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Accurate Safety Zone Determination During Gas Flaring
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Abstract: Gas flaring, a long-established but unacceptable practice in the Nigerian Petroleum industry, has
deleterious effects on the environment. Research efforts have concentrated on using empirical formulae derived
from experiments in predicting heat fluxes around a gas flare. However numerical method, which 1s capable of
eliminating the severe inaccuracies in calculation from empirical formulae, 13 yet to be explored. The flare was
considered as a three-dimensional turbulent jet issuing into a continuous cross flow of air. The momentum and
scalar fluxes were approximated by the k-g turbulence model and the resultant conservation equations were
solved using the fimte volume techrmique. The lammar flamelet concept was used to characterize the local
thermochemical state of the combusting mixture, while the discrete transfer method was used to compute the
radiative heat flux. A model for an accurate prediction of the heat flux at any point within the vicinity of a gas
flare was developed. Thermal radiation profiles predicted at ground level exhibited Gaussian behaviour.
Deviation of the predicted flux result at ground level estimated by the empirical formulae were between 15.0 and
35.0%. Based on the existing standard for maximum allowable radiation flux of 6.3 kW m >, the model minimum
safest distance from the flare was 1.1 m, whilst the empirical formulae gave minimum safest distances ranging
between 0.8 and 1.4 m. This model had superior prediction capabilities than the existing empirical formulae. Safe

distances could be deduced from heat flux standpoint for both humans and habitat using the model.
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INTRODUCTION

Nigeria 1s a country richly blessed with natural gas
and it ranks 9th in the world and 2nd in Africa in its gas
reserves (Abdulkareem and Odigure, 2006). Her oil wealth
has been exploited for >45 years, but while o1l compamnes
have gained tremendously from the resources,
communities living around it have suffered from the daily
pollution caused by the by-products of non-stop gas
flaring. Nigeria has an estimated 145 million cubic meter of
proven gas but due to the absence of a natural gas
exploration policy and the fact that most of the
gas encountered are associated gas in oil exploration,
the country flares 75% of the gas 1t produces and
re-injects only 12% needed to enhance oil recovery
(Abdulkareem and Odigure, 2006). This high percentage
of gas tlared is mainly due to lack of an efficient
regulatory framework, poor access to local and
mnternational energy markets and financing constraints
for projects aimed at reducing gas flaring.

Nigeria is known to flare more gas than anywhere
else mn the world (Fig. 1). It 1s estimated that about 1.6
million cubic meter of gas s bemng flared n Nigeria
(Abdulkareem and Odigure, 2006), the highest in any
member nation of OPEC. In Western Furope 99% of
associated gas 18 used or re-mjected into the o1l reservorr.
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Fig. 1: Amount of gas flared/vented worldwide in 2004

But in Nigeria, despite regulations introduced =20 years
ago to outlaw the practice, most associated gas is flared,
causing local pollution and contributing to climate
change.

Flaring in Nigeria was made illegal under regulations
in 1984 and only allowed in specific circumstances on a
field-by-field basis pursuant to a ministerial certificate.
The Nigerian govermment has not enforced envirorumental
regulations effectively because of the overlapping and
conflicting jurisdiction of separate governmental agencies
governing petroleum and the environment as well as
because of non-transparent governance mecharnisms
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(Kaldany, 2001). Neither the Federal Environmental
Protection Agency (FEPA), nor the Department of
Petroleum Resources (DPR) has implemented antiflaring
policies for natural gas waste from oil production, nor
have they monitored the emissions to ensure compliance
with the regulation.

