SMD (µm) for the Miesse primary breakup model and cone
angles of 2.3o and 7.4o. Experimental results indicated by the crosses (black = ignited)
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2.3°

Fluent

7.4°

Figure 17 Predicted droplet SMD (µm) for the Fluent primary breakup model and cone
angles of 2.3o and 7.4o

4.3.2

Effect of secondary breakup

The two secondary breakup models, the ETAB and Schmehl models were run using the
predictions from the Miesse and Fluent primary breakup models. The results are shown in
Figures 18 to 21. For the Miesse primary breakup model, which produced the larger droplets,
the Schmehl model produced a slightly wider spray pattern. For the Fluent primary breakup
model, there was virtually no difference between the ETAB and Schmehl models because the
initial droplet size was small.
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ETAB

Miesse

Schmehl

Figure 18 Predicted droplet concentration (kg/m3) for the Miesse primary breakup
model and the ETAB and Schmehl secondary breakup models
ETAB

Fluent

Schmehl

Figure 19 Predicted droplet concentration (kg/m3) for the Fluent primary breakup
model and the ETAB and Schmehl secondary breakup models
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ETAB

Miesse

Schmehl

Figure 20 Predicted droplet SMD (µm) for the Miesse primary breakup model and the
ETAB and Schmehl secondary breakup models
ETAB

Fluent

Schmehl

Figure 21 Predicted droplet SMD (µm) for the Fluent primary breakup model and the
ETAB and Schmehl secondary breakup models
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4.3.3

Overall assessment of model performance

A total of 38 simulations were run for Jet A1 at 20 bar covering most of the combinations of
cone angle, primary breakup and secondary breakup models. To determine the “best” model
using only visual comparison with the experiments would be time-consuming and introduce a
large subjective element. For these reasons, it was decided to supplement the visual comparison
with a numerical approach to determine which simulations best fitted the experiments, i.e.
adopting a procedural quantitative approach based on Statistical Performance Measures (SPMs).
These SPMs are widely used in model evaluation and provide a means of comparing measured
and predicted values of concentration and droplet diameter. A number of different SPMs have
been used by model evaluators over the years and an overview is given by Duijm et al. (1996)
who suggest the following requirements from a set of SPMs:
•
•
•

They should give an indication of the model’s ability to predict the average, i.e. whether
it under- or over-predicts.
They should give an indication of the level of scatter i.e. the deviation from the average.
Equal weight should be given to all measurements/predictions regardless of their
absolute values.

Commonly used SPMs in model evaluation are the Mean Relative Bias (MRB), Mean Relative
Square Error (MRSE), Geometric Mean (MG) and Geometric Variance (VG). MRB is based
upon the difference between measured (Co) and predicted (Cp) values, but to meet the
requirement for equal weight given to all measured/predicted pairs, the values are normalised by
the average of the two:
𝑀𝑀𝑀𝑀𝑀𝑀 = �2

�𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑝𝑝 �
�
(𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑜𝑜 )

(10)

where the angle brackets 〈… 〉 denote an average over all the measured/predicted pairs. MRB
gives an indication of a model’s ability to predict the measured values on average, and its sign
indicates whether the model is under- or over-predicting. A perfect model would result in an
MRB of 0, but under- and over-predictions cancel each other out and a model may appear to
perform well for the wrong reason. Therefore, MRB is paired with MRSE which sums the
squares of the errors and therefore gives an indication of the scatter in the predictions:
2

�𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑝𝑝 �
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = �4
�
(𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑜𝑜 )2

(11)

MG and VG similarly follow MRB and MRSE but are based on the logarithms of the
measurements and predictions (and therefore proportional to their ratio). This means that equal
weight is given to all the pairs and the logarithm also acts to draw in outliers so that the SPM
are not dominated by a few extreme values. MG and VG cannot accept zero values for either the
measurements or predictions and therefore were not used for the current study because there
were a large number of cases where droplets were measured but not predicted, and vice-versa.
MRB and MRSE were calculated for all 38 simulations for Jet A1 at 20 bar, for three sets of
locations (centreline, ignition and non-ignition). The reason for the separation into these
locations was that the measurements around the centreline were thought to be more reliable, and
often, droplets were not predicted or measured at many of the peripheral locations. The division
of the SPM into locations would mean that this factor could be taken into account when
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examining the results. The presence (or absence) of droplets in a particular location is an
important consideration in itself. Prior to computing the SPMs, the experimental results were
filtered to remove any measurements where fewer than 1000 droplets were counted as this was
deemed to be the limit below which measurements were not considered to be statistically
significant and reliable.
Figure 22 shows the SPM results for the droplet concentration predictions, using the primary
breakup model abbreviations shown in Table 7. Each primary breakup model is shown several
times in the plot due to the combinations of cone angle and secondary breakup model used with
each primary breakup model. In Figure 22, MRB and MRSE have been plotted against each
other for the centreline (shown in black), the ignition locations (shown in red) and the nonignition locations (shown in blue). Therefore, each point represents up to three comparisons of
experiment with CFD. An ideal model would have both MRB and MRSE equal to zero and it
can be seen that the centreline concentration predictions are closer to the ideal than those on the
periphery of the spray and where ignition tests were made. At those locations, the predictions of
all the models were relatively poor. Good centreline predictions were made by the DNV Phase
III JIP RR, Maragkos, Miesse and CFX Enhanced Blob models. Most models tended to
overpredict the centreline concentration, having negative MRB values. At the ignition locations,
the Fluent, DNV Phase III JIP SMD and TNO models performed best, though there was a large
amount of scatter in the results. The dashed lines represent MRB and MRSE values which
equate to “factor of two” over- and under-prediction by the models. Relatively few model
predictions were within a factor of two of the experiments and these were all for centreline
values. At the periphery of the spray, indicated by the blue letters (for “not ignited”), only two
measurement points were available with more than 1000 droplets and often there were no
predictions at two of the locations. In some cases on the periphery, the comparison between
experiment and model is on the basis of one point which results in a parabolic pattern seen in
the plot. This is due to only one point being used in the SPM calculation and MRSE therefore
being equal to the square of MRB. In other cases, no droplets were predicted at two of the
peripheral locations and this gives the impression of underprediction.
Figure 23 is a close-up of the “best performing” models for the centreline concentration,
annotated with the cone angle and secondary breakup models. In all cases, the 7.4° cone angle
provided the best fit but there is little discernible difference between the ETAB and Schmehl
secondary breakup models.

