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Abstract. The efficiency of the aerial drop of firefighting agents (water and retardants) is extremely dependent on pilot
skills in dealingwith complex atmospheric conditions, mostly because on-board systems for computer-assisted drops have

not yet been used operationally. Hence, numerical modelling tools can be of primary importance for the optimisation of
firefighting operations and in the testing of new chemical products. The current work addresses the development of the
operational Aerial Drop Model. This numerical tool allows a near real-time simulation of aerial drops with fixed-wing

aircraft, while covering the fundamental stages of the process. It copes with awide range of product viscosities, fromwater
to highly thickened long-term retardants. The Aerial Drop Model simulates the continuous stripping of droplets from the
liquid jet by the action of Rayleigh–Taylor and Kelvin–Helmholtz instabilities applying the linear stability theory. The
subsequent secondary breakup and deformation of the formed droplets due to aerodynamic forces is based on experimental

correlations defined in terms of the dimensionless Weber number. Droplet trajectories are computed by applying a
Lagrangian approach, in which a dynamical drag module accounts for the effect of deformation. This operational tool
provides an improved understanding of the behaviour and effectiveness of aerially delivered firefighting liquids.

Additional keywords: drop effectiveness, droplet flow, forest fires.

Introduction and background

The World Health Organization (WHO 2007) has identified

forest fires as one of the threats to public health security in the
21st century, and climate change has been positively linked to an
increase in the frequency and severity of forest fires (Westerling
et al. 2006; IPCC 2007). Aerial application of firefighting pro-

ducts plays an important role in protecting human lives and
patrimony fromwildfires, and its importance is likely to increase
as wildfire severity increases. In fact, aircraft use against wild-

fires has increased since the 1960s, especially in the United
States, Australia and several European countries, in particular
Greece and France. If integrated into an effective global strat-

egy, aircraft can play an important role in wildfire management,
especially in situations requiring rapid intervention, such as
emerging fires, inaccessible mountainous areas, or other high-

risk situations.
The efficiency of the aerial drop of firefighting liquids is

determined by the application of the product in the correct spot
and in the quantity most adequate for retarding or extinguishing

the fire front, and permitting the subsequent attack by ground
resources. However, as the factors that determine drop efficiency
are numerous, without the use of operational decision-support

systems (DSS), this is potentially an operation with unpredict-
able results, highly dependent on the skills of the pilot. The use of
modelling tools that can aid the pilot’s decision on the best way to

conduct the drop can be of primary importance during fire-
fighting or training operations.

Despite the development of powerful numerical codes for
fluid dynamics modelling, associated with the rapid growth of

hardware performance, it is still difficult to determine the
ground distribution of the applied liquid, even though the

parameters affecting drop performance and ground distribution
are known (Giménez et al. 2004). The complexity inherent in the
numerical simulation of this process results mostly from the
panoply of dynamic phenomena that contribute to the breakup of

the bulk liquid, i.e. the dynamical transition into droplets of
varying dimensions, and also in the following drift and deposi-
tion of the formed droplets. These factors will ultimately

determine the coating of the fuel by the product and the
characteristics of the ground pattern, including the position of
the pattern in relation to the target, the length and area of each

coverage level and the volume of drifted agent.
Under this scope, the objective of the current work was the

development (Part I) and validation (Part II, Amorim 2011) of

the operational Aerial Drop Model (ADM), which is intended
for the simulation of the spatiotemporal behaviour of firefight-
ing liquid agents (water and retardants) in the atmosphere and
the resulting coverage pattern of the ground surface. ADM was

designed to cover the main stages involved, namely: (1) the
outflow of the liquid from the aircraft tank; (2) the two-stage
liquid breakup; (3) the droplet shape distortion and gravitational

settling; and (4) the ground deposition of the spray cloud.
Whereas Part I, the current document, is dedicated to the
development of the model, Part II (Amorim 2011) describes

the comparison of modelling results with a set of real-scale drop
tests, in which a wide range of operational conditions were
analysed, including different delivery system types, flight para-
meters, meteorological conditions and product characteristics.
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Literature review on the numerical modelling
of the aerial drop of firefighting liquids

