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Abstract—The paper presents a steady-state or transient, three-dimensional mathematical field model
describing aircraft cabin fires. The fire is modelled by a simple heat source, and the simulation is intended
to represent non-spreading fires. The computer code implementing the model uses a body-fitted coordinate
(BFC) formulation to describe accurately the interior of the aircraft, that is neither Cartesian nor polar—
cylindrical. The model is first used to predict the experimental results obtained from a series of fire tests
performed in a Boeing-737 fuselage (without fittings). Both steady-state and transient results are presented
and discussed. Then the effect of openings in the fuselage and cabin compartmentation on the temperature
distribution within the empty aircraft cabin is investigated. With the forward and aft bulkhead doors open,
allowing for natural convection, the temperatures are kept to tolerable levels, When the forward door is
closed while the aft is kept open, temperatures increase throughout the cabin even in the aft section. With
both forward and aft doors open, the cabin is partitioned into two communicating sections, the forward
section containing the fire. When compared to the non-compartmented case temperatures in the aft section
decrease while temperatures in the forward section increase. With the cabin fitted with seats, ceiling
panels and overhead stowage bins the effect of the aircraft’s air-conditioning system on the temperature
distribution within the burning fuselage is examined. The results suggest that a reverse flow situation (i.e.
cold air injected through floor vents and hot air sucked out at ceiling vents) greatly reduces the temperature
throughout the fuselage. It is concluded that, although insufficiently validated as yet due to the lack of
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extensive and suitable experimental data, the model is promising.

1. INTRODUCTION

AIRCRAFT accidents are often accompanied by fire.
The large quantities of flammable fuel carried by mod-
ern aircraft (214000 and 105000 ! for the B-747 and
L-1011, respectively) and the cabin design, which con-
sists of a densely populated enclosure lined and fur-
nished with organic (largely synthetic) materials (4200
kg of such material is carried on a B-747) makes the
possibility of fire a major concern.

Life threatening aircraft cabin fires belong to one
of two groups, the so-called post-crash fire and the
in-flight fire. The post-crash fire involves survivable
crashes, i.e. incidents in which occupants survive the
initial trauma of impact. In post-crash fires the fire is
initiated outside the cabin usually due to a fuel spill.
The fire then attacks the aircraft cabin gaining entry
via breaks due to impact damage. A Boeing study of
more than 150 survivable crashes suggests that about
1300 people who may have survived the impacts per-
ished as a result of fire [1]. In-flight fires mostly occur
in accessible areas such as a galley or toilet. In the 20
years from 1964 to 1984 approximately 300 cases of
in-flight fires have been reported, of these some 52

181

have proved fatal, accounting for about 1000 deaths
[1-3].

To uncover details concerning the fire-dynamics
involved and the hazards responsible for preventing
escape by passengers and ultimately their death, it is
necessary to perform simulations of several possible
fire scenarios. The simulation may be either numeri-
cal, i.e. computer-based mathematical model or exper-
imental fire tests.

Mathematical modelling offers a cheaper and more
general alternative to the experimental approach, pro-
vided that the models can be reliably validated. Both
zone and field models have been implemented in
describing aircraft cabin fires [3, 4]. Zone modelling
represents the state-of-the-art approach currently in
use; DACFIR (e.g. ref. [5]; for a comprehensive list
see ref. {3]) being the most sophisticated of the zone
modelling packages available for aircraft fires. The
field modelling formulation, while still in its infancy,
is emerging as the ‘new technology’ for modelling of
aircraft cabin fires. It is already becoming a more
widely accepted tool within the building fire com-
munity [6-12]. Previous attempts at modelling aircraft
cabin fires using the field modelling approach have
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covariant base vectors
e;  contravariant base vectors
F  general force vector
g, non-orthogonal unit vectors
i Cartesian unit vectors
(./' =1, 2~ 3)
k  turbulent kinetic energy
n outward drawn normal

vector
P pressure
R radial position vector
S, source terms
u;  velocity components
V  velocity vector

Cartesian coordinates.

=

NOMENCLATURE

Greek symbols
I’  exchange coefficient
&  Kronecker delta
€ dissipation rate of &
jt  viscosity

i laminar viscosity
¢, curvilinear coordinates
p  density

Prandtl number
¥ stress tensor
¢, scalar variable
®  angular velocity vector.

Other symbol
V  vector differential operator.

been confined to two-dimensional studies (e.g. ref.
[13]; for a comprehensive list see ref. {3]). Satoh and
Kurvishi [14] have performed a three-dimensional
simulation of an aircraft cabin fire, but this study
lacked an accurate description of the aircraft cabin
geometry. More recently Galea and Markatos [15~
17] have modelled aircraft fires using non-orthogonal,
curvilinear, body-fitted coordinates (BFCs). This
approach allows realistically shaped aircraft cabins to
be simulated (see Fig. 1).

In the following sections a mathematical field model
describing the in-flight fire scenario is presented and
discussed. The model, still under development,

attempts to simulate turbulent, buoyant fluid flow
and heat transfer within a realistically shaped aircraft
cabin. The dimensions of the cabin are that of a Boe-
ing-737; its length is 17.1 m with a width of 3.3 m at
the floor and a maximum height of 2.1 m. The volume
is 104 m*. Doors of dimensions 1.5 mx0.9 m are
situated in the forward and aft bulkheads [18] (sece
Fig. 1). The ambient temperature was 29°C. Both
steady-state and time-dependent simulations are pre-
sented here.

In an attempt to validate the numerical model, cal-
culated results are compared with a set of exper-
imental data from cabin fire tests conducted at the

FiG. 1. Body fitted coordinate grid used in numerical simulations.
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Johnson Space Centre [18]. These tests consisted of
a series of 25 experiments conducted in the above
fuselage. Test 6 was chosen as the most appropriate
for comparison purposes. In this test the fire source,
a fuel pan of dimensions 0.61 m x 0.61 m containing
4.5 1 of Jet A-1 fuel, was located on the floor just off
centre. Over the first 6 min of the burn this cor-
responded to a constant heat release rate of 239 kW.
During the last 4 min the heat release rate had dropped
to a constant 50.7 kW. In test 6, the forward and aft
bulkhead doors were left open allowing for natural
ventilation.