Table 7 Primary breakup model abbreviations for SPM results
Model
TNO Yellow Book
DNV Phase III JIP SMD
DNV Phase III JIP RR
Miesse
Fluent RR
CFX Blob
CFX Enhanced Blob
CFX Turbulence Induced Atomisation
Maragkos
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Abbreviation
TNO
PS
PRR
MI
F
CB
CEB
CT
MA

Figure 22 SPM results for concentration predictions annotated with the primary
breakup model abbreviated names

Figure 23 Close-up of SPM results for concentration predictions annotated with the
primary breakup model abbreviated names, cone angle and secondary breakup model
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The SPM results for the droplet Sauter Mean Diameter predictions are shown in Figure 24.
Again, there is a large amount of scatter in the results, with the best model performances for the
centreline predictions and the worst for the locations on the periphery of the spray envelope
where there were also fewer predictions of droplets. For the centreline predictions, the CFX
Enhanced blob model tended to overpredict the diameter (negative value of MRB) while the
Fluent model tended to underpredict the diameter. At the ignition locations, the DNV Phase III
JIP SMD model provided good agreement. Figure 25 is a close-up of the best-performing
models which were the DNV Phase III JIP RR and the Miesse models coupled with the ETAB
secondary breakup model. In contrast to the concentration predictions, good diameter
predictions were made with all three cone angles.

Figure 24 SPM results for SMD predictions annotated with the primary breakup model
abbreviated names
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Figure 25 Close-up of SPM results for SMD predictions annotated with the primary
breakup model abbreviated names, cone angle and secondary breakup model
The SPM results do not distinguish any single model as providing the best predictions for a
particular case, but good results were obtained using the DNV Phase III JIP RR and the Miesse
primary breakup models. The ETAB secondary breakup model gave the best droplet diameter
predictions.
Figure 26 is a scatter plot of the measurements and predictions for the DNV Phase III JIP RR
primary breakup model with a 7.4° cone angle and ETAB secondary breakup model. The black
circles indicate the measured values and those marked with crosses are the ignition locations.
The red circles show the predicted values and these are linked to their corresponding
experimental points by the straight lines. Each experimental point is annotated with the droplet
count and each prediction with its location (downstream and radial). Along the centreline, the
droplet diameter and concentration predictions are in good agreement with the measurements
and these locations also feature the highest droplet counts. Predictions were made for the
ignition locations but these were less accurate and droplets were predicted on only one of the
peripheral locations.
The equivalent plot for the Miesse primary breakup model is shown in Figure 27. Again, good
agreement was obtained for the centreline values and two predictions were also available at the
ignition locations and one at a peripheral location. Results for the Fluent primary breakup model
are shown in Figure 28. This model resulted in the smallest initial droplet diameters and the
effect of this is evident in the underpredicted centreline SMD. However, this model did provide
reasonably accurate concentration predictions and it also predicted droplets at all three ignition
locations as well as the peripheral locations. One of the outcomes of using a primary breakup
model that predicts a very fine spray is that the droplets are likely to be affected more by
turbulent dispersion and this gives a more diffuse spray. This has the advantage that droplets are
predicted in more locations, but at the expense of underprediction of centreline droplet diameter.
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Results for the Maragkos model are shown in Figure 29, where it can be seen that the model
provided reasonable agreement for the centreline concentration and diameter, but did not predict
the peripheral locations as effectively.
Figures 30 to 33 are contour plots of droplet concentration and Sauter Mean Diameter for the
DNV Phase III JIP RR, Miesse, Fluent and Maragkos primary breakup models. The DNV Phase
III JIP RR model results in a spray pattern that has a core of relatively large diameter droplets.
The Miesse model produces a spray pattern having smaller droplets with a much more uniform
size distribution. The Fluent model, shown for comparison, produces a much wider spray with
very fine droplets. The Maragkos model gives a slightly narrower spray with a larger overall
droplet size than the Fluent model, similar to the DNV Phase III JIP RR results.

Figure 26 Scatter plot of concentration (kg/m3) versus diameter (µm) for the DNV
Phase III JIP RR primary breakup model, predictions are shown in red and
measurements in black
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Figure 27 Scatter plot of concentration (kg/m3) versus diameter (µm) for the Miesse
primary breakup model, predictions are shown in red and measurements in black

Figure 28 Scatter plot of concentration (kg/m3) versus diameter (µm) for the Fluent
primary breakup model, predictions are shown in red and measurements in black
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Figure 29 Scatter plot of concentration (kg/m3) versus diameter (µm) for the Maragkos
primary breakup model, predictions are shown in red and measurements in black

Figure 30 Contour plots of concentration (kg/m3, left) and Sauter Mean Diameter (µm,
right) for the DNV Phase III JIP RR primary breakup model
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Figure 31 Contour plots of concentration (kg/m3, left) and Sauter Mean Diameter (µm,
right) for the Miesse primary breakup model

