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Abstract
Fire on board an aircraft cargo compartment can lead to catastrophic consequences. Therefore,
fire safety is one of the most important considerations during aircraft design and certification.
Conventionally, Halon-based agents were used for fire suppression in such cases. However, an
international agreement under the Montreal Protocol of 1994 banned further production of
Halon and several other halocarbons considered harmful to the environment. There is therefore
a requirement for new suppression agents, along with suitable system design and certification.
This article aims to describe the creation of a mechanism to validate a preliminary design for fire
suppression systems using Computational Fluid Dynamics and provide further guidance for fire
suppression experiments in aircraft cargo compartments. Investigations were performed for the
surface burning fire, one of the fire testing scenarios specified in the Minimum Performance
Standard, using the numerical code Fire Dynamics Simulator. This study investigated the use and
performance of nitrogen, a potential replacement for Halon 1301, as an environmentally friendly
agent for cargo fire suppression. Benchmark fires using the pyrolysis model and fire design model
were built for the surface-burning fire scenario. Compared with experiment results, the two
Computational Fluid Dynamics models captured the suppression process with high accuracy and
displayed similar temperature and gas concentration profiles. Fire consequences in response to
system uncertainties were studied using fire curves with various fire growth rates. The results
suggested that using nitrogen as a fire suppression agent could achieve a lower post-suppression
temperature compared to a Halon 1301-based system. It can therefore be considered as a poten-
tial candidate for aircraft cargo fire suppression. Such work will feed directly into system safety
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assessments during the early design stages, where analyses must precede testing. Future work
proposed for the application of this model can be extended to other fire scenarios such as build-
ings, shipping, and surface transport vehicles.

Keywords
Computational Fluid Dynamics modelling, performance analysis, fire suppression, uncertainty
study, Halon replacement

Introduction

Aircraft fire suppression system and its requirement

Currently, when an in-flight fire is detected in an aircraft cargo compartment, Halon 1301
fire suppression agent is quickly discharged from the suppression system to achieve its
required suppression concentration. Halon 1301 is one of the most effective fire extinguish-
ing agents and requires only 5% of volume concentration to extinguish the fire. However,
because the emission of Halon can cause significant damage to the ozone layer, its produc-
tion was banned in 1994, in accordance with the Montreal Protocol international agree-
ment.1 Table 1 shows potential fire suppression agents. Nitrogen has been identified to have
the best potential to replace Halon for the aircraft cargo compartment fire suppression sys-
tems. The main reason is that nitrogen exhibits near-zero Ozone Depletion Potential1 (ODP)
and Global Warming Potential2 (GWP). Table 1 shows the ODP, GWP, and atmospheric
lifetimes3 for various fire suppression agents. Apart from these advantages of using nitrogen,
the gas is also easy to integrate into new systems, showing acceptable levels of toxicology,
and is abundantly available.

Any candidate agent selected for fire suppression and associated suppression system
design must be subjected to the Minimum Performance Standard (MPS).4 This is a testing
procedure developed by the International Systems Fire Protection Working Group. A
series of tests are required by MPS to demonstrate the effectiveness of the new agent in
providing the same level of safety as of a Halon 1301 system. It has to be tested for bulk-
load fire scenario, containerized-load fire scenario, surface-burning fire scenario, and
aerosol can explosion simulation scenario. Acceptance criteria described in Table 2 were
established based on the performance of Halon 1301 suppression system, obtained from
baseline tests conducted by the United States Federal Aviation Administration (FAA).
Five tests are required for each fire scenario. For the surface-burning fire scenario to pass
the MPS, the average of the five test peak temperatures should not exceed 293�C, starting
2 min after the activation of suppression system until the end of the test. In addition, the
average of the five test areas under the time–temperature curve should not exceed 608�C-
min. The time–temperature area is computed for the 3 min interval from 2 to 5 min after
the activation of the suppression system.4 These critical values for the rest MPS fire

1Ozone Depletion Potential – Ability to destroy a unit mass of ozone gas per unit mass of agent relative to CFC-11.

Recommended ODP should be less than 0.02 for replacement agents.6

2Global Warming Potential – Change in radiative forcing as a result of emission of 1 kg of the agent relative to the

radiative forcing as a result of emission of 1 kg of CO2. Recommended GWP should be less than 150 for replacement

agents.9

3Atmospheric Lifetime – Ratio of the atmospheric burden of a trace gas to its rate of loss from the atmosphere.
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scenarios were presented in Table 2. For aerosol can explosion test, no overpressure or
any evidence of explosion shall be noticed during the test. Once the data for the new sys-
tem are collected and analysed, these criteria may be used for comparison purposes to
determine whether they are safe for use.

Previous studies

MPS requires an expensive experimental setup and follows an elaborate process. Instigation
was therefore made into alternative methods that are cost-effective, efficient, safe and reli-
able. Lower cost preliminary studies could thus be performed prior to the conduct of an
actual MPS. Numerical modelling methods were considered in this research, as they are time
and cost-effective. The objective was not to replace the actual MPS tests with numerical
methods, but to be well informed before the agent/system is subjected to MPS. The main
benefits of using numerical methods in fire modelling are as follows:

(a) Ability to foresee the performance of the suppression system and the risk during the
fire. Optimization could be undertaken accordingly to improve the system
performance.

(b) Lowering the cost of design, especially when the design and experimental process
may consist of several unknowns.

(c) Any experiment involving a large-scale fire is risky. Numerical simulation helps in
understanding the mechanism without subjecting one to such risks.

(d) There is minimal pollution associated with numerical simulation.

Table 1. Agent ODP, GWP and atmospheric lifetime.2,3

Agent ODP GWP (after 100
years cycle)

Atmospheric
lifetime (years)

CFC-11 1.0 4750 45
Halon 1301 16.0 7140 65.5–68.6
Halon 1211 5.1 1890 18.5–20.1
Halon 1202 1.3 1640 23.4–25.5
HFC 125 0.005 2800 129
Nitrogen \0.001 \1 0

ODP: ozone depletion potential; GWP: global warming potential; HFC: hydrofluorocarbon.