During an aerial drop, the liquid undergoes a complex sequence
of dynamic mechanisms, as shown by Andersen et al. (1974a,
1974b, 1976). The first stage starts with the release of the fire-
fighting agent from the tank. Depending on the tank’s volume,

the number of compartments opened simultaneously and the
type of delivery system, the time for total efflux of conventional
non-pressurised systems can typically take between 0.5 and 2 s

for a dropped volume of ,5000L, whereas in constant-flow
systems, it can easily increase to 5 s or more. The geometrical
characteristics of the tank and the doors’ opening rate shape the

emerging fluid in the first milliseconds of the drop.
As a result of the relative velocity between the emerging

liquid and the atmosphere it enters (which at this stage is

typically in the range from 50 to 70m s�1), the jet column of
bulk liquid bends and deforms through thinning and lateral
spreading. The increase of the frontal cross section of the jet
column is, therefore, a result of the balance of aerodynamic drag,

liquid inertia, gravity, surface tension, and viscous forces.
Simultaneously, the bulk product undergoes a sequence of
complex breakup mechanisms, which start with the continuous

stripping of droplets from the liquid surface due to Rayleigh–
Taylor and Kelvin–Helmholtz instabilities. This process pro-
duces a cascade of fluid structures that form a spray region with

the characteristic cloud shape shown in the different stages of
Fig. 1. The aerodynamic breakup of liquid jets is, in fact, a two-
stage process composed of the primary breakup of the jet into
large droplets (or globs) and the subsequent secondary breakup

of these fluid structures with the formation of the spray cloud.
After being formed, droplets are entrained in the wake flow that
develops behind the liquid column, as found in other studies on

the primary breakup of liquid jets (e.g. Linne et al. 2005). In this
process, the smaller droplets resulting from the atomisation of

the column in the first instants of the drop are also affected by the
aircraft wake (generated by the fuselage and propellers). But as
the droplet inertia is the determinant factor on the effect of the

aircraft wake over the trajectory of the cloud, this effect is more
relevant for pressurised aerial delivery systems than for con-
ventional or constant-flow ones. Droplet dynamics within the
gaseous flow is then governed by the interaction between the

droplets (influenced by their size and shape) and the airflow,
which results in a drag-induced deceleration. Finally, the gravi-
tational settling of the liquid culminates with the penetration and

coating of the canopy and the ground deposition of the remain-
ing material not retained by the leaves and branches.

The breakup (or atomisation) is, in fact, the most important

process controlling the behaviour of the product in the atmo-
sphere, because it determines the size, velocity and location of
the formed droplets. This will ultimately control the ground

pattern of the product and the overall effectiveness of the drop.
Hence, it is ofmajor importance to pursue an accurate numerical
description of the breakup stage, even in operational fast-
running models. However, few attempts have succeeded in

predicting, either experimentally or numerically, the complex
process firefighting products (especially retardants) undergo
when exposed to aerodynamic breakup, and the consequences

on size distribution of droplets and final ground deposition.
The first and most detailed study on the breakup of fire-

fighting liquids was undertaken by the Shock Hydrodynamics

Division, from the Whittaker Corporation (California, US),
under contract to the Intermountain Forest and Range Experi-
ment Station of the US Forest Service (USDA-FS). These
works, published in the mid-70s by Andersen et al. (1974a,

1974b, 1976), represent an important step forward on the
understanding of the relation between the rheological character-
istics of the products and aerial delivery performance. From this

extensive work, significant relevance should be attributed to the
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Fig. 1. Schematic representation (George and Blakely 1973) and sequence of images of a retardant aerial drop (Blodgett Fire (US), August 2000). (Scale:

1 foot¼ 0.30m.) (Photo credit: Bruce Weide (Wild Sentry, Hamilton, MT).)
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shock-tube studies performed with the aim of obtaining a high-
speed photographic coverage of the aerodynamic breakup of
individual droplets and liquid jets of different retardant formu-

lations and plain water. It was shown that effective viscosity,
which is affected by the addition of the thickener to the retardant
solution, contributes to the control of the terminal size of

droplets produced by aerodynamic breakup.
The acquired knowledge and the extensive set of data

compiled and analysed during the High-Altitude Drop Mechan-

isation (HADM) Study conducted by Honeywell Corporation
under contract to the USDA-FS supported the development
of the retardant ground pattern operational model PATSIM
(PATtern SIMulation), a model capable of predicting retardant

ground patterns over a range of aircraft velocities and altitudes
(Swanson and Helvig 1973, 1974; Swanson et al. 1975, 1977,
1978). Later on, PATSIM was further tested by George and

Johnson (1990).
In Europe, themost systematic investigation of the utilisation

of retardants in fire prevention and suppression was conducted

in the scientific projects ACRE (Additifs Chimiques Rheologie
Evaluation) and ERAS (Extension Retardant Application
System), both with financial support from the European Com-

mission (EC). These projects supported the development and
testing of the Retardant Application Model (RAM), which
applies the empirical concept of the atomisation introduced in
PATSIM plus some improvements at the level of the wind-flow

description (Tomé and Borrego 2002; Amorim et al. 2006).
Based on the numerical simulation of deposition and drift

of aerially applied pesticides in agriculture, Teske et al. (1999)

developed, under contract to the USDA-FS, the FireDrop model
for the prediction of the ground deposition distribution of fire
retardants released from helicopters. This model is partly based

on the Lagrangian trajectory model AgDRIFT (Teske et al.
1997).

