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Abstract
In this study, the injection of Halon 1301, an effective fire-suppressing agent, into a helicopter engine nacelle is modelled
to provide insights into dispersion behaviour alongside complex flow physics. The injection velocity as well as the mass
flow rate were retrieved via a 1-D pipe model to simulate nitrogen-pressurized flow of Halon 1301 in a four-branch pipe
system. The Discrete Phase Model (DPM) in ANSYS Fluent was then used to model the injection of Halon 1301 into an
engine nacelle. To simulate engine operation conditions in forward flight and hover regime, external boundary conditions
were prescribed to the pressure inlets in the nacelle. When Halon 1301 is injected into the engine bay via the first pair
of injection points, the droplets immediately reach their boiling point of 215 K. This resulted in an explosive-dispersion
behaviour with a cone angle in the range of 80◦ to 90◦. As the agent evaporates, the engine cools and another pair of
injection points located at the rear of the engine is subsequently activated, helping to cool the engine further. The two
flight regimes considered namely, hover and forward flight, showed contrast in flow dynamics which affected the cooling
of the engine as well as the spray dynamics. In particular, the forward flight case showed more recirculation zones
compared to the hover case. The volume concentrations of Halon 1301 were plotted for eleven probe points within the
nacelle, and it was observed that two locations showed traces of low concentration levels.
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I: Introduction1

The breakout of a fire on an aircraft can be catastrophic2

especially if it occurs in the engine nacelle. This could3

potentially lead to the aircraft losing thrust. In the engine4

bay itself, a fire (more typically, a spray fire) can occur5

when flammable fluids emanating from a leakage comes into6

contact with hot machinery components. When the flaming7

fluid seeps into the lower cavities of the nacelle and starts8

a pool fire, it can be very hard to extinguish1. One of the9

ways to put out a fire in the nacelle is to cause a flooding of a10

fire suppressing agent within the affected areas2. The process11

of extinguishing a fire in an engine nacelle starts with the12

activation of the release valve in a fire-extinguishing system13

connecting the storage bottle to the pipelines.14

Bromotrifluoromethane, commonly known as Halon 1301,15

is an effective agent to put out fires. A concentration of16

6% by volume for a duration of 0.5 s is sufficient to17

extinguish a fire3. Unfortunately, Halon 1301 is known to be18

destructive to the stratospheric ozone and the 2010 Montreal19

Protocol4 mandates the cessation of Halon 1301 production.20

As a consequence, limited studies and experiments on21

the effectiveness of Halon 1301 were conducted despite22

their continued usage. This however does not lower the23

importance of the agent as many aircraft are still using24

them today. Alternatives to Halon 1301 like Novec123025

has been approved by the Federal Aviation Administration26

but requires careful design of the nozzles for an efficient27

distribution (in an airplane cargo cabin).5 Although it28

is possible to use Computational Fluid Dynamics (CFD)29

to solve for the agent flow through the pipe networks,30

the computational overheads incurred would be high. The 31

recourse would be to develop a one-dimensional (1D) pipe 32

flow model where the outputs would be used to supply the 33

conditions needed for the nozzles for the spray simulations 34

in the engine bay. 35

The existing pipe-line modelling methods for Halon 1301 36

are generally proprietary and primarily empirically based. 37

Only a handful of 1D modelling codes have been developed 38

and are available in the open literature to predict the flow 39

of nitrogen-pressurized Halon 1301 in fire extinguishing 40

systems6–8. Snegirev et al.9 for example developed a 41

discharge model for a pipe flow system containing halon 42

and nitrogen where steady ordinary differential equations 43

(ODEs) are solved for the bottle and nozzle outlets while 44

transient ODEs are solved for the bottle equations. The 45

mass flow rate is computed from solving an eigenvalue 46

problem. Snegirev et al. then used the results from the 47

discharge model as boundary conditions for their CFD study 48

and compared halon spray trajectory from a nozzle into a 49

quiescent environment using different parameters. Kurokawa 50

et al.10 modelled Halon 1301 concentration inside an aircraft 51
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cargo using a lumped parameter approach. However, the52