Table 2. Acceptance criteria.

Fire scenario Maximum
temp. �F (�C)

Maximum pressure
psi (kPa)

Maximum temp-time
area �F-min (�C-min)

Bulk load 720 (382) Not applicable 9940 (5504)
Containerized load 650 (343) Not applicable 14040 (7782)
Surface fire 560 (293) Not applicable 1190 (608)
Aerosol can
explosion simulation

Not applicable 0.0 Not applicable

242 Journal of Fire Sciences 39(3)



Simulation of fire suppression in a large enclosure is challenging for Fire Safety Engineering
(FSE). The complexity originates from the fire phenomenon itself, which is stochastic in
nature and embraces nearly all of the effects of subsonic chemically reacting flow.2

Therefore, the underlying mechanisms such as combustion, fluid dynamics, turbulence and
heat transfer need to be considered in the mathematical models. Some physical and chemical
aspects are not yet been fully understood or represented, which brings uncertainties and
unknowns in the modelling process. The interaction between fire and suppressant further
complicates the process by requiring a model for fire extinguishing prediction. For that pur-
pose, the combustion chemistry combined with thermodynamics and fluid dynamics needs
to be understood in detail.3

In earlier studies, to avoid computationally expensive models, the process of designing or
validating the efficiency of a fire suppression system focused mostly on modelling fire sup-
pression agent injection mechanisms. The extinguishing criterion is formulated as an empiri-
cal concentration level of suppression agent from the experiments or an acknowledged
oxygen level. Rapid increases in computational power and the development of experimental
techniques have facilitated highly complex Computational Fluid Dynamic (CFD) modelling
for fire suppression applications.5

Most of the simulations and tests have been carried out using water mist as the sup-
pression agent. Water mist sprinkler systems are widely used in the civil engineering due
to their environmental friendly nature, low cost, and high effectiveness characteristics.6 It
is considered an alternative for halocarbon-based suppression systems. The main diffi-
culty of modelling a water mist system is the multiphase flow phenomenon simulation
and predicting heat feedback. The current CFD modelling strategy of water-spray fire
suppression is summarized by Cong and Liao.5 Notice that the water mist system did not
pass the aerosol can explosion test in the previous experiments. Another alternative for
ozone-depleting substances, hydrofluorocarbon (HFC), has also been examined in engine
nacelles7 and Military ground vehicles.8 HFC is a more effective agent than water mist
and other inert gas–based agents and requires less agent concentration, although its toxi-
cological and environmental effects are still under discussion.9 In the modelling process,
it is suggested that the evaporation rate of fuel is one of the most significant uncertainties
and makes extinguishing hard to predict.7 Numerical instability has also been addressed
due to the rapid evaporation of liquid agents.8 Inert gases, such as nitrogen and argon,
can extinguish fires by diluting the air and reducing the oxygen concentration in the
enclosure. Nitrogen is environment-friendly that has little impact on atmospheric life and
ozone layer.9 Hewson et al.10 have modelled the fire suppression process when a fire is
stabilized behind a rearward-facing step using nitrogen and other agents. Chemical
kinetics is predicted using a collection of perfectly stirred reactors (PSR). This study mod-
elled local flame extinction phenomena based on the ratio of flow mixing time scale and
chemical time scale, when exposed to an inert gas environment. Several studies have also
focused on the same phenomena to study the flame extinction criteria.11 Senecal11 studied
the extinguishing concentrations and critical temperature for six inert gases and compared
them with the current standard. A small-scale simulation was carried out by Dinesh
et al.12 to obtain the nitrogen inert concentration for heptane fire. Results matched well
with the data from cup burner tests. Hu et al.13 explored the relationship of extinguishing
concentration of inert gas with discharge rate and ventilation rate. It suggested that the
required concentration is affected by the fire environment. The advantages of using nitro-
gen as the suppression agent are straightforward, and many small-scale experiments and
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simulations have been carried out. However, little information is available on large-scale
tests in the public domain. This is due to the following:

(a) An inert gas suppression system is not the best choice compared to a water-mist sys-
tem for most civil applications, since the latter has higher extinguishing efficiency
and is cheaper to obtain and store for land-based fire suppression.

(b) Unlike Halon, which stops the fire by chemically disrupting combustion, inert gas
extinguishes the fire by reducing the oxygen content of air. It therefore requires sig-
nificantly higher suppression concentrations compared to halocarbon or HFC-based
systems. Longer extinguishment times are therefore expected.

Therefore, assessment and certification are required for the design of nitrogen-based fire
suppression systems using current codes and standards. The purpose of this article is to
describe the exploration of the suppression performance of nitrogen system in the surface-
burning fire scenario specified in MPS. Since full-scale burning tests are expensive to run,
numerical simulation can be a way of producing preliminary designs and providing confi-
dence to subsequent experiments. The Fire Dynamics Simulator 6.7.1 (FDS) is used as the
CFD tool for the modelling. The software predicts flame extinguishment by considering the
cell temperature and oxygen concentration.14 The concept of ‘fire design’ is introduced to
assess system reliability, where the existence of uncertainties could potentially affect fire
growth. Fire design is a performance-based solution to deal with system randomness and
can be an effective way to avoid expensive detailed chemical kinetic modelling by applying
an empirical fire growth function. Different fire growth curves were studied and compared
for the surface-burning fire scenario. In addition, a benchmark fire using a pyrolysis model
was performed and validated using experimental results.