Four sets of results are presented and discussed.
The first group consists of a series of steady-state
grid refinement/validation results, simulating the near
equilibrium conditions which develop after 10 min of
the burn. The fire is simulated by a volumetric heat
source of 50.7 kW. The second group consists of a
series of time-dependent simulations covering the first
4 min of the burn. The fire is simulated by a 239 kW
volumetric heat source. The third set examines the
effects of various cabin openings and compart-
mentation on the temperature distribution within the
burning cabin. The fire, located on the floor, just off
the cabin centre, is simulated again by a heat source
of 50.7 kW. The fourth set represents a fire situation
similar to that in the first group with the additional
features of the cabin environmental control system
and internal fittings included. The environmental con-
trol system consists of uniform venting at the ceiling
and floor. The ceiling vents are situated at the top of
the ceiling while the floor vents are located in the left
and right corners where the side panels meet the floor.
Both the ceiling and floor vents extend along the entire
length of the cabin. From these vents either hot air
may be sucked out of, or cool air injected into the
cabin. The venting rate is such that a complete air
change is produced in 3 min. The fittings consist of
two rows of seats and a ceiling unit including the
passenger stowage bins. The seating configuration
consists of a row of three seats abreast and a row of
two seats abreast separated by an aisle. Seating in the
vicinity of the heat source is not included (see Figs.
2(a) and (b)). While the dimensions of the cabin are
modelled on the B-737 it has been necessary to
approximate the furniture specifications.

2. THE MATHEMATICAL FORMULATION

The starting point of the analysis is the set of three-
dimensional, partial differential equations that govern
the phenomena of interest here. This set consists, in
general, of the following equations: the continuity
equation ; the three momentum equations that govern
the conservation of momentum per unit mass (e.g.
velocity) in each of the three space directions (the
Navier—-Stokes equations); the equations for con-
servation of energy and species concentrations ; and,
the equations for a turbulence model (in this case the

(a)
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FiG. 2. (a) Cylindrical section of aircraft cabin showing

position of seats, ceiling panel and overhead stowage bins.

(b) Longitudinal section of cabin showing position of seats
and ceiling panel and the open forward and aft doorway.

k—¢ model). The computer code PHOENICS [19] is
used to solve this set of equations.

2.1. The momentum equations

The momentum equations in general non-orthog-
onal coordinate systems are derived from the fol-
lowing general, coordinate-free, vector form of the
Navier-Stokes equations:

av .
p[zﬁ +(V-V)V] —V-i=-Vp+F (1)

where V is the velocity vector, V the vector differential
operator, F a general force vector, and % the stress
tensor, which represents both viscous stresses and
Reynolds stresses arising from the ensemble averaging
of the unsteady momentum equations in turbulent
flows.

Certain velocity vector and derivative relations are
defined here and will be used later. Let X, be Cartesian
coordinates with unit vectors i,. Then the velocity
vector V is

3
V=% ui,=ui, +ui,
j=1
Fusiy = witujruk (2)
where u; are the velocity components.
In this system we also have
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where the second term is zero for incompressible flows
with constant viscosity p.

The force F includes such contributions as the cen-
trifugal force —pw xox R and the Coriolis force
term — 2p@ x V, where o is the angular velocity vector
equal to wi; and R is the radial position vector equal
to

R = Rcos i+ Rsin (i,
where R is the radial coordinate.

When one considers BFCs there is a choice of either
curvilinear orthogonal or curvilincar non-orthogonal
systems. The advantage of the former is that the trans-
port equations are little different to their Cartesian
counterparts. and their discretized forms possess
nearly the same general form as for regular coordinate
systems [20]. By contrast the equations in general non-
orthogonal coordinates and their discretized wver-
sions are considerably more complicated, and may
give rise to computational problems [21]. The orthog-
onal coordinates present however several disadvan-
tages. The coordinate mesh must be generated by
some means, such as usually the solution of differ-
ential equations expressing the family of curves
orthogonal to a chosen family of curves that fits the
domain. This process can be very costly (the setting
of the grid can be as expensive as the solving of the
equations [22]). Furthermore, orthogonal lines so
generated often distribute themselves in an incon-
venient and inefficient manner (particularly in regions
with non-orthogonally intersecting boundaries) and
restrict the flexibility of selective grid refinement for a
given shape. Non-orthogonal coordinates are more
versatile : the mesh is easier to generate and distribute,
and can be aligned with streamlines, thus suppressing
“false-diffusion” [21. 23]. Although the code used,
PHOENICS, caters for both systems easily, the non-
orthogonal option was selected for this work and is
described below.

Let us consider a general non-orthogonal system
defined as

S =X X X)), =123 (5

where ¢, are the curvilinear coordinates at any point.
and X, X5, X; are its Cartesian coordinates. Let g,
be the non-orthogonal unit vectors along the three
coordinate directions. Various options of formulating
the momentum equation in the coordinate direction /
arise by identifying g, with some direction. Thus, by
identifying g, with the direction normal to the coor-
dinate surface through which i passes (in other words,
by identifying g, with the covariant base vector ') we
can derive the equation for the component of momen-
tum in the coordinate direction / (see Fig. 3(a)), for

eV =¢- (l‘/e,) =, (6)

The covariant vectors are defined in terms of the con-

(b) u

FiG. 3. Definition of vector resolutes and components.

travariant vectors thus
e =e,xe/[e; e, x e},
e’ =e;xe,/[e, e, xe;]. etc. N

Consider the simple oblique Cartesian system of Fig.
3(b), where the « velocity is aligned with the x-direc-
tion. The contravariant vectors may be written
directly in terms of the Cartesian vectors i, j, k

e, =ie, =cosudi+singj.e, =k
and
e te.xe; =sinag,e;xe; =kxi=j
and therefore
. e e, 9 e
e' = (—cos aj+sin ai)/sin a.e” = j/sin a.

Recall that the definition of the base vectors e’ is such
as to ensure the orthogonality condition

ere, = J) (Kronecker)

and that of course e'-e' is not unity since these are
not unit vectors, as seen from their definitions.

It is obvious from the above that in general non-
orthogonal coordinates there exists a number of
options in formulating the transport equations [21].
They arise from the many degrees of freedom available
in the choice of velocity components and their align-
ment or otherwise with the coordinates, as well as the
direction of resolution of the momentum equation.
The main options have been presented and analysed
in refs. {21, 24] and are: whether the velocity direc-
tions are spatially invariant or not (leading to strong
or weak conservation forms); whether the velocity
components are in the direction of or normal to
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the coordinate directions; whether physical or non-
physical velocities are used (leading to covariant or
contravariant forms, respectively); and whether
the momentum equation is resolved into components
aligned with or normal to the coordinate directions.
All these are naturally equivalent to each other from
the physical point of view, but present substantial
differences from the numerical analysis point of view.
The most extensively used option is the form with
vectors and tensors resolved into their Cartesian
components.

