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Abstract—This paper reports a numerical study on the possibility of using high temperature air combustion (HiTAC)
technique in the heat recovery steam generator (HRSG) boiler of the Fajr Petrochemical Complex, Iran. For this pur-
pose a theoretical fuel nozzle which operates in HITAC mode of combustion has been installed and modeled using the
computational fluid dynamics (CFD) technique. By aim of establishing an efficient heat transfer rate to the boiler’s
tubes, the proper nozzle location and an optimum mass flow rate of fuel have been found. The results show that by
using this modification it is possible to increase the steam temperature up to 37 percent.
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INTRODUCTION

Rapid industrialization and growth of human society has resulted
in rapid utilization of earth’s natural resources. The high tempera-
ture air combustion (HiTAC) technique, developed by Tanaka and
Hasegawa [1], is one of the most promising combustion techniques
which provides a solution for energy saving, energy efficiency and
pollution control. The HiTAC technique is one of the most advanced
techniques because of low levels of NOx formation and emissions
[2-5]. In HiTAC technology a low oxygen concentration oxidizer
at high temperatures is used for combustion. In conventional burn-
ers an increase in the temperature of preheated air increases the NOx
emission levels. In the HITAC combustion technique, the oxygen
concentration in the combustion air is very low, and under this con-
dition the thermal field in the combustion zone is quite uniform.
The peak temperatures in the combustion zone are suppressed to
result in very low NOx emission levels [6].

Although the technology of fuel combustion with highly preheated
air has substantially improved over the last decade or so, limited
work [7] has been undertaken by the fundamental combustion com-
munity to support the development.

In many industrial combustion systems the fuel jets emerge into
a hot environment of oxidants and products [8]. Lille et al. [9] built
an experimental facility to study fuel jets immersed into a cross-
flowing high temperature air stream in order to enhance mixing and
attain flameless conditions. In another study, Kim et al. [10] used
the conditional moment closure (CMC) method to model turbulent
jet diffusion flames into a hot and diluted surroundings with some
success.

The numerical modeling of the combustion process in industrial
boilers is a complicated calculation that involves modeling of turbu-
lent flow, combustion and radiation. Due to progress in computer
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hardware and software and the consequent increase of the calcula-
tion speed, the computational fluid dynamics (CFD) modeling tech-
nique would be a powerful and effective tool for understanding the
complex hydrodynamics in many industrial processes [11-14].

Using HiTAC combustion burner has recently found considerable
attention as a promising system for industrial boilers and furnaces.
Orsino et al. [15] assessed the abilities of existing combustion mod-
els to predict the characteristics of the HITAC technology in a semi-
industrial or industrial furnace. They reported that the available numer-
ical models, for instance, the eddy-break-up model, eddy-dissipation
concept model with chemical equilibrium, and a PDF/mixture frac-
tion model with equilibrium, can correctly reproduce the character-
istics of the high temperature air combustion. However, they believe
that these models cannot describe the chemistry and temperature
field in the fuel jet region.

In another research, a new boiler using high temperature pre-
heated air was introduced by Kawai et al. [16]. The boiler was char-
acterized by uniform heat flux field, augmentation of heat transfer,
reduction of combustion noise level, suppression of NOx emission
and compactness. On the other hand, the effects of using a diluted
fuel in an industrial furace under several cases of conventional com-
bustion and the highly preheated and diluted air combustion (HPDAC)
was numerically studied by Khazaei et al. [17]. They found a de-
crease in NOx pollutant formation in case of employing the HPDAC
technique.

The heat recovery steam generator (HRSG) is a type of boiler
which uses heat recovery of hot output gases from gas turbines for
generating steam. The generated steam is turned into electrical power
through the steam turbines in power plants. An analysis of some
possibilities to increase the combined cycle plant efficiency to val-
ues higher than the 60% in this type of steam generators, without
resorting to a new gas turbine technology, was investigated by Franco
and Casarosa [18].

Regarding the importance of using the HITAC technique in the
process industries, in the present research the use of a theoretical
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(a) HRSG boiler (b) Real finned tube

Fig. 1. The HRSG boiler of the fajr petrochemical complex and a
real finned tube.