The large volume of gas being flared males the
process of solution gas flaring an environmental,
ecological, economic and social concern for the public, oil
and gas producers and regulatory agencies. The principal
problem in flaring is one of safety. Personnel and
sensitive structures must be protected from the intense
thermal radiation emitted by the flare. There is a limit to
which fluxes released can be tolerated. Typical levels by
Bjorge and Bratseth (1996) are 1.6 kW m ™ for continuous
exposure, 4.7 kW m™ for exposure of limited duration
and 6.3 kW m™ for short time (<1 min) exposure.
Brzustowski and Sommer (1973) and Schwartz (1977)
suggested that people with appropriate clothing can
tolerate a radiant heat intensity of about 4.73 kW m™ for
several minutes. The several minute time spans is
satisfactory for situations, where a worker 1s infrequently
in the flare area or must go into the flare area briefly to
take some action. Oenbring and Sifferman (1980a)
recommended allowable fluxes of 600 Btu h™" sq ft
(1.89 kW m ™) for continuous exposure time, 750 Btu h™'
sqft(237kWm™) for 2h, 900 Btuh™ sq f (2.84 kW m™)
for half to 1 h, 1,100 Btu h™' sq ft (3.47 kW m ™) for
5-10 min, 1,400 Btuh™ sq ft (4.42 kW m ™) for 2-5 min and
2,000 Btu h™' sq ft (6.31 kW m™) for 15 sec (escape only).
The Nigerian Department of Petroleum Resources (DPR)
has set a maximum limit of 6.31 kW m™ for a limited
duration.

Over the years, the heat flux from flares has been
obtained either using empirical formulae developed from
laboratory experiment or by diect measurement from field
during flaring. Although, empirical formulae are easy and
convenient for performing repetiive calculations, they
provide little or no information about the physical and
chemical processes that govern the radiative output of a
flare (Fairweather et al., 1991). They provide different
results for the same location to the extent that some
overestimated up to 50% of the actual value. This is very
dangerous and could result in wasteful resources because
it is one of the major factors used to determine flare
stack. The effect of overestimating results in a taller than
required stack and increase cost, whilst underestimating
results in a shorter-than-required stack, which exposes
personnel and equipment to potentially dangerous
radiation levels. Thus, 1t 18 very important to predict
radiation from flares as accurately as possible.

Cook et al. (1987a) performed fifty-seven field scale
experiments and compared their results with alternative
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data derived from laboratory scale experiments and
also with results obtained from empirical prediction
methods described in American Petroleum Institute
recommendation for the design of flaring systems.
Comparisons of flame length and trajectory revealed
significant differences between the field scale data and
results derived from recommended prediction methods
although, on average, recommendations for the global
radiative characteristics of flares, quantified in terms of
fraction of heat radiated were in reasonable accord with
experimental data.

Several researchers have derived mathematical
models based on solutions of the fluid dynamics
equations in order to provide predictions of the structure
of and radiation associated with a turbulent reacting jet in
a cross-flow.

Botros and Brzustowski (1979) based structure
predictions on fimite-difference solutions of the three
dimensional elliptic equations of fluid flow, describing
turbulence by the k-¢ model and the non-premixed
combustion process by a flame sheet model, which
assumed chemical reaction to proceed via a fast single
irreversible step. Tt was however, found necessary to
assume entrained oxygen to be composed of a reacting
and an inert fraction in order to obtain agreement between
model predictions and experimental data.

Galant et al. (1984) produced a complete model of the
radiation received around a flare, based on solutions of a
pseudo-stream function formulation of the fluid flow
equations. The overall model embodied a k-£ turbulence
model coupled with a combustion model based on the rate
of turbulent mixing approach of Magnussen (1981).
Mechanisms of soot formation and oxidation were
included in order to permit application to large-scale flare
and radiative heat transfer within a flame modeled using
an adaptation of the six-flux approach of Gosman and
Lockwood (1973). Predictions of the radiation received
around a flare, obtained with an equivalent emitting body
representation of the flame, were found to be in good
agreerment with data obtained from field scale experiments
performed under low wind speed conditions.

Fairweather et al. (1991) described a model based on
finite-difference solutions of the fluid dynamic equations
of three-dimensional elliptic flow, with a two-equation k-
model to calculate the distribution of Reynolds stresses.
He described the turbulent nonpremixed combustion
process using the fast chemistry assumption together
with a specified probability density function (pdf) for a
single conserved scalar variable (mixture fraction) coupled
to solutions of modeled transport equations for the mean
and variance of that variable. In addition, the laminar
flamelet concept was used to determine the instantaneous
thermochemical state of the combustion mixture as a
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function of the conserved scalar with flamelet
prescriptions obtamed from laminar counterflow diffusion
flame calculations that employed a global reaction scheme
for hydrocarbon combustion. Predictions of the complete
model for flame trajectory and length were found to be in
reasonable qualitative agreement with experimental
data on natural gas flames from wind tunnel studies of
Birch et al. (1989) over a range of cross-flow to velocity
ratios.