More recent work using contravariant physical vel-
ocity components is reported in ref. [21].

The procedure embodied in PHOENICS uses the
equation for the resolute of the momentum along the
coordinate direction i. This is obtained by identifying
g, with the unit vector tangent to direction n, and
forming the vector dot product of g, with equation
(1). The momentum equation is solved in terms of the
resolutes (e.g. the projections) of the velocity vector
V into the local coordinate directions, e.g. the reso-
lutes are defined as [25]

3
V=g, V=73 g.,U, n=123 (8
y=1
where U, are the Cartesian components and the unit
tangent vectors in the three coordinate directions are

3
g = X.é,,/lx.:,,l = Z gn./’i/'s nh= 1’2’3 (9)
J=1

with X being the position vector of a point, and the
subscript .¢, denotes a partial derivative with respect
to the curvilinear coordinate £,. To obtain the resolute
of the momentum equation in each of the coordinate
directions we form the dot product of unit tangent
vectors with the momentum equation (1).

Thus

ov
g <p5> +g,,'(pV'V)V—g"' (V.“V)V

_gn's;t= _'gn'vp—gn'F (10)

where S, represents the second term of equation (4).
We have from vector calculus

V(g pV) = (pV Vg, +(g." V)pV

+pVx(Vxg)+g, x(VxpV). (1)

+ Use is made of
Vog, x (VxV)y= —g, - (VX(VxV)V (1)
(V'V)V=V<¥> -V x(VxV) 2)

V:-Vx(Vxg,)=(VxV)-(Vxg,) =0 (since VxV =0).
3)
Thus

V 2
ev() = v wv.

Taking the dot product of equation (11) with VI we
have

(pV-NV, =V-(pV-V)g,+g.- (pV-V)V. (12)
We also have for a scalar variable ¢,

V- (pVo,) = pV-Vo, (13)

and

(V-uV)V-g, =g,- (V- uV)V+V-(V-uVg,. (14)

Using equations (12)—(14) we can write equation (10)
as follows:

ov
gn‘(pat> +V: (pVVn)_(V.ﬂV)Vn

_gn.su = _gn.VP+V'(pV.V)gn

=V (V-uV)g, —g,°F (15)

and
V-VW,=V-(V-V)g,+g,- (V' V)V,

This is the general momentum equation for appro-
priate F forces (for example, the centrifugal force term
g, (pw x 0 x R) and the Coriolis force g, - 2pw x V)).
The following derivate and velocity vector relation-
ships are used to evaluate the various terms in equa-
tion (15).

From equations (3) and (9). the partial derivative
in the direction &, is

0 3 0
= 7 V = nj~_ 16
o =& ,;. Ini gy (16)
with inverse
é 3 0
= i 1
axn et Gn./ aé/ ( 7)

where G, , the elements of the inverse matrix of the
elements g, , (see below).

2.2. The continuity equation

The continuity equation is solved in terms of the
velocity components along the coordinate directions.
These components, say, u,,

are calculated from the velocity resolutes by solving
the simultaneous equations

3
Vo= Y g (gu), n=123 (18)
r=1

The solution for the components in terms of the res-
olutes is

3
u, =y GV, n=1273

(19)
where
(1—=¢* (bc—a) (ac—b)
G,,Jo=|(bc—a) (1-b*) (ab—0c) (20)
(ac—b) (ab—c¢) (1—a?)
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where

a=g;"gb=g gc=g g 21
and the scalar coefficient ¢ is defined by

o =[l—{(a"+b"+c>—2ahc)] . (22)

For orthogonal coordinates, a = # = ¢ = 0 and there-
fore u, = V..
Using equations (2) and (19) it follows that

3 3 3
V= Z in z Gn.fVi: Z. Q;VI

=1 =

(23)
LI
where the vectors Q, for expanding V in terms of

resolutes is
3

Q=% G,i.

n=1

(24)

From equations {3}, (17) and (21) we get for the vector
differential operator
v R ¢

/:21 Q/ (q é/ .
A method for determining the gradient trans-
formation vectors Q, for general coordinates has been
developed independently by Swanson [23] and by
Parameswaran [26].

With these expressions we can evaluate all terms
in equation (15), e.g. force, viscous and acceleration
terms, and also solve the continuity equation. The
curvilinear acceleration terms arise from the vector
product V+(pV-V)g, . and there are. in general, nine
possible acceleration terms for each momentum equa-
tion (although they reduce to six due to the symmetry
of the tensor). In cylindrical coordinates they reduce
to the familiar centripetal and Coriolis terms. Some
further details on the evaluation of these terms may
be found in refs. [23, 26}.

(25)

2.3. The general @p-equation
Equation {15) can be generalized [23] to provide
the appropriate equation for any scalar variable

V-Q = So,
where
Q=pVo,~T, Vo,

and @, a general scalar variable, such as V,, k, ¢, etc.
Fork, &

Sy = G—pe+Gg. S, = CigfkG~Cpe™jk (28)
where in Cartesian-tensor form

G = u(fu,{0x,+ 0u,/dx y0u,[Ox, 29

where u,, u, the velocity components in the direction
of the Cartesian coordinates x, and x; with i = I, 2,
3, j=1, 2, 3. The effective exchange coeflicients for
v, k, & are

Lo=mtpe=p p=pC—

o =w+ufon, To=wm+upio, (30}

where g is the laminar viscosity, €, C,, C, are tur-
bulence model constants: and o, ,. 0., are the tur-
bulence Prandtl numbers for & and &.

Buoyancy—turbulence interactions are not straight-
forward to predict: and lead also to difficulties in
convergence of the numerical schemes. These inter-
actions are accounted for in the gencration term of
the k-equation, equation (28) above, by the addition
of the following term:

i

3 Sy
(Ti.ﬂ; (,‘

Gu=—

where B is the volume expansion coefficient. In stable
stratification, Gy becomes a sink term so that the
turbulent mixing is reduced. In unstable stratification,
the buoyancy will enhance turbulence since Gy, is posi-
tive. This treatment is based on the original work in
refs. [27, 28], as modified in refs. [7. 29]. The buoyancy
term appearing tentatively in the s-equation in other
k~¢ calculations for buoyant flows [27, 28]. has been
omitted. There is no obvious physical reason for
including such a term, and other related work indi-
cated that it is completely insignificant [7]. More
details may be found in refs. [7, 27, 28].