HiTAC burner in the HRSG boiler of Fajr petrochemical Complex
of Iran has been investigated. The main aim of this work is to illustrate
the possibility of using HiITAC technology in a real boiler to increase
its steam generating load. The employed burner can be useful to
generate steam with a higher temperature without generating high
temperature zones. The best nozzle location as well as the opti-
mum input mass flow rate of the natural gas has been found by using
CFD modeling.

THE HRSG BOILER DESCRIPTION

Fig. 1 shows the HRSG boiler as well as a real, finned super-
heater tube. The HRSG boiler is installed after a turbine’s outlet
hot gas and generates 182 ton/hr of steam with a pressure of 42 atm.
The HRSG boiler has a height of 21.9 m, a length of 24.4 m. The
hot gas enters the boiler through a 5 m square duct. The mass flow
rate of inlet hot gas into the HRSG boiler is 428 kg/s and its tem-
perature is 527 °C with a 15 percent air in excess.

The HRSG boiler includes three banks of tubes including econ-
omizer, evaporator and superheater. The superheater tube bank has
32 rows, of which every row covers 38 vertical finned tubes. Every
tube has a height of 19.7 m, an inner diameter of 33.3 mm and a
thickness 2.4 mm. Each tube is covered with 140,000 rectangular
fins. Each fin has a height of 18 mm and a thickness of 1.1 mm.
Fig. 2 shows the HRSG boiler dimensions and the location of these
three tube types in the boiler.

The superheater tubes are arranged in 4 rows each with 38 tubes
which are connected to two header boxes placed at the bottom and
top of the boiler. The inlet saturated steam mass flow rate into each
superheater tube is 0.333 kg/s with a temperature of 253 °C. The
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Fig. 2. The HRSG boiler dimensions and the location of three tube
batches in the boiler.

steam exits from these tubes at 427 °Cwith a pressure of 42 atm.
CFD MODELING

In the present research the commercial CFD package, FLUENT6.2
[19] was used to model the described HRSG boiler. A three-dimen-
sional CFD simulation was carried out in order to model the com-
bustion process as well as fluid and heat transfer to the boiler’s su-
perheater tubes. Regarding the large number of installed fins on each
tube, the CFD modeling of the system was impossible. Therefore,
the modeling was carried out for plain tube and then the predicted
results were corrected for the finned one using the fin effectiveness
coefficient. This parameter has been defined as follows.

heat transfer rate with fin

Fin effectivness coefficient= - 1
heat transfer rate without fin )

The predicted mean convection heat transfer coefficients for plain
and finned surfaces were used to calculate this parameter.
1. The Governing Equations

The CFD modeling involves with the numerical solution of the
conservation equations. In the most of the research, the simulation
solution of continuity and the Reynolds Averaged Navier Stocks
equations was carried out by CFD codes. In the case of turbulent
flow the random nature of flow precludes computations based on a
complete description of the motion of all the fluid particles. In gen-
eral, it is most attractive to characterize turbulent flow by the mean
values of flow properties and the statistical properties of their fluctu-
ations. In this study, 3-D Reynolds Averaged Navier Stokes equa-
tions together with RNG k—¢ turbulence model [20] are solved with
commercial CFD software, Fluent 6.2. The RNG turbulence model
was derived by using a rigorous statistical technique (called renor-
malization group theory) and was used to predict better results for



Computational fluid dynamics modeling of high temperature air combustion in an heat recovery steam generator boiler 1183

round jets. The turbulence model is a semi-experimental model based
on model transport equations for turbulence kinetic energy (k) and
its dissipation (&), which has been obtained from the following trans-
port equations:

a(atk) +div(pkU)=div[%ﬂ‘grad k}+G— pe @
k
2
% +div(peU)= div[’%‘:fgrad g} +CLD2u B, By - Copl ()
where
kZ
Hey=p+ pr, pr=pC,— Q)

where t is time, p s the density, U is the mean velocity, 4 is the lam-
inar viscosity, 4 is the turbulent viscosity, 44,is the effective viscos-
ity, G is the dissipation function, E; is the linear deformation rate,
o, and o, are the turbulence Prandtl numbers and C,,, C,, and C,
are model constants as follows.

