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1. INTRODUCTION

Two models have been developed to study jet fires and their interaction with obstacles. One of them is one-
dimensional (1D), and is described by Crespo et al. (1994). The other one is three-dimensional (3D), is based on
PHOENICS, has an elliptic character, and is described by Hemindez et al. (1995). The physical assumptions
underlying both the 3D and 1D models are essentially the same, except for radiative losses, which are supposed to
be a fixed fraction of the heat of combustion in the 3D model. Therefore, the energy equation has not to be solved
in the 3D model. The 1D code is able to simulate the interaction with obstacles of a size moderately smaller than
the flame width at the place where interaction occurs. A zoning method is used to calculate the radiative heat flux
to the object. The results of the two models are compared among themselves and with experimental results of Ott
(1993).

2. THREE-DIMENSIONAL MODEL

The conservation equations may be written in the general form
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where § can be equal to: 1, any component of the velocity, v;, the total enthalpy, h, the mixture fraction, E, the
turbulent kinetic energy, k, the dissipation rate of the turbulent kinetic energy, ¢, or the variance of the mixture
fraction, g. In this equation, § is the density and S, is the source term. The Favre average is denoted by a tilde and
the temporal average by a dash. The averaged magnitudes are assumed to be steady, so that the first term in the left
band side of equation (1) is zero. To calculate the diffusion term, [, the classical k-& model is applied. The source
terms include buoyancy eifects in the vertical momentum equation, and production and dissipation terms in the
equations for k, € and g. I the energy equation, the work of the gravity force has been neglected and the Mach
number has been assumed to be low enough, so that the kinetic energy is negligible compared to the thermal energy;
then, the only source term that is left is the one corresponding to thermal radiation. The model is completed with
a perfect gas law and a state equation for enthalpy.

To define the combustion model, the classical hypothesis of one-step, irreversible reaction, represented by
[Fuel + r, Oxidizer —> (1+r,) Products] (where r, is the stoichiometric ratio), fast chemistry, and equal diffusivities
for all the species are made. This leads to the classical conserved-scalar approach and to a well-known relation
between the instantaneous values of the fuel mass fraction and the mixture fraction, Y(£). The average value of the
fuel mass fraction is obtained from the integral, Y=Y (¥)P(E)dE, where P() is a Favre-averaged probability density
function of § of a predefined shape, whose parameters are expressed in terms of the average value of the mixture
fraction and of its variance, g. For the predefined shape of P(E) a two-delta function has been used; also an
alternative approach based on 2 correlation for the unmixedness integral (Mudford and Bilger, 1984) can be
employed. A detailed explanation may be found in Hernandez et al. (1995).
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The temperature is obtained from the equation of state as a function of the enthalpy and the mass fraction
of fuel. Alternatively, Herndndez et al. (1995) use an expression giving the instantaneousvalue of the temperature
as a function of the mixture fraction, T(§), proposed by Sivathanu and Faeth (1990) for natural gas that takes into
account radiative losses; then, the Favre average of the temperature can be easily obtained, T=[Y(£)P(¥)dE.

To calculate the emissivity, it is necessary to know the concentrations of CO,, H,O and soot. The mass
fractions of CO, and H,O are obtained from the stoichiometry as functions of £ and Y. The procedure for the
calculation of soot mass fraction is similar to the one proposed by Fairweatber et al. (1991). Soot formation proceeds
from a pyrolysis intermediate, acetylene, that is considered to form solid carbon through nucleation and surface
growth.

The physical domaiz. considered is a rectangular parallelepiped, with the supply pipe of fuel located at a
certain height above the ground surface, horizontal and parallel to the air stream. At the upstream boundary, the
incoming air flow is taken as that corresponding to the neutral atmospheric surface layer with uniform, flat terrain,
and its properties are assumed to be functions of height, surface roughness, and turbulent friction velocity, according
to the law of the wall; these functions satisfy the flow equations (1). The fuel jet is assumed to bave a uniform exit
velocity. The properties at the ground are fixed and made equal to those corresponding to the wall-law profiles of
the unperturbed wind. At the downstream boundary, far enough from thé pipe exit, the pressure is fixed to the
external ambient pressure and normal derivatives of all dependent variables are set equal to zero. At the rest of the
boundaries of the parallelepiped, far enough from the flame, the pressure is fixed to the external ambient pressure
and the flow convected into the domain through them is assumed to have the properties of the unperturbed wind.