2.4, Finite volume equations

The finite volume equations can be derived in the
same way as for regular grids, namely by applying
integration of the equations over a control volume.
Thus

P

j V'QdV=Jn‘QdS=J n-{pVe,
a1 s s

~T,V¢,)dS (31)

where n is the outward drawn normal to any of the
six surfaces defining AV and S denotes surface area.
Integration entails assumptions about the distribution
of the variables between nodes centred in each con-
trol volume. For the convection terms, all fluid proper-
ties are assumed uniform over cell faces; and, except
in respect of the velocities for which the face-centre
values are stored, the values prevailing at the cell
face are determined by using upwind interpolation.
In diffusion terms, the property gradients and the
transport properties which they multiply are uniform
over cell faces. The gradients are based on the sup-
position that the properties vary linearly, and the
transport properties are arithmetic averages of those
on either side of the cell faces. In source terms. the
nodal values are supposed to prevail over the whole
of the cell volume.

For any dependent variable the partial differential
equation is finally represented by a coupled set of
algebraic equations of the form

AP([)P = Z Al‘p5+5’ﬂ {3:)

where the A,’s are the coefficients expressing the influ-
ence of convection and diffusion. S, is the integral
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source term, P refers to the control volume under
consideration and X, indicates summation over the
neighbouring nodes.

There are innumerable details in deriving the above
equations which cannot be presented here because of
space considerations. They all matter and should be
considered as very important. For example, the dis-
cretization of the nine curvature terms, V+(pV-V)g,
in equations (15), requires careful consideration to
ensure automatically momentum conservation at
locations of abrupt change in coordinate directions.
When they are treated as source terms they lead to
weak conservation, while their implicit treatment into
the convection terms leads to strongly conservative
formulation. A description of the treatment for these
terms is given by Malin [25]. A complete description
of the finite-volume equations is given in ref, [30].

2.5. Solution procedure

The solutions are obtained with the computer code
PHOENICS [19]. The solution algorithm is based
upon the iterative ‘guess-and-correct’ procedure of
Patankar and Spalding [31], but is modified in accord-
ance with the SIMPLEST algorithm of Spalding {32].
In general, the solution is obtained by sweeping
repeatedly through the calculation domain, solving
successively at each slab of cells for each dependent
variable in turn. A modified version of Stone’s
strongly implicit method [33] is used to solve, in turn,
the equations for k, ¢ and A. Next, the velocities are
obtained by solving the momentum equations using
the old iterate pressures. The solution for the velocity
variables proceeds by way of the SIMPLEST pro-
cedure [32]. Then, continuity is enforced by solving a
pressure-correction {p’) equation [31}], which deter-
mines the required adjustments to the velocities and
pressures. The p’-equation is solved in a ‘whole-field’
manner by using a simultaneous procedure, which is
also similar to Stone’s method. The whole process
is then repeated until the solution converges. More
detailed descriptions of the solution algorithm and its
features can be found in refs. [31, 32, 34}

It is worth mentioning here that the PHOENICS
finite-volume equations are expressed in ‘correction’
form prior to their solution, thus

Apgp =3 A0+ Ry (33)
where R; is the residual defined by
Rp =3 Aip*—Ap@E+S, (34)

where the @*’s are the in-store values of the ¢’s and
the ¢"'s are the corrections which must be supplied in
order to make all the equations balance. The advan-
tages of this approach have been discussed in ref. [34].

For the present calculations on curvilinear meshes,
the solution of the p’-equation proceeds without the
contribution of the non-orthogonal elements of the
coefficient matrix. These terms are zero for orthogonal

meshes and their neglect is permissible because the
terms are without influence on the final solution of
the p’-equation. However, a derivation of the com-
plete form of the p’-equation has been given by Malin
[35].

Like all iterative procedures, the present solution
procedure is not unconditionally stable. Convergence
of the procedure is obtained through careful linear-
ization of source terms together with appropriate
relaxation of the flow variables. Two types of relax-
ation are employed, namely inertial and linear. Iner-
tial relaxation may be applied to any dependent vari-
able ¢, by adding the following source term to the
right-hand side of the finite-volume equation

Sw = (@Ppoa=—Pr) (35)

where 7 is the so-called inertia, defined by I = pV,/T;
where V, is the cell volume and T, a false time step. In
addition to the dependent variables, other quantities,
such as pressure are relaxed by using conventional
linear refaxation.

The convergence requirement is that for each set
of finite-volume equations, the sum of the absolute
residual sources over the whole solution domain be
less than 1% of reference quantities based on the
total inflow of the variable in question. An additional
requirement is that the values of monitored dependent
variables at a selected location do not change by more
than 0.1% between successive iteration cycles.

2.6. The grid and its generation

The BFC grid used can be considered as a distorted
version of the usual orthogonal grid, in which grid
lines and control cells are stretched, bent and twisted
in an arbitrary manner, subject to the cells retaining
their topologically Cartesian character. This means
that grid cells always have six sides and eight corners
in the three-dimensional case.

The procedures for the generation of grid systems
are of two general types : numerical solution of partial
differential equations for the coordinates of the cell-
corners ; and construction of the coordinates by alge-
braic interpolation.

For Cartesian and cylindrical polar regions, a
simple shearing transformation is used to generate the
mesh. The method uses a linear transformation to
normalize the distance between opposing physical
boundaries, and uni-directional interpolation between
these boundaries to generate the interior coordinates.
The distribution of the coordinate points is controlled
by a simple stretching function that concentrates
points as required.

For the non-orthogonal regions, the elliptic grid
generation approach of Warsi [36] is employed. In
this approach, the Cartesian coordinates defining the
grid corners in physical space are obtained as the
solution of non-linear partial differential equations of
the Poisson type, in which the independent variables
are the computational coordinates in transformed
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space. A first guess at the mesh points within the
physical domain is obtained by using the algebraic
technique of transfinite interpolation due to Gordon
and Hall [37]. The solution of Poisson’s equation pro-
ceeds by imposing Dirichlet boundary conditions on
all boundaries ; and the control of the coordinate lines
is exercised by introducing control functions as source
terms in the Poisson equations. Near-orthogonality
at the boundaries is achieved by using the boundary-
coordinate updating procedure described by Adam-
son [38]. The grid generation is performed in two
dimensions, and three-dimensional problems are
treated by using meshes made of stacked two-dimen-
sional systems. This procedure is used for the present
three-dimensional ‘cylindrical-polar type™ regions.
with the two-dimensional mesh being translated and
rotated to form a three-dimensional system.