=142 C=1.68 C~0.0845 =100 o=130

The proper simulation of non-premixed turbulent combustion
processes requires an effective scheme for simultaneously model-
ing both the mixing and the reactions of relevant chemical species.
As a starting point, in keeping with the approach used for the mass,
momentum, and energy equations, a partial differential conservation
equation can be written for each of the chemical species as fol-
lows:

O(pm;) O(pum;) 0 1,0m;
ot * ox, aXi(O'maX) +Ri+S; ®)

where m, is the mass fraction of the ith chemical species, o, is the
ratio of effective diffusion coefficient for the ith species and the tur-
bulent momentum diffusivity, 4, is the dynamic eddy viscosity, R;
is the mass rate of creation or depletion by chemical reaction and
S; represents other sources of species creation. The chemical pro-
duction or depletion term, R,, can be determined (on a mass/volume
basis) as follows.

R.=(v/-v)MK]]C/ ©6)
1

where v/ and v; are the stoichiometric coefficients for the ith spe-
cies as a product and a reactant, respectively, M, is the molecular
weight of the ith species, k is the specific reaction rate constant, C,
is the molar concentration of the /th reactant species and v, is the
stoichiometric coefficient of the /th reactant species. The reaction
rate constant, k, is expressed by the modified Arrhenius equation.

k=AT“xp (I:{%) ™

where o, A and E are reaction rate parameters, R is the ideal gas
constant and T is the temperature. In this work, for turbulent react-
ing flows, the eddy dissipation model [21] was used. The eddy dissi-
pation model is suitable for a wide range of applications including
premixed, partially premixed, and non-premixed turbulent combus-
tion.

To predict the radiative heat transfer in the boiler, the radiative
transfer equation (RTE) for an absorbing, emitting and scattering

medium was solved. In the present research, the Rosseland model
[22] was used for solving the RTE. This model is valid when the
medium is optically thick ((a+o;)L>1), where a is the absorption
coefficient, g; is the scattering coefficient and L is the length of the
boiler. In the present study, the optical thickness is about 2 so the
Rosseland model is suitable for this case. The WSGGM (weighted
sum of gray gas) model [23] is used to calculate the total emissiv-
ity as a function of gas composition and temperature.
2. Boundary Conditions

The operating conditions at maximum steam capacity of 182,000
kg/hr are summarized as follows:

o The inlet hot gases into the HRSG boiler with 15% air in excess
(mass flow rate: 428 kg/s; temperature: 527 °C).

o The outlet of the HRSG boiler stack (pressure outlet: the atmo-
spheric pressure; temperature: 27 °C).

o The inlet saturated steam into the superheater tube (mass flow
rate: 0.333 kg/s; pressure: 42 atm; temperature: 253 °C).

¢ The outlet saturated steam (pressure outlet: 42 atm).
3. Solution Method

The governing equations of the system are solved by finite vol-
ume method employing the semi implicit method for pressure linked
equations (SIMPLE) algorithm, the standard pressure and the sec-
ond order upwind discretization scheme for momentum, turbulent
kinetic energy and dissipation energy. The set of governing differen-
tial equations together with the boundary conditions are to be solved
numerically by an iterative, line-by-line procedure. The convergence
criterion was based on the residual value of the calculated vari-
ables, namely continuity, velocity components and energy. In the
present calculations, a convergence criterion of 10~ was chosen for
all calculated parameters. The total number of iterations was 15467
to reach converged values.
4. Mesh Layout

The HRSG boiler was meshed into almost 1,158,642 unstruc-
tured tetrahedral control volumes. The regions close to the super-