PATSIM, RAM and FireDrop were all developed with the
objective of having fast-running operational tools to be used in

the optimisation of aerial delivery effectiveness. More detailed
codes, like Computational Fluid Dynamics (CFD) models, have
also been applied to the simulation of the behaviour of retardants

in the atmosphere. Aiming to evaluate the interactions between
the product cloud and the flow field, Tomé (2004) applied a two-
way coupling scheme available in the commercial CFD model

FLUENT. This work kept the original description of the spatio-
temporal evolution of the breakup process as given by PATSIM,

which provides only an empirical model for the estimation of the
formation rate of droplets without information related to size
distributions and velocities after breakup. In order to have a

more physically based description of the spatiotemporal evolu-
tion of the breakup process, Rimbert et al. (2002) applied, under
the scope of the EC Project ERAS, the Volume-of-Fluid (VOF)

module from the FLUENTpackage, however without validation
with measured data. This work was extended with the mathe-
matical derivation of a set of closures for modelling two-phase

flows (Séro-Guillaume and Rimbert 2005). However, and
according to the authors, some of the coefficients in the closure
relations are unknown, and thus need to be determined by
experimental or numerical procedures in order to be applied to

the numerical modelling of the aerial drop of firefighting
products.

An interesting example of the potential use of aerial drop

models for firefighting operations is given by the fire growth
simulation model FARSITE (Finney 1998), in which a specific
module of aerial attack allows the allocation of a set of air

resources to a specific fire. However, the software does not have
the capability to simulate the physical process of dropping;
instead, the user is responsible for providing realistic efficiency

parameters, such as the length of effective product pattern for
different coverage levels, which means that the performance
of this tool is extremely dependent on the accuracy of the data
provided by the user. Nevertheless, the information provided by

the numerical system can be useful to professional wildland fire
planners and managers.

In conclusion, Table 1 summarises the most important

numerical models related to the simulation of the aerial drop
of firefighting liquids.

Development of the Aerial Drop Model

This section describes the general structure of the model, the

most relevant input and output data, and the numerical
approaches implemented in the code in order to deal with the
physical phenomena describing the aerial drop of firefighting

liquids. A detailed description of the model can be found in
Amorim (2008).

General description and structure

In terms of internal structure, the model is divided into four
modules, as represented in Fig. 2, plus an additional one that

Table 1. Time chart of the numerical models developed or applied in the context of the aerial drop of firefighting products

Model Characteristics Reference

PATSIM Empirical breakup module. Simplified wind flow Swanson et al. (1975, 1977, 1978)

FARSITE Decision support system for fire growth simulation.

User-defined coverage levels. No drop-modelling

capabilities

Finney (1998)

FireDrop Intended for helicopter releases Teske et al. (1999)

Fluent (volume-of-fluid method) Attempt to numerically describe the breakup process.

No validation

Rimbert et al. (2002)

RAM (retardant application model) Applies PATSIM’s empirical breakup module.

Lagrangian trajectory. Graphical user interface

Tomé and Borrego (2002),

Amorim et al. (2006)

FLUENT (Lagrangian method) Applies PATSIM’s empirical breakup module.

Two-way coupling analysis

Tomé (2004)
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calculates the metrics of interest and generates the output files.
In the wind-flow module, the gas phase is modelled through a

vegetative canopy model coupled to a modified surface-layer
model adapted to cope with diabatic conditions. For the par-
ticulate phase, the primary breakup of the retardant jet is

simulated in the breakup module through the application of the
jet stability theory, which considers the continuous stripping of
droplets due to the action of Rayleigh–Taylor and Kelvin–

Helmholtz instabilities. This module runs in parallel with the
deposition module, allowing the simulation of the motion
and distortion of the formed droplets applying a Lagrangian

approach, whereas the secondary breakup due to the aero-
dynamic forces is calculated based on experimental correlations
defined in terms of the Weber number. A more detailed
description of each module will be given hereafter.

ADM is written in the Fortran programming language. It is a
fast running model that requires,1min CPU time on a current
personal computer (e.g. 3-GHz processor and 2-GB memory)

for completing a typical simulation. Calculations are made with
a time-step of 0.02 s that supports a sufficiently detailed
description of the entire process.

Input and output data

ADM requires only one input file in which the user provides all
the parameters needed for the simulation. Some of these are

already defined as default values that can bemodified depending
on the information available. The input data are shown in
Table 2; although these are listed according to the different
modules, they can be categorised in terms of product char-

acteristics, operating flight conditions and meteorology.