Fairweather er al. (1992) described an extension of the
model of Farrweather et al. (1991) to cover large-scale soot
fires through the incorporation of the models for the
formation and oxidation and for the radiative fluxes
received by targets extemal to the fire. The usefulness of
the complete model for predicting the consequences
associated with atmospheric venting and flaring of
flammable gases at sonic velocities was assessed and
compared with experimental data on natural gas flame for
both laboratory scale experiment of Birch ef af. (1989) and
field scale experiment of Cook et al. (1987a).

Cook et al. (1987a) performed different experiments to
determine the size, shape and radiative characteristics of
a flare in addition to measurements of thermal radiation
incident about it. Cook et al (1987b), based on the
experiments performed by Cook et al. (1987a), derived a
mathematical model in predicting levels of thermal
radiation received about a flare using hybrid point source
model in which the flare as an emitter of radiation
was represented by a series of point sources, which was
uniformly  distributed along the flame locus.
Fairweather et al. (1991) developed a model based on
finite-difference solution of fluid dynamic equations for
predicting the flame trajectory and length of a flare.
Fairweather et al (1992) extended the research of
Fairweather et al. (1991) by developing a model for
predicting the structure and received thermal radiation
around a twrbulent reacting jet discharging into a
cross flow.

The present study 13 also based on the solution of
fluid dynamic equations but using the fimte volume
method. The resulting algebraic equations were solved
using the SIMPL.ER method of Patankar (1980). In using
this method, the continuity and momentum equations
were used to derive an exact equation for the pressure.
With this equation, the pressure field is directly known
during each iteration and this enhances convergence and
reduces computer time.

The flare was considered as a three-dimensional
turbulent jet 1ssuing into a continuous cross flow of air.
The flow m and around the jet as shown mn Fig. 2 can be
predicted by solving the full three-dimensional form of
the partial differential conservation equations for mass,
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Fig. 2: Turbulent jet in a cross flow

momentum and scalar trangport. The five main features
that are modeled in this procedure are the fluid dynamics
conservation equations, the turbulence characteristics of
the flow, the chemical reaction, soot and finally the heat
transfer by radiation.

Governing equations: In general, flows can be described
by means of the equations of motion, describing transport
of mags, momentum and energy. This also holds for the jet
flows considered in this study. The steady three
dimensional flow field m and around the deflected jet 1s
govermed by the continuity equation, the momentum
equations and the scalar transport equation. With the
demsity-weighted averaging, the equations of the
continuity, momentum and scalar transport may be

written, for Thigh-hwbulence Reynolds numbers,
respectively as:
9(pU,) _ (1)
0x;
o(pUT, ) P @
0%, dx,  ox, '
2(pUue)  apue)
a}(J aX-J
Where the turbulent scalar flux is:
RS ) @
puo 5, 7
Where:
¢ = A generalized dependent scalar variable

4 Turbulent momentum flux, which for this study 1s

approximated via the two equation
Turbulence model

The k-g¢ model 15 the most widely used turbulence
model, especially in the case of combustion. It has a fairly
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good performance in industrial flows (Luppes, 2000). The
turbulent shear stress is related to the mean velocity
gradients via a turbulent viscosity defined as:

_ a0 U 2 au
T, =—pui, =p,| —+— |-=8 | pk+ k| (5)
IR AR
Where:
p=c,p" = The tubulent viscosity
C = 0.09 (Tones and Launder, 1972)

il

The respective modeled transport equations for the
turbulence kinetic energy, k and the rate of dissipation of
the turbulent kinetic energy, € are based upon the
transport equation:

9(pU k ¥
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dx, dx;| G, dx, ! ox,
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This model contains four empirical constants. The
following values of these constants are used, which are
recommended by Jones and Launder (1972):

C, = 1.55
C, = 20
O, 1.0
o = 13

The modeling approach used m this study i1s by
describing the turbulent nonpremixed combustion process
using the fast chemistry assumption (that is sufficiently
fast for all reactions to go to completion or equilibrium as
soon as the reactants are mixed), together with a specified
probability density function (pdf) for the single conserved
scalar variable (mixture fraction) coupled to solution of the
mean and variance of the variable. The laminar flamelet
concept is then used to determine the instantaneous
density and temperature of the combusting mixture as a
function of the conserved scalar.

