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ABSTRACT

To predict the thermal radiation field surrounding a fire, it is necessary to
know the configuration factor between the flame and the receiving target.
This requirement has previously imposed restrictions on the range of
geometries that could be selected to represent the shape of flames. A method
has therefore been developed which will enable the configuration factor to be
calculated for any flame shape and has been applied to a particular
geometrical configuration that can be used to represent a wide range of flame
shapes associated with large fires. The method also allows the alignment of a
target that is subjected to the maximum incident thermal radiation to be
identified. This is of particular I1nterest when studying radiant heat
transfer.

INTRODUCTION

Radiative heat transfer from the flames associated with large fires can
endanger objects located near the flame. A quantitative determination of the
thermal radiation field surrounding a fire is, therefore, necessary and this
involves four major steps:

1. Specification of the size and shape of the flame.

2. Specification of the thermal radiation properties of the flame. In many
cases flames are considered to emit uniformly over the whole of their
surface.

3. Determination of the transmissivity of the intervening atmosphere. This
will depend upon the atmospheric conditions, the emission characteristics
of the flame surface and the mean path length from the object to the flame
surface.

4. Calculation of the configuration factor. This enables the relative
position and geometry of the flame and the receiving object to be taken
into account.

The shapes of flames assoclated with large hydrocarbon pool fires have
been studied by several groups of workers. These include American Gas
Association! for spills into 1.83, 6.10 and 24.38m diameter earthen bunds,
Raj et al.2, U.S. Department of Transportation, for spills onto water, Mizner
and Eyre3, Shell, for spills into 20m diameter bunds and Moorhouse“, British
Gas Corporation for spills into rectangular bunds ranging in area from 37.2 to
185.8m2 and length to width ratio from 1 to 2.5. The flames associated with
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these large pool fires were approximated using regular geometrical shapes.
However, restrictions on the geometries adopted were imposed, in some cases,
by the techniques available for calculating configuration factors between the
flame and a target near the flame. The flame shapes defined in these studies
range from an oblique cylinder of circular cross section, a tilted cylinder of
circular cross section and an oblique cylinder of elliptical cross section.

Analytical expressions for calculating configuration factors have been
derived using the geometrical determination technique5 or the contour integral
method®. Such equations are available for oblique cylinders of circular cross
section and other simple shapes but are restricted to certain locations aund
orientations of the target. The contour integral method can also be used as a
numerical technique, however, the identification of the contour that encloses
that part of the flame surface contained within the fileld-of-view of the
target can be extremely complex.

Another technique developed by Rein et al? for tilted cylinders and
receiving targets located at ground level directly downwind of the flame is an
area integral method. That part of the surface of the cylinder contained
within the field-of-view of the target is divided into small parallelograms.
Unfortunately the method makes no allowances for the differences in area of
these small parallelograms as their position changes around the circumference
of the cylinder. The expression used to calculate the area is accurate only
for elements located normal to the wind direction on the upwind or downwind
edges of the flame, or for the situation in which the angle of tilt of the
flame from the vertical is zero. Inaccuracies using this method increase as
the flame tilt increases and will further increase if the method is extended
so that calculations can be performed for targets located at positions
crosswind of the fire.

An area integral method has, therefore, been developed which overcomes
the above difficulties and also extends the range of application to cover any
solid geometrical shape. This is accomplished by dividing the whole of the
surface of the solid shape used to represent the flame into small triangular
elements. Conditionms are then employed to select only those elements that can
be seen from the position and orientation of the target. 1In some applications
it is of great benefit to know the alignment of the target at a particular
location that is subjeted to the maximum incident thermal radiation. When the
emissive power of the flame is assumed to be uniform over the surface, this is
identical to the alignment of the target that subtends the maximum
configuration factor. A technique which enables this orientation of the
target to be determined has been included in the method.