3. APPLICATION OF THE MODEL

3.1. The test case considered

To the authors’ best knowledge there is a very
limited amount of experimental data that can reason-
ably be used to validate the present model. One such
set of experiments, those referring to a Boeing-737
was used as a reference set for applying the model
and judging the plausibility of its predictions. These
reference predictions are presented in this section as
a demonstration of the model’s potential and as a
motivation for further detailed experiments, that are
urgently needed if these models are ever going to
become real practical tools for design. Details of the
Boeing-737 fuselage used and of the experimental
measurements may be found in ref. [39].

3.2. The boundary and special conditions

The solution procedure can accommodate any type
of boundary conditions. For the test case considered,
in order to predict accurate results in the vicinity of
the open doors, it was found desirable to extend the
solution domain outside the fire compartment, into
the atmosphere. At the free boundaries thus formed
a uniform pressure was specified, and the atmosphere
was considered at zero wind speed and ambient tem-
perature of 25°C. At the solid boundaries the no-slip
condition was used for velocities and both isothermal
(at 25°C) and adiabatic conditions for temperature.
The usual “wall functions’ [31] were used to compute
the shear stresses and heat fluxes at the walls. The
cabin fittings (e.g. seats) were modelled as blockages
to flow by the use of porosities [30]. The no-slip con-
dition was again applied for velocities, and shear
stresses and heat fluxes were also computed via the
‘wall functions’.

3.3. Computational details

All numerical calculations were performed on a
NORSK 570 computer. The calculations involve large
amounts of computer time on this machine. Using

a grid comprising of 4200 cells (i.c. 10x 10x42)
requires approximately 12 h of CPU while a grid of
20328 cells (i.e. 22 x22 x42) required in excess of
62 h of CPU. Convergence was easily obtained. using
relaxation on all variables. Starting with zero initial
conditions, the number of sweeps required to achieve
convergence for a steady-state calculation with the
22 %22 x42 grid was about 5000. At this stage the
residuals in the balance equations had fallen to below
10 * (normalized with respect to typical values of the
fluxes in the field). Further sweeps of the solution
domain confirmed no changes in the fields. The sum
of the absolute volumetric continuity error over the
whole field was insignificant, at 10~°,

3.4. Results and discussion

The first set of results relate to the grid refinement/
studies and to the comparison with the experiments.
The fire consisted of a 50.7 kW heat source set in
the centre of an empty B-737 fuselage. The results
were found not to be particularly sensitive to the
number of cells in the =-direction (along the length of
the cabin). The results were however strongly de-
pendent on the grid in the x—y plane (i.e. the cylin-
drical cross sections). The grids considered were
10x10x42: 16 x 16 x42 and 22 x 22 x 42. Of the 42
cells in the z-direction, 34 were interior cells, while
four slabs of cells were used at either end outside the
cabin to model realistically the domain in the vicinity
of the open doors.

Figure 4(a) depicts temperature contours at the last
exterior = station near the aft door, as predicted using
the 22 x 22 x 42 grid. Figure 4(b) shows the velocity
field along the length of the fuselage. The particular
plane depicted passes through the open doors and the
centre of the heat source. Note the relatively cool air
(at higher than ambient temperatures) entering the
cabin in the bottom portion of the open doorway
and the tongue of hot air billowing out from the top
section of the doorway. Figure 4(b) also shows the
plume above the heat source and the ceiling jets away
from the plume. In this plane a two-layered structure
develops in the cabin atmosphere with small re-cir-
culation regions near the floor soffits. The neutral
plane is situated midway (51%) in the open doorway.

The comparison between the numerical results and
the experimental data is shown in Figs. 5(a) and (b).
Figure 5(a) compares predicted temperatures with
experimental data at two heights, 0.5 and 1.5 m above
the cabin floor, while Fig. 5(b) is a comparison of
the experimental and predicted vertical temperature
stratification 6 and 13 m from the open aft door at
the centreline of the fuselage.

The above results, and the many more that were
obtained but not reported here due to space restric-
tions, indicate that there is fair overall agreement
between experimental data and numerical results, for
the 22 x 22 x 42 grid. The coarse grids examined (com-
prising of about 4200 cells). while not showing good
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FI1G. 4. (a) Temperature contours (°C) at aft doorway. (b) Velocity field along the length of the fuselage
passing through the heat source (50.7 kW, 22 x 22 x 42 grid).
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F1G. 6. Velocity field in a cylindrical section through the fire
source.

agreement with the experiments, do still follow the
broad trends found in the experimental curves. It is
concluded that with a grid comprising of 20 328 cells
adequate results were obtained, for the particular case
considered ; and that the much faster coarse-grid runs
are useful when qualitative rather than quantitative
results are desired. Clearly, in order to demonstrate
grid independency of the results, grids much in excess
of 40000 (say 31 x 31 x 42) cells must be employed.

Further study of the results reveals that the atmo-
sphere in the cabin is stratified into horizontal layers
parallel to the floor. This is in agreement with the
experimental observations [39]. The air near the floor
is heated to 42°C while air in the vicinity of the ceiling
is heated to 88°C. Figure 6 shows the velocity field in
a cylindrical section through the fire plume. Entrain-
ment of air into the plume and impingement of the
plume at the ceiling as well as the resulting re-cir-
culation region can be seen. Temperatures within the
plume are predicted to exceed 420°C. A thermocouple
station was located at 0.3 m above the fuel pan. Tem-
peratures of 300°C were recorded there, as compared
with 319°C predicted by the model.

The next set of results presented concern the tran-
sient calculations, that attempt to model the first 4
min of the burn. The fire consisted of a 239 kW volu-
metric heat source. The grids used consisted of 4200
cells (10 x 10 x 42) and 10752 cells (16 x 16 x42). The
preceding steady-state grid refinement studies suggest
that these grids will not produce quantitatively accur-
ate results ; however these runs demonstrate the ability
of the code to model the broad experimental trends
in the transient mode.