In addition to the continuity, momentum equations
and equations describing turbulence quantities there is
the need for the balance equations for the mixture fraction
and the mixture fraction variance, respectively. The
conservation equation are:

3(pUf)
%

1

0

S
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Where Cp and o, are constants, respectively.

Fluctuations of the mixture fraction are taken into account
by introducing a presumed probability density function
(pdf). A generally accepted form for the mixture fraction
pdf is the beta function pdf:

by
-0 ar

]
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Where the parameters ¢ and P are defined in terms of
the mean mixture fraction and varianc,
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and the mean density p obtained from:
_ [reiex) T an
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Predictions of soot level within the flame were
incorporated in the model through the solution of balance
equations for soot mass fraction, Y, and soot particle
number density, N, using the following model transport
equations:

a(ﬁUch(s))_i &BYC(S) +_§(Y ) (12)
ij 78}(1. o, ij P ey
(pUN N -

(PUN) _ @ (N +p8(N) (13)
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Where the last terms in both Eq. 12 and 13 are the
instantaneous rates of formation of the soot mass fraction
and soot particle number density, which are given in
Fairweather et al. (1992). Thermal radiation received at
ground level around the flare was computed from

converged flow field calculations using the Discrete
Transfer Radiation Model (DTRM). DTRM i1s based on
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solving Radiative Transfer Equation (RTE) for some
representative rays fired from the domain boundaries. The
method is used in calculating radiative heat transfer to a
receiver positioned within the finite difference solution
domain by integrating the equation of radiative transfer
along a number of representative rays that converge on
the receiver. These rays are considered to emanate from a
single point i a specific direction chosen m order to
divide the circular field of view of a receiver into constant
polar and azimuthal angles.

The path of each ray from that point to a boundary of
the finite-difference solution domain is then tracked
through the various control volumes of the domain In
this way, each ray can be divided into a number of optical
path lengths, with each length corresponding to the
distance traveled through any particular control volume.

The temperature and mixture composition associated
with each path length 1s also kmown from results obtained
from the flow field calculation for each of the homogenous
control volumes. The information is used to derive the
intensity of radiation arriving at the receiver along each
ray, by mtegrating the transfer equation from the
boundary of the solution domain, with the net radiative
heat flux to the receiver over a prescribed field of view
determined by summing the incoming intensities resolved
to the unit vector central to that field of view.

Solution procedure: The governing equations for the
turbulent jet flows considered in this study were given.
Most of the equations are conservation equations with
convection, diffusion and source terms. Some of the
equations are algebraic expressions without partial
derivatives. Each equation containg a number of unknown
variables.

All equations together, in combination with the
relevant boundary conditions, form the mathematical
model that describes the ensemble of relevant physical
processes and phenomena in the jet flow. Exact analytical
solutions to the goveming equations are extremely
difficult to obtain. Only upon the introduction of gross
assumptions and simplifications can analytical solutions
be obtained. Such analytical solutions would only be an
approximation of the exact solution. Another approach 1s
to solve the equations numerically using a computer to
obtain a sufficiently accurate solution. This is the
approach employed in this research.

The equations are formulated in integral conservation
form for an arbitrary control volume. The computational
domain is subdivided in control volumes or cells. For each
control volume, surface integrals over the boundary faces
of the convection and diffusion fluxes are evaluated and
the fluxes are approximated and written in terms of the
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discrete values of variables in neighboring control
volumes. In this study, a grid in three dimensional
Cartesian coordinate 13 employed.

