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EXECUTIVE SUMMARY

The primary objective of this project is to develop a capability within HSE for modelling water
spray barriers typically used in tunnels under construction using Computational Fluid Dynamics
(CFD). This has involved a literature survey of existing experimental and modelling efforts and
some trial CFD calculations. Details of the computational techniques involved in the trial CFD
calculations have been included in the report to help inform future modelling efforts. The CFD
model developed here is intended to provide qualitatively correct predictions but is not
rigorously validated.
There is a significant body of literature on modelling fire suppression sprinklers and spray
barriers used for dense gas dispersion, but relatively little aimed specifically at using spray
barriers to control smoke movement. Computational models of sprays generally fall into two
categories: Eulerian models and Lagrangian (or particle-tracking) models. The former type is
generally faster to solve computationally but also assumes that water droplets behave as a fluid
continuum. The Lagrangian approach involves tracking the progress of clusters of water
droplets through the flow and is potentially more accurate than the Eulerian approach but can
also be more expensive in terms of computing time. Examples of the application of both of
these models are discussed in the report.
Trial CFD calculations have examined a range of spray configurations starting with a single,
vertically-discharging spray. Reasonable agreement was obtained between the Eulerian CFD
model predictions and experimental measurements although the predicted spray was closer in
character to a hollow-cone than the solid-cone spray that it was supposed to represent. The
Lagrangian model gave slightly better agreement with the experimental results. A number of
progressively more complex configurations were then examined: horizontally-discharging
sprays, two sprays impinging together and a simplified 11-nozzle spray barrier. Finally,
simulations have been performed of a full spray-barrier configuration consisting of 18 nozzles
to compare to the ongoing experiments at HSL. The Lagrangian CFD model was found to
predict air velocities in the tunnel in good agreement with experimental measurements.
Computing times for these calculations were relatively modest – an hour or two at most. It
therefore seems feasible that more complex scenarios could be reasonably modelled.
Future work to further develop a spray barrier modelling capability should combine the spray
barrier model developed here with a full-length tunnel model. This would include simulated
blockages due to a tunnel-boring machine and a simulated fire producing a hot plume and
smoke. A number of key issues would need to be addressed, such as evaporation of the droplets
in the hot layer and cooling of the smoke. However, the papers reviewed for the literature
survey in this report give some advice on how these features could be modelled. Such CFD
calculations could provide a series of animations showing how smoke moves down tunnels in
the event of a fire, illustrating how spray barriers disrupt the smoke layer. This could be used in
conjunction with video footage from experiments to provide useful training material for
personnel involved in the tunnelling and mining industry.
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INTRODUCTION

Water spray barriers are currently installed in tunnels undergoing construction to slow the
progress of smoke in the event of a fire. These devices generally consist of a ring of pipework
around the circumference of the tunnel with a large number of nozzles directing water radially
inwards and/or outwards, see Figure 1. In a fire situation, the fan-shaped water spray from these
nozzles combines to form a barrier to smoke penetration. Although the barrier may not
completely halt the transport of smoke along the tunnel, it should delay its movement
sufficiently to give workers in the tunnel a longer period of time in which to escape. At present,
HSE recommends that the devices are installed at the end of the Tunnel Boring Machine (TBM)
and at 500 metre intervals thereafter.
Although experience has shown water spray barriers to be effective in some circumstances, little
or no conclusive research has been undertaken to date to prove that this is always the case. At
present the systems are designed on an ad-hoc basis. There is therefore a need to investigate the
effectiveness of water spray barriers and to provide guidance on their design.

Figure 1 Photo of spray barrier experiments undertaken at HSL Buxton in October
2005
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LITERATURE REVIEW

A literature search has revealed that little research has been done to investigate the effectiveness
of spray barriers in slowing smoke movement along tunnels or within buildings. The two main
works include a study undertaken at HSL 14 years ago on the effect of water spray barriers in
tunnels [1] and some more recent, preliminary work from the Hong Kong Polytechnic
University [2, 3]. The former study investigated the scenario of a tunnel with one closed end
and a fire situated inbye of the spray barrier. Full-scale tests were undertaken in a gallery with a
500kW mineral oil pool fire and water sprays delivering 38 litres/min at 7 barg from three
nozzles. Salt-bath simulations of this scenario were also undertaken involving a scale model of a
tunnel filled with water, the buoyant plume from the fire being simulated by injecting coloured
salt solution. Since the salt solution was denser than water, the ‘plume’ travelled along the floor
of the tunnel so the flow studied was in effect a hot plume inverted. Based on the full-scale tests
and water-bath simulations, a simple theoretical model was proposed to predict the reduction in
plume temperatures along the tunnel, upstream and downstream of the spray barrier.
The Hong Kong Polytechnic studies examined spray curtains produced by drencher sprinkler
systems. Experimental measurements were made of the water discharge pattern, mass flux
distribution, water droplet velocity and droplet size for a particular nozzle under a range of
operating conditions [2]. The effect of the drencher system on the radiative heat flux and smoke
movement were then investigated in a test chamber which was divided into two halves by the
water spray, with a fire situated in one half. These experiments indicated that the spray was
effective at blocking thermal radiation but not so effective at stopping smoke spreading [3].
There are a number of studies that have examined the use of water spray barriers for alternative
applications. A considerable amount of effort has gone into investigating their use in controlling
the dispersion of hazardous dense-gas clouds. The aim of the water spray barrier in these cases
is to entrain large quantities of air and enhance natural dispersion. In addition, the water droplets
may react with chemicals present in the cloud to produce a less hazardous environment. The
Von Karman Institute (VKI) in Belgium in conjunction with the Ecole des Mines d’Alès have
recently conducted full-scale experiments of water spray curtains dispersing clouds of chlorine
and carbon dioxide [4]. They have also undertaken wind-tunnel experiments and Computational
Fluid Dynamics (CFD) simulations using the commercial code Fluent. From this work, VKI
have produced a general engineering code, CASIMIRE, that helps design the most efficient
spray curtain for a range of accident scenarios1.
A number of other studies have investigated the effectiveness of spray barriers in dispersing
dense gas clouds [4-6]. In particular, studies have examined releases of ammonia [7], hydrogen
fluoride [8, 9] and liquefied natural gas [10-12]. Some work on dense gas dispersion using spray
barriers was also undertaken in the early 1980’s at HSL (then the HSE’s Research and
Laboratory Services Division) [13].
Water spray barriers are also used for thermal shielding, to reduce the amount of thermal
radiation from a fire [4, 14-16], and in mines [17] to prevent the build-up and transport of dust.