Figure 7(a) compares numerical and experimental
temperature data at a height of 0.5 m above the
floor, for two grids (10x10x 42 and 16 x 16 x42).
The figure depicts temperatures along the length of
the B-737 fuselage 4 min after the fire was ignited.
As was observed in the steady-state case, the broad
trends found in the experimental curve are followed
by the numerical curves. The finer mesh while still
overestimating the temperatures displays a marked
improvement in predicting the maximum temperature
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FiG. 7(b). Numerical and experimental axial temperatures
for the 239 kW fire (°C) 0.5 m above the floor after | min.

at this height. It is expected that, as in the steady-state
case, the overall accuracy of the numerical results will
increase as the grid is further refined. To show the
time development of temperatures, Fig. 7(b) presents
the same information, for the coarse-grid run, at only
1 min after ignition.

The above comparisons between model and exper-
imental results suggests that the model is capable of
simulating non-spreading fires within aircraft fusel-
ages. However, much more effort must be invested in
the thorough validation of the code.
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The remainder of this section is concerned with
predicting the effect of various cabin openings, and of
the cabin air-conditioning system and seating con-
figuration on conditions within the cabin. The overall
cabin dimensions and fire geometry are identical to
those of the steady-state case, reported earlier.

The first set of results is concerned with inves-
tigating the effects of cabin openings and com-
partmentation on the temperature distribution within
the aircraft cabin. Three cases are considered. In the
first case both forward and aft doors are open, while
in the second. the forward door is closed. The third
case is similar to the first, except that the cabin con-
tains an internal bulkhead with an open doorway. The
bulkhead is located in the aft section of the cabin 1.5
m from the heat source. The doorway has identical
dimensions to, and is positioned in the same location
on the bulkhead as, the external door. In all three
cases a grid of 8704 (16 x 16 x 34) internal cells were
used. As in the earlier studies, in order to find physi-
cally realistic behaviour in the vicinity of open doors
itis necessary to extend the solution domain to regions
outside the fire compartment. Four slabs of cells out-
side each open door were used for this purpose.

Figures 8(a) and (b) show temperatures along the
length of the fuselage at 0.53 m (Fig. 8(a)) and 1.49
m (Fig. 8(b)) above the floor for the first two cases
investigated. As expected lower temperatures result
when both forward and aft doors are open while
higher temperatures occur when the forward door is
closed.

Since the combustion process is not modelled, the
oxygen supply has no effect on the power output of
the fire, which is represented by a simple heat source.
The fire is strictly non-spreading. In planned exten-
sions to the existing model, a kinetically controlled
combustion mode! will be provided, in which case the
supply of fuel and oxidant will determine the power
output of the fire. With cabin openings, the heat
source behaves as if it were a pump, sucking air at
ambient temperatures into the cabin, while pumping
hot air out through the action of ceiling jets. With
the forward door closed, temperatures in the lower
regions increase by an average of 50% while tem-
peratures in the upper regions increase by 30%. The
effect of the closed forward door is felt throughout
the cabin. The temperature increase within each level
is almost uniform throughout the cabin, with the only
exception found at the lower regions in the immediate
vicinity of the open aft door. There, the inflow of air
at ambient temperatures dilutes the hot compartment
air.

Figure 9 shows temperatures along the length of
the fuselage at 0.53 and 1.49 m above the floor for the
sectioned and unsectioned cabins. Figure 9 indicates
that the cabin partition offers some degree of pro-
tection from high temperatures in the aft section. In
the protected cabin. temperatures in the aft section
are on average 15% lower than the temperature in the
unprotected cabin. Conversely, temperatures on the
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FiG. 8. Numerical centreline temperatures along the length

of the cabin, at (2) 0.53 m and (b) 1.49 m above the floor,

for the cases, both cabin doors open and forward cabin door
closed.

fire side of the cabin are somewhat higher in the par-
titioned cabin, compared with temperatures in the
unpartitioned cabin. In the partitioned cabin, the ceil-
ing soffit acts to intercept the hot ceiling jet. Some
of the hot gases are diverted under the soffit, while
immediately behind on the fire side of the cabin a
small region of recirculating air develops.

These results suggest that cabin compartmentation
may offer passengers some protection from the effects
of elevated temperatures in the event of fire. There
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is some experimental evidence [39] to support these
claims. The earlier remarks concerning the non-
spreading nature of the fire are equally valid here. The
observed ‘protection’ offered by compartmentation
assumes that the fire is not changed by the com-

E. R. GALEA and N. C. MARKATOS

partment configuration. In reality. the beneficial
effects of the partition may be overshadowed by
creating a more intense fire, thereby increasing the
generation of fire hazards such as heat, smoke, toxic
gas, etc. However, in the event of an external fire,
these results suggest that compartmentation could
lend some additional protection to passengers.

The final set of results refers to the prediction of
the effect of the cabin environmental control system
on the heat flow in the B-737 fuseclage fitted with
furniture. The fire strength was 50.7 kW. No detailed
experimental results are available for comparison.
The solution grid used to produce these results con-
sists of 11008 (16 x 16 x 43) internal cells and 1024
(16 x 16 x4) external cells outside each open door,
and is considered very coarse for the accurate pre-
diction of the flow past the 14 rows of seats and all
the other specified features.

Three venting scenarios were investigated. The first
case, case A, involved no forced ventilation. In the
second case, case B, fresh air is injected from the
ceiling vents while hot air is sucked out from the floor
vents. Case B is intended to simulate the operation
of the environmental control systems found in most
commercial aircraft.