INCIDENT THERMAL RADIATION

The thermal radiation incident upon a target, 1, at any position and
orlentation relative to an emitting surface, 2, is dependent upon the surface
emissive power, the transmissivity of the atmosphere between the surface and
the target and the configuration factor as follows:

I = E Ty T (L)
where I represents the incident thermal radiation (ka”Z)

E represents the surface emissive power (ka‘Z)

F,, represents the configuration factor

1. represents the transmissivity of the atmosphere.
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TARGET

FIGURE 1. Radiant heat transfer between a finite surface and an infinitesimal
target.

CONFIGURATION FACTOR

The configuration factor for radiant heat transfer between an emitting
surface, 2, of any shape and an infinitesimal target, 1, is given, with
reference to Fig. 1, as follows:

. jcos 8, cos @, dA,
21 ° P

A, e
where A, vepresents the surface area of that part of the emitting surface

that is both contained within the field-~of-view of the target and
contains the target within its own field-of- view.

(2>

To enable Eq. (2) to be solved by a numerical integration technique it is
necessary to define the geometry of the surface. This, in general, can be
accomplished by dividing the whole of the surface area into small triangular
elements and specifying the position in space of the nodal points relative to
a set of Cartesian axes.

The configuration factor for radiant heat transfer between a small
triangular element, E, and an infinitesimal target is given, with reference to
Fig. 1, as follows:

_ cos 91 cos 92 AE (3)
El ~

e

where Ay represents the area of the triangular element.

F

L oA
Ag is obtained from the vector product of_the two vectors V and W which
form two sides of the triangular element. V and W are obtained from the
positions of the nodal points as follows:

v g V) = [y - K, Gy - K, (@, - X)) (4

Vo= (v, V
W= (h, W, W) = [0 - K, 0 - K, 0, - K] (5)
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This gives:

T o - 2 . 2 . 213
.- IVl Lovgu-vw)? + (v, 0,-v w2 + (V 0,V 0) 13 ©
R 2

The length r of the connecting line between the centre—of-area of the
small triangular element, E, and the target, 1, 1s the magnitude of the vector
r which can be expressed in terms of the positions of the end points as
follows:

£ o= (ry, Ty, 1) = [(ery = Bos (Byy = By (By, = By,) (7

Py,) represents the centre—of—-area of the

where (P2x’ P
small triangular element and is given by:

2y?

. v By = (Rg + Ly + M) (K + L, + M) (K, + 1, + M)
2% T2y’ T2z 3 4 3 ’ 3

(8)
and (Plx, Ply’ Plz) specifies the position of the target.
Therefore r is given by:
r = 1T - [rf{ +r32, + rg]% (9)

To obtaln the values of cos 9, and cos 9 it 1s necessary to define unit
vectors, 7 , and r21’ that lie along the connectlng line and are directed
respectively from the triangular element to the target and vice versa. It is
also necessary to define the unit normal, ﬁl, to the target and to calculate
the outward unit normal, ﬁz to the triangular element.

~ P - P P - P - P
L, =[ ( 1x = 2X)’ ( ly _ P2V2 ( 12 r 22)] (10)
~ P - P P - P - P
o1 =[( 2 v, T ) P : 12)] (11)

~

n, is obtained in a similar manner to Ap from the vector product of the two
vectors V and W as follows:

g D

n VW (W W, = VR (VW - VW) (VH, = VW)

ny 7K » 7K , 7A (12)
TV aewt Ay R R

31 specifies the orientation of the target and can be written as:

o= (ngg, ngg, ) 13

cos 91 and cos 92 are determined from the scaler product of the unit vectors
rzl and nl, and r12 and “2 respectively.

o ['an(sz— Plx) + nlv(PZV_ Plv) + an(PZZ— Plz)] (14)
r r

cos gl = nl.ru = pa
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FIGURE 2. An oblique conical frustum of elliptical cross section showing the
method used to define the area Ay
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. A (W~ VWP, ~ P, ) (W~ V)P~ P,)
= = vy z zZ y ix  72x Z'X X'z ly 2y
cos 62 = Nperyy = [ ZAEr + ZAEr
(V= V(R L, = Py))
pr v (15)

The geometrical quantities that appear in the configuration factor
relationship for a small triangular element, Eq. (3), are related to the
positions in space of the nodal points of the element and the position in
space and orientation of the target by Egs. (4) to (13).