1

For further details, see http://www.vki.ac.be/research/themes/survey2004pdf/ea03.pdf.
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SPRAY MODELLING FUNDAMENTALS

In the following section, the terminology used in characterising and modelling sprays is first
introduced. Then, two different ways in which sprays are commonly modelled using
Computational Fluid Dynamics (CFD) are described. These two approaches are: the ‘Eulerian’
method, where the spray is modelled as a continuum across the whole flow domain, and the
‘Lagrangian’ method, where the paths taken by droplets or clusters of droplets are tracked
through the domain.
A fundamental and detailed introduction to sprays and all aspects of multiphase flow is given in
Bird et al. [18]. For a more relevant overview of water sprays, with emphasis on their use in fire
suppression, see Grant et al. [19]. The physics of sprays and their modelling using CFD are also
covered in the recent books by Sirignano [20] and Crowe et al. [21].

3.1

SPRAY CHARACTERISTICS

The majority of sprays are ‘polydisperse’, consisting of a large range of droplet sizes. There are
a number of different ways to characterise such sprays. The simplest approach is to define a
representative droplet diameter. The Sauter Mean Diameter (SMD) defines a droplet with mean
surface area and volume for the whole spray. It is calculated from the sum of the droplet
volumes in a given spray divided by the sum of their surface areas. Another commonly used
representative diameter is the Volume Median Diameter, denoted Dv50. Half of the droplets in a
spray have diameters greater than this value and half of the droplets smaller. Indicative
diameters for water droplets used in fire-fighting are shown in Figure 2. ‘Average’ droplet sizes
are in the range 0.1 to 1 mm. Water mist fire-suppression systems have 99% Volume Diameters
(Dv99) of 1 mm (i.e. 99% of droplets smaller than 1 mm) whilst conventional sprinkler systems
typically have Dv99 of 5 mm.
In addition to these simple measures of representative droplet sizes, there exist a number of
simple empirical equations that characterize the size distribution of droplets in terms of a few
variables. The most widely used of these is the Rosin-Rammler distribution, given by:

[

1 − ν = exp − (D / δ )

γ

]

where v is the fraction of the total volume contained in droplets smaller than diameter D, δ is the
Rosin-Rammler diameter and γ is a constant indicating the amount of spread of droplet sizes. A
higher value of γ indicates that the spray is composed of more uniformly-sized droplets. If γ is
infinite, the spray is ‘monodisperse’. The Rosin-Rammler distribution can also be written as:

D (γ −1)
vi = γ
exp − (D / δ )γ
γ
δ

[

]

where vi is the fraction of droplets of diameter D. The parameter vi is defined in such a way that
integrating vi across all droplet sizes gives a value of unity.
The Rosin-Rammler distribution was used in the Lagrangian CFD studies of fire-suppression
sprinklers by Walmsley [22], Chow & Fong [23] and Yoon et al. [24] whilst a uniform droplet
size at the nozzle discharge was used by Hua et al. [25].
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Figure 2 Spectrum of droplet diameters used in fire-fighting (reproduced from Grant et
al. [19] with permission from Elsevier)

In addition to characterising the mean diameter and size distribution of droplets, to construct a
computational model for a spray it is also necessary to quantify how the spray is produced by
the nozzle to determine the initial trajectories of the droplets. The flow physics involved in the
break-up, or atomisation, of a continuous stream of liquid inside a nozzle into droplets is very
complex. The process is commonly divided into two steps: primary break-up which takes place
in the region close to the nozzle and involves the interaction between the liquid and gas and
internal nozzle phenomena such as turbulence and cavitation; and secondary break-up which
occurs further downstream in the spray due to aerodynamic interaction processes, largely
independent of type of nozzle used. Details of these two processes can be found in [26]. CFD
models rarely try to capture primary break-up and in many cases secondary break-up is also
ignored.
Spray penetration is strongly dependent upon the size of the droplets in the spray. The kinetic
energy of a droplet is proportional to its mass which is proportional to the cube of the diameter,
whereas the aerodynamic drag is only proportional to the diameter [19].
Grant et al. [19] go into some detail on the historical development of different spray nozzles
used in fire-fighting. They characterize nozzles into three groups:
•

Pressure nozzles: including round, flat/fan, ring, multi-nozzle and collision-nozzle
designs.