The govermng partial differential equations for the
conservation of mass (Eq. 1), momentum (Eq. 2) and scalar
quantities (Eq. 3) under steady-state can be represented
1n tensor notation form as:

Apud) _ o (.50 i a4
0x; ax;|  Ox;

Where:

¢ = The dependent variable (represents the velocity

components and other dependent scalar variable
and the source term)
The terms including the pressure gradient

The transpoit Eq. 14 is reduced to its finite-difference
form by integrating over the computational cells into
which the domain is divided. The resulting algebraic
equations can be written in the following form:

apdy = Zaan)nb + S¢ (15)
nh
Where:
P The nodal pomt under consideration

nb

The neighbours of the point p

For the
system used the neighbours are six and will be
represented by subscript N, S, E, W, T, B,. Where, N, 5, E,
W, T, B denote North, South, Hast, West, Top and
Bottom, respectively of the nodal pomt p being
considered. The as are the convection and diffusion
coefficients of Eq. 13. The exact form of the a,’s depends
on the nature of the governing equations (elliptic,
parabolic or hyperbolic) and on the form of fimte
difference approximation used (upwind, central, etc.). The
source term S, is defined as:

three dimensional Cartesian coordinate

S, = 5. + 5,0, (16)

Where:

S
S

b

The constant part of the source term
The variable part

c

The transport equations are discretized by integrating
the respective equations over a control volume and using
an nterpolation procedure to evaluate the values of
variables on the faces of each control volume.

Boundary conditions: Due to the elliptic nature of the
equations, boundary conditions are prescribed for all the
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variables at all boundaries of the solution domain. The
boundary conditions for the various faces of the
calculation domain were specified as follows. The x-y
plane through the orign was treated as a plane of
symmetry; thus the velocity component was set equal to
zero there, while the normal gradients of all other variables
were taken to be zero (Neumann conditions). The other
x-y boundary, the top x-z plane and the upstream, y-z
plane were considered to be sufficiently far away from the
jet and the velocity field there was characterized by
U=U_, V=0 W =0. The bottom x-z plane comcided with
the wall, where all the velocity components were set equal
to zero, except that v was given the value V, for the grid
points representing the jet. At the downstream y-z plane,
the normal gradients of the variables were assumed to be
zero. For the boundary conditions of the turbulence
quantities, the wall was treated by the wall-function
method. The treatment amounts to assuming that the
universal loganthmic velocity profile prevails near the wall
that the diffusion of the turbulence kinetic energy 1s zero
in that region and that the dissipation rate is inversely
proportional to the distance from the wall.

Solution convergence: The model requires the solution of
the steady flow, three-dimensional forms of ten-coupled
partial differential equation. Global convergence is
obtained when the pressure correction in the SIMPLIER
method used is no longer needed, which means that the
residual mass source S, is equal to zero and hence the
continuity equation is satisfied. For conservation of
momentumn, the residual sources of the momentumn
eequations should be zero. The residual sources of the
other dependent equations should also be zero. For this
study, the algorithm 15 considered to have converged
when the normalized residual sources have reached a
value smaller than a specified small value (107).

RESULTS AND DISCUSSION

The usefulness of the model developed 1s to be able
to predict accurately the heat flux received by personnel
during gas flaring. The model equations were simulated
using FORTRAN 95 programme. The heat flux obtamed
by the model was validated using results obtained from
experiment performed and also compared with other
empirical formulae.

Verification of the model: The model was validated using
data from the experimental research of Birch et al. (1989).
The simulation was carried out by considering a release of
natural gas contamning 94% methane by volume. The
predicted and experimental heat flux results for the
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Fig. 3: Variation of radiative heat flux on the symmetry
plane (1.e., on the ground)
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Fig. 4: Variation of radiative heat flux on the cross stream
plane (i.e., on the ground)

Table 1: Properties used for comparison

Flare gas Methane
Height of the flare stack (i) 50

Gas exit velocity, Mach 0.2
Molecular weight of fuel gas 46.1
Flow rate kg h™ 200,000
Eastward wind speed (m sec™) 10.0
Discharge temperature (°C) 150
Heat of Combustion Kcal kg™ 11,000
Specific heat ratio 1.1

Air temperatire (°C) 27.0
Fraction of radiant heat release 0.3
Low flarmmability limit (96) 2

Air relative humidity (%) 50

symmetry and cross-stream plane are shown in Fig. 3
and 4, respectively. The predicted heat fluxes are similar
to the results obtained from experiment as shown in
Fig. 3 and 4. Downwind of the maximum heat flux, it falls
off more slowly because of the mfluence of the wind,
since the wind 1s in that direction and the place 1s largely
filled with either visible flame or hot combustion products
dispersed in the direction of the wind.