Figure 32 Contour plots of concentration (kg/m3, left) and Sauter Mean Diameter (µm,
right) for the Fluent primary breakup model
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Figure 33 Contour plots of concentration (kg/m3, left) and Sauter Mean Diameter (µm,
right) for the Maragkos primary breakup model
Centreline predictions of concentration and diameter are shown in Figures 34 and 35 for the
DNV Phase III JIP RR primary breakup model. The measured point values on the centreline
have been plotted along with the droplet counts for those locations. The measured
concentrations show an increase with distance that may be an effect of the measurements only
recording droplets that were approximately spherical, whilst longer ligaments of liquid near the
orifice were ignored. The predicted concentration decreases initially up to 0.3 m, then increases
to around 0.6 m before finally decreasing. The predicted diameter (Figure 35) decreases
initially, and then levels off and begins to increase slightly. The initial decrease in diameter is
due to the droplet breakup, but larger droplets will tend to follow a path along the centreline
with smaller droplets being drawn to the spray periphery. For this reason, the centreline
diameter appears to increase with distance. Near the spray origin, measured droplet diameters
may be fairly small due to fine droplets being distinguished in the measurement process.
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Figure 34 Centreline concentration prediction for the DNV Phase III JIP RR primary
breakup model. The experimental points are shown by crosses and the droplet count
by the numbers

Figure 35 Centreline diameter prediction (μm) for the DNV Phase III JIP RR primary
breakup model. The experimental points are shown by crosses and the droplet count
by the numbers
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The Sauter Mean Diameter (SMD or D32) is calculated from the ratio of the droplet volume to
its surface area, which has a significant effect on droplet evaporation rates and it is therefore
often used to characterise sprays (Lefebvre, 1989). The arithmetic mean diameter (D10) is the
simple un-weighted numeric average of the particle sizes in the spray. Figure 36 is a scatter plot
of the predictions and measurements for the 20 bar Jet A1, where the diameters are expressed in
terms of the arithmetic mean, rather than SMD. On the centreline, the measured diameters
reduce by approximately half, but the predicted diameters remain almost constant. This shift
suggests that a greater range of diameters was encountered in the measurements than in the
predictions. The measured droplet distributions were likely to be characterised by a few large
droplets which would act to raise the SMD, but not the arithmetic mean. The predicted range of
sizes is likely to have been much smaller and therefore shows little difference in changing
between the two diameters. Figure 37 is a plot of the centreline arithmetic diameter prediction.
The plot shows less variation in diameter than the SMD.
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Figure 36 Scatter plot of concentration (kg/m3) versus arithmetic mean diameter (µm)
for the DNV Phase III JIP RR primary breakup model, predictions are shown in red and
measurements in black

Figure 37 Centreline arithmetic mean diameter prediction (μm) for the DNV Phase III
JIP RR primary breakup model
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5

SIMULATIONS FOR JET A1, HYDRAULIC OIL AND LFO

The previous section described a set of simulations carried out for Jet A1 at 20 bar and
identified a set of models that were best suited to capturing the behaviour seen in the
experiments. This section describes the application of these models to the full set of materials
over all four pressures (5 – 20 bar).
5.1

PRIMARY BREAKUP MODEL RESULTS

In Table 4 in the previous section, droplet sizes were calculated using the full set of primary
breakup models for Jet A1 at 20 bar. This was extended to cover the full range of materials and
pressures and the results are shown in Tables 8 to 11. Previously, the DNV Phase III JIP
primary breakup model was found to give good predictions in the CFD model. However, when
applied to Jet A1 at lower pressures and to other, more viscous materials, it predicted initial
droplet diameters much larger than the orifice. Occasions where this occurred have been
highlighted in bold in the Tables. This seems to arise in part because the DNV Phase III JIP
model is almost directly proportional to the ratio of the liquid viscosity to a reference viscosity
and this ratio dominates for high viscosity liquids such as hydraulic oil and LFO. While it is not
completely unrealistic to predict droplets slightly larger than the orifice in some cases, the
results appear questionable where the orifice diameter has been greatly exceeded. In the Fluent
model, the change to a more viscous liquid alters both the Rosin-Rammler diameter and its
index because these depend on whether the nozzle is deemed to be cavitating or single-phase.
Generally, all the models followed the expected trend of predicting smaller droplets at the
higher pressures and larger droplets for the more viscous liquids. The Miesse model is an
exception as it produced smaller droplets for hydraulic oil than for Jet A1 and larger droplets for
heated LFO than ambient LFO. This appears to be because the model is proportional to the
Reynolds number and the inverse cube root of the Weber number. Increasing the viscosity
therefore has a direct effect in reducing the droplet size.

Table 8 Predicted droplet sizes for Jet A1
Diameter (mm)
5 bar
10 bar
0.2483
0.1241
0.6694
1.0359
1.6379
1.0584
2
2
0.9141
0.7971
0.0851
0.0500
1.5
1.5
1
1
0.1324
0.1060

Model
TNO Yellow Book
DNV Phase III JIP SMD
DNV Phase III JIP RR
DNV Phase III JIP RR index
Miesse
Fluent RR
Fluent RR index
CFX Blob
Maragkos

20 bar
0.0603
0.4246
0.6713
2
0.7101
0.0290
1.5
1
0.0841
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15 bar
0.0828
0.5185
0.8198
2
0.7444
0.0368
1.5
1
0.0931

Table 9 Predicted droplet sizes for hydraulic oil
Model
TNO Yellow Book
DNV Phase III JIP SMD
DNV Phase III JIP RR
DNV Phase III JIP RR index
Miesse
Fluent RR
Fluent RR index
CFX Blob
Maragkos

20 bar
0.0895
4.4807
7.0846
2
0.4811
0.0172
3.5
1
0.2006

Diameter (mm)
5 bar
10 bar
0.3545
0.1772
10.7310
6.9341
16.9673
10.9638
2
2
0.7598
0.6043
0.0480
0.0287
3.5
3.5
1
1
0.3121
0.2500