•

Rifling nozzles: where a rotational motion is imparted to the water in the nozzles, the
spray forming a hollow cone.

•

Gaseous atomisers: where gas is injected into the water stream to atomise the liquid
within the nozzle itself.

Measurements of drop size and velocity correlations for a number of different fan nozzles are
presented in the papers of Fong & Chan [2] and Sidahmed et al. [27]. Detailed measurements
and modelling of solid-cone sprays are also given in Yoon et al. [24] and St-Georges & Buchlin
[28].
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3.2

EULERIAN CONTINUOUS PHASE MODELS

The underlying principle of Eulerian models is to have a computational grid which is fixed in
space through which fluid (gas or liquid) flows. The vast majority of CFD simulations of singlephase flows use the Eulerian approach. For example, to examine the flow of air around a
building or water through a valve, the flow geometry is meshed and then momentum, mass and
energy conservation equations are solved in each cell to find the velocity, temperature and
pressure distributions of the fluid flowing through the mesh.
Eulerian spray models treat the droplets as just another continuous Eulerian phase, i.e. there are
two Eulerian phases, one for the gas and one for the droplets. Each computational cell is
composed of certain fractions of gas and droplets, and the transport equations are written in
such a way that the volume fractions of gas and liquid sum to unity. If the computational cell
consists of just a single phase, the transport equations for the two phases revert to the
conventional single-phase system.
There are many different types of Eulerian models with different levels of approximation. A
clear distinction can be made between homogeneous models, which assume that the droplets
and carrier phases share the same velocities, turbulence properties and temperature, and
inhomogeneous models which solve separate momentum equations for each fluid. All the fluids
in inhomogeneous models share the same pressure field and the different fluids interact via
interphase transfer terms (for momentum, heat and mass transfer). Water spray barriers need to
be modelled using the inhomogeneous approach as the droplets will have different velocities to
the surrounding air.
The advantages of the Eulerian approach are that it is usually relatively cheap in terms of
computational demands for one additional set of equations, and turbulence can be modelled
fairly simply. However, if a separate set of transport equations is solved for each particle size in
a polydisperse flow then the Eulerian approach can be expensive. In addition there is some
uncertainty over the most appropriate Eulerian diffusion coefficients. For these reasons, the
Eulerian approach is best suited to flows with a narrow range of particle sizes where a high
resolution of the particle properties is not needed.
Early simulations of fire-suppression sprinkler systems by Hoffman and Galea [29-31] at the
University of Greenwich obtained good agreement with experiments using the Eulerian
approach although results were poorer in the far field, away from the fire. The spray was
modelled as being composed of monodisperse 1 mm diameter droplets. In their papers, they did
not describe the initial velocities and trajectory of the water droplets. Interestingly, a later paper
co-authored by Galea [32] advocated the alternative Lagrangian approach as being more
appropriate for modelling water spray curtains for dense-gas dispersion. Recent work by Prasad
et al. [33] used an Eulerian approach to simulate water-mist suppression of a pool fire. They
performed only parametric studies and did not compare results to experimental data.

3.3

LAGRANGIAN PARTICLE TRACKING MODELS

In the Lagrangian particle tracking approach, the gas phase is modelled using the standard
Eulerian approach described above and the spray is represented by a number of discrete
computational ‘particles’. Individual particles are tracked through the flow domain from their
injection point until they escape the domain or some integration limit criterion is met. Each fluid
9

particle typically represents a large number of droplets with a given size distribution and
transport properties.
The motion of the droplets is described by Lagrangian conservation equations of mass,
momentum and energy. Various sub-models account for the effects of turbulent dispersion,
coalescence, evaporation, wall interaction and droplet break-up. The presence of the droplets in
the flow is accounted for by introducing a void fraction and additional source terms in the
Eulerian equations for the continuous gas phase. These source terms account for the exchange
of mass, momentum, energy and turbulence between the spray droplets and the gas phase.
The Lagrangian model is the most widely used approach for modelling sprinkler sprays for fire
suppression. Walmsley [22] obtained good agreement with experiments using a Lagrangian
model to predict fire-sprinkler sprays using a number of different sprinkler heads. A Lagrangian
approach was also used by Alessandri et al. [32] to simulate a water spray curtain for dense-gas
dispersion. They justified their choice of model based on the fact that the flow involved a large
range of droplet sizes and had large recirculation regions in which particles became trapped. In
addition, they were interested in modelling accurately the chemical and thermal absorption
characteristics of the droplets. Other examples of the use of Lagrangian models for firesuppression sprinklers include the works of Hua et al. [25] and Chow & Fong [23]. Further
references can be found in Walmsley [22].
The Lagrangian model has the advantage of being computationally cheaper than the Eulerian
method for a large range of particle sizes. It can also provide more details of the behaviour and
residence times of individual particles and can potentially approximate mass and heat transfer
more accurately. On the other hand, the approach can be expensive if a large number of particles
have to be tracked. Accounting accurately for the effects of turbulence on the particles can also
be expensive. Turbulent dispersion is commonly modelled as a stochastic forcing applied to the
individual particles. To obtain a sufficient sample size to make this random forcing
representative of turbulent eddy motion requires a large number of particles.
A recent study by Nijdam et al. [34] found that both Eulerian and Lagrangian modelling
approaches gave similar predictions for turbulent droplet dispersion and agglomeration of
sprays for a wide range of droplet and gas flows. The two models were found to require similar
computing times for a steady axisymmetric spray. They concluded that Lagrangian models were
preferred, based on their wider range of applicability.
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TRIAL CFD CALCULATIONS