Hot gas output

Hot gas input from
gas turbines

Fig. 3. The modeled HRSG boiler.
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Table 1. The predicted steam temperatures (°C) at various grid

sizes
Grid 4 Grid 3 Grid 2 Grid 1 Tube
(1428632 (1158642 (946234 (757136  length
meshes) meshes) meshes)  meshes) (m)
253 253 253 253 0
267.73 267.87 265.11 261.47 2
281.23 281.75 282.48 278.22 4
29591 296.12 298.65 290.31 6
311.05 310.81 312.36 315.27 8
324.67 324.87 327.13 318.83 10
339.11 338.43 335.21 331.55 12
352.50 352.67 353.75 348.32 14
366.32 366.43 367.96 362.38 16
379.81 379.87 377.16 372.75 18
397.46 397.37 394.31 390.12 20

heater tube and natural gas nozzle were divided into smaller meshes
for more precise prediction. Fig. 3 shows the modeled HRSG boiler
and a view from its meshed layout. To ensure the solution inde-
pendency from the grid size, the geometry was meshed using four
different grid sizes, and the temperature of the steam at various lengths
of the tube was predicted. In Table 1 the predicted steam tempera-
tures at various examined grid sizes are reported. The results show
that the predicted temperatures using Grid3 and 4 setups are quite
close together. In the other words, the prediction dependency for
more number of control volumes than Grid3 is negligible. There-
fore, due to its less required computation time, Grid3 setup was chosen
for modeling in the present study.

CFD VALIDATION

To measure the rate of heat transfer in superheater tubes, a plain
superheater tube in HRSG boiler was modeled using the previous
mentioned operating conditions. The fin effectiveness coefficient
of 3.125 was found from Eq. (1) and used in order to correct the
obtained temperatures.

In the model, the inlet steam temperature of the superheater tube
was chosen to be 253 °C, which is the same as the real condition.
In this condition, the predicted outlet steam temperature for the plain
tube was 299 °C, which shows a 45 °C increase across the tube. Us-
ing the obtained fin effectiveness coefficient, an outlet steam tem-
perature of 397 °C was obtained for the finned tube. From perfor-
mance test results done in the Fajr Petrochemical Complex, an outlet
steam temperature of 427 °C was obtained, which means the error
between the modeling and the test results is 7.5 percent. The lower
predicted temperature can be related to single tube modeling con-
ducted in this study, which ignores the effect of passing of the hot
gas through the bundle of tubes. In addition, modeling of a plain
tube and correcting the results with the fin effectiveness coefficient
can be another reason for this difference.

RESULTS AND DISCUSSION

In the present research, the HITAC technique is used to increase
May, 2011

the HRSG boiler steam temperature. A natural gas nozzle with a
diameter of 10 cm is placed inside the boiler inlet hot gas stream
and we have attempted to find the proper nozzle position and gas
flow rate. The inlet natural gas temperature is defined to be 27 °C.
1. The Natural Gas Nozzle Position Selection

To find the proper position for the natural gas nozzle inside the
boiler, three different positions have been examined using CFD mod-
eling. In all layouts the mass flow rate of natural gas is defined to
be 1 kg/s. The studied nozzle positions are as follows:

e Position 1: The nozzle is placed in the upper side of the HRSG
inlet duct at a height of 12 m from the boiler bottom and a distance
of 4.7 m in front of the hot gas entrance.

e Position 2: The nozzle is located at 5 m from the boiler entrance
and a height of 2.5 m from the boiler bottom.

e Position 3: The nozzle is placed 0.5 m from the boiler entrance
and a height of 2.5 m from the boiler bottom.

Fig. 4 shows the nozzle positions as well as the temperature pro-
files in each position. As can be seen in Fig. 4(a), related to position
1, combustion has taken place in a region with a low flow rate of
the carrier gas. This caused an abnormal increase in temperature in
the area close to the boiler’s wall. On the other hand, by comparing
the temperature profile of positions 2 and 3, the results illustrate
that a high temperature region covers the whole tube for position 3
(Fig. 4(c)). However, this hot region could not cover the whole tube
for position 2 (Fig. 4(b)). Therefore, more efficient temperature dis-
tribution has been found for position 3.