15 bar
0.1182
5.3710
8.4923
2
0.5288
0.0213
3.5
1
0.2196

Table 10 Predicted droplet sizes for LFO ambient
Model
TNO Yellow Book
DNV Phase III JIP SMD
DNV Phase III JIP RR
DNV Phase III JIP RR index
Miesse
Fluent RR
Fluent RR index
CFX Blob
Maragkos

Diameter (mm)
5 bar
10 bar
0.3776
0.1888
14.0107
9.0534
22.1529
14.3147
2
2
0.7575
0.6020
0.0479
0.0287
3.5
3.5
1
1
0.3382
0.2709

20 bar
0.0957
5.8501
9.2498
2
0.4787
0.0172
3.5
1
0.2175

15 bar
0.1259
7.0125
11.0877
2
0.5265
0.0212
3.5
1
0.2380

Table 11 Predicted droplet sizes for heated LFO
Model
TNO Yellow Book
DNV Phase III JIP SMD
DNV Phase III JIP RR
DNV Phase III JIP RR index
Miesse
Fluent RR
Fluent RR index
CFX Blob
Maragkos

Diameter (mm)
5 bar
10 bar
0.3391
0.1696
4.0133
2.5933
6.3456
4.1004
2
2
0.7654
0.6152
0.0461
0.0576
3.5
1.5
1
1
0.2185
0.1750

20 bar
0.0848
1.6757
2.6496
2
0.4969
0.0341
1.5
1
0.1402

15 bar
0.1130
2.0087
3.1760
2
0.5425
0.0424
1.5
1
0.1537

For Jet A1 at 20 bar, the best fitting centreline predictions arose from the DNV Phase III JIP RR
primary breakup model with a 7.4° cone angle and either the Schmehl or ETAB secondary
breakup model, the latter providing marginally better predictions of diameter. However, because
the DNV Phase III JIP RR model predicted overly large droplets for all but Jet A1 at 15 and 20
bar, it was not considered to be a useful model to use in further simulations for the other
materials. The Fluent and TNO models tended to underpredict the droplet diameters on the
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centreline, but had the advantage that the small droplets resulted in better predictions at the
periphery of the spray. For Jet A1 experiments, a sufficient number of droplets were collected at
these peripheral locations to make a worthwhile comparison, but this was not the case for the
other materials.
Based upon these findings, the Miesse and Maragkos models appeared to be the most
appropriate models to use for the simulations with all materials. The CFX Blob model, which
predicts droplets equal to the orifice size, would provide a cap on the maximum droplet
diameter. This would also provide a substitute for the DNV Phase III JIP RR model in all the
cases where it had predicted unrealistic droplet diameters (i.e. larger than the orifice diameter).
Running these three primary breakup models in conjunction with the ETAB secondary breakup
model and a 7.4° cone angle for the four materials and four pressures required 48 simulations,
as shown in Table 12.
Table 12 Simulation matrix for all materials at all pressures
Pressure (bar)
5
10
15
20

Jet A1



38 simulations

Hydraulic





Material
LFO





Heated LFO





 = Miesse, Maragkos, CFX Blob primary breakup, 7.4o cone angle, ETAB secondary breakup

5.2

RESULTS

Statistical Performance Measures (SPMs) were computed for each simulation averaged over the
centreline values, again where the droplet count exceeded 1000. For the hydraulic oil and LFO
experiments, relatively few droplets were captured on the spray periphery. The results for the
centreline concentration predictions are shown in Figure 38. In the plot, each point represents a
simulation and these are coloured according to the primary breakup model with the material
represented by the symbol. Most of the points fall inside the positive MRB region, which shows
that, in general, the models underpredicted droplet concentration. There is a large amount of
scatter in the results, but it is noticeable that the best predictions were made for Jet A1 and
hydraulic oil. SPMs for the SMD predictions are shown in Figure 39. The CFX Blob model
tended to overpredict the droplet diameter, other than for heated LFO, while the Maragkos
model underpredicted droplet diameter. The Miesse model overall seemed to provide the best
fit. Figures 40 and 41 are equivalent to the previous plots, but with the symbols representing the
pressure. Generally, the best concentration predictions are made for the higher pressures but the
droplet diameter predictions do not show the same effect. More model predictions of diameter
than concentration were within a factor of two of the experimental results.
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Figure 38 Overall SPM results for centreline concentration predictions. Colour
indicates primary breakup model and symbol represents substance. LFO70 refers to
heated LFO

Figure 39 Overall SPM results for centreline diameter predictions. Colour indicates
primary breakup model and symbol represents substance. LFO70 refers to heated LFO
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Figure 40 Overall SPM results for centreline concentration predictions. Colour
indicates primary breakup model and symbol represents pressure in bar
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Figure 41 Overall SPM results for centreline diameter predictions. Colour indicates
primary breakup model and symbol represents pressure in bar
The reason for the relatively poor model performance for the lower pressures and the more
viscous materials is considered to be mainly due to the limitations of the current modelling
approach and the difficulty in collecting the experimental data points. This is illustrated in
Figures 42 and 43, which are scatter plots of measurements and predictions for LFO and
hydraulic oil at 5 bar using the CFX Blob primary breakup model. This model produced the
largest diameter droplets but even these were not predicted to break apart further. All the model
predictions of droplet size are therefore equal, regardless of their location. Furthermore, for the
LFO, there was only one data point and this only captured 400 droplets. For the hydraulic oil,
more data points were collected, but only one of these captured a significant number of droplets.
As with the LFO, no secondary breakup was predicted with the hydraulic oil. Contour plots of
the predictions and measurements for 5 bar LFO are shown in Figure 44. The measurement
points, which are on the centreline and just inside the visible spray, suggest that the spray was a
very narrow jet which did not break apart significantly. No ignitions were observed for this
case. The predicted spray envelopes show the uniform droplet size, flowing out in the
prescribed pattern without secondary breakup.
To check whether the lack of predicted secondary breakup was a function of the ETAB
secondary breakup model, the simulations for LFO were also run with the Schmehl model. The
result for the 5 bar case is shown in Figure 45. The model predicts some immediate droplet
diameter reduction to 850 µm, but no subsequent downstream breakup. The heated LFO is less
viscous at the nozzle and the primary breakup models generally predicted smaller droplets than
for hydraulic oil. However, the droplets cooled rapidly and by 1 m had approximately halved in
temperature. This is shown in Figure 46 for the 20 bar and 5 bar cases. The 5 bar case did not
cool to the same extent and this is likely to be due to less air being entrained into the spray.
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Figure 42 Scatter plot of concentration (kg/m3) versus diameter (µm) for the CFX Blob
primary breakup model for LFO, predictions are shown in red and measurements in
black