Trial CFD calculations have been performed for five different flows: a single spray directed
vertically downwards, the same spray tilted to the horizontal, two sprays impinging at 45º to
each other, a simplified spray barrier and a more realistic spray barrier configuration. The aim
of this series of calculations is to increase gradually the level of complexity and, in so doing,
isolate in each flow the advantages and disadvantages of the different modelling approaches.
Both Eulerian and Lagrangian spray models have been used for all but the final test case, where
only the Lagrangian model has been tested. Considerable effort has been focussed on obtaining
good CFD predictions for the first test case which has involved some tuning of the model
parameters.

4.1

SINGLE NON-IMPINGING SPRAY

CFD simulations have been performed of the single-spray experimental arrangements of StGeorge & Buchlin [28]. The flow involves a full-cone water spray with orifice diameter 6.25
mm and nominal spray angle of 30˚, discharging vertically downwards into free, undisturbed
space. The water pressure is 264 kPa (2.64 bar) and the flow number, defined as the ratio of the
volume flow rate to the square root of the operating pressure, is Fn = 9.7 × 10-7 m3s-1Pa-1/2.
Experimental measurements were taken in the spray volume at five distances from the nozzle
from 0.25 to 1.05 metres using laser velocimetry and phase-Doppler particle analysis. These
indicated that the actual spray angle of the jet was closer to 37.5º.

Short section of pipe inside
flow domain
spray inlet conditions imposed
at the end of the pipe

Entrainment
(open)
boundaries

1.5
metres

1 metre diameter
Figure 3 Flow domain and boundary conditions used for the single spray Eulerian
model
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4.1.1

Eulerian Spray Model

The inlet spray velocity for the Eulerian model was calculated from the experimental flow
number, Fn, as follows:

U=

4 Fn P

πD 2

=

(

4 9.7 × 10 − 7

)( 264000 ) = 16.2m/s

π (0.00625)2

where P is the operating pressure and D the diameter of the nozzle (6.25 mm). For initial tests, a
flat velocity profile of 16.2 m/s was imposed at the inlet (shown in Figure 3) with a volume
fraction for water of 1.0 and droplets of diameter 0.6 mm. This droplet size was chosen as best
matching the Sauter mean diameter measured in the experiments. A two-dimensional slice
through the spray showing the distribution of the water volume fraction predicted by the
Eulerian spray model is shown in Figure 4.

Figure 4 Predicted water volume fraction on a slice through the flow domain for an
Eulerian spray discharging vertically downwards. The droplets are given a purely
vertical initial trajectory (i.e. no radial component).

It is good practice to run separate CFD simulations using at least three different levels of grid
refinement in order to assess the sensitivity of the CFD predictions to the number of grid nodes.
Ideally, the grid should have a sufficient number of nodes so that further grid refinement has no
effect on results, a condition known as ‘grid-independence’. A comprehensive grid-dependence
study was undertaken for the single spray Eulerian model using 8 different grids which had
between 24,000 and 4 million cells. A typical grid is shown in Figure 5. The study found that
refinement of the mesh in the region of the spray caused its spreading-rate to decrease. Instead
of obtaining a grid-independent solution, successive grid refinements just made the spray more
and more compact. Possible causes of the sensitivity to the grid include the thousand-fold
difference in water and air density and the momentum transfer terms in the Eulerian model.
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Figure 5 Views of a typical computational mesh used for the single spray: a crosssection through the full domain (left) and a close-up view of the inlet pipe (right).

In the experiments of St-Georges & Buchlin [28], the Sauter mean diameter was measured as
varying from 0.5 to 0.7 mm with smaller droplets clustered nearer the axis of the spray (see
Figure 6). To examine the sensitivity of the CFD predictions to the droplet sizes, three different
monodisperse sprays with droplet diameters of 0.4, 0.6 and 0.8 mm were tested. In addition,
calculations were performed using a number of different initial droplet trajectories. In all cases
the axial velocity was fixed at 16.2 m/s and only the radial velocity component was varied. A
simple linear profile was adopted for the radial velocity, varying from zero on the jet axis (at
radial position, r = 0) up to a maximum value on the outer radius of the orifice (at r = 3.125
mm). If there were no dispersion or collisions between droplets, to achieve the experimentallymeasured spray angle of 37.5º the radial velocity would need to be set to:

U radial = 16.2 tan (37.5) = 12.4m/s
This provides an upper limit for the imposed radial velocity.

