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h i g h l i g h t s

� A box-type fired heater with swirling bluff-body burners is studied by CFD.
� RSM along with DO model can more precisely predict the flow and temperature.
� Multiple vortices are formed, and the flow is complex and asymmetric.
� IRZ and ERZ are affected by variation of excess air and preheating temperature.
� Preheating increases the efficiency, but its effect is reduced at high temperatures.
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a b s t r a c t

Since boilers and industrial furnaces are one of the largest consumers of fossil fuels, optimization and ret-
rofitting these facilities are of the most essential tasks which can be done to reduce fuel consumption and
pollutant emission into the environment. The objective of this paper is to investigate the effects of excess
air and inlet air preheating on temperature, flow, and efficiency of the furnace of a fired heater used in an
oil refinery. For this purpose, a three-dimensional modeling was performed, using CFD, to simulate the
furnace and one of the swirling bluff-body burners. Examining the result of several turbulence and radi-
ation models, it was found that Reynolds stress model (RSM) can simulate turbulence caused by swirling
and bluff-body burners more precisely than k–e models. Moreover, discrete ordinate (DO) model offers
better performance than P1, for radiation. Comparisons between the numerical results, and field mea-
surements showed the simulation can predict the flow and temperature fields in the heater with accept-
able accuracy. The results show that internal and external recirculation zones (IRZ & ERZ) are caused by
swirling and bluff-body flows, respectively. In addition, the flow is asymmetric and two recirculation
zones form near the vertical walls. Variation of excess air has more impact on IRZ, and high percentage
of excess air leads to narrower IRZ, while preheating totally affects ERZ. The optimal value of excess air is
18% and increasing excess air beyond 18% reduces the flame temperature and the furnace efficiency.
Furthermore, it is found that preheating increases the furnace temperature as well as the efficiency,
and the effect of preheating is reduced at high inlet temperatures.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Although the widespread applications of renewable energy
resources have drawn the attention of many engineers and inves-
tors, there is still a great demand for conventional fuels all around
the world [1]. This demand, which results in the rising prices, in
conjunction with the limited resources of these fuels, and also

environmental considerations, have led into the numerous investi-
gations on the enhancement of the working characteristics, along
with the reduction of fuel consumption of energy systems in the
industrial sector of many countries [2–4].

Refineries, as one of the most important parts of petrochemical
industry, are places at which several kinds of boilers, furnaces, and
heaters can be found. At refineries, in order to convert crude oil
into different products, a number of specific processes have to be
conducted. Such processes either have more efficiency at high tem-
peratures or are impossible to be carried out at low temperatures.
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Therefore, there is a need for a device, which can raise the process
fluid temperature. To meet this need, fired heaters (or process hea-
ters) are utilized in refineries. A fired heater is a direct-fired heat
exchanger, which uses the hot gases of combustion to raise the
temperature of a feed flowing through coils of tubes aligned
throughout the heater. These devices usually increase the temper-
ature of the process fluid (crude oil) approximately from ambient
temperature (�300 K) to the desired one (�400 K), at which deliv-
ered to the distillation unit. The required heat of this process is
provided by combustion, which is a complicated phenomenon
with a variety of applications in different industries. One of the
chief concerns in designing combustion systems is to control the
dimension and stability of the flame. For this purpose, two main
approaches have been proposed: (1) the mechanical methods, such
as using the flame stabilizer by inserting solid obstacles in the
stream, as in ramjet technology (bluff-body stabilization). (2)
Hydrodynamic methods, such as swirling by directing part of the
flow or one of the flow constituents, usually air, opposed or normal
to the main stream, as in gas turbine combustion chambers (aero-
dynamic stabilization) [5].

Investigating the abilities and effects of these methods on the
burners and flame characteristics, several experimental studies
have been conducted in various applications [6–10]. Recently, Her-
rera et al. [11] studied the application of a porous burner made of a
bed of low cost Al2O3 particles coming from grinding wastes and
combined with a ceramic sponge of SiSiC for cooking in the food
industry. They stated that the improvement in efficiency and the
possibility of interrupting the flow of fuel in a cyclic operation
are highlighted as important characteristics for development of
more efficient and less-fuel consuming devices for cooking in the
food industry. Using twisted tapes of different twist ratio, Hin-
dasageri et al. [12] studied the effect of swirl on flame jet impinge-
ment heat transfer characteristics. They found that swirl enhances
the heat flux distribution by 40–140% at low Reynolds. However, at
higher Reynolds the effect of swirl was negative and was found to
decrease the average heat flux distribution by 10–40%.

