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ARTICLEINFO ABSTRACT

Keywords:

Numerical simulation

Dense gas-solid reactive flow
Heat and mass transfer

CFB combustion simulation
Desulfurization process

The desulfurization process has been practised for the clean utilization of coal in chemical engineering fields, yet
the physical, thermal, and chemical characteristics of particles are still lacking understanding. In this work, a
comprehensive numerical model based on the Eulerian-Lagrangian framework was established to study the
particle behaviours during coal combustion and desulfurization processes in a pilot-scale circulating fluidized
bed (CFB) combustor. After model validation, the effects of several crucial operation parameters (e.g., excess air
ratio, calcium to sulphur ratio, and calcium oxide size) on particle behaviours are illuminated. The results show
that density-induced segregation causes coal particles to accumulate in the upper part of the riser. The sand, coal,
and Ca0 particles have time-averaged Reynolds numbers of 15, 6.5, and 0.5, respectively. The particle tem-
perature is higher in areas with lower solid concentrations. Increasing excess air ratio (¢,) decreases the tem-
perature of sand particles but elevates that of coal and CaO particles. The average particle heat transfer
coefficients (HTCs) for sand, coal, and CaO particles are 205 W/m*K, 172 W/m*K, and 275 W/m2<K, respec-
tively. With the increase in ¢, the HTC of sand particles increases but that of CaO particles remains unchanged,
additionally, the mass of coal particles decreases and the mass of carbon in coal particles decreases along with
the riser. The influence of the Ca/S ratio and Ca0O size on the axial distribution of coal particle mass and carbon
mass fraction is negligible. For each particle species, the axial dispersion coefficient (Dz) is two orders of
magnitude greater than the radial ones (Dx, Dy), indicating that the vertical introduction of the fluidizing gas
dominates the dense gas-solid flow in the riser,

1. Introduction To ensure the successful implementation of new CFB devices, a sequence

of scale-up experiments spanning bench, pilot, and industrial scales is

The utilization of fluidized bed equipment has significantly
expanded the horizons of reliable design and enhancement across
diverse industrial technologies, including coal combustion, gasification,
and drying processes [1,2]. Whether operating in the fast fluidization
regime or the transported bed regime, the circulating fluidized bed
(CFB) combustor presents us ad ges d to conven-
tional bubbling or turbulent fluidized bed reactors [3,4]. These advan-
tages include the capability to combust a wide array of solid fuels while
maintaining low pollutant emissions and high combustion efficiency.
Additionally, CFB combustors feature smaller fumace cross-sections,
fewer feed points, and excellent turndown and load capabilities [5].

* Corresponding author.
E-mail address: dongt@hzcu.edu.cn (T, Dong).
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frequently required [4,0]. However, it is worth noting that the experi-
ment study is expensive and time<consuming for determining the
optimal operational parameters for the CFB reactor [7]. Such experi-
ments can only measure macroscopic quantities at the outlet, making it
impractical to obtain comprehensive information on the entire field.
CFB reactors involve many different processes, such as fuel devolatili-
zation and complex chemical reactions associated with the combustion,
flue gas desulfurization, heat and mass transfer, fuel particle reduction
and other mechanisms taking place in dense gas-solid reactive flow [5,
9], These interconnected factors pose substantial challenges for studying
the process through experimental means.
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HIGHLIGHTS

« A dynamic second-order moment closure combustion model is developed.
« The model is applicable for all combustion regimes,
+ Two experimental flames are predicted by this model .
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A dynamic second-order moment closure model is developed for turbulent combustion in the form of
large eddy simulation. The filtered reaction rate is directly closed in the form of Archenius law, and
the whole temperature exponential function is treated as a single variable to avoid the traditional
Taylor series expansion. The sub-grid unresolved reaction rate is modeled with a second-order moment
closure model. All the coefficients in the sub-grid models are evaluated by the dynamic procedures. To
validate amd evaluate this model, a priori validation using a DMS database and posterion validation by
LES of the Sandia piloted jet flame (Flame D) and the Sydney bluft-body swirling flame (SM1) are per-
formed. The results demaonstrate that the dynamic second-order moment closure model coupled with
LES is able to reasonably predict turbulent combustion even with simple chemistry, and has potential

Keywonds:

Turbulent combustion

Large eddy simulation
Second-order moment closure

Sandia flame D to predict more complex combustion with detailed reaction mechanism and acceptable computational
Swirling non-premixed flame cost,

@ 2016 Elsevier Ltd. All rights reserved.
1. Introduction could be categorized as PDF-like or flamelet-like based on how to

In most industrial equipment, such as coal-fired furnaces, com-
bustion gas turbines and internal combustion engines, turbulent
combustion has been encountered [1]. Predictive capacity for tur-
bulent combustion is thus of paramount importance to those appli-
cations in which experimental measurements are difficult, limited
and even not accessible, In the recent years, much more attention
has been paid to large eddy simulation ( LES) of turbulent combus-
tion, since LES has been demonstrated to be able to provide more
accurate information and useful qualitative understanding of tur-
bulent combustion phenomena, compared to the traditional ways
on the basis of the Reynolds Averaged Mavier-Stokes [2-4|,

The most challenging issue in turbulence combustion modeling
is proper treatment of the multi-scale coupling process of chemical
reaction and molecular diffusion. Many of the current approaches

* Corresponding auther,
E-mmail aetdress: Lanjrizjueduon (L Fan).

dol.org/10.1016/jfuel 201 6.09.074
@ 2016 Elsevier Ltd. All rights reserved.