Figure 6 Drop size evolution across the spray measured by St-Georges & Buchlin
(reprinted from [28] with permission from Elsevier).
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Figure 7 shows that the best agreement between the predicted and experimental spray envelope
radius was achieved using an inlet profile in which the radial velocity increased to a maximum
of 7 m/s. This is equivalent to having an initial spray angle of 23º at the nozzle discharge based
on the angle of the velocity vectors. Figure 8 shows that the experimental agreement improves
slightly using a spray with 0.4 mm droplets, i.e. lower than the mean droplet size measured in
the experiments (~0.6 mm). Under these conditions, the agreement between the predicted and
measured spray envelopes is good, within a few percent at least.
Figure 9 compares the air velocities for the best CFD predictions against the experimental
results taken from the St-Georges & Buchlin paper. There are some differences here between
the two plots. The experimental results show the velocity profile developing downstream from a
roughly parabolic profile at 0.65 metres into a flat profile at 0.85 metres and finally into a
profile with a local velocity minima in the centre of the spray at 1.05 metres. In contrast, the
CFD model predicts a pronounced velocity maxima on the centreline at all positions, including
the final position at 1.05 metres. Some explanation for this behaviour may be found in Figure 10
which shows the volume fraction of water predicted by the CFD model. Despite the water
droplets exiting the nozzle as a solid jet, the model appears to have produced a hollow-cone
spray. It is not clear whether the development of the spray into a hollow cone is a consequence
of the prescribed inlet velocity profile or of the inter-phase momentum transfer terms in the
Eulerian spray model. Plots of the streamlines for both the air and droplet phases in Figure 11
do not explain clearly how these patterns developed.
Some brief tests have been undertaken to try to find the source of this anomalous behaviour.
These have indicated that using a parabolic profile for the axial velocity may produce sprays
closer in character to a solid cone, although the droplets still tend to remain in discrete shells
rather than diffusing into a solid cone. Tests also found that using a droplet size one order of
magnitude smaller than the present choice (around 0.01 instead of 0.6 mm) gave slightly
improved volume fraction distributions. Trials involving fixing the air and water velocity over a
region of space, rather than just over the inlet boundary, were unsuccessful, as was the use of a
volume fraction less than 100% at the inlet. It may be necessary to model more than one droplet
size in order to get the correct volume fraction distribution. However, this would need to be
balanced against the increase in computing time, since separate transport equations would need
to be solved for each droplet size.
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Spray Envelope Radius (m)
0

0.1

0.2

0.3

0.4

0.5

Vertical Distance from the Nozzle (m)

0
0.2
0.0 m/s

0.4

2.0 m/s
5.0 m/s

0.6

7.0 m/s
12.4 m/s

0.8

Exper.

1
1.2

Figure 7 Comparison of the predicted spray envelope radius using five different initial
droplet trajectories against the experimental data points from St-Georges & Buchlin
[28]. The key indicates the maximum radial velocities used in the inlet profile. All
calculations used a monodisperse spray with 0.6 mm diameter droplets.

Spray Envelope Radius (m)

Vertical Distance from the Nozzle (m)

0

0.1

0.2

0.3

0.4

0
0.2
0.4

0.4 mm
0.6 mm

0.6

0.8 mm
Exper.

0.8
1
1.2

Figure 8 Comparison of the predicted spray envelope radius using a monodisperse
spray with three different droplet diameters against the experimental data points from
St-Georges & Buchlin [28]. All calculations used a droplet trajectory with maximum
radial velocity of 7.0 m/s.
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Figure 9 Air velocity vectors. On the left: experimental measurements of St-Georges &
Buchlin (reprinted from [28] with permission from Elsevier); on the right: CFD
predictions using the Eulerian spray model with 7m/s maximum radial velocity and 0.4
mm droplet diameter.

Figure 10 Contours of the water volume fractions predicted by CFD using 7m/s
maximum radial velocity and 0.4 mm droplet diameter. The red colour indicates that the
computational cell contains 0.1% water by volume.
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Figure 11 Predicted streamlines on the mid-plane for air (left) and water droplets (right)
using 7 m/s maximum radial velocity and 0.4 mm droplet diameter.

4.1.2

Lagrangian Spray Model

A plot of the typical predicted particle paths and water volume fraction using the Lagrangian
spray model is shown in Figure 12. For clarity, only a hundred particle paths are shown
although the simulation actually used a total of 500 particles. The total number of particles can
be freely set. CFX, the developers of the CFD software used in HSL, recommend that between
100 and 1000 particles are used for a single spray. A larger number of particles gives a more
accurate simulation but also increases the computing time. A comparison of the predicted water
volume fraction contours is shown in Figure 13 with 100, 500 and 2000 particles. A smoother
distribution of the volume fraction is produced with a larger number of particles.
A full grid-dependence study for the Lagrangian spray model was not undertaken. Unlike the
Eulerian approach, very fine grids cannot necessarily be used with Lagrangian models due to
problems encountered when the void fraction in a cell approaches 100%. Two different grids
were tested, a coarse grid with 24,000 cells and a finer grid with 95,000 cells. It was not
possible to obtain fully-converged results using the finer grid and all the results shown here used
the coarser mesh.
One of the advantages of the Lagrangian approach is that an accurate representation of the
droplet size distribution can be modelled. In the trial calculations, a Rosin-Rammler distribution
was used with characteristic diameter D = 0.9 mm and exponent γ = 2.7. These values were
chosen as best matching the experimental measurements. Another advantage of the Lagrangian
model is that specifying the initial trajectories of the droplets is considerably simpler than with
Eulerian approach. Rather than having to specify radial and axial velocity profiles, one can
simply select the angle desired for a solid cone spray. In the trial calculations a 37.5° spray was
used. Since the Lagrangian model does not account accurately for primary droplet break-up, the
inlet boundary conditions were applied at a short distance downstream from the physical
location of the nozzle (see Figure 14). It is necessary to make some assumptions about the
diameter of the spray envelope at this position. Three different diameters were tested: 6.25, 10
17

and 20 mm, and found to produce only minor changes in the results, provided that the same total
mass flux of droplets was used in each case.