Comparison of the model with some empirical formulae:
The model was compared with four different existing
empirical formulae obtained from the literature using data
(Table 1) for the properties of the flared gas in the flare
stack. The results (Fig. 5) show similar gaussian thermal
radiation profiles at the ground level for all the models,
but different value for the maximum and for distances
downwind from the source. For this comparison, the heat
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Fig. 5. Comparison of the model with four empirical

formulae

flux predicted and that from empirical formula were plotted
against the distance from the base of the flare stack. The
differences in the value of heat flux at the near field (that
is close to the flare stack base) vary largely from each
other and have nearly close values at the far field (at some
distance away from the flare stack base).

At the near field, the maximum value predicted by the
model is 15.5% higher than that of Kent (1964), 36.5%
lower than that of Oenbring and Sifferman (1980b), 41.9%
higher than that of De Faveri ef al. (1985) and 22.5% lower
than that of De Faveri et al. (1985) (surface model).

At the maximum limit of 6.31 kW m™ for a limited
duration set by the Nigerian Department of Petroleum
Resources (DPR), the model predicted a safe distance of
above 75 m from the flare stack base, while Kent (1964)
predicted a distance of above 60 m and that of Oenbring
and Sifferman (1980b) and De Faveri et al. (1985) (surface
model) a safe distance of above 105 and 80 m, respectively
while the whole area is safe as for De Faveri et al. (1985).

The correct value of the heat flux is very important
because 1n many cases, it forms the basis for determining
the flare stack height and location. If underestimated it
puts the worlcers at great risk of exposure to dangerous
heat fluxes and if overestimated result to taller than
required stack, which results in waste of resources.

CONCLUSION

Gas flaring 1s a long-established but unacceptable
practice m the Nigerian Petroleum mdustry, with
monumental negative social, economic, environmental and
ecological consequences to Nigeria over the past five
decades. The practice resulted in wastage of valuable
resources much needed for economic development and
has caused environmental degradation and health risks.
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Consequently the reduction and elimination of gas flaring
would benefit the nation, the local oil producing
communities, the oil producer and the environment in a
win-win situation.

One of the effects addressed in this study 1s the
thermal pollution, since there is a limit to which the human
body can tolerate the fluxes released during gas flaring.
Furthermore, both habitat and structural buildings nearby
also have heat thresholds. This impact of radiant heat
from flare is a key element in petroleum industries, which
requires accurate and efficient prediction methods which
should not be subjected to large errors, which may result
from a number of assumptions made in the empirical
formulae predictions. Thus, it is very important to predict
radiation from flares as accurately as possible.

The usefulness of the model is its ability to enable
accurate prediction of the heat flux and temperature at any
point in the vicinity of a flare. Such information is also
useful in siting and determining the height of a flare stack.

The heat fluxes predicted were plotted against the
distance from the base of the flare stack and were
compared with that from the empirical formulae. The
differences in the value of heat flux at the near field (that
13 close to the flare stack base) vary largely from each
other and have nearly close values at the far field (at some
distance away from the flare stack base).

REFERENCES

Abdulkareem, A.S. and J.O. Odigure, 2006. Deterministic
model for noise dispersion from gas flaring: A case
study of Niger-Delta area of Nigeria. Chem. Biochem.
Eng. Q., 20: 157-164.

Birch, AD., DR. Brown, M. Fairweather and
(G.K. Hargrave, 1989. An experimental study of a
Turbulent natural gas jet n a cross-flow. Combustion
Sei. Technol., 66: 217-232.