methodology proposed failed to show spatial concentration53

non-uniformity.54

CFD simulations have been performed using Halon55

13019,11–13 but the application relating to an engine nacelle56

in realistic flight conditions are limited. As such, this paper57

presents a description of the modelling of Halon 130158

injection into an engine nacelle for a forward flight and a59

hover regime scenarios. Note that the current study focuses60

on the flow physics and concentration of Halon 1301. The61

modelling of fire using models like SMARTFIRE fire model62

14 is not included in the investigations.63

The intention of this paper is to provide a first64

approximation to the flow dispersion characteristics of Halon65

1301 in an engine nacelle under different flight regimes for66

the purpose of fire-safety certification. The paper is spilt up67

into the following sections: Section II describes the 1-D pipe68

flow model that we developed, upon which results from the69

model are used as initial and boundary conditions for the70

follow-up CFD simulations. Section III discusses the CFD71

methodologies and boundary conditions prescribed for the72

spray simulations. The results are discussed in Section IV73

and we conclude the paper with the summary in Section V.74

II: 1-D Pipe Model75

An object-oriented programming approach in Python 3.776

was developed for the modelling of the 1-D pipe flow.77

This involved creating a thermophysical class (database)78

for Halon 1301 and Nitrogen, which are functions of79

temperature and pressure obtained from Elliott et al.6,80

obtained via the Redlich-Kwong equation of state. The81

code was designed for the system shown in Figure 1.82

There were several assumptions used in developing the code83

that followed closely to Elliott et al.6. Firstly, the kinetic84

energy of the fluid leaving the bottle (where Halon 1301 is85

initially pressurized by nitrogen) was ignored, so that the86

energy balance on the bottle included only the enthalpies87

and internal energies of the fluids leaving the bottle. Next,88

the two-phase mixture of Halon 1301 (liquid and vapour),89

dissolved nitrogen and gaseous nitrogen that flowed out of90

the bottle was assumed to be a homogeneous mixture (a91

single-phase compressible fluid with a mixture density) and92

under the assumption of having uniform velocity. Lastly, the93

flow in the system was assumed adiabatic.94

The calculations for the 1-D pipe model start from the95

bottle where Halon 1301 is pressurized with Nitrogen.96

The methodology involves a pressure-drop step where the97

mass of fluid that must be discharged in each step of98

pressure drop is calculated (refer to Figure 2). At each99

pressure step, the temperature of the fluid in the bottle100

is first guessed. Subsequently, both the pressure and the101

estimated temperature of the bottle are used to calculate102

the thermodynamic properties of the two-phase halon-103

nitrogen mixture, via the mixture properties. The estimated104

temperature is considered correct when the energy balance105

equation is satisfied. This is via an iterative process. The106

iterative process also involves the guessing of a mass flow107

rate leaving the bottle.108

Once the correct flow rate is determined, the time required109

for the discharge of that flow rate can be computed (via the110

Bottle

Nozzle C

Nozzle D

Nozzle A

Nozzle B

Figure 1. The geometry of the fire extinguishing system used
for the current study.

relationship of mass and flow rate). In addition, the mixture 111

density is computed at each pressure step, allowing velocity 112

to be calculated. 113

Pressure 

step i

Pressure 

step i -1

Liquid front

Branch
Bottle filled

Halon liquid

Figure 2. Pressure-drop step sequence of halon liquid
discharged from bottle and into the connecting branch.

A. Multi-branch Pipe System 114

To accommodate for a multi-branch system, branch-area 115

ratios at the junction are used. Consider the following three- 116

branch system in Figure 3:

Figure 3. An example of a two branch system.

117

At the nth pressure-drop step, where the liquid front is at 118

the tee, it would have no preferred path if the cross sectional 119

areas of Branch A and B are equal (note that branch areas for 120

the current system are not always constant). Path preference 121

would normally be a function of pressure via Bernoulli’s 122

equation but since both branches have almost atmospheric 123

pressure at the pressure-drop step, this would not apply (note 124

that pipe A and B are not filled, hence no pressurization). 125

The distance traveled by the liquid front is computed via the 126

following relations: 127
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lA =
voutn

ATotal

ABranchA

ATotal
(1)

128

lB =
voutn

ATotal

ABranchB

ATotal
(2)

where voutn is the volume of fluid out of the bottle at the129

nth pressure-drop step, A is the cross-sectional area of either130

Branch A or B as indicated in the subscript, and ATotal is the131

combined area of Branch A and B. lA and lB are the distance132

traveled by the liquid front in Branch A and B respectively.133

B: Equivalent Pipe Length134

The pressure losses in pipe flows can be computed via the135

Darcy-Weisbach formulation, which is a function the Darcy-136

Weisbach friction factor f related to Reynolds number for137

smooth pipes and pipe relative roughness 15. For two-phase138

(gas-liquid) flows, f can be computed via correlations of139

single-phase flows16, which is dependent on phase-related140

parameters such as vapour quality, mass flux, density, etc.141

for each phase17–19. One of the more direct approaches to142

estimating pressure loss via friction in pipe flows is through143

head loss ∆h. The generalized form of ∆h for straight pipes144

is145

∆h = fD
L

D

V 2
ave
2g

(3)