deal with the coupling between chemical reactions and molecular
diffusion [5]. The steady flamelet model (SFM) put forward by
Peters [6,7] is one of the flamelet-like models. It is relatively simple
and has been improved in different methods, such as the unsteady
flamelet model {UFM) [£], the flamelet/progress variable model
(FPY) [9] and so on. The advantage of the flamelet model is that
detailed chemistry can be considered with reasonable computa-
tional cost. However, it was basically formulated and developed
separately for premixed flames and non-premixed flames. The
probability density function (PDF) models have been well devel-
oped for combustion by Pope [10,11]. Some PDF-like models have
also been developed such as the multiple mapping conditioning
(MMC) [12] and the one-dimensional turbulence (ODT) model
[13]. One advantage of the PDF method lies in the fact that it can
be applied to all combustion regimes, even challenging flames, like
extinction, ignition flames and bluff-body swiring flames [ 14], But
the relatively simple mixing models and high computational cost
are still the weaknesses in the current application of PDF models.
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A Dynamic Second-order Moment Closure Model for Turbulent
Combustion

YANG Jian-Shan LUQ Kun BAI Yun QIU Kun-Zan FAN Jian-Ren
(State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangshou 310027, China)

Abstract A new turbulent combustion model, dynamic second order moment turbulent combustion
model (Dynamic-LES-SOM) is developed considering density fluctuation. The reaction rate consists
of filtered reaction rate and the sub-grid scale reaction rate in the model. All the coefficients in
the model are evaluated dynamically. A piloted methane-air jet flame (Sandia Flame C) have been
simulated with the new model and compared with the experimental data and the results obtained
with the original constant density second-order moment closure model (LES-SOM). It is found that
the results of the dynamic SOM model agree well with the experiment data, and the performance of

the new model is better than the original LES-SOM model.
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Time-Average Character of Gas-Liquid Two Phase Swirl Combustion

YANG Jian-Shan LUO Kun SHAO Chang-Xiao FAN Jian-Ren
(State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, China)

Abstract In order to provide a reference of the actual spray evaporation and combustion, Three-
dimensional swirling spray combustion under different condition were studied by Direct Numerical
Simulation(DNS). The gas combustion was modeled by an adaptive one-step reaction mechanism,
the droplets were tracked in Lagrangian framework and the evaporation was described by infinite
heat conduction model. We have learned the time-average character for both gas phase and liguid
phase. It was found that there is mutually reinforcing effect between the combustion and the central
recirculation zone (CRZ). Co-swirling leads to a stronger central recirculation zone(CRZ), but there
will be a smaller outer recirculation zone (ORZ). The reaction rate is much higher and evaporative
cooling effect is more obvious in rich combustion. Turbulence inflow will make contribution to higher
dispersed droplets and smaller droplets.

Key words spray combustion; DNS; swirl combustion; time-average
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Large Eddy Simulation of the Sandia Flame E
and F Using Dynamic Second-Order Moment
Closure (DSMC) Model

Jianshan Yang, Kun Luo, Yun Bai, and JianRen Fan

Abstract

Turbulent piloted methane/air diffusion flames (Sandia Flame E and F) are evaluated using
dynamic second-order moment closure (DSMC) model. The DSMC model is a combustion
model for large eddy simulation, which is assumed that the model could be applied to both
premixed flames and non-premixed flames. And the density fluctuation is taken into
account. In the model, the averaged reaction rate is directly closed in the form of Arrhenius
law. The third-order fluctuation correlations are neglected, and the second-order fluctuation
correlations are closed using the algebraic form. All the coefficients in the model are
evaluated dynamically. The results from simulation have been compared with the available
measurement data. In general, there is good agreement between present simulations and
measurements both for Sandia flame E and F, which gives a reasonable indication on the
accuracy and adequacy of the DSMC model. And the further application is considerable for
the model. The sub-grid effects in this combustion model have been studied. The reaction
rate of methane for flame E is higher than the value of flame F and the sub-gird reaction rate
is in the reverse value of its filtered reaction rate with 25 %. The sub-gird effects play an

important role in this combustion model and should be treated carefully.

Keywords

Second-order # Turbulent combustion ¢+ Combustion model ¢ Large eddy simulation

1 Introduction

There are increasing number of attentions that have been
paid in large eddy simulation (LES) of combustion, which
could give a more accurate result than Reynolds Averaged
Navier Stokes (RANS) [1]. And the LES cost littler than the
direct numerical simulation (DNS). It is complicated to
simulation combustion using LES, due to that processes of
reaction and molecular diffusion need to be concluded
simultaneously. The combustion model and sub-grid scale
stress model are needed in LES of combustion. A lot of
combustion model have been proposed for LES to model

J. Yang (<)) - K. Luo - Y. Bai - J. Fan

State Key Laboratory of Clean Energy Utilization,
Zhejiang University, Hangzhou 310027, Zhejiang,
People’s Republic of China

e-mail: yangjianshan@ zju.edu.cn

© Springer Science+Business Media Singapore and Tsinghua University Press 2016

combustion, in which, the most well-known combustion
model are probability density function (PDF) model [2] and
flamelet model [3]. The PDF combustion model is an
accurate model and could be applied to the flame, which
includes premixed and non-premixed flame. But the PDF
model costs a lot of computational resource and need a
mixing model, which is relatively simple and counts a lot in
the PDF model. The flamelet model could predict
non-premixed flame and premixed flame (with premixed
flamelet approach) well, respectively. The most acceptable
SGS stress models are Smagorinsky eddy-viscosity model
[4], the dynamic kinetic energy model [5], and Germano
dynamic model [6]. Recently, a dynamic second-order
moment closure (DSMC) model, which could deal with
the premixed flame and non-premixed flame, is proposed by
the present authors. This paper is aimed to demonstrate the
ability of the DSMC model. The Sandia flame E and F have
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