The main output file provides the ground pattern of liquid in
the form of liquid concentration per computational cell, allow-
ing subsequent representation with surface mapping and con-

touring software. ADM also calculates the metrics of interest
most commonly used in the evaluation of drop effectiveness:
the length and area of the ground pattern. In order to support a

more detailed analysis, these metrics are calculated for a given
number of coverage levels, each one representing a given
concentration range. During the calculation, the model also
provides several other parameters: the volume of liquid ato-

mised per unit of time, the diameter of droplets formed at each
computational time-step, and the evolution with time of the 3-D
position of droplets.

Wind flow

The unified theory from Harman and Finnigan (2007) for
the description of the mean wind speed vertical profile in the

presence of a vegetative canopy under varying atmospheric
stability conditions served as the basis for the development of
the ADM wind-flow module. It describes the flow inside the

canopy and in the roughness sublayer (RSL) through the mixing
layer analogy originally proposed by Finnigan (2000). For
simplicity of the mathematical derivation, the vertical origin
(z¼ 0) of the coordinate system was displaced to the canopy

top. The modified displacement height (dt) is related to the
conventionally defined one (d) through the canopy height (h)
according to:

dt ¼ h� d ð1Þ

Aligning the x axis with the mean wind, the vertical profile

dU/dz where U is the mean wind speed, describing the air flow

Wind flow

Deposition

Breakup

Discharge

h, LAI

Ua, θa, Ha,
HT, LT, WT, DV,
LV, LD, WD, αD,

tα, VL, ρL

Q(t )uG, vG, wG

xL(t), yL(t), zL(t),
uL(t), vL(t), wL(t)

C(z) (through the canopy),
C (at ground),

xL, yL (at ground),
line length per coverage level,

area per coverage level

DL,
x0L, y0L, z0L,
u0L, v0L, w0L

Fig. 2. General fluxogram of Aerial Drop Model (ADM) showing the

different modules and main data flow. See Table 2 and the Appendix for the

definition of variables.

Table 2. Input parameters used by Aerial Drop Model (ADM) model

Input parameters Units

Wind flow module

LAI Leaf area index m2m�2

h Canopy height m

Um Reference wind velocity m s�1

ym Reference wind direction 8

Hm Reference height m

Discharge module

HT Tank depth m

LT Tank length m

WT Tank width m

DV Equivalent vent diameter m

LV Vent length m

LD Door length m

WD Door width m

aD Door opening angle 8

ta Door opening time s

VL Volume dropped L

rL Retardant density kgm�3

Breakup module

mL Retardant viscosity cP

Ua Aircraft velocity m s�1

ya Aircraft direction 8

Ha Drop height m
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within the canopy (zo0) is calculated applying the known
exponential formulation from Inoue (1963):

UðzÞ ¼ Uhe
z

2b2Lc ðfor zo 0Þ ð2Þ

For details about the closure expression applied in the calcula-
tion of the coefficient b, which relates the wind speed at the
canopy top (Uh) to the friction velocity (u*) for the flow in the

overlying surface layer, see Harman and Finnigan (2007). Eqn 2
is given here in terms of the canopy-drag length scale Lc, which
determines the efficiency of the canopy to remove momentum

from the flow and, thus, is related to the distance required for the
adjustment of the boundary layer to the canopy (Finnigan and
Brunet 1995; Belcher et al. 2003). The approximate value of Lc
can be calculated as follows:

Lc � h

cDLAI
ð3Þ

where cD is the drag coefficient, which links the canopy
architecture to its aerodynamic behaviour. For simplicity, a
constant value of cD¼ 0.25 is considered in the entire canopy

depth, according to research by Cescatti and Marcolla (2004)
and Novak et al. (2000). The leaf area index (LAI), however, is
defined as one-half of the total plant areaA per unit ground

surface area (m2m�2), and thus it is related to the canopy
characteristics. It is an important biophysical parameter in
climatic, ecological and agronomical research studies (e.g.

Stroppiana et al. 2006). User-defined LAI values can be obtained
from in situmeasurements or alternatively from landcover maps
derived from remote-sensing imagery. However, the reference
values shown in Table 3 are also provided byADMas default for

several biomes. These average LAI values, and the respective
standard deviation values, are derived from the data compilation
and statistical analysis performed by Asner et al. (2003).

For the simulation of the air flow above the canopy, the wind
profile is given by:

k

un
UðzÞ ¼ ln

zþ dt

z0m

� �
� cm

zþ dt

L

� �
þ cm

z0m

L

� �
þ ĉmðzÞ ðfor zo0Þ ð4Þ

where k is the Von Karman’s constant (0.41). The expressions
for the calculation of the functionscm and ĉm and the roughness
length associated with the flow in the inertial sublayer (z0m)

are those derived by Physick and Garratt (1995) and Harman
and Finnigan (2007). These formulations quantify the deviation
from the standard Monin–Obukhov Similarity Theory (MOST)

(Monin and Yaglom 1971) profiles, which provide a consistent
set of flux–profile relationships for application in the atmo-
spheric surface layer but fail in a layer extending to several

canopy heights (Raupach and Thom 1981; Högström 1996),
owing to the presence of the canopy. The Obukhov length, L,
which is used to characterise the atmospheric stability of the
boundary layer, is estimated applying the approach implemen-

ted in the meteorological preprocessor AERMET from the air-
quality dispersion model AERMOD (for details see US EPA
2004).