MPS experimental procedure

Five experiment runs of MPS surface burning fire scenario were carried out to test the fire
suppression performance of nitrogen. The cargo compartment layout for the experiment
specified by MPS is shown in Figure 1. It was a box-shaped geometry with internal dimen-
sions 8.11 m 3 4.16 m 3 1.67 m. It represented a forward cargo compartment of a wide-
body aircraft.4 A U-shaped duct placed on the sidewall was used as a forced ventilation sys-
tem to simulate the air leakage from the enclosure. The forced ventilation was driven by a
variable speed fan to allow a constant leakage rate of 23.3 L/s throughout the tests. In addi-
tion, two long pipes with an internal diameter of 27 mm and the same length of the com-
partment were installed on the side walls. Each pipe was perforated to include nine holes
(diameter was 12.7 mm) located at an equal pitch of 800 mm.5 Temperature measurements
were taken on the ceiling and sidewalls. Ceiling thermocouples were evenly spaced along the
ceiling at 1.52 m intervals, and sidewall thermocouples were 0.3 m below ceiling level. All
thermocouples are Type K chromel/alumel thermocouples with the measurement accuracy
of 61�C. In MPS, gas concentrations were measured along the centre vertical line of the

4Although a boxed shape of compartment is required in MPS, two triangular prisms (0.43 m 3 0.51 m 3 8.11 m)

were added at the bottom of two sides of the compartment to form a hexagonal cross-section (Figure 2c).
5Sidewall pipes are not part of standard MPS, but were installed in the current experiment.
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compartment. However, due to the restriction of the length of gas analysers, only the ceiling
sensor was located where MPS requires (0.05 m below ceiling level). The other two sensors
had the same vertical positions as MPS, but shifted to the left wall side horizontally in the
experiment (Figure 2(a) and (b)). The XZR-B2C2 type oxygen sensors were used for the
measuring, and the accuracy was 60.55% of the reading. The compartment internal pres-
sure was monitored and recorded at a rate of 3000 samples/s using a sensitive piezoelectric
pressure transducer (Kulite XCQ93, with an accuracy of 60.1%), capable of sampling up to
a rate of 175 kHz. The pressure transducer was located at the same plane of oxygen sensors,
70 cm away from the nearest sidewall and 5 cm below ceiling level. A top plane view show-
ing the instrumentations in the experiment is given in Figure 2(a).

For the surface-burning fire scenario, the fuel pan was made of steel and had the dimen-
sions of 60.9 cm 3 60.9 cm 3 10.2 cm. According to MPS, the fuel pan should be located
30.5 cm above the floor since the density of nitrogen is slightly lesser than air (Figure 2(c)
and (d)). Horizontally, it was placed directly below the corner thermocouple (TC 1 in
Figure 1, TC 16 in simulations). The thermocouple was 0.25 m from the back wall and
0.56 m from the nearest sidewall; 1.9 L of Jet-A fuel were used for the experiment, and a
thin layer of gasoline was added on the top to help the ignition; 9.5 L of water were placed
at the bottom of the pan to keep the pan cool and minimize warping.4 The fire was ignited
by a direct current (DC) arc igniter placed above the surface of fuel (Figure 2(d)).

Three nitrogen discharge nozzles were installed at 1.35, 4.05 and 6.75 m along the com-
partment centre line. Each nozzle had six circular orifices, and the mass flow rate was
adjusted with the installation of appropriate orifices diameters internally in the discharge

Figure 1. Cargo compartment layout and instrumentation locations.
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Figure 2. Surface-burning experiment set-up: (a) instrumentation arrangement, (b) gas analysers, (c) gas
analyser locations (bottom two), (d) gas analyser locations (top one) and pan arrangement and (e) ignition
configuration.

246 Journal of Fire Sciences 39(3)



nozzles (7, 10 and 10 mm, respectively). Successful suppression by total flooding relied on
injecting sufficient quantity of inert gas to all possible locations. In the preliminary design,
the extinguishing concentration of nitrogen was approximately 34%. A safety factor of
1.3515 was applied to the design concentration of nitrogen which is 46%. The volume of
nitrogen X (at 70�F) required can then be calculated using the following formula16

X = 2:303
V

S
log

100

100� C

� �
Vs ð1Þ

where V is the net volume of the enclosure where the agent is discharged, S is the specific vol-
ume at ambient temperature in the protected volume, Vs is the specific volume at 70�F and C

is the required agent concentration in the enclosure. The total volume of nitrogen required
was 34.7 m3 with a total weight of 40 kg. The discharge time requirement for the nitrogen
system is 120 s for Class A and Class C fires, and 60 s for Class B fire.15 This gives a dis-
charge rate of 0.667 kg/s. When it reached nozzle exits, the agent temperature was around
0�C. Nitrogen was injected through three nozzles 1 min after any ceiling thermocouples
reached the activation temperature (93.3�C).

CFD setup

The study presented in this article used the FDS fire modelling software. It modelled the
surface-burning fire and its suppression process. FDS has been used widely in fire engineer-
ing to study low-speed (Ma \ 0.3), thermally driven flow.14

Geometry and grid

The CFD geometry was constructed in FDS, representing the experimental layout and is
shown in Figure 3. Several mesh sizes were employed to test the sensitivity of grid solutions
on the maximum temperature (Table 3), and a grid size of 0.05 m 3 0.05 m 3 0.04 m was
chosen for the computational domain, with the total number of cells of 571,536. The charac-
teristic fire diameter, D� = ( _Q=r‘cpT‘

ffiffiffi
g
p

), was around 0.553 m to 0.7 m, where _Q is the total
HRR and r‘, cp and T‘ are the density, specific heat capacity, and temperature of the ambi-
ent flow, respectively. With the current cell size, the ratio of characteristic fire diameter to
minimum cell size is D�=Dxmin’11to14.

Figure 3. CFD geometry of cargo compartment.
CFD: Computational Fluid Dynamics.
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The location of thermocouples and pressure sensors were placed in the same locations as
MPS shown in Figure 1. Simulation started as the ignition begins. The suppression system
was activated after 1 min, when any of the ceiling thermocouples detected gas temperature
above 93.3�C.