where fD, L, D, Vave and g are the friction factor, pipe146

length, diameter, average velocity and acceleration due147

to gravity, respectively. For a system with multiple pipe148

branches, additional losses come from pipe fittings, valves,149

elbows, etc. ∆h would then be a function of the geometry150

of the fittings, Reynolds number and roughness. In a multi-151

branch system, L in Eq. (3) is replaced with an equivalent152

length. The equivalent lengths for pipes with bends, tees,153

valves, etc. can be obtained from standard lookup tables154

(see20). Prior to running the simulations for the system155

shown in Figure 1, the code was compared with simulations156

of Elliot et al6 and showed that it was able to replicate157

the results reasonably well for a system without converging158

nozzles.159

For the given system show in Figure 1, together with160

the initial bottle conditions displayed in Table 1, the mass161

flow rate at the four nozzles are computed and displayed in162

Figure 4. The sharp drops of mass flow rate at around 1.5163

s for nozzles C and D and around 3.85 s for nozzles A and164

B are due to the fact that the liquid mixture of halon and165

nitrogen has been completely exhausted, and the system at166

those instances on wards worked with the gas phase of the167

mixture. This was also seen in the simulations of Yuan et168

al.21 and Elliot et al6.169

Table 1. Initial bottle conditions.

Bottle Volume 983.224 cm3

Bottle Pressure 2.482 MPa
Mass of Halon 0.857 kg
Bottle Temperature 293.15 K
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Figure 4. Transient mass flow rate at the four nozzles. The
discontinuity indicates a change from liquid to vapour phase.

III: Computational Framework 170

A. Discrete Phase Model 171

In the current study, ANSYS Fluent was used to model the 172

dispersion of Halon in the engine nacelle via the Discrete 173

Phase Model (DPM), which allows for the modelling of the 174

evaporation of a liquid. The discrete phase is solved through 175

the Lagrangian method by tracking droplets/particles and 176

allows the interchangeability of mass, momentum and energy 177

between the dispersed and fluid phases. DPM requires 178

certain size constraints in the cells adjacent to the injection 179

points in a manner that allows for the particles to occupy at 180

most 12% of the cell volume (discrete phase) with the rest of 181

the cell being in the continuum phase 22. 182

The force balance on the particle is modelled as 183

mp
dup

dt
= mp

u− up

τr
+mp

g(ρp − ρ)

ρp
+ F (4)

Here, the variables with subscript p represent the variables 184

tied to the particle while mp is particle mass, u is velocity, 185

ρ is density, g is acceleration due to gravity and F is the 186

external force . τr is a time scale defined as 187

τr =
ρpd

2
p

18µ

24

CdRed
(5)

where dp is particle diameter, µ is molecular viscosity Cd 188

is drag and Red is particle Reynolds number. Lift forces 189

can influence the trajectory of the particles in the presence 190

of significant normal/cross-flow velocity gradients23. Due to 191

the complex nature of the flow physics within the engine bay, 192

this force has been included in the form of Saffman’s Lift 193

Force, expressed as 194

FS = mp
2Kν1/2ρdij

ρpdp(dlkdkl)1/4
(u− up) (6)

where dij is the deformation tensor, ν is kinematic 195

viscosity and K is a constant. The spray characteristics 196

of fire extinguishing agents are normally induced by their 197

thermodynamic parameters24. It is therefore necessary to 198

include the energy equation for the modelling of Halon 1301 199

spray. The heat balance equation for the particle is given by 200
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mpcp
dTp

dt = hAP (T∞ − Tp) +
dmp

dt hfg + ϵpApσ(θ
4
R − T 4

p )
(7)

where cp, h, Ap and ϵp are particle specific heat,201

convective heat transfer coefficient, particle surface area202

and particle emissivity, respectively. σ is the Stefan-203

Boltzmann constant for radiation while T∞ and θR are204

the local temperature in continuous phase and the radiation205

temperature, respectively. Latent heat is represented by hfg206

and dmp

dt is the rate of evaporation. The convective heat207

transfer coefficient in Eq. (7) is computed through the208

following relationship25
209

hdp
k∞

= 2 + 0.6Re
1/2
d Pr1/3 (8)

where k∞ is thermal conductivity of the continuous phase210

and Pr is the Prandtl number, given by cpµ/k∞. The term211

on the left hand side of Eq. (8) is the Nusselt number.212

The mass loss rate of the droplet is determined through its213

vapour diffusion rate away from the droplet surface. Note214

that this is for the range Tvap ≤ Tp < Tb where Tvap and215

Tb are droplet vaporization and boiling-point temperature,216

respectively. During vaporization, the mass loss rate is given217

by218

mp(t+∆t) = mp(t)− kcApMw,j

R

(
psat(Tp)

Tp
−Xj

p
T∞

)
∆t

(9)
where Mw,j is the molecular weight of species j, R is the219

universal gas constant, psat is saturation pressure and Xj is220

mole fraction of species j. kc is the mass transfer coefficient221

and can be calculated from the Sherwood number Sh of the222

form223

Sh =
kcdp
D

= 2 + 0.6Re
1/2
d Sc1/3 (10)

where D is vapour diffusion coefficient and Sc = µ/ρD is224

the Schmidt number. Note that Eq. (9) is only applicable225

during vaporization. The mass of the droplet remains226

unchanged when Xj >
psat(Tp)