Figure 43 Scatter plot of concentration (kg/m3) versus diameter (µm) for the CFX Blob
primary breakup model for hydraulic oil, predictions are shown in red and
measurements in black
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Figure 44 Contour plots of concentration (kg/m3, left) and Sauter Mean Diameter (µm,
right) using the CFX Blob primary breakup model for LFO

Figure 45 Predicted centreline droplet diameter for LFO using the CFX Blob primary
breakup model and the Schmehl secondary breakup model (line). The data points are
shown by crosses (no droplets were recorded at two of the data points)
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Figure 46 Predicted droplet temperature for heated LFO, 20 bar on the left and 5 bar
on the right
Neither one of the Miesse, Maragkos or CFX Blob models was markedly better than the others
at predicting concentration over the range of materials. All three models worked best at the
higher pressure ranges. For the droplet diameter predictions over the range of materials, the
Miesse model results were generally within a factor of two of the experiments, whereas the
CFX Blob model overpredicted diameter and the Maragkos model underpredicted diameter.
One of the fundamental limitations of the CFD spray model used here is that it assumes that the
liquid stream is fragmented into droplets at the source, as the liquid leaves the orifice. This type
of model is aimed principally at predicting atomising sprays. However, the experiments at low
pressures, particularly with LFO and hydraulic oil, did not atomise and the spray did not
breakup into discrete droplets until some distance downstream from the orifice.
5.3

PREDICTION OF THE IGNITION LOCATIONS

For Jet A1, ignitions were observed for all three locations on the periphery of the spray and a
relatively wide spray pattern was produced. In contrast, for ambient temperature LFO, no
ignitions were observed at any of the pressures and the experimental results suggest an initially
narrow spray only breaking up at some distance downstream. This relatively continuous liquid
jet was not well characterised by the CFD model, which assumed it to be composed of
individual droplets.
The model results for Jet A1 at 20 bar showed that when a small initial droplet size was
specified, more droplets were present at the ignition locations. However, this was at the expense
of the centreline predictions, where the droplet size and concentration measurements were likely
to be more reliable due to the increased droplet count.
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For the hydraulic oil and LFO, the CFD model predicted a spray that was wider than that
observed in the experiments because it was based on a fully atomised spray at the nozzle, rather
than a solid liquid stream breaking apart at some distance downstream. The relatively large
droplets predicted by the primary breakup models for hydraulic oil and LFO at 5 bar, while not
affected by secondary breakup, tended to follow a prescribed course set by their injection cone
angle due to their high inertia. The cone angle predicted for an atomising spray overestimated
the spread of these continuous liquid jet releases.
Figures 47 and 48 are scatter plots for the SPM results for concentration and diameter, for all of
the simulations given in Table 12. The results cover all four materials, all four pressures and the
Miesse, Maragkos and CFX Blob primary breakup models. The symbols represent the materials
and the colours represent the locations for the centreline, the ignition locations and the spray
periphery (not ignited). The SPMs were computed again only for locations where the measured
droplet count was greater than 1000. In general, the best predictions were for Jet A1 and heated
LFO and several of these predictions were for the ignition locations. Concentration at the spray
periphery was less well predicted for all of the materials. The droplet diameter predictions
showed a more uniform distribution about the mean with the greatest scatter being for the offcentre predictions for Jet A1.

Figure 47 Overall concentration SPM results for all measurement locations, each point
represents a model run and locations are indicted by the colours
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Figure 48 Overall SMD SPM results for all measurement locations, each point
represents a model run and locations are indicted by the colours
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6