Initial and boundary conditions

Ventilations. In the CFD setting, two zones (cargo and ambient) were separated by the cargo
wall so that gas could travel through the ventilation system. Two ventilations were used to
match the experimental set-up: forced ventilation – modelled as an outlet boundary
condition with a fixed flow rate (23.3 L/s), and pipe ventilation, treated as the wall leakage
using the leakage model in FDS. The leakage area was 0.00115 m2. The pipe flow rates
were calculated based on the pressure difference between the two zones and the area of
ventilation leakage.

Nozzle configurations. Nozzles in the simulation were represented by three gas generating
particles, which injected nitrogen agent downwards at a rate of 0.222 kg/s individually. The
designed nitrogen flow forms a conical shape after being discharged from nozzles. However,
because FDS does not support this boundary condition for gas inlets, a downwards
nitrogen flow was assumed in the simulation, and a method called ‘velocity patch’ in FDS
was used to initialize the flow direction. Despite the high discharge speed in the experiment
(around 300 m/s at nozzle outlets), the velocity of simulated nitrogen jets was initialized to
17.78 m/s because (a) FDS is optimized for low-speed flow and (b) nitrogen jets disperse
quickly, and the velocity dropped below 20 m/s within the distance of 10 cm downstream.
The discharge time of 47 s was chosen for the simulated fires to match the average
experimental discharge duration.

Wall material properties. To account for the heat transfer through the wall, the cargo wall
used in the simulation was formed of double-layer standard steel. It consists of two layers of
4-mm-thick A242 steel plate with a 100-mm air gap. The material properties of A242 steel,
along with air properties used for the double-layered cargo wall, are listed in Table 4. The
fuel pan was made of a single layer of steel with a thickness of 0.3 cm.

Fuel properties. In this study, only Jet A fuel fire was modelled, while the piloted ignition of
gasoline was not considered. Jet A fuel is a mixture of various hydrocarbons. However,
since the gas phase combustion was simplified as a single-step reaction in the simulations,

Table 3. Grid sensitivity analysis results.

Cell size Maximum temperature
at TC16/�C

0.1 m 3 0.1 m 3 0.08 m 517.2
0.05 m 3 0:05 m 3 0.04 m 525.5
0.03 m 3 0.03 m 3 0.02 m 526.3
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the average molecular formula of Jet A fuel was used. Properties of Jet A are listed in
Table 5.

Extinction models

There are two options available in FDS to predict flame extinction. Both options predict the
local extinction based on the concept of Critical Flame Temperature (CFT),21 below which
combustion is not allowed to proceed.

Extinction model 1. The first extinction model is dependent upon the empirical observation of
limiting oxygen mass fraction YO2, lim

required to sustain combustion. YO2, lim
is a simple

piecewise-linear function of local temperature T and can be written as

YO2, lim
= YOI

TOI�T
TOI�T‘

� �
ð2Þ

where YOI and TOI are the oxygen index and CFT, respectively, and their values for several
common hydrocarbon flames can be found in the FDS User’s Guide.21 If the oxygen frac-
tion of a selected cell YO2

is smaller than YO2, lim
, extinction is assumed.

Extinction model 2. The second extinction model incorporates an enthalpy balance
calculation based upon fractions of both fuel and oxygen in the cell. For extinction to

Table 4. Material properties of cargo walls in the simulations.17

Property Steel Air

Density (kg/m3) 7850 1.225
Conductivity (W/m�K) 48 (20�C), 30 (677�C) 0.0262 (20�C), 0.0398 (255�C)
Specific heat (kJ/kg�K) 0.45 (20�C), 0.85 (677�C) 0.718 (20�C), 0.84 (677�C)
Emissivity 0.5 1

Table 5. Jet A fuel properties used in the simulation.18–20

Property Value

Molecular formula C11.4H21.7

Density (kg/m3) 820
Heat of combustion (kJ/kg) 43,000
Combustion efficiency 0.95
Heat of reaction (kJ/kg) 360
Auto-ignition temperature (�C) 250
Boiling temperature (�C) 200
Absorption coefficient (1/m) 301
Soot yield 0.097
CO yield 0.03
Radiative fraction 0.4
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occur, the potential energy released from the reaction fails to raise the cell temperature
above the CFT. The inequality can be formulated as22

Yfuel hfuel T0ð Þ + Dhcomb

� �
+ YO2

hO2
T0ð Þ+ Ydilhdil T0ð Þ\Yfuelhfuel TCFTð Þ

+ YO2
hO2

TCFTð Þ+ Ydilhdil TCFTð Þ
ð3Þ

where ½Yfuel, YO2
, Ydil� and ½hfuel, hO2

, hdil� are the mass fractions and sensible enthalpies of the
fuel, oxygen, and diluent in the reactant mixture, Dhcomb is the enthalpy of combustion, and
T0 is the initial temperature. Note that the composition of reactant in equation (3) represents
a portion of gas in the cell that forms a stoichiometric mixture. The mass fractions of fuel,
oxygen, and diluent participating the combustion are written as

Yfuel = min Yfuel, c,
YO2, c

s

� �
; YO2

= sYfuel; Ydil = sYfuel

Yfuel, c � Yfuel + Ydil, c

YO2, c

ð4Þ

where ½Yfuel, c, YO2, c, Ydil, c� are the mass fraction of the fuel, oxygen and diluent in the cell.
The second extinction model is recommended for the case with the characteristic grid size

smaller than 1 cm. Because all cells in the simulation were larger than 1 cm in the current
study, the first extinction model was therefore applied.

Turbulence and reaction models

In FDS, turbulence is modelled using Large Eddy Simulations (LES) with the Deardorff
model by default. A single-step, mixing-controlled chemical reaction model was used for
combustion in the simulation. Details of key boundary conditions and models are summar-
ized in Table 6.

Fire vent treatments

Fires can be modelled in two different ways in FDS: (a) prescribe the energy released from
the fire surface and (b) predict the energy release using the pyrolysis model. Both methods
were used in this study. While the pyrolysis model was used for the validation purpose of the

Table 6. Key boundary conditions and models used in simulations.