Liquid discharge

The second module calculates the variation of flow rate

during discharge, i.e. the volume of product released per unit
of time, which is a parameter that influences the characteristics
of the ground pattern, namely its length and coverage levels. The

model also allows the user to provide an input file withmeasured
values of flow rate for the particular discharge system being
used. The three systems currently in use in aerial firefighting
operations are the Conventional Aerial Delivery System, the

Constant Flow Delivery System, and the Modular Aerial Fire
Fighting System (MAFFS). In pressurised systems such as
MAFFS, information on up to five representative classes of

droplet diameters produced by the atomiser is required from the
user. Additionally, if measured flow rate is not available for
conventional gating systems, ADM offers the possibility to

simulate the outflow of liquid from the tank applying the
numerical concepts from Swanson et al. (1975, 1977) (exten-
sively validated by Swanson et al. 1978), as hereafter briefly
described. This approach bases the flow-rate prediction on tank

geometry and door-opening rate, which have been shown to
account for most aspects of tank flow (Swanson et al. 1978).

In a truly free-fall tank, the outflow of the liquid from the

aircraft changes from acceleration-dominated to steady-state
towards the end of discharge. In tanks with only minor flow
restrictions and fast doors, the fluid continually accelerates out of

the tank; in contrast, in those with sufficient flow restrictions, a
steady-state flow is reached and sustained during the discharge.
Without the complexity of dealing directly with the equations

governing the vertical flow from the tank, numerical approxima-
tions are applied in these two flow regimes occurring during the
discharge. In general, if the door opening rate has been identified
by the model as being fast enough not to restrict the outflow, the

model does not allow the steady-state case to be applied.
The model calculates the variation of the acceleration-

dominated vertical velocity (wAc) in each computational time-

step from the expression:

wAc ¼ wE þ Dt g þ P

rhL

� �
ð5Þ

AThe plant area corresponds to the leaf area in the case of deciduous canopies and to the needle area in the case of coniferous canopies.

Table 3. Reference leaf area index (LAI) values (means and standard

deviations (s.d.) (m2m22)) for distinct categories of vegetative canopies

Biome Mean s.d.

Crops 3.6 2.1

Grasslands 1.7 1.2

Managed forests of temperate deciduous broadleaf,

temperate evergreen needleleaf and tropical

deciduous broadleaf

8.7 4.3

Shrublands 2.1 1.6

Deciduous needleleaf forest 4.6 2.4

Deciduous broadleaf forest 5.1 1.6

Evergreen needleleaf forest 5.5 3.4
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where wE is the efflux velocity in the previous time-step (at
t¼ 0 s . wE¼ 0m s�1), g is the acceleration of gravity, r the
mass density of the liquid, hL the fluid height, andP the pressure.

The steady-state flow is assumed to be described by the
Bernoulli equation:

wB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2grhþ 2P

r
þ w2

t

s
ð6Þ

where wB is the Bernoulli velocity and wt is the velocity at the
top surface of the fluid volume inside the tank. In each time-step,

ADM will then calculate the effective area of efflux, which is
dependent on the angle between the door and the bottom of the
tank. These data can be given by the user or estimated from the

model based on the empirical correlations from Swanson et al.
(1977). Finally, the incremental quantity of retardant released
per time-step derives from the calculated velocity of efflux and

the effective area. At each computational time-step, the model
gives the following output data: head height, exit velocity, top
velocity, flow rate, volume discharged per time-step, cumula-

tive volume and pressure.

Liquid breakup

In the third module, ADM applies a set of numerical
procedures for the description of the two-stage aerodynamic
breakup of the liquid jet. The computational algorithm describ-
ing the primary breakup of the jet derives from the jet stability

theory applied in the simulation of fuel injection systems in the
automotive industry (for details see, e.g. Reitz and Bracco 1982;
Reitz 1987; Lin and Reitz 1998; Beale and Reitz 1999). The

sizes of the child droplets resulting from primary breakup are
thus obtained from the wavelengths of the most unstable waves.
The breakup length, however, is a measure of the growth rate of

the disturbance. The jet stability theory has been extensively
applied and validated by several authors within a wide range of
operating conditions. This shows the robustness of the implicit

concept (e.g. Lee and Park 2002;Madabhushi 2003; Raju 2005).
The initial conditions for the jet breakup simulation are the

flow rate of liquid, the injection velocity, and the characteristic
dimensions of the liquid parcels (the initial diameter is imposed

as equal to the effective discharge diameter). They are given by
the liquid discharge module described earlier. The radius (R) of
the droplets stripped from the unstable surface of the jet by