Figures 10 and 11 show temperature contours and
velocity vectors, respectively, in a cylindrical section
located approximately midway between the fire source
and the open aft doorway for the three venting scen-
arios. In venting cases A and C (Figs. 10(a) and (c))
the cabin atmosphere is stratified into horizontal
layers parallel to the floor. Relatively cool air exists

(c)

Fi1G. 10. Temperature contours ("C) in a cylindrical section located midway between the open aft door and
the fire, for the cases, (a) no venting, (b) forward venting and (¢) reverse venting.
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FIG. 11. Velocity vectors in a cylindrical section located midway between the open aft door and the fire,
for the cases (a) no venting, (b) forward venting and (c) reverse venting. The vector scale is identical in
each case.

near the floor while hotter air may be found in the
vicinity of the ceiling. This is in agreement with exper-
imental observations [40]. In venting case B (Fig.
10(b)) the atmosphere is still stratified into more or
less horizontal layers near the floor ; however, in the
region above the seat tops this simple stratification is
destroyed. The jet of cold air into the hot atmosphere
sets up a large circulation region (Fig. 11(b)) through-
out the length of the cabin, which extends from the
ceiling to just below the seat tops. In cases A and C
the tendency is for the air to rise from the floor to the
ceiling region (Figs. 11(a) and (¢)). The expulsion of
gases from the floor vents (case B) attempts to reverse
the natural tendency of hot air to rise. In venting case
A (no venting) temperatures near the seat bases
are approximately 40°C (Fig. 11(a)). In the case
of forward venting (case B) these temperatures are
increased to approximately 60°C (Fig. 11(b)) while in
the reverse venting situation (case C) the temperatures
are reduced to approximately 31°C (Fig. 11(c)). Tem-
peratures near the ceiling are reduced from 105°C in
venting case A (Fig. 8(a)) to 70°C in venting case C
(Fig. 11(c)).

Figures 12(a)-(c) show temperature contours along
the length of the fuselage, passing through the fire
source and seat rows. In venting case A, temperatures
of 100°C occur just above the seat tops and tem-
peratures of 40°C occur just above the seat bases (Fig.
12(a)). In the forward venting configuration (case B)
temperatures in the vicinity of the seat tops have
reduced slightly to 90°C, but temperatures just above
the seat bases have increased to 60°C (Fig. 12(b)). In
the reverse venting situation (case C) temperatures
near the seat tops and seat bases are significantly
lower. In the vicinity of the seat tops the temperature
has fallen to 60-C while just above the seat base the
temperature is near ambient (Fig. 12(c)).

It is recognized that in view of the fact that the
model has not been thoroughly validated by exper-
iment as yet, and due to the coarseness of the grids
used, these results should be viewed with some degree
of reservation. However, the usefulness of reverse
venting in reducing temperatures and smoke con-
centrations near the floor in similar fire scenarios has
been observed in full scale experimental room fires
[41].
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F1G. 12. Temperature contours ( C) along the length of the fuselage passing through the fire for the cases.
(a) no venting, (b) forward venting and (¢} reverse venting.

4. CONCLUSIONS

The objective of this work is to establish a method
of fire prediction which will eventually replace reliance
on empiricism. It was shown that the model possesses
both the flexibility and to a considerable extent the
physics for such an application. However, a great
amount of validation work is necessary before all the
limitations are revealed and removed. Such thorough
validation work is not possible at present due to the
lack of extensive and meaningful experiments, that
should be conducted immediately. The model was
therefore applied only to one test case, that of a non-
spreading fire in an aircraft cabin, for which reliable
data exist. Its performance for that case, despite the
turbulence modelling uncertainties and the relatively
coarse grids used, proved reasonably successful. Thus,
although meshes consisting of in excess of 20000 celis
are required for quantitatively accurate results, yet
as little as 4200 cells produced results in qualitative
agreement with experiments. Furthermore, the use of
BFCs has enabled realistically shaped aircraft fusel-
ages to be modelled for the first time.

The results indicate that openings in the aircraft
fuselage have a marked effect on the temperature dis-
tribution within the cabin. With the forward bulkhead
door closed while the aft door remains open, tem-
peratures at head height reach 100°C compared to
temperatures of about 60°C in the case when both
doors are open. Closing the forward door has an

appreciable effect throughout the cabin, even in the
aft section of the fuselage. The threat to human life
escalates in a corresponding manner.

In scenarios where the fire is not affected by the
compartment configuration, compartmentation was
observed to provide some passenger protection from
the hazard of elevated temperature.

The action of the aircraft’s ventilation system was
observed to have a major effect on the temperature
distribution within the burning fuselage. With the sys-
tem extracting hot air from the floor vents and inject-
ing cold air from the ceiling vents, as is found in most
commercial passenger aircraft, temperatures in the
vicinity of the seat bases increase by about 20°C over
the temperatures found in the non-venting case. In
the reverse flow situation temperatures fall to just
above the ambient temperature.

High up in the cabin, in the vicinity of the ceiling.
temperatures are also greatly reduced in the reverse
venting situation.

The use of this venting strategy could lead to the
control of the rate of spread of fire within the cabin.
Such control is particularly pertinent to the in-flight
fire scenario. The value of the method as a potential
design tool lies in the fact that it can predict the relative
changes in the field that take place as a result of a
design change, even though entirely accurate resuits
may not be obtained (because, for example, grid
effects and physical modelling uncertainties such as
turbulence). Furthermore, once fully validated, the
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method can be applied with confidence to radically
different configurations, since it is not empirical.

The method needs, of course, further develop-

ment and current research is directed towards the
inclusion of combustion and radiation models. Post-
crash fires, in which the heat source is initially ex-
ternal to the cabin are also being investigated. The
greatest urgency is, however, for the commissioning
of detailed physical experiments in paraliel with the
numerical experiments.
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MODELE MATHEMATIQUE ET SIMULATION DU DEVELOPPEMENT DU FEU DANS
UN AVION

Résumé—On présente un modéle mathématique tridimensionnel variable ou permanent qui décrit des feux
dans une cabine d'avion. Le feu est modélisé par une simple source de chaleur et la simulation peu
représenter des feux qui ne s’étendent pas. Le code de calcul utilise une formulation de coordonnées adaptée
(BFC) pour décrire avec précision I'intérieur de 'avion qui n’est ni cartésien ni cylindro-polaire. Le modéle
est tout d’abord utilis¢ pour prédire des résultats expérimentaux d’une série d’essais effectués sur un fuselage
de Boeing 737. On présente les résultats en régimes variable et permanent et on les discute. On étudie 1'effet
des ouvertures du fuselage et des cloisons entre cabines sur la distribution de température dans I'espace
vide. On examine le cas ou la cabine est équipée de ses siéges, des panneaux supérieurs et on considére
I'effet du systéme de conditionnement sur la distribution de température dans le fuselage en feu. On conclut
que bien que la validation ne soit pas suffisante. 4 cause du manque de données expérimentales, le modéle
est prometteur.