Key boundary condition Value

Forced ventilation mass flow rate (L/s) 23.3
Natural ventilation area (m2) 0.00115
Nitrogen mass flow rate (kg/s) 0.667
Burning rate (kW) Variable

Key model model

Turbulent model LES (Deardorff model)
chemical reaction model Single step, mixing-controlled model
Extinction model FDS extinction model 1

LES: Large Eddy Simulations; FDS: Fire Dynamics Simulator.
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benchmark fire, the prescribe-fire-energy method aimed to identify the critical fire scenario
(maximum temperature or exceeding the temperature criterion).

Benchmark fire using the pyrolysis model. A benchmark fire was initially simulated using the
pyrolysis model available in FDS. In that model, liquid fuel was treated as a solid layered
surface, so heat conduction through the fuel was computed using a one-dimensional heat
transfer equation. Before combustion occurs, liquid fuel goes through an evaporation
process; then, it turns into a flammable gas. The burning rate is then calculated based on
the amount of gas available. The software predicts the burning rate during the fire by
calculating the loss of heat into the fuel. The evaporation rate was critical in the process,
and it was governed by the mass transfer number.14 The burning properties of Jet-A fuel
are listed in Table 5.

The simulation of the ignition of the surface-burning fire is triggered by a high-
temperature particle located directly above the fuel surface. The surface temperature reaches
1500�C and lasts for 7 s.

The tan h fire method. Experiment uncertainties existed in the processes of ignition,
propagation and pyrolysis of fuels. For example, the ambient conditions, purity of the fuel
and ignition time could significantly affect the fire growth. It was noticed that the results
obtained from the five experiments run under the same conditions resulted in slight
variations. In reality, the severity of the fire is also affected by the type of fuel. However, for
a reliable design, a nitrogen-based suppression system needs to pass the test even in the
worst fire situation. This challenge is addressed by prescribing the fire growth rate in the
current study.

A designed fire is a simplified approximation of a real-life fire. A typical pool fire Heat
Release Rate (HRR) is shown in Figure 4. It includes three stages: fire growth, steady burn-
ing and decay. In this study, steady burning and decay stages are controlled by suppression

Figure 4. HRR and approximated curve of pool fire.24

HRR: Heat Release Rate.
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processes, calculated by FDS. Only the fire growth stage is therefore prescribed. NFPA92
demonstrated that the power-law fire growth model could be used to approximate the heat
release rate of a wide range of fuels, based on an earlier study.23 These fires are therefore
referred to as t-squared (t2) fires. However, a t2 fire is not suitable for simulating a surface-
burning fire in this study for two reasons:

(a) A t2 fire model aims to predict fire spread from a local ignition point at a constant
speed, to involve the entire surface eventually. It uses a constant HRRPUA of sur-
face during fire development. Considering the fire spread speed of a pool fire is a
constant, the actual local HRR is however governed by the local evaporation rate,
which is a function of surface temperature and increasing gradually until thermal
equilibrium is achieved. Therefore, the HRR increases during fire spread are
expected to be slower than the ideal t2 model.

(b) A t2 fire model is normally used to describe an open fire, where enough amount of
oxygen is available to support the rapid increase of HRR. In this cargo fire scenario,
however, fire is restricted in a confined space; hence, its growth rate is affected by
the ceiling and the limited amount of oxygen.

Therefore, a tan h growth rate was applied to model surface-burning fire scenario in this
article. The comparison of a typical t2 fire and a tan h fire is shown in Figure 5. Unlike a t2

fire which has a gradual rise in fire growth rate (kW/s), the characteristic of tan h function
gives a fast growth in the initial stage of fire and then slows down gradually. The proposed
model of the environment generated by fire in an enclosure is dependent on the assumption
that the fire grows according to the following equation14

Q = Q0 � tan h(t=t) ð5Þ

where Q0 (kW) is a user-specified HRR and t (s) is a time constant.
Assume ignition time is t0, and the following calibration is given as

Q = Q0 � tan h t � t0ð Þ=tð Þ ð6Þ

Figure 5. Fire growth curve comparison.
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The following assumptions are made in this study for modelling tan h fire source:

(a) The modelled HRR does not include the fire decay period, which means that the
decrease of HRR can only be caused by oxygen starvation rather than running out
of combustibles.

(b) Complete fire suppression is achieved when both the oxygen level and the tempera-
ture fall below the critical values. Flashover is not considered in this case.

tan h fire in surface-burning fire scenario. For the surface-burning fire scenario, Jet-A fuel is
burnt in a square pan with various growth rates. Ignition is triggered by a high-temperature
particle above the pan. The following equation25 is used to calculate the maximum HRR

_Q = _m00DHc, eff Af 1� e�kbD
� �

ð7Þ

where Af is the horizontal burning area and D is the pan diameter. Mass loss rate per unit
area per unit time _m00, heat of combustion DHc, eff and empirical constant kb of kerosene are
used for Jet A fuel and are 0.039 kg/m2 s, 43,000 kJ/kg and 3.5 m21, respectively. This gives
a peak HRRPUA (Heat Release Rate per Unit Area) of 1525 kW/s2 m2. To account for the
uncertainties during experiments and simulation, the time constants in the surface-burning
fires were varied between 70 and 130 s.

The data collected in the MPS experiment commenced from 2 to 5 min after the suppres-
sion activation. In the simulation, 500 s of simulation time was used for all the cases.

Results and discussion

Experiment results

In the experiment, the average maximum temperature and the maximum temperature-time
area of all five repeating runs were 219�C and 498�C-min respectively; hence passed the MPS
criteria (Max temperature – 293�C and Max temperature-time area – 608�C-min) comforta-
bly. A consistent pattern of temperature evolution was observed during experiments. As tem-
peratures rose quickly after ignition, the maximum temperature existed several seconds after
suppression started and was recorded by TC16. After that, the compartment cooled down
gradually until the end of test. The uncertainty in the five maximum temperatures and the
maximum temperature-time areas were 3�C to 22�C and 2�C-min to 39�C-min, respectively.