Kelvin–Helmholtz (KH) and Rayleigh–Taylor (RT) instabil-
ities, respectively RKH and RRT, is given by:

RKH ¼ 5:5 � Rjet � ð1þ 0:45 � Oh0:5L Þ � ð1þ 0:4 � Ta0:7Þ
ð1þ 0:87 �We1:67G Þ0:6

RRT ¼ 0:3 � p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 � s
�ðg þ aÞ � ðrL � rGÞ

� �s

8>>>>>><
>>>>>>:

ð7Þ

where Oh, Ta and We are respectively the Ohnesorge, Taylor

and Weber numbers (dimensionless), s is the surface tension
and a is the acceleration of the fluid parcel.

Droplet formation rate, i.e. the volume atomised in each
time-step by KH and RT instabilities, is calculated as follows:

Vatomised KHðiÞ ¼ Vpði�1Þ � p � Lpði�1Þ � R2
pðiÞ

Vatomised RTðiÞ ¼
Dt � k2 � eðk1�tÞ
up � Vpði�1Þ

8>><
>>: ð8Þ

where i indicates the current time-step and i – 1 the previous one.
Lp, Rp and Vp are respectively the length, radius and volume
of the parent liquid parcel before break-up by KH instabilities.

Lp andRp are calculated from the resolution of Eqn 9 (applying a
fourth-order Runge–Kuttamethod), which formulates a uniform
radius reduction rate of Rp:

dRp

dt
¼ �ðRp � RKHÞ

tKH
; RKH � Rp ð9Þ

In this equation t is the breakup time, which is calculated as
proposed by Beale and Reitz (1999). However, the calculation

of the volume atomised by RT instabilities derives from the
extensive work carried out by Swanson et al. (1975, 1977,
1978), representing a deviation from the typical linear stability

theory. Returning to Eqn 8, up is thus the velocity of the fluid
parcel (calculated from the deposition module) and k1 and k2 are
empirical erosion constants; k1 equals 3.97 in the case of gum-
thickened retardants and 4.4 in unthickened products, whereas

k2 has been defined as 12.
In order to optimise the computational run-time, only a

fraction of the total number of droplets originating from primary

breakup mechanisms is tracked during the computation. Hence,
aminimumof 1 and amaximumof 10marker (or representative)
droplets are allowed to be produced per time-step from the

atomisation of each individual liquid parcel. This computational
feature does not have a significant influence on results and
balances the need for adequate representation of the spray while

keeping the computational time within practical limits (see, e.g.
Crowe et al. 1998).

The droplets formed after the primary breakup of the liquid
jet column will deform and eventually break up after a given

time period, which is calculated from experimental correlations
based on the non-dimensional numbers ofWeber andOhnesorge
(e.g. Madabhushi 2003). The secondary breakup will occur by

one of the two following mechanisms: bag breakup for Weber
numbers lower than 100, and shear breakup in the other cases.
While in the first case the droplet is assumed to be atomised into

five child droplets, in the second, the child droplets are continu-
ously stripped from the parent droplet until its extinction. In the
case of bag breakup, the droplet size distribution is assumed to
follow the root-normal distribution as originally proposed by

Simmons (1977) (and extensively validated after by, for exam-
ple, Hsiang and Faeth 1995), whereas in the shear breakup
process, it is fitted with the Rosin–Rammler expression, which

is a distribution widely applied in spray modelling studies (Liu
2000).

Liquid deposition and retention

During breakup, the trajectories of the formed droplets are
simulated by integrating the motion equation in a Lagrangian
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reference frame, which specifies that the rate of change of linear
momentum is equal to the net sum of the forces acting on the
droplet. The force balance expressing the dynamical interaction

between the liquid and the atmospheric flow field can thus be
written as follows (e.g. Crowe et al. 1998):

d~UL

dt
¼ 18mGcDRe

24rLD
2
L

� �
� ~UG � ~UL

� �þ~g ð10Þ

The subscript L refers to both the primary and secondary child
droplets. In this expression, the first term on the right side relates
the drag factor to the response time of the droplet; mG is the

molecular viscosity of the air; cD is the drag coefficient; rL and
DL are the density and diameter of the droplet; Re is the relative
Reynolds number; ~UG and ~UL represent the velocity vectors of

the continuous phase and the droplet respectively, and~g is the
acceleration due to gravity.