Figure 12 Particle trajectories for the Lagrangian spray model coloured with the water
volume fraction. Only 100 droplet trajectories are shown.

Figure 13 Contours of the water volume fraction on the centreline using the Lagrangian
spray model with 100, 500 and 2000 particles, respectively, from left to right.
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Lagrangian
spray droplets
injected from
here

Figure 14 The full computational domain and close-up of the inlet. Lagrangian spray
droplets are injected from the yellow disc shown on the right-hand plot.

Another of the parameters necessary to specify the inlet conditions in the CFD model is the
initial velocity of the droplets. Although a value of 16.2 m/s was calculated above, this was
based solely on the flow rate of water rather than measurements of the droplet velocities which
have undergone primary break-up. Tests with inlet velocities in the range 15 to 25 m/s showed
that the predicted spreading rate of the spray was relatively insensitive to the value chosen, a
higher velocity tending to produce a slighter wider spray although differences in spray envelope
radii 1 metre from the nozzle were just a few percent.
The air velocity vectors produced by the Lagrangian spray model are shown in Figure 15. The
velocity minimum obtained in the experiments a metre from the nozzle is still not reproduced by
the Lagrangian model. However, the profiles do show a less pronounced peak than obtained
with the Eulerian model, and agreement with the experimental profiles is, overall, slightly
improved.

4.1.3

Summary

The trial calculations presented above show that a fairly good agreement with experimental
predictions can be achieved using both Eulerian and Lagrangian spray models. Although the
experiments of St-Georges & Buchlin provided detailed measurements of droplet diameters,
velocities and spreading rates for a single spray, a number of parameters needed for both
Eulerian and Lagrangian spray models were not measured. Sensible guesses of these values
have therefore been used and the degree of sensitivity in the predictions to these assumptions
has been assessed.
The Eulerian model was found to give slightly anomalous behaviour with the solid spray
diverging into a hollow cone a few centimetres downstream from the nozzle. It may be possible
to correct this behaviour through a combination of optimised initial velocity profiles and
multiple droplet sizes. Due to resource limitations in the present project, this has been left for
future work. The Lagrangian model performed closer to what was expected and the predicted
spreading of the spray was in good accord with the experiments.
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Computing times are difficult to assess within the present work since grid-independent solutions
could not be obtained. The Lagrangian model was found to converge faster to the final solution
than the Eulerian approach, in some cases within 40 iterations. Overall, this meant that the
Lagrangian model was slightly faster to compute than the Eulerian.

Figure 15 Air velocity vectors. On the left: experimental measurements of St-Georges
& Buchlin (reprinted from [28] with permission from Elsevier); on the right: CFD
predictions using the Lagrangian spray model.
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4.2

HORIZONTALLY-DISCHARGING SINGLE SPRAY

A few trial CFD calculations have been made of a horizontally-discharging spray to examine the
deflection. To set up these calculations, the direction of gravity has simply been rotated through
90˚ from the vertically-discharging case considered above. Results are shown for two Eulerian
spray models in Figure 16 and for the Lagrangian model in Figure 17. Over a distance of 1.5
metres the centre of the spray was deflected by approximately 5 cm.

Figure 16 Cross-sections through two horizontally-discharging Eulerian sprays
showing contours of water volume fraction. On the left: a purely axial initial spray
trajectory at 16.2 m/s; on the right: a spray with 16.2 m/s axial and 7 m/s radial.

Figure 17 Cross-section through the horizontally-discharging Lagrangian spray
showing contours of the water volume fraction.
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4.3

INTERACTION BETWEEN TWO SPRAYS

Simulations were made of two sprays impinging together at an angle of 45º to each other in free,
undisturbed space to examine how the sprays interact. One spray discharges vertically
downwards whilst the other discharges at 45º to the vertical. The grid used for the Eulerian
spray model consisted of 494,000 nodes with cells clustered around the nozzles and in the
anticipated paths of the jets (see Figure 18). A coarser mesh of only 129,000 nodes was used for
the Lagrangian spray model.
The predicted spray envelope is shown for both Eulerian and Lagrangian models in Figure 19.
Corresponding contours of the volume fraction along a slice through the sprays are shown in
Figure 20. For the Eulerian model, the conditions at the nozzle discharges were the same as
those used in previous studies, with a radial velocity of up to 7 m/s forming a hollow-cone
spray. As the two hollow-cone sprays meet, a zone of high droplet concentration is formed
along the boundary (see Figure 20). This behaviour seems somewhat unphysical although there
is no experimental data to confirm this.
The Lagrangian spray model appears to show more realistic flow behaviour, despite the model
not accounting for particle-particle interactions. One would expect to see, physically, some
deflections in the path of the droplets due to collisions in the zone where the two sprays meet.

Figure 18 The full computational domain used for the two interacting sprays showing
the grid on a slice through the domain with the two nozzles highlighted in red (left) and
a close-up of the grid resolution around one of the nozzles (right).
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Figure 19 Three-dimensional view of flow domain with the predicted extent of the
sprays visualized by an iso-contour of the 0.01% volume fraction of water: Eulerian
spray model (left) and Lagrangian model (right).