Simulated benchmark fires with pyrolysis model

A typical modelled suppression process is shown in Figure 6, where the light blue particles
represent the spread of the suppression agent (Nitrogen). The maximum temperature is also
detected by TP16 as the experiment. The comparison between the maximum temperature
profile of the simulated benchmark fire and experiment results (Run 5) is shown in Figure
7(a), where similar temperature trends are presented. The maximum temperature and the
maximum temperature-surface area from the simulation are 284�C and 573�C-min, respec-
tively, which also does not exceed the MPS criteria. The temperature plot of all thermocou-
ples is shown in Appendix 1.
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In both experiment and simulation, around 24 s was required for thermocouples to detect
the fire, and the suppression commencement time was around 94 s. Unfortunately, there
were no measurements or visual evidence to show the exact time of fire extinguishing in the
experiment. The only indication of the success of suppression was the gradual decrease in
the temperature profile. In the simulation, the extinguishing criterion was set to HRR = 0,
and for the benchmark, this took around 30 s (Figure 7). During the simulation, 0.6 kg of
fuel was burnt and resulted in a maximum HRR of 446 kW. This peak HRR is lower than
the result calculated from Equation (7) (565 kW). This is mainly because estimations from
Equation (7) are hugely affected by experiment uncertainties,26 like the ventilation arrange-
ment. While the fuel in this test was burned in a confined container, Equation (7) is more
applicable for well-ventilated fires. Therefore, it is possible that Equation (7) overestimates
the HRR for the current analysis. The simplification of heat transfer process in the FDS

Figure 6. Surface-burning fire at 87 s simulation time.

(a) (b)

Figure 7. Pyrolysis model results validation: (a) maximum temperature and (b) oxygen concentration.
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pyrolysis model could also be responsible for the discrepancy in HRR. Because the model
ignores the convection and lacks detailed descriptions of phase change, it results in biased
estimations of evaporation rate and HRR. It should note that in both experiments and
simulations, the temperature did not drop immediately after suppression but kept rising for
an additional 10 s to a value of 510�C before decreasing. This is mainly because it took a
few seconds to reduce the oxygen concentration to the inert limit. The turbulence due to the
nitrogen injection results in the mixing of oxygen with fuel-rich pockets, so a short period of
HRR rise is noticed at the beginning of suppression.

Oxygen concentration was also measured and compared in Figure 7(b). The simulation
prediction was close to that of the experiment, which proves the accuracy of the simulation.
Before the suppression, the average oxygen concentration dropped to initiate and support
the combustion. When suppression begins, oxygen concentrations at all three points dropped
quickly. Towards the end of the suppression, the volume concentration of oxygen reached as
low as 8%, and a relatively uniform distribution was observed vertically. After the suppres-
sion, due to the falling temperature and forced ventilation, ambient air entered the compart-
ment through the pipes in the sidewall to recover the compartment pressure, which led to an
increase in oxygen concentration.

The pressure profiles are given in Figure 8(c). Generally, temperature increases due to
combustion, causing the initial pressure rise in the compartment. The injection of suppres-
sion agent has the potential to further increase the pressure (because a large quantity of gas
was added into this confined space). However, the cooling effect of the low-temperature
agent and the pipe ventilation limits this phenomenon and maintains the pressure rise within
a reasonable limit, preventing a chance of explosion and further structural damage. The
maximum pressure difference reached in the experiment was around 8000 Pa during the sup-
pression. In contrast, in the simulation, the predicted maximum pressure rise given by the
pyrolysis model was slightly higher and reached 9300 Pa.

The tan h fire

When introducing the fire design concept, an ideal tan h HRR curve with a time constant of
100 s (see Figure 8(a)) was used to represent the benchmark fire. To match the HRR curve
obtained from pyrolysis model, HRRPUA was adjusted to 1100 kW/m2. Figure 8 compares
the HRR, maximum temperature and pressure profiles obtained from the pyrolysis model
and the fire design model. It shows that the result from tan h fire model matched well with
the experimental result and the pyrolysis model in terms of detection time, suppression dura-
tion, temperature drop and pressure change. It therefore proves that a designed fire can be a
good approximation of a real fire. The temperature plot of all thermocouples is shown in
Appendix 2.

The result of the parameter study is shown in Table 7. Different time constants of the
tan h fire were used to compare their effects on suppression start time, peak HRR time, peak
temperature time, fire extinguishing time, temperature and temperature-time area.

All the test cases resulted in fires being extinguished and are therefore considered to have
passed the MPS acceptance criteria. Some cases with a rapidly developed fire (smaller time
constant) produced maximum temperatures much higher than the benchmark fire. However,
the nitrogen knock-down system was able to decrease and regulate the temperature quickly
after suppression. All the fires were detected by TP16, bearing time stamps between 23 and
31 s. It is noticed that rapidly developed fires tend to activate the suppression system quickly.
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(a) (b)

(c)

Figure 8. Comparison of pyrolysis model and tan h designed fire: (a) HRR, (b) maximum temperature and
(c) pressure rise.
HRR: Heat Release Rate.

Table 7. Surface burning fire simulation results.

Case No Time
constant (s)

tsup (s) tHRRmax (s) tTmax (s) text (s) Tmax

(�C)
T2min after

(�C)
Temp-time
Area (�C-min)

1 70 83 88 95 112 646 253 558
2 80 84 89 98 114 606 244 539
3 90 89 92 106 118 620 263 580
4 100 86 90 105 116 533 226 496
5 110 88 93 105 118 535 239 532
6 120 90 99 111 122 511 225 494
7 130 91 99 112 123 490 220 487
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The extinguishing duration, however, does not vary significantly compared to slowly devel-
oped fires, which was found to be around 30 s, for all the cases.