More quantitatively, a comparison between the temperature pro-
file inside the superheater tube for positions 2 and 3 is shown in
Fig. 5. The figure reveals that the outlet steam temperature from the
superheater tube is 486 °C and 495 °C as the nozzle placed in posi-
tions 2 and 3, respectively. This confirms that the rate of heat transfer
to the superheater tube for position 3 nozzle layout is more effi-
cient than that of position 2.

2. The Natural Gas Mass Flow Rate Determination

In the next step of the present modeling, after identifying the pro-
per place for the nozzle, the optimum mass flow rate of the natural
gas was investigated in order to increase the boiler efficiency. For
this purpose, the mass flow rate of natural gas diverted to the nozzle
was varied from 0 to 2 kg/s. Fig. 6 shows the steam temperature
profile inside the tube at various natural gas mass flow rates. As
expected, due to more heat of combustion at higher fuel flow rates,
the temperature of the steam in the superheater tube increased at
higher natural gas flow rates. However, Fig. 7 illustrates that an in-
crease of the natural gas mass flow rate causes a higher established
tube wall temperature. Since the maximum allowable temperature
of the tube is about 600 °C, the mass flow rate for the HITAC nozzle
should not be more than 0.5 kg/s.

3. Advantage of Using HiTAC Technique

In Fig. 8 the temperature profiles in the superheater tube for HRSG
boiler equipped with HITAC nozzle are compared with a similar
one without a nozzle. The nozzle was installed in the above described
proper place (position 3) and natural gas with a mass flow rate of
0.5 kg/s was diverted into the nozzle. As shown in the figure, the
predicted outlet steam temperatures are 397 °C and 451 °C for the
enhanced and present systems, respectively. In the other words, ac-
cording to the inlet steam temperature by using a HITAC burner the
rate of heat transfer to a superheater tube can be increased up to 37%.
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Fig. 4. The temperature profiles of three different positions for natural gas nozzle.
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Fig. 5. The steam temperature inside the superheater tube in the
positions 2 and 3.

CONCLUSION

The present study illustrates how it is possible to use the HITAC
technique in an HRSG boiler. In this work it has been theoretically
tried to use the high temperature waste gas to establish the new de-
veloped combustion technique, HITAC. The results show that the
fuel nozzle position as well as amount of fuel can have significant
effects on the obtained outlet steam temperature. These have been
found by using CFD modeling without the need for any expensive
experimental tests. In the CFD modeling, complete modeling of
tube was impossible due to the large number of installed fins on
the real tubes, which are 140,000 per tube. Therefore, a fin effec-
tiveness coefficient has been proposed to find the heat transfer rate
to the finned tube from modeling predictions of the plain one. The
results show that by adding a natural gas nozzle to the studied boiler

Korean J. Chem. Eng.(Vol. 28, No. 5)
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Fig. 6. The steam temperature inside the tube with different mass
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Fig. 7. The tube wall temperature at various mass flow rates of the
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Fig. 8. The steam temperature along the superheater tube with and
without HiTAC burner.

it is feasible to increase outlet steam temperature up to 37%. This
study reveals one application of the HITAC technique in a real indus-
trial boiler and the possibility of using this system in any previ-
ously designed HRSG boiler.
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NOMENCLATURE

a : absorption coefficient
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C,., C,,, C,,: constants of the model

, : molar concentration of the /th reactant species [Kgmol-m™]
: linear deformation rate

: dissipation function [Pa-s™']

: turbulent kinetic energy [J-Kg™']

: mass fraction

: molecular weight of the ith species [Kg-Kgmol™]
: mass rate of chemical reaction [Kg-m™-s™']

: time [s]

: temperature [K]

: mean velocity [m-s™]

o O

cH"®mZE 7O

Greek Symbols

£ : turbulence dissipation [m-s™']

M, 4, M- Laminar, turbulent and effective viscosities [Pa-s]
v/, v{': stoichiometry coefficients for the ith species

o :density [Kg-m™]

o;, 0, turbulent Prandtl numbers for k— &

o, :scattering coefficient

o, :ratio of effective diffusion coefficient
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