Figure 20 Contours of the water volume fraction on a slice through the domain using
the Eulerian spray model (left) and Lagrangian model (right). The red colour indicates
that the computational cell contains 0.1% water by volume.
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4.4

SIMPLIFIED SPRAY BARRIER

The penultimate scenario modelled was a simplified spray barrier. A short, straight section of
tunnel, 6 metres in length and 2.67 metres in diameter with two open ends was used with the
spray barrier positioned at its midpoint (see Figure 21). The barrier consisted of 11 nozzles
spaced at 30º intervals directing flow radially inwards (the lowest nozzle in the circle being
missing). This arrangement was a first attempt at modelling the experimental configuration
shown in Figure 1. No obstructions were modelled in the tunnel apart from the ring of
pipework. Plots of the computational mesh are shown in Figure 22. The grid was composed of
approximately 420,000 cells. For the Eulerian model, water droplets discharged through 6.25
mm diameter holes in the ring of pipework at 16.2 m/s, giving a total mass flux of water of 5.5
litres/sec. A simple flat profile was used for the discharge velocity with no radial component.
For the Lagrangian model, a similar approach was adopted to that used previously. Inlet
conditions were specified on 1 cm diameter discs offset 2 cm from the actual nozzle location,
supplying the same total flux of water (5.5 litres/sec). Each spray had a discharge angle of 37.5°
with initial droplet velocities of 20 m/s.
Tunnel wall
6 metres long
Water pipe
with 11
nozzles at
30° intervals
2.67 metre
diameter
Entrainment (open)
boundaries at both ends

Figure 21 Schematic of simplified spray barrier model showing dimensions and CFD
model boundary conditions.

Figures 23 to 26 show plots of the water volume fraction and streamlines from the two models.
There was no ventilation through the tunnel in these tests, the flow was driven purely by the
water sprays. It is clear from the Eulerian model results that the simple inlet velocity profile
adopted is inappropriate for modelling spray barriers. Using only an axial velocity component
and no prescribed radial spreading for each spray has caused a distinct spoke-like pattern,
visible in Figure 23. The Lagrangian model appears to predict a somewhat more realistic flow
pattern with a cloud of droplets in the middle of the tunnel where the sprays meet. The side view
of the two sprays (Figure 24) shows that the Eulerian model predicts water collecting along the
bottom of the tunnel, whereas this is absent from the Lagrangian model predictions. The
Lagrangian droplets appear to be relatively unaffected by gravity and remain in the centre of the
tunnel. Another view of the same results displaying the particle trajectories shows, however,
more realistic behaviour (see Figure 25).
Predicted streamlines on the mid-plane have some broad similarities with the two models
(Figure 26). Air is entrained from along the ceiling into the spray barrier and then directed
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vertically downwards before being abruptly discharged sideways from the centre of the spray
barrier. With the Eulerian model, air is ejected practically horizontally away from the centre of
the spray and there is a pronounced flow recirculation in the far field. With the Lagrangian
model, the wider-angle cone sprays give rise to greater mixing and lower velocities at the centre
of the spray barrier.
Both Eulerian and Lagrangian models produce slightly unsymmetric flow patterns. The flow
structures seen in Figure 26 are not fixed in space and for the Eulerian model it was necessary to
run the simulation as a transient flow (the results shown are a snapshot of the flow). For the
Lagrangian model, well-converged results were obtained treating the flow as steady.

Figure 22 Two views of the computational grid used to model the simplified spray
barrier: the surface mesh (left) and a slice through the domain showing the water pipe
in red (right).

Figure 23 Three-dimensional views of the water spray distribution, as defined by the
0.08% water volume fraction isosurface. Left: Eulerian spray model; right: Lagrangian
spray model.
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Figure 24 Close-up views of the water spray distribution shown in Figure 23. Left:
Eulerian spray model; right: Lagrangian spray model.

Figure 25 Two views of the particle trajectories calculated by the Lagrangian spray
model. In both cases, the trajectories are coloured with the water volume fraction (red
indicating 0.1%).

Figure 26 Streamlines on the centreline of the tunnel using the Eulerian spray model
(left) and the Lagrangian model (right).
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4.5

HSL SPRAY BARRIER

Having examined the performance of Eulerian and Lagrangian spray models in the previous
four test cases, the decision was made to investigate a more realistic spray barrier geometry
using only the Lagrangian model. The aim of this final simulation was to obtain CFD results to
compare directly with measurements of entrained air velocities from the HSL Buxton
experiments. The CFD model arrangement is shown in Figure 27. A total of 18 nozzles are
arranged around a 270° section of pipe 5 cm in diameter with a gap of 3 cm between it and the
tunnel wall. The tunnel is circular in cross-section with a diameter of 2.67 metres and length
13.57 metres with the spray barrier positioned 7.57 metres outbye of the closed end. The
computational grid used in the simulations is shown in Figure 28.
7.57 metres