Tp
/ p∞
T∞

.227

The boiling law applies when Tp >= Tb. When boiling228

point is reached, the particle size loss rate is given by229

d(dp)
dt = 2k∞

ρpcpdp

(
2 + 0.6Re

1/2
d Pr1/3

)
ln

[
1 +

cp(T∞−Tp)
h

]
(11)

B: Injection Properties230

Haenlein26 defined four regimes of liquid disintegration,231

namely, Rayleigh-mechanism, first wind-induced, second232

wind-induced and atomization, which are developed based233

on the relationship between Reynolds number and the234

Ohnesorge number27. For the current study, the spray regime235

falls under atomization (based on computed Reynolds and236

Ohnesorge numbers), which is the immediate disintegration237

of the agent with no liquid core, primary or secondary238

breakups. Note that there are a few suggestions for the239

calculation of surface tension to compute the Ohnesorge240

number6,28–30 and the method proposed by Lechner et al.29
241

was used in this study.242

The boiling point of Halon 1301 is 215.372 K. When 243

released into the ambient air in this pressurized boiling state, 244

the agent contains superheat24 and is thermodynamically 245

unstable, resulting in an explosive evaporation9 (the reader is 246

referred to Figure 1a in Snegirev et al.9 to gain a perspective 247

on the explosive nature of Halon 1301 when released into 248

ambient air). The initial spray angle was estimated to 249

be 90◦ and cylindrical in shape. In order to capture this 250

phenomenon, the solid cone was used for the injection type 251

with a spray angle of 70◦. The drag law was set as non- 252

spherical with a shape factor of 0.171. This was based on 253

the acentric factor mentioned in31. The discrete random walk 254

model was chosen for stochastic tracking. 255

The spread of particle size was modelled using The 256

Rosin-Rammler distribution32 (also classified as the Weibull 257

distribution) and expressed as 258

1− Y = exp(
−x0

X
)q (12)

where x0 is droplet diameter and Y is the fraction of droplets 259

with diameter less than x0. X and q are constants. The 260

exponent q is also known as the spread parameter that defines 261

the uniformity of the spray27. A spread parameter of 1.8 was 262

selected based on the recommendations of9. The minimum, 263

maximum and mean droplet diameters were set to 10−6 m, 264

8× 10−5 m and 5× 10−5 m9, respectively. The number of 265

streams per injection was set to 300. The transient flow rate 266

and velocity magnitude at the nozzles were obtained from 267

the results of the 1D pipe flow model. The full description of 268

the injection properties is described in Appendix A. 269

C: The Computational Model 270

Figure 5 shows the computational domain for the spray 271

simulations. The four nozzles in Figure 5 are the locations 272

where the injections of Halon 1301 liquid take place based on 273

the time intervals computed by the 1D pipe flow model. The 274

mesh was generated using a polyhedral meshing approach. 275

Prior to the actual calculations, a grid convergence study

Figure 5. The engine bay with prescribed boundary conditions
at Scoop inlets 1 and 2 as well as the NACA inlet.

276

was carried out. This was for three different meshes of sizes 277

3,914,422, 6,795,076 and 12,115,693 polyhedral cells. Four 278

locations, labeled A1, A2, A3 and A4 in Figure 6 are used to 279

compute the grid convergence index (GCI). 280
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Figure 6. Points A1, A2, A3 and A4 at which GCI were
computed.

GCI is a metric used for mesh independence tests (refer to33
281

for a more detailed description). For this study, three meshes282

of different grid sizes were used to compute the GCI.283

GCI = Fs
|εh|

rp − 1
, εh =

ϕh − ϕrh

ϕh
(13)

where Fs=1.25 for a three-grid sequence of simulations, r284

is the grid refinement ratio and p is the order of the finite285

difference scheme. ϕ and ϕrh for this study represent the286

pressures at the designated points for mesh A and mesh287

B respectively (note that mesh B is the coarser grid). The288

results of the grid study at the four locations shown in Figure289

6 are displayed in Table 2.290

Table 2. Grid convergence study results at locations A1 - A4.