Owing to the droplets’ large size, and consequently their

inertia, they will behave as nearly unresponsive to turbulent
velocity fluctuations. As a consequence, the effects of turbu-
lence on droplet movement are not significant in general, except
for the range of smaller diameters that can potentially follow the

airflowmore closely. As result of the low relative importance of
smaller droplets and the interest in keeping the computational
time to a manageable level, the turbulent fluctuations of the

gaseous phase, and their effects on particle motion, are not taken
into account.

Integration in time of Eqn 10 yields the velocity of the

particle along the trajectory, whereas the trajectory itself (posi-
tion of the droplet in each Cartesian coordinate) is given by:

d~X

dt
¼ ~UL ð11Þ

where ~X is the vector of spatial coordinates, i.e. the position. A

fourth-order Runge–Kutta integration method is applied in the
solving of Eqns 10 and 11. A time-step of 0.02 s guarantees the
needed accuracy without compromising the run-time.

During free-fall, the droplets typically deform into an oblate
spheroid. ADM calculates the increase of droplet frontal dia-
meter during the deformation period following the proposal of
Hsiang and Faeth (1992) and Madabhushi (2003):

DL ¼ DL0 � 1þ 0:19 �
ffiffiffiffiffiffiffi
We

p
� t
td

� �
ð12Þ

where DL0 is the droplet diameter before deformation, t is
current time and td is the deformation time (which accounts

for the effects of liquid viscosity on breakup time as given by
Hsiang and Faeth 1992).

Then, in order to evaluate the effect of non-sphericity over
the drag of the free-falling droplets, ADM incorporates the

dynamical drag model of Morsi and Alexander (1972), for
spherical droplets, and that of Haider and Levenspiel (1989)
when the shape is identified as non-spherical.

The suppression effectiveness of firefighting products
depends both on the amount of material deposited on a unit

area of the fuel, and on the amount of fuel coated by the material
(Andersen et al. 1974a). It is thus important to have a prediction
of the vertical distribution of product within the canopy. The

penetration of retardant into the canopy, the foliar interception
(the fraction of fluid contacting the foliage) and the foliar
retention (the fraction retained) have been scarcely investigated

in the literature (see, e.g. Calogine et al. 2007). With this
purpose, an analogy with rainfall interception studies is there-
fore established. The vertical distribution of retained liquid is

estimated by ADM using the film thickness concept of Grah and
Wilson (1944), which gives the liquid depth on the surface of
leaves after precipitation has ceased and drainage stopped and
thus expresses the limit of retention by the fuels. The model will

basically assume that the amount of fluid retained in the tree is
then given by an equivalent film thickness uniformly applied
over the tree surface area. An approximate value for the varia-

tion of volume retained with height is then calculated from the
knowledge of the vertical profile of LAI for the specific canopy
considered.

Conclusions

The main objective of the current investigation was the develop-
ment of the numerical model ADM, which is intended for the
unsteady-state simulation of the aerial drop of firefighting
agents (water and chemical retardants) by fixed-wing delivery

systems operating within typical operational conditions.
The model covers the most important stages in the process,

namely, the canopy-inducedwind flow; the outflow of the liquid

from the aircraft tank; the jet column bending and fracture;
the primary breakup of the jet surface and column; the shape
distortion and secondary breakup of the formed droplets; the

gravitational settling of the droplets; and, finally, the ground
deposition of the product. Compared with previous aerial drop
models, ADM is capable of providing an enhanced understand-
ing on the aerodynamic breakup of the bulk liquid, which is the

most important factor influencing the final spatial distribution
of liquid on the ground. This is accomplished by applying an
adapted version of the linear stability theory in the numerical

description of primary and secondary breakup processes.
Although this method is specifically suited for fluids exhibiting
Newtonian behaviour, which is not the case for chemical

retardants, it provided good results for the range of products
evaluated in Part II (Amorim 2011) of this work. The option for
this approach is a compromise between modelling accuracy and

the fast-running capabilities of the code, given the current state
of knowledge on the aerodynamic breakup of non-Newtonian
liquids.

For simplicity, the code does not include the effect of

thermally induced air motions on the product’s behaviour.
Therefore, it is specially indicated for ‘indirect attack’, in which
the drop is made at some distance from the fire front, or for

effectiveness studies, in which drops are made over bare ground
in the absence of fire. However, the code allows the effect over
the vertical wind profile induced by a homogeneous vegetative

canopy to be considered, fulfilling one of the gaps of previous
models.

The wake produced by the aircraft fuselage and propellers is
not taken into account by the model. Additional research on the
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aircraft wake effect over the ground pattern (due to the disturbed
motion of smaller droplets) is needed, in particular for pres-
surised delivery systems. Also, ADM is not suited for rotary-

wing aircraft because it does not consider the downforce caused
by the rotor blades, and its effect on breakup and droplets
motion.

