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Determining the effect of species composition on
temperature fields of tank flames using
real-time holographic interferometry
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Interference fringe fields and the visible flame field of a 50 mm diameter n-hexane tank flame were
simultaneously measured using a real-time holographic interferometer with special image optics. An
inhouse developed image processing method was applied to the holographic images to calculate the in-
terference fringe order profiles. The effect of species composition on temperature profiles was studied by
considering three different cases: using the measured species profiles, using an overall reaction mecha-
nism based on stoichiometric combustion, and by assuming that the flame consists of hot air. The results
show that species composition has the largest effect on temperature fields in regions near the flame axis
at lower axial distances. In the region of the plume zone, the flame consists primarily of hot air due to the

increase in total entrained air.
OCIS codes:

1. Introduction

Nonpremixed tank and pool fires can occur during
the transportation or storage of hazardous materials,
e.g., liquid hydrocarbon fuels, which can potentially
lead to loss of life and extensive property damage [1].
A large buoyancy-driven fire consists of three differ-
ent flow regions [1,2]. The lower clear burning zone is
characterized by a luminous zone, while the transi-
tion or pulsation zone consists of flame pockets that
emerge from the clear burning zone. The upper
plume zone contains almost no luminous zones [3].
In tank and pool fires, organized structures exist [4]
and have been studied for a better understanding of
buoyancy-driven nonpremixed fires [4].

The knowledge of temperatures within such fires
is of great interest for calculating, e.g., the heat
transfer to neighboring or impinging objects [5].
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The thermal radiation from a fire and the thermal
separation distances are dependent not only on the
flame temperature but also on the concentrations
of soot, CO,, and Hy0, as well as the view factor (size,
shape, orientation, and distance from the fire) [1,6].

A first step toward understanding large buoyancy-
driven, nonpremixed flames is to study laboratory-
scale tank flames. Thermocouples are a widely used
method for temperature measurements in flames
[7,8]. This technique provides pointwise measure-
ments but disturbs the flow and temperature field
of the flame [5,7-9]. Because of the large time con-
stant of thermocouples, it is not possible to measure
instantaneous temperatures in a flame. A more
recent method is the application of holographic inter-
ferometry (HI). HI is a nonintrusive and inertialess
diagnostic technique that provides high temporal
and spatial resolution without disturbing the flame
[5,9-18]. HI is not restricted to pointwise measures
like thermocouples, and it provides information
about the three-dimensional (3D) flame field by
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using a multidirectional holographic interferometer
in nonaxisymmetric turbulent flames [11]. HI can be
applied as a real-time method or as a discontinuous
double-exposure technique [19]. By using a high-
speed camera and special image optics, the simulta-
neous recording of the interferogram and the visible
flame field can be recorded. With this technique it is
also possible to analyze correlations between the os-
cillations of the interference fringes of the thermal
boundary layer and the puffing frequency of the visi-
ble flame [4].

Fuel and air mix during the combustion process in
nonpremixed tank flames. Different types of fuel re-
quire different quantities of oxygen for their stoichio-
metric (complete) combustion. In general, the higher
fuel carbon numbers require higher oxygen concen-
trations for stoichiometric combustion. The type of
combustion is classified by the equivalence ratio ®
and has a range between 0 (air) < ® < o (fuel):

o — Vair/T)s 1)
}'air/ ¥r
where 7,;, and 7; are the mole fractions of air and
fuel, respectively, and s denotes stoichiometric
combustion. An equivalence ratio of @ =1 denotes
stoichiometric combustion, ® > 1 denotes fuel rich
combustion, and ® < 1 denotes fuel lean combustion.

When flame temperatures are determined from
the refractive index field, the composition of the
reactants, combustion products, and consequently
the equivalence ratio @, should be determined. If
the species composition is unknown, a relationship
between the calculated mixture fraction and the
Gladstone—Dale equation can be used [9].

In premixed lean flames with @ < 1, the effect of
changes in species composition on flame tempera-
tures is much smaller than the effect of density or
temperature changes and is therefore often ne-
glected [5,7,9,11-13,17]. Tieng et al. [13] showed that
the effect of species composition is less significant for
premixed lean flames than for premixed rich and
nonpremixed flames. In premixed lean flames it is
assumed that the fuel mixture is burned under stoi-
chiometric conditions, so the species composition of
the combustion products can be calculated. For non-
premixed flames this assumption is not valid. In the
approximately nonreacting plume region of non-
premixed flames, the refractive index field is ap-
proximately that of hot air.

The axisymmetric refractive index field of flames
can be calculated by using the Abel transformation
[19,20]. The Abel transformation is valid for axisym-
metric phase objects, e.g., in the lower region of tank
flames, and assumes that the refractive index gradi-
ent is small along the light path [20]. The change in
refraction along the light path in this region leads to
small errors in evaluation of the interferograms and
is discussed in [15]. If the light rays are projected
back to the center plane by the imaging system, the
deflection of the light ray is negligible [21]. Three cri-
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teria can be used to estimate the amount of the de-
flection of the light ray as discussed in [22]: the occur-
rence of schlieren, or localized differences in the op-
tical path length; the presence of acute-angled redir-
ections of interference fringes; and the identification
of a large number of irresolvable interference fringes
caused by large refractive index gradients or large
optical path lengths. According to the above men-
tioned criteria, light rays are not deflected in the ap-
proximately axial symmetric region of the tank
flame. In the case of nonpremixed tank flames, large
refractive index gradients are formed mainly in the
relatively cold vaporizing fuel region above the fuel
surface. The assumption of a constant refractive
index along the light path is valid only for two-
dimensional (2D) phase objects, whereas in asym-
metric 3D phase objects the laser’s light rays are
partly deflected along the light path.

Temperature measurements based on HI have
been carried out for laminar premixed gaseous
flames [5,7,10,14,15,23]; these neglect the depen-
dence of species composition on the refractive index.
They have also been performed on laminar nonpre-
mixed gaseous flames, and these consider the species
composition effect [10,11,13,16,18,23]. The purpose
of this study is to show the influence of species com-
position on the temperature field for a turbulent non-
premixed tank flame at different heights above
the rim.

2. Physical Interpretation of the Interference Fringe
Pattern for Phase Objects

A detailed description of HI and its application for
obtaining the refractive index field of flames can be
found in [18-20,23-25]. Figure 1 presents an exam-
ple interferogram of a small scale n-hexane tank
flame showing different organized structures. The
interference fringe pattern is correlated with the in-
tegral over the optical light path difference. An inter-
ference fringe represents a line of constant refractive
index difference along the light path z and is ex-
pressed as multiples of S [S denotes the interference
fringe order, S = +(j—1)/2, j = 2,3,...] of the laser
wavelength A:

2(y)
8y e / m(®,y,2,0) ~naldz,  (2)
-2(y)

where n, = 1.003 is the refractive index of ambient
air, n,, is the refractive index of the flame—gas mix-
ture, and z is the coordinate in the direction of the
light path through the visible flame including the
thermal boundary layer.

The Abel inversion technique [19,20,24] was used
to obtain the refractive index profiles n,,(r,x,t) of the
flame—gas mixture from the first derivative (3S/dy)
of the interference fringe order:

