Number of GCIA1 GCIA2 GCIA3 GCIA4

polyhedral
cells
3,914,422 - - - -
6,795,076 1.131% 0.027% 0.088% 0.173%
12,115,693 0.385% 0.0001% 0.003% 0.0099%

Based on the results in Table 2, the mesh size of 6,795,076291

cells was chosen for the actual simulations.292

The realizable k − ϵ turbulence model with enhanced293

wall treatment and thermal-effects option was chosen for294

the simulations. The Semi-Implicit Method for Pressure295

Linked Equations (SIMPLE) method was employed for the296

updating of the pressure and the correction of the velocity297

fields per iteration. Spatial gradients were computed using298

the Least Squares Cell Based method. The second-order299

upwind scheme was selected for the transport equations and300

a second-order implicit scheme was used for the transient301

formulation.302

D: Boundary Conditions303

The no-slip boundary condition was selected for walls and304

the DPM boundary condition at the wall is set to trap. For a305

realistic simulation, a pressure field is prescribed at the two306

scoop inlets as well as the NACA inlet. The pressure fields307

were obtained from a previous external flow calculation. The308

virtual blade model (VBM) was used to compute the flow309

(a) Hover case

(b) Forward-flight case

Figure 7. Velocity distribution at the inlets for hover and
forward-flight cases. Boundary conditions were retrieved from
external flow simulations.

field of a helicopter in forward flight (refer to34 for more 310

details on the model). For this study, two flight regimes 311

were considered namely, hover and forward flight. In order 312

to show the how the two regimes affect the inlet boundary 313

conditions, we have plotted the velocity distribution at the 314

two scoop inlets and the NACA inlet for each case. This 315

is shown in Figure 7. As shown, the two flight regimes not 316

only show differences in velocity profiles but also displayed 317

significant differences in magnitude. This is one of the 318

reasons to have boundary conditions that relate to flight 319

regimes, as opposed to uniform pressure or velocity at the 320

inlets. 321

Figure 8 shows the velocity streamlines from the VBM 322

simulations. The pressure and temperature fields from the 323

results were then extracted and used as the boundary 324

conditions for the spray simulations. The mass flow rate 325

prescribed at the engine mass flow inlet was 6 kg/s with a 326

temperature of 873.15 K. The ambient temperature set at the 327

pressure outlet was 288.15 K. Prior to the actual unsteady 328

spray simulations, a steady state solution was obtained 329

with the aforementioned boundary conditions to generate an 330

initial flowfield. The time-step used for the simulations is 331

0.005 s. The maximum y+ was computed to be 16. It should 332

be reminded that the enhanced wall function was used for the 333

simulations and there is no necessity to reduce y+ to 1. 334

IV: Results and Discussion 335

Figure 9 shows the first few bursts of the agent being injected 336

into the engine nacelle for the hover and forward flight 337

regime. The contours of temperature and particle diameter 338

have been superimposed onto the engine and droplets, 339

respectively to show the cooling effect of the sprays as well 340
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Figure 8. External flow simulations prior to the spray calculations. The simulations were performed to get the boundary conditions
for the engine bay pressure inlets.

(a) Hover regime at 0.39s

(b) Hover regime at 0.59s

(c) Forward flight regime at 0.39s

(d) Forward flight regime at 0.59s

Figure 9. Trajectories of evaporating Halon 1301 for flow time 0.39 s and 0.59 s. The left column depicts cases where the
boundary conditions are prescribed for a hover regime while the right column shows the conditions for a forward flight regime.
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(a) Hover regime at 1.57s (b) Forward flight regime at 1.57s

Figure 10. Trajectories of evaporating Halon 1301 for flow time 1.57 s. The gas phase mixture at flow time 1.57 s is shown
emanating at Nozzles C and D (refer to Figure 5) . The left column depicts cases where the boundary conditions are prescribed for
a hover regime while the right column shows the conditions for a forward flight regime.