The main output of ADM is the spatial distribution of the
ground concentration of the agent. Additionally, the model
provides detailed information on the 3-D position and charac-

teristics of the liquid with time, and several metrics of interest
(e.g. line length and area per coverage level) that allow the
evaluation of delivery performance as a result of meteorological
conditions, flight parameters and product characteristics.

In the operational field, the model may assist in the
optimisation of firefighting operations, and the improvement
of aerial delivery performance. The user control over the input

parameters allows the effect on ground pattern to be assessed
for a wide range of release scenarios, avoiding the natural
variability and irreproducibility of field conditions, and a

complementary understanding of the multiple interrelated
phenomena involved. In this sense, this tool could also con-
tribute to reducing the cost of exhaustive real-scale drop

testing. Additionally, the fast-running capabilities of the
computational code allow it to be used in training and demon-
stration activities with pilots, aerial resource coordinators,
civil protection personnel and ground firefighters.
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Rimbert N, Calogine D, Séro-Guillaume O (2002) Modelling of retardant

dropping and atomisation. In ‘Proceedings of the 4th International

Conference on Forest Fire Research’, 18–23 November 2002, Luso,

Coimbra, Portugal. (Ed. DXViegas) (CD-ROM) (Millpress: Rotterdam)
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Appendix. Nomenclature used in this paper

Variables

� a, acceleration of the liquid agent parcel (m s�2)
� cD, drag coefficient (unitless)
� C, concentration of agent at ground (L m�2 or gpc)

� Cz, variation with height of concentration (L m�2 or gpc)
� dt, displacement height (m)
� DL, droplet diameter (m or mm)

� DV, equivalent vent diameter (m)
� g, gravitational acceleration (m s�2)
� h, canopy average height (m)

� hL, fluid height in the tank (m)
� Ha, drop height (m)
� HT, tank height (m)

� Hm, meteorological parameters measurement height (m)
� k, von Karman’s constant (unitless)
� L, Obukhov length (m)
� Lc, canopy-drag length scale (m)

� LD, tank doors length (m)
� Lp, parent droplet length (m)
� LT, tank length (m)

� LV, vent length (m)
� LAI, cumulative leaf area index at ground (m2 m�2)
� Oh, Ohnesorge number m=

ffiffiffiffiffiffiffiffi
srL

pð Þ (unitless)
� P, pressure (Pa)
� Q, flow rate of liquid discharged (m3 s�1)
� Qt, variation with time of flow rate of liquid discharged

(m3 s�1)

� Re, Reynolds number (ULr/m) (unitless)
� R, droplet radius (m)
� Rp, parent droplet radius (m)

� t, time (s)
� ta, door opening time (s)
� Ta, Taylor number ðOhL

ffiffiffiffiffiffiffiffiffi
WeG

p Þ (unitless)
� u, v, w, fluid velocity components in Cartesian coordinates

(m s�1)
� up, parent droplet velocity (m s�1)

� u*, friction velocity (m s�1)
� uLt, vLt, wLt, variation with time of velocity (m)
� U, fluid (air or liquid) velocity (m s�1)
� Ua, aircraft velocity (m s�1)

� Uh, wind velocity at canopy top (m s�1)
� Um, wind velocity measured at height Hm (m s�1)
� VL, volume of fluid dropped (m3)

� Vp, parent droplet volume (m3)
� wAc, acceleration-dominated velocity (m s�1)
� wB, Bernoulli velocity (m s�1)

� wE, efflux vertical velocity (m s�1)
� wt, fluid velocity at the top (m s�1)
� We, Weber number (rU2L/s) (unitless)
� WD, tank doors width (m)
� WT, tank width (m)
� x, y, z, Cartesian coordinates (m)

� x, fluid position (m)
� xLt, yLt, zLt, variation with time of position (m s�1)
� z, height (m)
� z0m, roughness length (m)

Greek variables

� aD, door opening angle (8)
� b, canopy parameter (unitless)
� Dt, liquid discharge time (s)
� ya, aircraft direction (in meteorological coordinates) (8)
� ym, wind direction (meteorological coordinates) measured at

height Hm (8)
� m, dynamic viscosity (Pa s or cP)

� r, mass density (kg m�3)
� s, surface tension (N m�1)
� cm, integrated form of the similarity function (unitless)

Overlines

Where X is used only to show position of overlines.

� X̂ , roughness sublayer (RSL) variable
� ~X , Vector

Subscripts

Where X is used only to show position of subscript.

� XD, aircraft tank doors

� XG, gas phase
� XKH, Kelvin–Helmholtz instability
� XL, liquid phase
� Xm, measured value

� XRT, Rayleigh–Taylor instability
� XT, aircraft tank
� X0, initial value
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