6 metres

Walls

Water pipe with 18 nozzles
spaced around 270°

2.67 metre
diameter
Entrainment
(open) boundary

Figure 27 The computational domain used to model the HSL spray barrier

As before, Lagrangian particles were injected radially inwards through 1 cm diameter circular
discs which were offset 2 cm radially inward from the physical nozzle location. A RosinRammler droplet distribution was used with characteristic diameter D = 0.9 mm and exponent γ
= 2.7. The mass flux through each spray head was identical to that used in the experiments
(0.053 kg/s) and 500 particles were used for each of the 18 sprays. Droplets were given an
initial velocity of 20 m/s and the spray angle was set at 37.5°.
Figures 29 and 30 show the predicted droplet trajectories and droplet clouds produced by the
spray barrier. These results are broadly similar to the simplified spray barrier examined
previously.
Figures 31 and 32 compare the air velocities measured in the experiments with the CFD model
predictions. Velocity measurements were taken at three heights: 0.3, 1.0 and 2.0 metres from the
tunnel roof on either side of the barrier. The experiments measured the velocity as being
directed towards the spray barrier at the top two measurement heights (0.3 and 1.0 m). At the
lowest measurement position (2.0 m) nearest the open tunnel end, flow was directed away from
the barrier, whilst at the closed end it switched from being towards and away from the barrier
periodically. The CFD model predicted the flow to be directed towards the spray barrier at all
three heights. The magnitudes of the velocity vectors at the upper measurement positions are
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roughly in accord with the experiments, at around 0.5 m/s. Agreement with these values is
slightly better towards the closed tunnel end face than near the open end of the tunnel.
The gallery used in the experiments has a splayed-arch cross-section for most of its length
except for a short section, approximately one metre either side of the barrier, that is built into a
circular cross-section using some formwork. In the CFD model, a simpler configuration was
used with the tunnel having a circular cross-section along its full length. The difference between
these two configurations may have been responsible for some of the differences observed in the
results. To test this hypothesis, the measurement positions in the CFD model were all shifted
down by 20 cm, producing the results shown in Figure 33. This relatively minor change
produces a significant improvement in the experimental agreement. Both velocity vectors at the
lowest measurement positions in the CFD model are now directed away from the spray barrier.
The reason for this sudden change is shown in the streamlines plotted in Figure 34. Either side
of the barrier there are regions of flow recirculation. The centres of these swirling flow regions
are approximately 2 metres from the roof of the tunnel. Relatively small shifts in the lower
measurement positions above and below this level can therefore easily switch the direction of
the velocity vectors. This also may explain the flow reversal observed in the experiments which
was due, perhaps, to some temporal motion in the position of the recirculation.
Computing times for these calculations were relatively modest, approximately 2 hours on a
dual-processor 3.2 Ghz Xeon processor desktop. This was mainly a consequence of fast
convergence with less than 80 iterations required to reach the final solution.

Figure 28 Two views of the computational grid used for the HSL spray barrier: surface
mesh (left) and a cross section through the domain showing the water pipe in red
(right).
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Figure 29 Three-dimensional view of the predicted particle trajectories in the HSL
spray barrier. Only 150 of the 9000 modelled particles are shown.

Figure 30 Three-dimensional view of the spray cloud visualized by an isocontour
around the 0.01% water volume fraction
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Figure 31 Experimental measurements of induced air velocities in the HSL Buxton
gallery with solid-cone spray barrier

Figure 32 Velocity vectors predicted by the Lagrangian CFD model at identical
locations to the experimental positions, as measured from the roof of the tunnel. The
arrows are coloured according to the velocity magnitude using the scale shown in m/s.

Figure 33 Velocity vectors predicted by the Lagrangian CFD model at positions shifted
20 cm vertically downwards from those shown in Figure 32. The arrows are coloured
according to the velocity magnitude using the scale shown in m/s.
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Figure 34 Predicted Streamlines on the mid-plane of the tunnel from the Lagrangian
CFD model with the experimental measurement positions marked with black
crosshairs.
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5

CONCLUSIONS

The present report has reviewed a number of previous studies of spray barriers and provides an
introduction to the modelling techniques available for simulating sprays. To develop a spray
barrier modelling capability, a number of trial CFD simulations have been performed ranging
from a simple, single spray to an 18-nozzle model of a spray barrier. These tests have shown
that the Lagrangian spray model shows more promise than the alternative Eulerian approach.
For the full spray barrier case, results with the Lagrangian model are in good agreement with the
experimental air velocity measurements although the number of actual experimental
measurements for this case is quite limited.
The current spray model has been demonstrated to give qualitatively correct predictions of the
flow induced by water spray barriers. There has been insufficient validation to use it with
confidence to give accurate quantitative data, but the model should be sufficiently accurate to
give representative flow visualization. Further effort could be focussed on producing a wellvalidated spray barrier model although this would require high-quality experimental data.
Due to the rapid convergence of the Lagrangian CFD model in the test cases presented here, it
seems feasible that more complex geometries could be examined whilst still keeping computer
run times down to less than a day, provided that the flow was statistically steady. Future work
could involve simulations of smoke, produced from a fire, travelling down a section of tunnel
and interacting with the spray barrier. Key issues, such as the evaporation of the droplets in the
hot layer and cooling of the smoke would need to be addressed. However, the papers reviewed
for the literature survey in the present report give some advice as to how these features could be
modelled. The end product of these CFD calculations could be a series of animations showing
how smoke moves down tunnels in the event of a fire, illustrating how spray barriers disrupt the
smoke layer. This could be used in conjunction with video footage from experiments to provide
useful training material for personnel involved in the tunnelling and mining industries.
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