as display the spectrum of particle size at different time341

intervals. At 0.39 s in Figure 9, only Nozzles C and D are342

active and it was observed that the scattering of the spray343

for the hover regime is more spread out in the negative X-344

direction in comparison to the forward flight regime. A jet345

expansion of the injected agent is expected due to the state of346

the liquid always being in superheat (boiling point of Halon347

1301 is 215 K). At nozzle D for the forward flight case at348

0.39 s, the spray trajectory of the droplets appears to be349

entrained towards the the eductor. This suction towards the350

positive X direction was not observed with the hover regime351

at the same time instance. This would suggest some form of352

a recirculation zone for the forward flight case in the vicinity353

of nozzle D. The evaporation of the droplets is dependent not354

only on temperature but the velocity/pressure field they are355

immersed in. In view of the fact that hot surfaces are a threat356

to fire safety when they are in contact with fuel vapour and357

air, wall temperatures within the nacelle must be given the358

same attention as the spray characteristics.359

In the forward flight case at 0.39 s, higher temperature360

regions were observed on the engine surface compared to the361

hover regime. This is due to the boundary conditions set at362

the ventilation airflow through the engine bay. Note that the363

design of the NACA and scoop inlets is to provide cooling for364

the engine. The fire in an engine bay is usually of a turbulent365

diffusion flame stabilized behind an obstacle35. Ideally,366

airflow through the ventilation should be unidirectional to367

prevent flame propagation in the event of a fire outbreak.368

However, due to the design of the engine nacelle, turbulence369

is inevitable and its presence preclude homogeneity, which370

can lead to failure in the suppression of a fire. This justifies371

the inclusion of a realistic boundary condition at the inlets.372

At 0.59 s, all four nozzles are active and there is an373

improvement in heat signature on the engine for the forward374

flight case from the previous instance at 0.39 s. The engine 375

wall temperature distribution for the hover regime also shows 376

a general cooling trend. With regards to spray trajectory, the 377

evaporating droplets in the vicinity of nozzle D for the hover 378

case continues to show a higher concentration compared to 379

the forward flight regime. It should be made aware that the 380

trap boundary condition was prescribed for the no-slip walls 381

and that calculations for droplet trajectories are terminated 382

when the droplets land on the surfaces. That is to say, the 383

sparsity could be due to either the evaporation of the droplets 384

or termination of them upon landing on walls. On close 385

inspection in the vicinity of nozzle C, it appears that the 386

halon spray is directed more towards the engine for the hover 387

case compared to the forward flight case. It is also interesting 388

to note that the region around nozzle B shows a higher 389

concentration of droplets for the forward flight case. 390

When the flow time reaches 1.57 s (see Figure 10), nozzles 391

C and D are no longer active, and are now emitting a mixture 392

of halon and nitrogen in the gas phase (as computed by the 393

1D code). As highlighted in Figure 10 at 1.57 s, there is 394

no jet expansion at nozzles C and D unlike the injection of 395

halon liquid previously. The interesting observation here is 396

the temperature distribution on the engine for both cases. 397

The engine in the hovering case has a higher distribution of 398

temperatures exceeding 380 K in comparison to the forward 399

flight case. This distribution is not only within the vicinity of 400

the mass flow inlet of temperature 873.15 K (refer to Figure 5 401

for location) but spreads more towards the negative X and Y 402

direction. For the forward flight case, the engine has a more 403

improved heat signature when compared to the flow time at 404

0.39 s. 405

The cooling streamtubes in Figures 11 and 12 are an 406

indication of the transient nature within the engine nacelle. 407

The contours of velocity magnitude are superimposed onto 408

Prepared using sagej.cls



8 Journal Title XX(X)

(a) Hover regime at 0.39s

(b) Hover regime at 0.59s

(c) Forward flight regime at 0.39s

(d) Forward flight regime at 0.59s

Figure 11. Stream tubes emanating from the two scoops and NACA inlet (refer to Figure 5) at 0.39 s and 0.59 s. Contours of
velocity magnitude are imposed on the stream tubes. The left column depicts cases where the boundary conditions are prescribed
for a hover regime while the right column shows the conditions for a forward flight regime.

the streamtubes. As mentioned in Section , realistic boundary409

conditions were used at the pressure inlets to create the410

complex velocity fields in the domain. The trajectory411

of the droplets are dependent on the swirls portrayed412

by the streamtubes. Returning to the discussion on the413

concentration of halon in the vicinity of nozzle D at 0.39414

s for the forward flight case, it can be observed that there415

indeed exists a recirculation zone in the region mentioned.416

This confirms the earlier suspicion pertaining to the halon417

concentration near nozzle D. It is also worth noting of the418

swirls existing near scoop inlets 1 and 2 for the forward flight419

case that is not seen for the hover case at 0.39 s.420

At 0.59 s in Figure 11, high speed regions of 60 m/s can be421

seen in the vicinity of nozzles A and B. This speed-up was422

not apparent when nozzles A and B were not injecting halon423

into the nacelle, suggesting the active interaction between the424

dispersed and continuum phases. Significant speed-ups were425

not observed at the regions near nozzle C and D. It was earlier426

mentioned that the halon spray is directed more towards the 427

engine for the hover case compared to the forward flight case 428

in vicinity of nozzle C at 0.59 s (refer to Figure 9). The 429

streamtubes in Figure 11 at 0.59 s for the hover case shows a 430

local recirculation zone near nozzle C. Its presence would 431

influence the role it plays in the re-direction of the spray 432

towards the engine as this was not evident for the forward 433

flight case at 0.59 s. 434

When nozzles C and D stop injecting halon liquid into 435

the nacelle at 1.57 s in Figure 12, the streamtubes indicate 436

regions of high velocity compared to flow times at 0.39 s and 437

0.59 s. It was also observed that the swirls at near nozzle C 438

for the forward flight case has ebbed, giving indication of the 439

continuous change of the flow dynamics within the nacelle 440

with time. 441

According to the certification rules of ESA-CS2936, it has 442

to be shown that the discharge of the extinguishing agent 443

provide a concentration capable of extinguishing fire and 444
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(a) Hover regime at 1.57s (b) Forward flight regime at 1.57s