MODELLIERUNG UND SIMULATION DER ENTSTEHUNG VON FEUER IN
FLUGZEUGEN

Zusammenfassung—Das stationdre oder instationdre, dreidimensionale mathematische Modell von
Kabinenbrinden in Flugzeugen wird vorgestellt. Das Feuer wird als einfache Wirmequelle simuliert,
wobei angenommen wird, daB sich das Feuer nicht ausbreitet. Das Rechenprogramm verwendet angepafte
Ké&rperkoordinaten, um das Innere des Flugzeugs genau zu beschreiben, das weder rechteckig noch
zylindrisch ist. Das Modell wird zuerst dazu verwendet die experimentellen Ergebnisse von Brandversuchen
im Rumpf einer Boeing 737 nachzurechnen. Sowohl die Ergebnisse fiir den stationdren als auch fiir den
instationdren Fall werden dargestellt und diskutiert. Danach wird der EinfluB von Offnungen im Rumpf
und von Trennwinden in der Kabine auf die Temperaturverteilung in dem leeren Flugzeug untersucht.
Wenn die vordere und die hintere Tir gedffnet sind. so daB ein natiirlicher Durchzug entsteht, bleiben die
Temperaturen in einem ertriglichen Rahmen. Bei geschlossener vorderer und offener hinterer Tiir nehmen
die Temperaturen in der ganzen Kabine zu, sogar im hinteren Bereich. Bei gedffneter vorderer und hinterer
Tiir wird die Kabine in zwei Abteile unterteilt, das vordere enthilt das Feuer. Im Vergleich zum Fall ohne
Trennwand liegt die Temperatur im vorderen Teil héher und im hinteren Teil niedriger. Zum SchiuB wird
der EinfluB der Klimaanlage des Flugzeugs bei voll ausgestatteter Kabine auf die Temperaturverteilung in
dem brennenden Rumpf untersucht. Die Ergebnisse zeigen, daB sich eine Umkehrstromung einstellt (d.h.
Kaltluft wird unten eingeblasen und HeiBluft an der Decke abgezogen), welche die Temperaturen im
Rumpf erheblich reduziert. Obwohl das Modell bisher noch nicht geniigend validiert ist, da nicht geniigend
geeignete Versuchsergebnisse vorliegen, cind die Ergebnisse vielversprechend.
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MATEMATHYECKAS MOJEJTb U UUCJIIEHHOE UCCIIEJOBAHME PA3BUTHSA
TTOXAPA B CAMOJIETAX

AnpoTaums—B paGoTe npeacTasieHa CTAUHOHAPHAS H HECTALIHOHAPHASN MATEMAaTHYeCKas MOJENb, ONHU-
ChIBaOLIaA Nokapbl B kabuue camoiera. T1naMs MolenHpyeTcs MPOCTHIM HCTOYHHKOM TEILTa, IPHYEM
UENBIO ABIAETCH ONNCAHHE HEPACIPOCTPAHAIOUIKXCH MOXapoB. KoMIbloTepuas nporpaMma, peajn3yio-
mas 3Ty Mojesb, HCHOJB3yeT LIS TOYHOTO OMHMCAHMA BHYTpEHHeH o6jacTH camonieTa CHCTEMY
KOOPIMHAT, CBA3aHHYIO C ¢opMoii 3ToH o6nacTH M OTJHYAIOUIYIOCS OT JEKAPTOBOH M IOJAPHO-
wmHApryeckoit (body-fitted coordinate—BFC). CHavana Monenb HCnoss3yeTcs A Npeacka3aHHs
IKCNIEPHMEHTANIBHBIX PE3yJIbTATOB, NOJYYEHHBIX IPH TNPOBCACHHH CEPHH OMLITOB C MOXapaMH B
¢rosenske bomnra-737 (6e3 obopynosanus). IIpuBonstcs n o6CcyXkaaloTcs Kak CTalMOHApHbIE, Tak H
HECTALMOHAPHBIE PE3YAbTAThL. 3aTEM HCCNELYeTCS BIHAHME OTBEPCTHH B Qrolensxe M pasjieneHus
KaOMHbI Ha OTCEKM Ha paclpele/icHHe TeMnepaTyp BHYTpH mycTolf kaOuHbl camonera. IIpn OTKpBITHIX
IBEPAX HOCOBOH M KOpMOBOH mnepebopok 6aronaps eCTECTBEHHOH KOHBEKUMH TEMIEPATYPHI COX-
paHsAIOTCA Ha JOIMYCTHMOM ypoBHe. B ciiydyae 3akphiToli nepeqHed H OTKPBITON 3aiHelt ABepH Temmnepa-
Typa Bo3pacTaeT no Bceit xabGuHe, maxe B ee KopMoBoit yacTH. IIpH OTKpBITBIX aBEpAX nepenHeit u
3aaueii nepebopok kaGuHa pa3fensanach Ha ABa COOOGIAIOIMXCA OTCEKa, PHYEM B MEPEIHEM HaxodH-
sock 1iaMs. TIo cpaBHEHKIO CO CTydaeM, KOraa kabnHa He CEKUMOHHPOBaHa, TEMIiEpaTypa B KOPMOBOM
OTCEKE CHHXKAeTcd, a B HOCOBOM Bo3pactaeT. Mccienyercs BINSHME CHCTEMbl KOHIMIMOHHPOBAHHA
BO3IYXa B CaMoJieTe Ha pacmepelesicHHe TeMIepaTyp B ropsauweM ¢rosensxke B ciydae, koraa xkabuHa
obopynoBaHa CHAEHLAMM, IOTOJOYHBIMA NMAHENAMM H BEpXHMMH OyHkepamu. Pe3yJibTaTsl MO3BONAIOT
CHENaTb BBEIBOJI, YTO NMPH HAJIMYHH OOPATHOro BO3IYUIHOTO NOTOKA (T.€., KOTJa XOJORHBIH BO3JyX BBO-
JMTCA 4epe3 BeHTHIALHOHHbIE OTBEPCTHA B MOJIy KaOGHHBL, a rOpAYMi OTCACLIBAETCH YEPE3 OTBEPCTHA B
NMOTOJIKE) TeMmepaTypa BO BceM oObeMe ¢rolensxa 3HauMTeNbHO CHHXKaerci. B 3akmouenne otme-
4aeTCH, YTO, HECMOTPS Ha HEAOCTATOYHYIO JOCTOBEPHOCTH, ODYCIIOB/IEHHYIO HEXBATKOH COOTBETCTBYIO-
HIHX JKCTIEPUMEHTANLHBIX JaHHBIX, PACCMOTPEHHAA MOJENb ABJIAETCS MHOToobeIatomei.
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