Solution of Eq. (2) is achieved by summing the contribution to the total
configuration factor of each of the small triangular elemements that is both
contained within the field-of-view of the target and contains the target
within its own field-of-view. These elements can be identified by considering
the values of cos and cos depicted on the oblique conical frustrum of
elliptical cross section shown in Fig. 2.

Triangular element J1 is located outside the field-of-view of the target.
This 1is defined by the condition that 9]_ 3 90° or cos 91 ¢ 0. Triangular
element J2 is aligned such that the target cannot be seen from the position
and orientation of the element. This is defined by the condition that U, *90°
or cos 92 €0. In both of these cases radiant heat transfer cannot take place
between that particular section of the emitting surface and the target in its
current position and orientation.
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The solution of Eq. (2) can, therefore, be written as:

F, =2 Fp, (16)
all elements
where cos 91 >0
and cos §, 0

ORIENTATION OF TARGET THAT SUBTENDS THE MAXIMUM CONFIGURATION FACTOR

Of particular interest when studying radiant heat transfer is the orientation
of a target at a selected location that is subjected to the maximum incident
thermal radiation. When the emission from the surface is assumed to be
uniform, this is identical to the orientation of the target that subtends the
maximum configuration factor.

Provided the plane surface contalining the infinitesimal target does not
intersect the emitting surface then the configuration factor for a particular
location and orientation of the target can be related to the maximum
configuration factor, F21MAX’ at the same location as follows:

Foy = Foax cos @ (17)
where (b represents the angle between the normals of the particular target and
the target that subtends the maximum configuration factor.

If the plane surface containing the infinitesimal target does intersect
the emitting surface then Eq. (17) does not hold, because F,, 1is evaluated
using only that part of the emitting surface contained within the field-of-
view of the target. However, if the first condition imposed during the
summation in Eq. (16), cos 91 >0, is relaxed, then a quantity is calculated,
F;l, whatever orientation of the target is employed, such that:

,
o1 sz (18)
all elements
where cos 92 30
and
#
Foy = Foymx o5 @ (19)

Fgl, unlike F2 , can be considered as a vector component of Foy
for all orientations of the target including those in which the plane
containing the target intersects the emitting surface.

To determine the maximum configuration factor FZIMAX and the
grientation of the target that subtends the maximum configuration gactor,
vAx? for a particular locatlon it 1is necessary to calculate F,, for
three mutually perpendicular orientations of the target. The most convenient
orientations to select are those such that the normals to the target lie
parallel to the X, Y and Z axes of the Cartesian co-ordinate system employed.
Hence Falx’ F;l and Félz are obtained which can be considered
as the X, Y and components of F,imax the magnitude of which is given by:
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_ ¢ 2 ) 2 s 2 %
Foimax = {lex toFyy F inz] (20)

and

v, F) !
I = 21x 21y 21z
n = U2 S— 21
IMAX [leMAX ’ Fomax ’ Foimax ] 1

APPLICATION TO FLAME SHAPES RELEVANT TO LARGE SCALE FIRES

The method has been employed to calculate the configuration factor for a solid
geometry that can be used to represent a wide range of flame shapes relevant
to large scale fires. This geometry is shown in Fig. 2 and in its most
general form is an oblique conical frustrum of elliptical cross section. The
equation describing the curved surface can be written as:

(&_:.__A_,t_allﬁ_)_z + Vz = 1 22)
(z tan 8 + a)? (z b tang /Ja + b2

where a represents half the dimension of the base of the flame in
the X direction

b represents half the dimension of the base of the flame in
the Y direction

X, v and z represent the X, Y and Z co-ordinates of a point on the
curved surface

ol represents the angle of tilt of the axis from the
vertical
8 represents half the cone angle measured in the plane of
the X and Z axes and is given by:
B = tanl Aza (23)
where A represents half the dimension of the tip of the flame in

the X direction
H represents the vertical height of the flame.

By selecting appropriate values for the dimensions contained within
Eqs. (22) and (23) various shapes can be generated ranging from a right
circular cylinder to an oblique conical frustrum of elliptical cross section
as shown in Fig. 3.