After extinguishing the fire, the suppression agent was continuously injected, and the oxy-
gen level decreased until it reached the designed concentration. The designed oxygen concen-
tration was 11.34%; however, this value fell below 9% at the end of simulation for all the
cases. This is because the combustion process also consumes a fair amount of oxygen, thus
increasing the chance of fire extinguishing. The HRR plot and average oxygen plot are given
in Figure 9. The two plots indicate that HRR started to decrease when the oxygen level
reached around 12%. After the suppression, the cooling effect resulted in a pressure drop
inside the container. Therefore, the oxygen level recovered slowly as ambient air entered the
container through the ventilation pipe.

All fire cases exhibit a similar trend in pressure rise (Figure 9(c)). Despite the differences
in heat release rate, the maximum pressure rises caused by the agent discharge are almost the
same, and reaches around 7000 Pa.

(c)

(a) (b)

Figure 9. Parameter study of surface-burning fire: (a) HRR, (b) oxygen concentration and (c) relative
pressure.
HRR: Heat Release Rate.
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Conclusion

The present research focused on the performance of a nitrogen-based aircraft cargo fire sup-
pression system, using the CFD method to investigate the fire consequences of nitrogen sup-
pression. The surface-burning fire scenario required by MPS was modelled, combined with
the concept of fire design for uncertainty analysis. Fire design applies a tan h fire growth law
to approximate the HRR of a real fire and has been validated and used in fire engineering
design. Different values of time-constant were used for HRR curve definition for the fire sce-
nario, and the following conclusions are drawn from these simulations:

(a) For all the tested cases, fire extinguishment is achieved. Temperature criteria and
temperature-time criteria specified in MPS are satisfied, with safe margins.
Therefore, for the surface burning fire scenario, an inert gas fire suppression system
has an overall advantage in terms of temperature performance. However, in the
experiment and simulations, around 32 kg of nitrogen was used to achieve an aver-
age oxygen concentration below 11.34%. Only 5% of Halon 1301 was required in
the original system; therefore, a larger volume of nitrogen needed in the cargo com-
partment requires a heavier system for successful fire suppression.

(b) For rapid growth surface-burning fires, higher local temperatures were observed.
Although suppression was achieved, the high temperature could still be a potential
threat to cause structural damage. It can be avoided using either a more sensitive fire
detection system to report the fire at early stages or a shorter time delay to reduce
the overall heating time.

(c) The surface-burning fire scenario showed a high pressure rise, but the ventilation sys-
tem was able to keep the compartment pressure within a reasonable range to avoid
overpressure and structural damage to the compartment.

(d) Fire design is an efficient simulation strategy to account for system uncertainties,
and therefore evaluate the reliability of the design. It relates the fire characteristic
(fire growth rate) to the parameters of interest (temperature, pressure, etc.). In real-
ity, it provides guidance for subsequent experimental work by showing the poten-
tially critical fire scenario. For the surface-burning fire, a rapid growth fire results
in a higher maximum temperature, and therefore is considered as a critical fire sce-
nario. It is an essential input into a System Safety Assessment.

(e) The study has demonstrated the huge potential in applying CFD for the standar-
dised tests, due to the significant reduction in time, capital and other resources com-
pared with experimental methods.

(f) This method of estimating the MPS reduces the impact on the environment, consid-
ering that the experiments use hydrocarbon fuels and various types of inflammable
material. Safety is another point to be noted as the personnel involved in the experi-
ments are subject to harmful products of combustion and the risk of explosion.

(g) Despite all the benefits of the proposed method described above, fire experiments
cannot be replaced entirely by simulation methods due to the limitation of CFD.
For example, CFD inputs rely on empirical data, and the validation of the model
also requires a large amount of experimental data. Besides, both simulation and
experiment results are strongly affected by the uncertainties; therefore, a more thor-
ough uncertainty analysis is suggested.
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The method developed can be extended to the study of fire in different types of geometry. It
will be particularly suitable for use in many other fire-critical environments, such as build-
ings, shipping and surface transportation. This work is the first in the series of studies.
Currently other scenarios in MPS like bulk-load, containerised-load and aerosol can explo-
sion are also being developed. Current experiments in these areas are being undertaken at
Cranfield University as part of the H2020 project which will be able provide data for com-
parison. The authors are confident that the methodology developed is robust and will have
wider application and the results will be presented in the next series.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship and/or
publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or
publication of this article: This research was supported by Environmentally Friendly Fire Suppression
System for Cargo using Innovative Green Technology project (EFFICIENT, grant number: 685482)
under the Clean Sky 2 research programme.

ORCID iD

Yifang Xiong https://orcid.org/0000-0003-0581-3994

References

1. Reinhardt JW, Blake D and Marker T. Development of a
minimum performance standard for aircraft cargo
compartment gaseous fire suppression systems (FAA
Report DOT/FAA/AR-00/28), 2000, http://
www.tc.faa.gov/its/worldpac/techrpt/ar00-28.pdf

2. Novozhilov V. Computational fluid dynamics modeling of
compartment fires. Prog Energy Combust Sci 2001; 27:
611–666.

3. Wighus R. An empirical model for extinguishment of
enclosed fires with water mist. In: Halon options technical
working conference, Albuquerque, NM, 12–14 May 1998,
pp. 482–489. National Institute of Standards and
Technology.

4. Reinhardt JW. Minimum performance standard for
aircraft cargo compartment halon replacement fire
suppression systems (2012 Update, FAA Report DOT/
FAA/TC-TN12/11), 2012, https://www.fire.tc.faa.gov/pdf/
TC-TN12-11.pdf

5. Cong BH and Liao GX. Review of modeling fire
suppression by water sprays by computational fluid
dynamics. Int J Eng Perform Based Fire Codes 2005; 7:
35–56.

6. Sivaramakrishnan CN. Ozone-depleting substances:
alternatives. In: The World Bank Group (ed.) Pollution
prevention and abatement handbook. Washington, DC: The
World Bank Group, 1998, pp. 250–257.

7. Hewson JC, Park PT, Hill P, et al. Predicting fire
suppression in a simulated engine nacelle (SAND–2004-
2891C). In: Halon options technical working conference,
Albuquerque, NM, 4–6 May 2004.