DISCUSSION OF MODEL VALIDATION RESULTS

For Jet A1 at 20 bar, the experiments showed that the spray was atomised and reasonably good
agreement was obtained between the CFD model predictions and the measurements. The CFD
model was found to be fairly insensitive to the prescribed spray cone angle and secondary
breakup model, and the main parameter affecting the results was the primary breakup model. Of
the set of primary breakup models tested, the Miesse and DNV Phase III JIP RR models
performed well at estimating both the droplet diameter and concentration on the spray
centreline. At the spray periphery, models that predicted smaller droplets, such as the Fluent
model, predicted droplets at all locations and therefore gave slightly better agreement with the
shape of the spray (as indicated by the ignition test results). However, this was at the expense of
the Fluent model underpredicting the droplet diameters at all locations.
The measurements along the centreline of the jet were based on many more droplets than at the
edge of the spray, and therefore these centreline measurements are considered more reliable.
However, a complicating factor is that the measurement equipment registered only those
droplets that were close to spherical in shape. If the liquid core featured large ligament-shaped
liquid droplets, these were not registered. This may mean that the concentrations and droplet
sizes were higher in reality than was reported in the measurements, especially in the middle of
the spray near to the orifice, where the spray was not fully atomised.
At the spray periphery, there are two phenomena present in the experiments that make the
comparison with the CFD model difficult. The first is that relatively few droplets were
measured at some of these peripheral locations and therefore the average concentration and
droplet size may be strongly affected by just a few measured droplets that were not
representative of the average. In the Jet A1 experiments, several hundred droplets were captured
at a peripheral location compared to several hundred thousand on the centreline. The second
factor is that the periphery of the spray was more intermittent due to time-varying turbulent
fluctuations, with periods when droplets were present and other periods when they were absent.
Measurements at these locations may represent a snapshot over a relatively short time period,
whereas the CFD model predicted the steady long time averaged behaviour.
In the present work, because of the large number of different CFD model configurations and the
different pressures and fluids, the “best” model has been evaluated using Statistical Performance
Measures (SPMs). These SPMs have been calculated by comparing predictions to the
measurements at the measurement locations. A limitation of this approach is that measurements
were only made where droplets were present in the experiments. The models may have
predicted droplets at locations where none were present in the experiments, but this was not
taken into account in calculating the SPMs. When droplets were measured, but not predicted,
the resulting SPMs highlight it as an underprediction. When droplets were predicted, but not
measured, the comparison was not made. This may bias the results in favour of those models
that overpredict the width of the spray and help to explain why the models generally appeared to
underpredict concentrations, especially on the periphery of the jet.
The centreline predictions of concentration and Sauter Mean Diameter using the Miesse and
DNV Phase III JIP RR models were within a factor of two of the experiments. The predictions
using these models also captured some of the nuances seen in the experiments, such as the
droplet diameter increasing on the centreline and the smaller droplets drifting to the periphery.
However, a limitation of the Miesse model was that it failed to predict qualitatively the correct
behaviour of the heated LFO, where it gave larger droplet diameters than the ambient
temperature LFO. The DNV Phase III JIP RR model also had problems in predicting the correct
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behaviour of Jet A1 at pressures of 10 bar and below, and LFO and hydraulic oil at pressures of
5 to 20 bar, where it gave droplet diameters that were much larger than the nozzle diameter.
This may reflect the fact that the model was developed for atomising sprays, whereas the sprays
in these cases were not fully atomised. In the CFD modelling presented here, rather than
prescribe a droplet size that was larger than the orifice, an upper limit was set on the droplet size
from the DNV Phase II JIP RR model of the orifice diameter (i.e. the same size predicted by the
CFX Blob model).
The experimental results for the hydraulic oil and LFO showed an initially narrow jet and
ignitions were not observed at any of the locations compared to the other fluids. For this reason,
the model comparisons with these results were made on the centreline. Generally, too few
droplets were captured at the peripheral locations to make a worthwhile comparison. For the
concentration predictions, the best results were obtained for Jet A1 and hydraulic oil at the
higher pressures and predictions from all three models were within a factor of two of the
experiments. None of the models were clearly superior in predicting the droplet diameter and
there was also less obvious distinction between the substances and pressures. Because relatively
few droplets were captured for the hydraulic oil and LFO, there is the possibility that the
comparison exercise was adversely affected by the measurements only recording nearlyspherical droplets and missing a large fraction of the liquid mass. For LFO in particular, the
relatively thin, almost continuous liquid jet is perhaps not well characterised by droplet
measurements, since it more closely resembles a constant stream of liquid.
Plots of the predicted spray envelope for LFO using the CFX Blob model showed that the large
droplets tended to follow their prescribed trajectories and did not break up over the length of the
spray. For LFO and the hydraulic oil, particularly at the lower pressures, the fundamental CFD
model assumption that droplets were produced at the orifice was incorrect. These sprays did not
atomise in the experiments and therefore the relatively poor performance of the CFD model is
perhaps unsurprising in these experiments.
The purpose of the present work was to assess the capabilities of CFD models for simulating
sprays in order to predict the extent of a flammable mist cloud. The validation study has shown
that CFD models produce reasonable predictions for atomising sprays but relatively poor
predictions for non-atomising sprays. The experiments showed that this latter category of nonatomising sprays is less hazardous, in the sense that there were no successful ignitions of the
ambient temperature LFO and hydraulic oil sprays at pressures between 5 and 20 bar.
A possible way forward therefore for area classification of high flashpoint fluids may be to use a
criterion based on Weber and/or Ohnesorge number that determines whether or not a release
will atomise and pose a flammability risk. For releases that do atomise, the work presented here
has shown that CFD can provide reasonably good predictions of the resulting droplet sizes and
concentrations. The CFD results appear to be insensitive to the specified spray angle and
secondary breakup model but are affected by the choice of primary breakup model. For
atomising sprays, the work shows that the DNV Phase III JIP RR primary breakup model
produces best agreement with the experimental data.
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7

PREDICTION OF EI15 HAZARD RADII

The Energy Institute Model Code of Safe Practice Part 15 (EI15, 2005), commonly known as
EI15, provides tabulated data on the hazard radii for pressurised releases of various substances,
across a range of hole sizes. According to their categorization, high flash point fluids such as Jet
A1 are Category C fluids, for which the hazard radii are those given in Table 13. These values
were determined using the consequence modelling software DNV PHAST for spray releases of
a Category C fluid directed horizontally in a 2 m/s wind, where the wind was blowing in the
same direction as the release (i.e. co-flowing). The hazard radii were defined as the distance to
the LEL, which EI15 assumed to be a concentration of 43 g/m3.
For comparison purposes, CFD simulations have been performed using Jet A1 for the same set
of hole sizes as considered in EI15 and a similar range of pressures. The pressures modelled
using CFD were 5, 10, 50 and 100 bar(g), whereas EI15 considered 5, 10, 50 and 100 bar(a),
(i.e. the CFD results were for a 1 bar higher pressure in each case). The configuration of the
CFD model was the same as that described earlier in the model validation study, with a vertical
downwards spray in nil wind, using the DNV Phase III JIP primary droplet breakup model.