Due to the difficulties and obstacles associated with experimen-
tal studies on the combustion devices, the application of Computa-
tional Fluid Dynamics (CFD) has become a useful tool to predict the
performance and operational conditions of these facilities. There-
fore, numerical modeling of burners and furnaces has been the
focus of several studies in recent years [13–18].

Syred and Beér [19] categorized the swirl combustors into two
main types; the swirl burner, and the cyclone combustion
chamber. They stated that swirl increases considerably the stabil-
ity limits of most flames, and contrary to many previous assump-
tions, the flow is often not axisymmetric but three-dimensional
time-dependent. Using a finite difference modeling, Lilley [20]
investigated turbulent boundary layer of swirling flames, and
demonstrated that the effects of swirl on flame size, shape, and

combustion intensity are represented by nonisotropic mixing-
length and energy turbulence models and an eddy-break-up
turbulence-controlled reaction model. Utilizing PDF (probability
density function) combustion model and RSM (Reynolds Stress
Model) for turbulence, Meier et al. [21] performed a full-scale sim-
ulation on a 150 kW furnace and compared the results with exper-
imental data. Later, based on the results obtained from CFD
computations, Frassoldati et al. [22] focused on a new procedure
for the determination of NOx emission from combustion processes,
which allows using very detailed and comprehensive reaction
schemes. Testing the predictions on flames with different swirl
numbers, they reported that both CFD, and the chemical analysis
show a satisfactory agreement with the measured data. Further-
more, studying the effects of the thermal radiation model on com-
bustion, Ilbas [23] simulated a turbulent non-premixed flame with
and without radiation models. They observed that the results with
radiation models are in better agreement with the measurements,
compared to the results without any radiation models. In addition,
the use of a radiation model leads to predict lower overall temper-
ature, and consequently, lower NOx emissions.

Besides the works mentioned previously, the process heaters
have been specifically considered by researchers. Most of these
works approached the problem from the energy and environmen-
tal points of view, and few of them utilized the numerical method
to investigate the heaters. Some instances are studies conducted by
Mussati et al. [24], Morales-Fuentes et al. [25], Varghese and
Bandyopadhyay [26,27], Chaibakhsh et al. [28], Jegla et al. [29], etc.

The present paper describes the results of a numerical modeling
of a fired heater in a refinery. A special attention is exerted to the
swirling bluff-body burners and furnace zone, which is the radia-
tive part of the heater. In addition, the effects of excess air and inlet
preheating temperature on the flow pattern and performance of
the heater are investigated. Comparison between CFD simulation
results and those of other experimental works along with temper-
ature measurements have been conducted to achieve a preferable
modeling approach, and also to validate the model.

2. Description of the fired heater

Process heaters are generally built with two distinct heating
sections: a radiative section, variously called combustion chamber
or firebox, and a convective section followed by a stack (see Fig. 1).
The tubes in the radiative section may be arranged horizontally or
vertically along the heater walls, including the hip, and the burners
are located on the floor or on the lower part of the longest side
wall, where there are no tubes [30].

Process heaters are usually classified as vertical cylindrical [31]
and box-type [28] heaters, depending on the geometrical configu-
ration of the radiative section. Box-type furnaces are best suited for

Nomenclature

DL,j molecular diffusion
DT,j turbulent diffusion
Fj production by system rotation
Gj buoyancy production
g gravitational acceleration vector (m/s2)
Pj stress production
Pr turbulent Prandtl number for energy (=0.85)
p the fluctuation of static pressure (Pa)
Suser user-defined source term
T temperature (K)
t time (s)

u0 fluctuating velocity component (m/s)
x Cartesian space coordinates (m)

Greek symbols
b coefficient of thermal expansion
ej dissipation
l turbulent viscosity, kg/m s or Pa s
q fluid density, kg/m3

/j pressure strain
Xk mean rate-of-rotation tensor
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