There is a vertical réctangular plate immersed in the flame, as in the tests of Ott (1993) described in section
4. The boundary conditions at the surface of this object for velocity, k and £ are also those corresponding to the
law of the wall, assuming that the wall is smooth. For the pressure there is no boundary condition at the object; and
for the other variables it is assumed that there is zero flux. The temperature at the wall is not imposed, and has the
adiabatic value resulting from the calculations. For this condition to be satisfied, the radiative heat flux from the
hot gases to the object either has to be evacuated or, if it is accumulated in the solid, its heat capacity should be
large enough so that the corresponding temperature increase is negligible.

3. ONE-DIMENSIONAL MODEL

In the problem described previously, if a jet center line and self-similar profiles in planes normal to it can
be defined, the partial differential equations presented in equation (1) may be converted to ordinary differential
equations, with the distance along the center line, s, as the independent variable. The computer time to solve the
problem is then substantially reduced, from hours to fractions of minutes. This type of one-dimensional (integral)
model has extensively been used by many authors. The model UPMFIRE, presented by Crespo et al. (1994) and
Servert (1993), gives a new definition of the averages in a cross-section that is valid also for self-similar profiles
extending to infinity. This allows the 1D equations to be derived rigorously from the 3D parabolic equations, and
the source terms to be calculated using a systematic method. The one-dimensional version of equations (1) is
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where the brackets denote the average in a cross section, 1 is the mass flux in a cross-section of the flame, ¢, as
in equation (1), stands for one in the continuity equation and for each dependent variable in its respective
conservation equation, m'y is the mass entrained per uait length of flame and time, AL, is the source term, and m,
is the mass flux of ambient flow through a cross section of the same equivalent area. The term on the left-hand side
is the convective term, the first term on the right-hand side represents entrainment from ambient flow, the second
one is the source term, and the last one, not present in similar 1D models, is associated to the variation of ambient
flow properties with height. It should be noticed that very far downstream, where there is no perturbation of the
flame, the source term disappears, =, , and equation (2) is identically satisfied.

The model also includes the interaction with objects of small size compared to the flame diameter. The
interaction results in the drag force and the heat added to the obstacle by the surrounding fluid. The jump in flow
conditions across the obstacle is representéd by source terms in'the conservation equations, associated to these two
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parameters. The heat added to the obstacle is made up of both convective and radiative contributions, although in
this particular application there is only a radiative part. To evaluate it, a zoning method is adapted to this case
considering an average absorption coefficient for each flame section.

4. HEAT TRANSFER TO THE OBSTACLE

In figures | and 2, a comparison between the calculated (both with 1D UPMFIRE and the 3D elliptic codes)
and measured values (Ott, 1993) of the radiative heat flux at the surface of a vertical flat plate located in the
symmetry plane of a horizontal flame, at a downstream distance of 2 mr in figures la and 1b, and 3 m in figures
2a and 2b is presented. The fuel is natural gas, and the exit velocities are 283 m/s in figures 1a and b, and 311
/s in figures 2a and 2b. The wind velocities are 4.5 m/s in figures 1a and 1b, and 3.1 m/s in figures 2a and 2b.
The jet exit is 2.5 m above the ground, and its diameter is 25 mm in all cases. The plate is 1.7 m long, 10 cm wide,
and 2 cm thick; it has been assumed that it is held in some way 1.5 m above the ground. Figures la and 2a
correspond to the side of the plate looking upstream, and figures 1b and 2b correspond to the side of the plate
looking downstream. In figure la, corresponding to the front side, both 1D and 3D codes agree well with
experiments, reproducing the dip at the center, although both models give slightly smaller values than the
experimental ones. In figure 1b, corresponding to the back side, both codes give smaller values of heat transfer than
the measured ones; the 3D code gives a slightly better agreement with experiments than the 1D code, and predicts
a peak in heat transfer at a higher position than the one corresponding to measurements. In figures 2a and 2b,
corresponding to a location of the obstacle further downstream, both the 1D and 3D elliptic codes underpredict the
measured results, although the 3D code gives a substantially better agreement both quantitatively and qualitatively.
This bebavior has also been observed by Crespo et al. (1994) when comparing UPMFIRE with other field
experiments: there is good agreement between the numerical model and experiments when the obstacle is close
enough to the jet exit, and the numerical model underpredict the heat transfer as the obstacle is moved downstream.
Figures 3a and 3b give the temperature contours in vertical planes parallel to the plate respectively upstream and
downstream of it; it can be observed that in the front of the plate, there is a2 maximum in temperature at the
symmetry line, whereas in the back, the maximum is not in the symmetry line, and there are two maximums at both
sides of the symmetry line.