Figure 12. Stream tubes emanating from the two scoops and NACA inlet (refer to Figure 5) at 1.57 s. Contours of velocity
magnitude are imposed on the stream tubes. The left column depicts cases where the boundary conditions are prescribed for a
hover regime while the right column shows the conditions for a forward flight regime.

minimize the probability of re-ignition. The FAA Advisory445

Circular 20-10037 states that the concentration of Halon 1301446

should be greater than 6 % by volume for a period of 0.5 s to447

extinguish a fire.448

To show this, we first identify four planes shown in Figure449

13. The locations of the planes are based on the suggestion450

of the FAA Advisory Circular 20-100. Once the planes are451

selected, we identify the points (probes) on the individual452

planes as shown in Figure 14. The probe locations are453

again recommendations from FAA Advisory Circular 20-100454

(referred to as four-ring sampling probe positioning37) .455

Once the probe locations have been identified, the volume456

fraction of Halon 1301 in the nacelle can be plotted against457

time at these locations. The volume fraction can be computed458

using the following relation38:459

vh = mf/[mf + (1−mf )(Mh/Ma)] (14)

where vh is volume fraction, mf is mass fraction of halon460

vapour, Mh is molecular weight of halon and Ma is the461

molecular weight of air.462

The results for the volume concentration of halon vapour463

in the engine nacelle at the designated probe locations464

are shown in Figure 15 and Figure 16. The horizontal465

line at 6 % volume fraction was plotted to show the466

minimum concentration required for certification. All the467

plots displayed an erratic behavior before 3.6 s before468

monotonically descending to low (6% or less) volume469

fraction levels. The highest concentration was seen at P1470

in Figure 15 for both the hover and forward flight cases471

but this is not surprising as the point is near one of the472

spray nozzles. At location P3, between the time period of473

around 2.2 s to 3.5 s, the volume fraction was below 6% for474

the forward flight case. The low levels of volume fraction475

was also observed at location P7 in Figure 16. This time476

Figure 13. Locations of the planes used to define the points for
volume fraction analysis.

however, the low levels of concentration occurred for both 477

forward flight and hover regime. The rest of the locations do 478

not display low concentrations when the halon sprays were 479

active. The average of the volume fraction for P1 to P11 is 480

shown in Figure 16. 481

V: Conclusions 482

This paper reports the modelling of the injection of Halon 483

1301 into an engine nacelle for two flight regimes, namely 484

the forward flight and hover. A one dimensional pipe flow 485

code was developed to simulate the transmission of a two- 486

phase mixture of Halon 1301 and nitrogen from the bottle 487

source to the nozzles of a multi-branch system. This is 488

to obtain the boundary conditions needed for the spray 489

simulations. To create a realistic flow setting, external flow 490

calculations involving the VBM are simulated and provided 491
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(a) Plane 1 (b) Plane 2

(c) Plane 3 (d) Plane 4

Figure 14. Location of the points used for volume fraction
analysis. Refer to Figure 13 for the location of each plane.
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Figure 15. Halon 1301 concentration by volume within the
engine nacelle for points P1-P8 (refer to Figure 14 for exact
locations of the points).
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Figure 16. Halon 1301 concentration by volume within the
engine nacelle for points P9-P11 (refer to Figure 14 for exact
locations of the points). The average concentration is shown in
the bottom right of the figure.

as boundary conditions at the pressure inlets of the nacelle. 492

The VBM simulations included a forward flight case as well 493

as a hover regime. It was shown that the two cases showed 494

significant differences in the trajectory of the spray dynamics 495

especially in the vicinity of nozzle D. 496

The streamtubes within the engine nacelle highlighted the 497

complex flow physics with large recirculation zones being 498

more prevalent for the forward flight regime. The presence 499

of recirculation zones clearly affected the spread of the 500

droplets and was even severe enough to deflect the direction 501

of the droplets towards the engine instead of the its general 502

direction for the hover regime, in the vicinity of nozzle C. In 503

terms of wall temperature on the engine, the forward flight 504

regime showed more regions of high temperatures at 0.39 505

s compared to the hover case. The engine for the forward 506

flight case eventually cooled at 1.57 s (when nozzles C and 507

D stopped injecting halon) and reached a temperature of 508

about 304 K from 485 K. This could be due to the cooling 509

streams as well as the evaporation of the erstwhile droplets. 510

Finally, plots of the agent concentration by volume within 511

the nacelle at different locations showed the erratic behavior 512

during the injection period but was generally able to meet 513

the certification rules of ESA-CS29.This is despite the low 514

concentration levels at location P3 for the forward flight case 515

as well as at P7 for both regimes. 516

This study aims to provide a first approximation to the flow 517

dispersion characteristics of Halon 1301 in an engine nacelle 518

under different flight regimes. Given the restriction on Halon 519

1301 and its detrimental impact on the environment, flight 520

tests and experiments are hard to come by. The above results 521

would aid in the certification process and would also allow 522

for a more efficient design in the engine bay in the fight to 523

put out fires more quickly. The video for the simulations has 524

been uploaded online and can be found at the following url: 525

https://www.youtube.com/watch?v=ZmUaLU8rNKQ 526
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Térmica. 2014;13(2):81-8.599