=0, =0 x:x,ﬁ:ﬁ

] a=q,b=a aza,b=b

(@ A=a, HzH A=A, H=H
a) Right circular cylinder b)Oblique conical frustum of

elliptical cross section

FIGURE 3. Wide range of flame shapes relevant to large scale fires.
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FIGURE 4. Geometrical arrangement used to examine the number of surface
elements required to achieve a desired accuracy.

Tilted shapes can also be considered by appropriate positioning and
orientation of the receiving target. More complex flame geometries can be
formed using combinations from the range of basic shapes shown in Fig. 3.

Also shown in Fig. 2 is the technique employed to divide the surface into
small triangular elements. The number of elements used within the numerical
method depends upon the value selected for the integer N.

ACCURACY

The accuracy of the numerical technique was assessed by comparison with exact
analytical solutions for certain simple geometries such as right and oblique
circular cylinders® and circular and elliptical plane surfaces®. The accuracy
of the computations 1is dependent upon the number of elements into which the
surface is divided. Furthermore the number of elements required to achieve a
desired accuracy increases as the distance of the target from the emitting
surface decreases. This was examined by coumparing the results from the
numerical technique with the exact analytical solution for a right circular
cylinder and a vertical target at ground level and aimed at the centre of the
base of the cylinder as shown in Fig. 4.

The number of elements required for a range of different distances, S,
from the centre line of the cylinder to the target to achieve an accuracy of
+ 1% in the evaluation of the configuration factor is shown in Fig. 5.

12r NUMBER OF ELEMENTS = 840 N?
8+
z
L /
J
0 1 2
S/a

FIGURE 5. Variation of the number of surface elements required to achieve an
accuracy of + 1% in the evaluation of the configuration factor.
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FIGURE 6. Variation of the configuration factor around the oblique conical
frustum of elliptical cross section in Fig. 2.

The results shown in Fig. 5 confirm the validity of the computational
method. They also show, however, that as the target approaches very close to
the emitting surface the number of elements and consequently the computational
time required to achieve a certain accuracy rapidly increases.

RESULTS FROM A TYPICAL APPLICATION OF THE METHOD

The configuration factor has been calculated for a flame shape defined by the
oblique conical frustrum of elliptical cross section shown in Fig. 3. Targets
were located at ground level at two radial distances from the centre of the
elliptical base and at a range of angular positions. Three target
orientations were considered. These were vertical such that the normal to the
target was horizontal and aimed at the centre of the elliptical base,
horizontal such that the normal to the target was vertical and aimed in an
upward direction, and finally such that the target was orientated to subtend
the maximum configuration factor.

The variation of the configuration factor as the target position changes
from directly downwind through 180° to directly upwind is shown in Fig. 6.

DISCUSSION

The numerical technique developed is a general method and is capable of being
applied to any solid geometrical shape. This need not mnecessarily be a
regular shape but can comprise of combinations of regular shapes or even
completely irregular shapes provided it can be accurately defined. 1In the
case of geometries incorporating concave surfaces additional special
conditions will be required to ensure that any particular element is not
obscured from the target by other parts of the emitting surface.

The technique has been presented as a method for calculating the
configuration factor between an emitting surface and an infinitesimal target.
The thermal radiation incident upon a target is then given by Eq. (1) provided
the surface emissive power can be considered to be constant and the
transmisivity of the atmosphere can be adequately determined from a mean path
length for the thermal radiation. However, the method is nof restricted by
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these conditions. Large hydrocarbon fires involving fuels such as LPG and
kerosene? are very sooty. This obscures large areas of the flame surface
which effectively reduces the surface emissive power in those regions and the
nett’ result can be a substantial reduction in the incident thermal radiation
on objects located outside the flame. Such spatial wvariations in the flame
surface emissive power can easily be incorporated by assigning a particular
value to each element. The atmospheric transmisivity for individual elements
can also be determined using the distance from the target to the centre-of-
area of each element as the path length for the thermal radiation.
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