ACKNOWLEDGEMENT -
This work has been supported by the EU under contract CT90-0098 within the programme STEP

References.

C{espo, A.; Hernindez, J, Servert, J.; Garcia J. & Manuel, F. 1994, Hazard consequences of jet fire interactions
with vessels containing pressurized liquids -JIVE. Final Report from UPM to the European Union.

Fairweather, M, Jones, W. P.; Lindstedt, R. P. & Marquis A. J. 1991, Predictions of Radiative Transfer from a
Turbulent Reacting Jet in a Cross-Wind, Combust. & Flame, vol. 84, pp. 361-375.

Heméndez,_ J; Crespo, A. & Duijm, N.J. 1995, Numerical Modeling of Turbulent Jet Diffusion Flames in the
Atmospheric Surface Layer, Combust. & Flame, vol. 101, pp- 113-131.

Mudf?rd, NR., & Bilger, K.W. 1984, Examination of Closure Models for Mean Chemical Reaction Rate Using
Experimental Results for an Isothermal Turbulent Reacting Flow, Twentieth Symposium _(Intemational) on
Combustion, pp. 387-394. ' |

Ott, S 1993, Measurements of Temperatures, Radiation and Heat Transfer in Natural Gas Flames. Final Report of
the Jive Project, Risg-R-703(EN).

Sfervert, J. 1993, Modelado de llamas de difusién turbulenta y de su interaccién con el medio ambiente y objetos
circundantes, Ph. D. thesis, Universidad Politécnica de Madrid.

23.8.3.




~~

\

RADIATIVE HEAT FLUX/(KW/m®)

RADIATIVE HEAT FLUX/(xWIm?)
150 T T 1 T T T T 150 T 7 T T ' T T T
) )
100 100
50 50 -
o ) I ! ! { b —t | 0 | 1 | 1 [ A ! t
1.6 1.8 2 22 24 265 2.8 3 3.2 1.6 1.8 2 22 7.4 2.6 2.8 3 3.2
. z{m) z{m}
—— 1-D model results . —— 1-D modsl results
—— experimental results ~—e— experimental results
—*— 3-D model results

—o— 3-D model results

Figure 1. Radiative heat flux to a vertical plate in the symmetry plane. Comparison of results of 1D and elliptic
models with experiments (Ott, 1993). Exit velocity: 283 m/s. Downstream distance from fuel exit 1s 2 m. a) side
of the plate looking upstream. b) side of the plate looking downstream.
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Figure 2. Radiative heat flux to a vertical plate in the symmetry plane, experiments by Ott (1993). Comparison of
results of 1D and elliptic models with experiments. Exit velocity: 311 m/s. Downstream distance from exit is 3 m.
a) side of the plate looking upstream. b) side of the plate loocking downstream
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Figure 3. Temperature contours, in vertical planes corresponding to both the upstream (a) ana downstream (b) sides
of the plate, from calculations with the 3D elliptic code. Conditions as in figure 1.
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