Bjorge, T. and A. Bratseth, 1996. Measurement of
radiation heat flux from large scale flares. Hazardous
Mater., 46: 159-168.

Botros, P.E. and T.A. Brzustowski, 1979. An experimental
and theorectical study of the Turbulent diffusion
flame in cross-flow. Proceedings of the 17th
International Symposium on Combustion, (ICT'79),
The Combustion Institute Pittsburgh, pp: 389-398.

Brzustowski, T.A. and E.C. Sommer, Jr., 1973. Predicting
radiant heating from flares. Proccedings of the
American Petroleumn Institutes 38th Miyear Meeting,
May 17, APT Preprint, Philadelphia, pp: 64-73.

Cock, DK. M. Farweather, J. Hammonds and
D.J. Hughes, 1987a. Size and radiative characteristics
of natural gas flares. I: Field scale experiments. Chem.
Eng. Res. Des., 65: 310-317.



J. Eng. Applied Sci., 4 (5-6): 295-302, 2009

Cook, DXK., M. Fairweather, J Hammonds and
D.J. Hughes, 1987b. Size and radiative characteristics
of natural gas flares. Part 2, Empirical model. Chem.
Eng. Res. Des., 65: 318-325.

De Faven, D.M., G. Fumarola, C. Zonato and G. Ferraiolo,
1985. Estimate flare radiation mtensity. Hydrocarbon
Process., 64: 89-91.

Fairweather, M., W.P. Jones and A.J. Marquis, 1991.
Predictions of a turbulent reacting jet in a cross-flow.
Combusttion Flame, 84: 361-375.

Fairweather, M., W.P. Jones and R.P. Linidsted, 1992.
Predictions of radiative transfer from a Twurbulent
reacting jet in a cross-wind. Combustion Flame,
89: 45-63.

Galant, S., D. Grouset, G. Martinez, P. Micheau and
IB. Allemand, 1984. Three dimensional steady
parabolic calculations of large scale methane
turbulent diffusion flame to predict flare radiation
under cross-wind conditions. Proceedings of the 20th
Symposium International on Combustion, (SIC'84),
The Combustion Tnstitute Pittsburgh, pp: 531-540.

Gosmarn, A.D. and F.C. Lockwood, 1973. Incorporation of
a flux for radiation into a fimte-difference for furnace
calculations. Proceedings of the 14th Symposium
International on Combustion, (SIC'73), The
Combustion Institute Pittsburgh, pp: 661-671.

Jones, W.P. and B.E. Launder, 1972. The prediction of
lammarization with a two-equation model of
Turbulence. Int. J. Heat Mass Transfer, 15: 301-314.

302

Kaldany, R., 2001. Global Gas Flaring Reduction Tnitiative.
Oil, Gas and Chemicals World Bank Group,
Marrakesh, Morroco.

Kent, GR., 1964. Practical design of flare stacks.
Hydrocarbon Process., 43: 121-125.

Luppes, R., 2000. The numerical simulation of Turbulent
jets and diffusion flames. Ph.D. Thesis, Eindhoven,
T echnische Universiteit Eindhoven, The Netherlands,
pp: 1-200.

Magnussen, B.F.,, 1981. On the structure of turbulence
and a generalized eddy dissipation concept for
chemical reaction in Turbulence flow. Proceedings of
the 19th American institute of Aeronautics and
Astronautics, Aerospace Science Meeting, JTan. 12-15,
St. Lows, pp: 1-7.

Oenbring, P.R. and T.R. Sifferman, 1980. Flare design
based on full-scale plant data. Proceedings of the
American Petroleum Institute's Refining Department,
May 12-15, APL, Washington, DC., pp: 220-236.

Oenbrng, P.R. and T.R. Sifferman, 1980. Flare design. Are
current methods too conservative? Hydrocarbon
Process., 59: 124-129.

Patankar, S.V., 1980. Numerical Heat Transfer and Fluid
Flow. McGraw Hill, New York, USA.

Schwartz, R., 1977. Environmental factors versus flare
application. Chem. Eng. Prog., 73: 41-44.