8. Ugust A, Ovi N, Ichigan M, et al. Fire suppression
modeling using computational fluid dynamics. In: NDIA
ground vehicle systems engineering and technology
symposium, Novi, MI, 12–14 August 2014.

9. Speitel L. Options to the use of halons for aircraft fire
suppression systems – 2012 update (FAA Report DOT/
FAA/AR-11/31), 2012, https://www.fire.tc.faa.gov/pdf/11-
31.pdf

10. Hewson JC, Tieszen SR, Sundberg WD, et al. CFD
modeling of fire suppression and its role in optimizing
suppressant distribution. In: Proceedings of the halon
options technical conference, NIST SP 984-4, Gaithersburg,
MD, 1 January 2003.

11. Senecal JA. Flame extinguishing in the cup-burner by inert
gases. Fire Saf J 2005; 40: 579–591.

12. Dinesh A, Benson CM, Holborn PG, et al. Performance
evaluation of nitrogen for fire safety application in aircraft.
Reliab Eng Syst Saf 2020; 202: 107044.

13. Hu X, Kraaijeveld A and Log T. Numerical investigation
of the required quantity of inert gas agents in fire
suppression systems. Energies 2020; 13: 2536.

14. McGrattan K, Hostikka S, McDermott R, et al. Fire
dynamics simulator user’s guide. Gaithersburg, MD:
National Institute of Standards and Technology, 2019.

15. Klein RA. SFPE handbook of fire protection engineering.
5th ed. New York; Heidelberg; Dordrecht; London:
Springer, 2015.

16. National Fire Protection Association. NFPA 72: national
fire alarm and signaling code, 2013, https://www.nfpa.org/
Assets/files/AboutTheCodes/72/72-A2012-ROC.pdf

Xiong et al. 259

https://orcid.org/0000-0003-0581-3994
http://www.tc.faa.gov/its/worldpac/techrpt/ar00-28.pdf
http://www.tc.faa.gov/its/worldpac/techrpt/ar00-28.pdf
https://www.fire.tc.faa.gov/pdf/TC-TN12-11.pdf
https://www.fire.tc.faa.gov/pdf/TC-TN12-11.pdf
https://www.fire.tc.faa.gov/pdf/11-31.pdf
https://www.fire.tc.faa.gov/pdf/11-31.pdf
https://www.nfpa.org/Assets/files/AboutTheCodes/72/72-A2012-ROC.pdf
https://www.nfpa.org/Assets/files/AboutTheCodes/72/72-A2012-ROC.pdf


17. Vassart O, Zhao B, Cajot LG, et al. Eurocodes: background
and applications – structural fire design. Luxembourg City:
Publications Office of the European Union, 2014.

18. Oyj N and Centre PI. Safety data sheet aviation jet fuel
JET A-1 (JETA1), 2018, https://www.neste.fi/static/ktt/
10505_eng.pdf

19. Xu R, Wang H, Colket M, et al. Thermochemical
properties of jet fuels, 2015, https://web.stanford.edu/
group/haiwanglab/HyChem/approach/
Report_Jet_Fuel_Thermochemical_Properties_v6.pdf

20. Hamins A, Maranghides A and Mulholland G. The global
combustion behavior of 1 MW to 3 MW hydrocarbon
spray fires burning in an open environment (Report
NISTIR 7013), 2003, https://www.nist.gov/publications/
global-combustion-behavior-1-mw-3-mw-hydrocarbon-
spray-fires-burning-open-environment

21. McGrattan K, Hostikka S, McDermott R, et al. Fire
dynamics simulator technical reference guide volume 1:

mathematical model, https://pdfs.semanticscholar.org/
c92b/14a2272a984788c97e38f4553c033a0a9004.pdf

22. White JP, Vilfayeau S, Marshall AW, et al. Modeling flame
extinction and reignition in large eddy simulations with fast
chemistry. Fire Saf J 2017; 90: 72–85.

23. Delichatsios MA. Fire growth rates in wood cribs.
Combust Flame 1976; 27: 267–278.

24. Cai N and Chow WK. Numerical studies on heat release
rate in room fire on liquid fuel under different ventilation
factors. Int J Chem Eng 2012; 2012: 910869.

25. Iqbal N and Salley MH. Fire dynamics tools (FDTs)
quantitative fire hazard analysis methods for the U.S.
Nuclear Regulatory Commission Fire Protection Inspection
Program (NUREG-1805, Final Report). Washington, DC:
U.S. Nuclear Regulatory Commission, 2004.

26. Babrauskas V. Estimating large pool fire burning rates. J
Hazard Mater 1983; 25: 586–591.

Appendix 1

Temperature profile of benchmark surface-burning fire (pyrolysis model).

260 Journal of Fire Sciences 39(3)

https://www.neste.fi/static/ktt/10505_eng.pdf
https://www.neste.fi/static/ktt/10505_eng.pdf
https://web.stanford.edu/group/haiwanglab/HyChem/approach/Report_Jet_Fuel_Thermochemical_Properties_v6.pdf
https://web.stanford.edu/group/haiwanglab/HyChem/approach/Report_Jet_Fuel_Thermochemical_Properties_v6.pdf
https://web.stanford.edu/group/haiwanglab/HyChem/approach/Report_Jet_Fuel_Thermochemical_Properties_v6.pdf
https://www.nist.gov/publications/global-combustion-behavior-1-mw-3-mw-hydrocarbon-spray-fires-burning-open-environment
https://www.nist.gov/publications/global-combustion-behavior-1-mw-3-mw-hydrocarbon-spray-fires-burning-open-environment
https://www.nist.gov/publications/global-combustion-behavior-1-mw-3-mw-hydrocarbon-spray-fires-burning-open-environment
https://pdfs.semanticscholar.org/c92b/14a2272a984788c97e38f4553c033a0a9004.pdf
https://pdfs.semanticscholar.org/c92b/14a2272a984788c97e38f4553c033a0a9004.pdf


Appendix 2

Temperature profile of benchmark surface-burning fire (designed fire).
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