Table 13 Hazard radii for Category C fluids from EI15
Release
Pressure,
bar*

Hazard Radius (m) for Release Hole Diameter of:
1 mm

2 mm

5 mm

10 mm

EI15

CFD

EI15

CFD

EI15

CFD

EI15

CFD

5

2

4.3

4

7.1

8

16

14

28

10

2.5

3.4

4.5

5.7

9

13

17

23

50

2.5

2.8

5

5.4

11

13

21

27

100

2.5

3.0

5

6.0

12

13

22

27

* Note: EI15 results are for bar(a) whereas CFD results are for bar(g). There is therefore a difference
of 1 bar between the pressures in the two cases.

The CFD values of the hazard radii are shown alongside the EI15 values in Table 13. Contours
of the predicted concentration are also shown in Figure 49 for the 1 mm diameter orifice and in
Figure 50 for the 5 mm orifice. In both of these figures, the results for the pressures of 5 bar and
100 bar are shown side-by-side and the contour plots have been scaled so that they have the
same physical scale. The results show that the CFD model predicted the distance to the LEL of
43 g/m3 to be greater at 5 bar than at 100 bar, whereas the EI15 results showed the opposite
trend. The principal reason for this difference in behaviour appears to be that the CFD model
simulated a vertical release, which led to the larger droplets falling downwards under gravity,
producing a tall, narrow cloud that diluted relatively slowly. At higher pressures, the release
produced a higher-speed spray of fine droplets that diluted more rapidly. Different trends in
behaviour were probably produced in the EI15 results because the PHAST model simulated a
horizontal release instead of vertical one. Therefore, the gravitational effects in that case would
have caused the large droplets to fall away from the centreline of the jet, rather than increase the
length of the spray. A comparison of the initial droplet sizes is given in Figure 51, which shows
that the droplet size decreases markedly with increasing pressure.
50

To help examine these trends in the CFD and EI15 results, graphs comparing the hazard radii
are shown in Figure 52. The CFD model predicted the hazard radii to grow with decreasing
pressure below around 50 bar, whereas the EI15 model predicted the hazard radii to consistently
grow with increasing pressure. Despite these differences, it is considered that the CFD model
results are in reasonably good overall agreement with the values given in EI15, bearing in mind
the difference between the release direction, wind speed and pressure in the two cases. The
results of the two models are mostly well within a factor of two (Figure 53).
The comparison of results presented here is based on the LEL being defined as a concentration
of 43 g/m3, but the literature review by Gant (2013) showed that the LEL of mists is affected by
the droplet size and nature of the flow. For quiescent mists of uniformly large droplets that are
ignited from below, the literature review found that the LEL could fall by as much as a factor of
10 to around 5 g/m3.
Given the findings from the CFD modelling, it may be appropriate to modify the existing
hazardous area classification guidance to increase the hazard radii beneath the release point, i.e.
rather than define the hazardous area as a sphere around the release point, the sphere could be
extended in a column downwards towards the floor.
5 barg

kg/m

3

100 barg

Figure 49 Contour plots of the droplet concentration predicted by the CFD model for
the 1 mm diameter release at 5 bar(g) [left] and 100 bar(g) [right]
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5 barg

100 barg

kg/m

3

Figure 50 Contour plots of the droplet concentration predicted by the CFD model for
the 5 mm diameter release at 5 bar(g) [left] and 100 bar(g) [right]

Figure 51 Initial droplet sizes used in the CFD simulations for the EI15 cases. The
maximum droplet size in each case was limited to the orifice diameter
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Figure 52 Comparison of EI15 and CFD hazard radii

Figure 53 Comparison of EI15 and CFD hazard radii
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CONCLUSIONS