19. Shannak BA. Frictional pressure drop of gas liquid two-600

phase flow in pipes. Nuclear Engineering and Design.601

2008;238(12):3277-84.602

20. Hicks TG. Handbook of mechanical engineering calculations.603

McGraw-Hill Education; 2006.604

21. Yuan C, Wang Y, Li H, Dai C, Lu S, Zhang H. Simulation605

study of filling conditions for aircraft fire suppression606

systems. CSAA/IET International Conference on Aircraft607

Utility Systems; 2022. .608

22. Fluent A. Ansys fluent theory guide. ANSYS Inc, USA.609

2021;15317:724-46.610

23. Novozhilov V. Computational fluid dynamics modeling of611

compartment fires. Progress in Energy and Combustion612

science. 2001;27(6):611-66.613

24. Jin J, Pan R, Li Q, Chen R. Effects of release pressure on614

the transportation characteristics in pipeline and the diffusion615

behaviors in enclosure space of typical gas extinguishing616

agent. Journal of Loss Prevention in the Process Industries.617

2021;70:104441.618

25. Ranz RE, marshall WR. Vaporization from drops, part i-ii.619

Chem Eng Prog. 1952;48(3):141-80.620

26. Haenlein A. Disintegration of a liquid jet. NASA Tech621

Memorandum, Washington, no. 659; 1932.622

27. Lefebvre AH, McDonell VG. Atomization and sprays. CRC623

press; 2017.624

28. Di Nicola G, Di Nicola C, Moglie M. A new surface625

tension equation for refrigerants. International Journal of626

Thermophysics. 2013;34(12):2243-60.627

29. Lechner MD, Wohlfarth C, Wohlfarth B. Surface tension of628

pure liquids and binary liquid mixtures. Springer; 2015.629

30. Liu S, Xie Y, Chen M, Zhu J, Day R, Wu H, et al. Prediction630

of the release process of the nitrogen-extinguishant binary631

mixture considering surface tension. Journal of Thermal632

Analysis and Calorimetry. 2020:1-15.633

31. Lee MJ, Tien DL, Shao CT. Thermophysical capability of634

ozone-safe working fluids for an organic Rankine cycle system.635

Heat Recovery Systems and CHP. 1993;13(5):409-18.636

32. Rosin P, Rammler E. The laws governing the fineness of637

powdered coal. Journal of the Institute of Fuel,. 1933;7:29–36.638

33. Roache PJ. Verification and validation in computational639

science and engineering. vol. 895. Hermosa Albuquerque, NM;640

1998.641

34. Ruith M. Unstructured, multiplex rotor source model with642

thrust and moment trimming-Fluent’s VBM model. In: 23rd643

AIAA applied aerodynamics conference; 2005. p. 5217.644

35. Finnerty AE, Peregino PJ, Vande Kieft LJ, Tucker JR, Weiland645

DE, Sheinson RS, et al. Fires Experienced And halon 1301646

Fire Suppression Systems In Current WeaponSystems. Report647

SURVIAC TR-00-007, United States Air Force – Air Force648

ResearchLaboratory – Survivability and Safety Branch; 2003.649

36. Certification specifications and acceptable means of compli-650

ance for large rotorcraft. CS-29 Amendment 7, European651

Union Aviation Safety Agency. 2019.652

37. Ferrarese JA. General guidelines for measuring fire- 653

extinguishing agent concentrations in powerplant compart- 654

ments. Federal Aviation Administration. 1977. 655

38. Lee J. Simulation method for the fire suppression process 656

inside the engine core and APU compartments. In: The Fourth 657

Triennial International Aircraft Fire and Cabin Safety Research 658

Conference, Portugal. Citeseer; 2004. . 659

Prepared using sagej.cls



Mohamed et al. 13

Appendix A: DPM Injection Properties used for the660

simulations.661

Fluent Injection properties662

Feature Value/Type Used
Injection Type Cone
Number of streams 300
Particle Type Droplet
Diameter Distribution Rosin-Rammler
Material Halon 1301 Liquid Droplet (defined by user)
Evaporating Species cbrf3<g> (defined by user)
Cone Type Solid-cone with uniform massflow distribution
Minimum Diameter of Particles (m) 1e-6
Maximum Diameter of Particles (m) 8e-5
Mean Diameter of Particles (m) 5e-5
Spread Parameter 1.8
Number of Diameters 20
Drag Law non-spherical
Shape Factor 0.171
Stochastic Tracking Discrete Random Walk Model
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