Objectives
This report has described the development and validation of a CFD spray model using data from
the GTRC experiments. The overall aim of the work was to determine whether a CFD model
could be used reliably to predict the extent of flammable mist clouds. This would allow
predictions of scenarios not covered by the experimental programme.
The CFD model used an Eulerian-Lagrangian approach in which the GTRC spray booth was
represented by a fixed computational mesh and the spray was represented by individual particles
that were tracked through the flow. Particles were injected at the nozzle location and allowed to
break apart under aerodynamic forces. The model accounted for the transfer of mass,
momentum and energy between the droplets and the surrounding air. The main uncertainties
that were investigated in the validation exercise were the specification of the correct spray cone
angle, and the choice of appropriate primary and secondary breakup models.
It was unfeasible to run all the possible combinations of models for all four test liquids at all
four pressures. An initial set of screening simulations was therefore carried out to assess the
performance of the various spray cone angle and primary/secondary breakup models using Jet
A1 at a pressure of 20 bar. The “best” set of models was determined using Statistical
Performance Measures (SPMs) to assess the level of agreement between the predictions and
measurements for both the droplet sizes and concentrations.
Based on these results, further CFD simulations were performed to compare to the remaining
experiments. The model predictions were again compared to the experimental data using the
SPM method to identify which models performed well.
Main findings
For Jet A1 at 20 bar, where the spray was well atomised, the CFD model was found to be
relatively insensitive to the prescribed spray cone angle and secondary droplet breakup model.
The main effect on the results was from the initial droplet size predicted by the primary breakup
model.
The best performing primary breakup models were found to be the Miesse and DNV Phase III
JIP RR models. The centreline predictions of concentration and Sauter Mean Diameter using
these models were within a factor of two of the experiments. The predictions using these models
also captured some of the nuances seen in the experiments, such as the droplet diameter
increasing on the centreline and the smaller droplets drifting to the periphery of the jet.
However, a limitation of the Miesse model was that it failed to predict qualitatively the correct
behaviour of the heated LFO, where it gave larger droplet diameters than the ambient
temperature LFO. The DNV Phase III JIP RR model also had problems in predicting the correct
behaviour of Jet A1 at pressures of 10 bar and below, and LFO and hydraulic oil at pressures of
5 to 20 bar, where it gave droplet diameters that were much larger than the nozzle diameter.
This may reflect the fact that the model was developed for atomising sprays, whereas the sprays
in these cases were not fully atomised.
The experimental results for the hydraulic oil and ambient temperature LFO showed an initially
narrow jet and ignitions were not observed at any of the locations. For this reason, the model
comparisons with these results were made on the centreline. The agreement between the model
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predictions and experiments was generally poorer in these tests. None of the models were
clearly superior. There is the possibility that the comparison exercise was adversely affected by
the measurements only recording nearly-spherical droplets and missing a large fraction of the
liquid mass, especially near the orifice.
The overall conclusion from the validation exercise was that the CFD model could provide
reasonably good predictions of the droplet sizes and concentrations for atomising sprays. The
DNV Phase III JIP RR primary breakup model generally provided the best agreement with the
data.
For non-atomising sprays or discharges that produced long breakup lengths, the results showed
that the CFD model was less reliable. In these cases, the CFD model predicted droplets to occur
whereas in reality the liquid remained as a continuous liquid stream or long fluid ligaments.
A potential way forward for area classification of high flashpoint fluids may be to use a criterion
based on Weber and/or Ohnesorge number to determine whether or not a release will atomise
and pose a flammability risk. For releases that do atomise, the present work has shown that an
appropriately configured CFD model can provide reasonably good predictions of the droplet
size and concentration.
The validated CFD model was then used to simulate sprays of Jet A1 for a range of pressures
and hole sizes in order to compare to hazard radii for Category C fluids given in the Energy
Institute guidance (EI15). The hazard radii given in the guidance is defined as the distance to the
LEL, which it assumes to be a concentration of 43 g/m3.
The CFD model produced hazard radii that were slightly larger than the values given in the EI
guidance, but mostly well within a factor of two. The greatest differences were at lower
pressures, where the CFD results showed a trend for the hazard radii to increase with reducing
pressure, whereas the EI15 results showed the opposite trend. The main reason for these
differences appeared to be that the CFD model simulated a vertically downwards release,
whereas the EI15 guidance assumed a horizontal release.
The literature review by Gant (2013) found that the LEL in quiescent mists of uniformly large
droplets could be as much as a factor of 10 lower than the value assumed by EI15 (i.e.
approximately 5 g/m3). These low LEL concentrations were measured in flame tubes where the
mist was ignited from below. Taking into account this fact, together with the CFD results, it
may be appropriate to modify the existing hazardous area classification guidance to increase the
hazard radii beneath the release point, i.e. rather than define the hazardous area as a sphere
around the release point, the sphere could be extended in a column downwards towards the
floor.
Recommendations
Two main areas of uncertainty remain unresolved following the current programme of work.
Firstly, it is unclear whether the low LEL value of 5 g/m3 is applicable to spray releases that
need to be considered for area classification, where there is likely to be a range of droplet sizes
and the spray will behave more like a jet than a quiescent flow, at least near the leak source.
Although the GTRC experiments conducted as part of the present work measured droplet sizes
and concentrations near the edge of the flammable cloud, the measurements exhibited a
significant degree of scatter and it proved to be very difficult to accurately assess the LEL due
to the time-varying, dynamic nature of the spray.
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The second area of uncertainty relates to the maximum extent of the flammable mist cloud. This
is one of the key quantities of interest for area classification but it was not measured directly in
the GTRC experiments. The flammable cloud in the GTRC experiments with Jet A1 probably
extended to the floor of the spray booth (it was ignited at all axial locations that were tested).
This was a consequence of the fact that the experiments used a 1 mm hole size, which was
chosen mainly because it is the smallest hole considered in the EI15 guidance. Prior to the
current series of experiments being performed, it was unclear how far the flammable cloud
would extend. Although the pressure, temperature and fluid type were varied, all of the
experiments used the same 1 mm orifice size.
To address these uncertainties, it is recommended that further experiments be performed using
an orifice smaller than 1 mm, in order to measure directly the maximum extent of the flammable
cloud. It may also prove to be easier to measure the LEL with this experimental arrangement.
These experiments combined with model validation will help to improve confidence in the
model predictions of this critical quantity.
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CFD modelling of oil mists for area
classification

Many types of industrial equipment can potentially produce
an explosive oil mist if a fault develops. However,
information on the conditions in which a mist can be ignited
and continue to burn is limited. To help address this, HSE
and 14 industry sponsors co-funded a Joint Industry Project
(JIP) on oil mist formation and ignition.
This report, produced for the JIP, describes the assessment
of Computational Fluid Dynamics (CFD) for modelling the oil
mist clouds produced by small leaks in pressurised systems.
Some of the JIP experimental tests were modelled using CFD
with a range of different droplet sub-models. For those
experiments with good atomisation, where the mist was
easy to ignite, CFD predicted the observed droplet size and
concentrations well using a particular sub-model. The results
using this sub-model broadly matched existing industry
guidance on oil mist explosion hazards.
Other JIP experiments showed that some leaks produced
sprays that were not fully atomised. Many of these could
not be ignited easily. The CFD model over-predicted the
hazards in these cases.
This report and the work it describes were funded through a
Joint Industry Project. Its contents, including any opinions
and/or conclusions expressed, are those of the authors
alone and do not necessarily reflect HSE policy or the views
of the Joint Industry Project sponsors.
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