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Abstract. This work presents an analysis of different geometries for jet stirred reactor (JSR) employing computational
fluid dynamics (CFD). The JSR is widely used in combustion studies due to its ability to promote rapid mixing and
spatial homogeneity. Several geometrical configurations have been proposed in order to achieve homogeneous
mixtures, but the extent of mixing may vary considerably among the possible designs, specially when one considers the
large variation of fuels and operation conditions that may be found in the applications. An extensive literature review
resulted in the development of an initial geometry and a series of simulations were performed to evaluate geometric
modifications. The aim of this step-by-step analysis is to obtain a reactor geometry yielding homogeneous temperature,
species and pressure, while allowing for easy manufacturing. A series of full multicomponent, turbulent, compressible,
steady state numerical simulations were performed in Fluent® 14.0 with kerosene (C;,H;) and air (21% O,, 79% N»)
at stoichiometric composition. The JSR operation pressure and temperature were fixed at 4 bar and 900 K respectively.
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1. INTRODUCTION

Nowadays, control and modeling of combustion process are necessary to aid the design of combustion devices in
order to obtain high efficiency, low emissions and fuel quality based on its kinetic aspects. As a result, significant
increment in detailed kinetics data has been published over the last years.

Several chemical kinetics mechanisms at wide range of physical conditions covering distinct applications have been
developed and proposed for mixtures and pure fuels (Cancino et al., 2013). The validation of these kinetic models
requires experimental data and in order to obtain it, different experimental techniques have been used: flames supported
by burners, static reactors, plug-flow reactors, shock tubes and continuous-flow stirred reactors (Dagaut et al., 1986).

The jet stirred reactor (JSR) is a continuous-flow stirred reactor and an important experimental tool in kinetic
studies because it allows accurate monitoring of the extent of reaction by residence time control and its theory is
focused on chemical kinetics phenomena (Longwell and Weiss, 1955; Matras and Villermaux, 1965). In this
experiment, operation and modeling features are strongly related with fluid dynamics: species transport, velocity,
pressure, temperature, and turbulence profiles. In the literature, some realizations of this reactor were proposed and
employed, but computational fluid dynamics (CFD) analysis of this kind of device are scarce (Gil and Mocek, 2012).

The present work is part of an ongoing research project aiming at the development and testing of alternative fuel
mixtures, including biofuels. Additional information, including the use of detailed chemical kinetics simulations to
predict the JSR capabilities, is reported in other articles by the same authors in these proceedings.
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2. FUNDAMENTALS
2.1 Perfectly stirred reactor and jet stirred reactor

The perfectly stirred (PSR), or well stirred (WSR), reactor is an ideal reactor widely used in combustion and
chemical engineering studies. Its modeling assumes instantaneous and homogeneous mixing of reactants and products,
and constant temperature and pressure profiles inside the reactor. Furthermore, the steady state operation means no time
dependence, and the equations describing the reactor are a set of coupled nonlinear algebraic equations. This simple
reaction system has been used to several kinetics studies and to obtain values for global reaction parameters (Turns,
2012).

The jet stirred reactor (JSR) is an important experiment, it is approach of behavior of ideal perfectly stirred reactor,
employing jets to increase stirring by jets interaction, swirl flow and more turbulence. It usually operates with high
dilution level (about 100-1000 ppm of fuel) to achieve low gradients of transported properties inside the reactor,
focusing only on chemical kinetics. The heat transfer problem and turbulence aspects are very important, and
compressible effects in injectors must be evaluated.

2.2 Proposed geometries

Several geometries for PSR and JSR were proposed in the literature. Spherical, cylindrical (Clarke et al., 1958) and
toroidal (Nenniger et al., 1984) configurations were developed in combustion studies. In this work, a spherical geometry
was selected because it favors mixedness and uniformity of heat transfer and species transport. Spherical reactors
described in the literature: Longwell and Weiss (1955), Clarke et al. (1958); Hottel and Schneider (1965); Kidd (1965);
Jenkins and Yumlu (1967); David and Matras (1973); Osgerby (1973); Dagaut et al (1986); Lignola and Reverchon
(1986); Cavaliere and Ciajolo (1993); and Joannon et al. (2005).

The first analyzed geometry Figure 1a, similar to the one studied by Kidd (1965), is simple and employs radial jets
to perform mixing but presented far from ideal mixing and homogeneous temperature in the rear region ofjets. The
second configuration Figure 1b, uses a disc to distribute the reactants radially and presents low turbulence in radial inlet
jet, creating non-uniformity on species profile. The third geometric proposal Figure lc is more complex and it has
several holes in a hemispherical premixing region arranged to generate turbulence and jets interaction but the results
were not significantly improved. This configuration was proposed as a variation of the Longwell reactor (Longwell and
Weiss, 1955). The fourth geometry Figure 1d has four injectors located in the hemispherical premixing region to
improve jets mixing. This kind of configuration was conceived by Matras and Villermaux (1973) and it has been
employed by Dagaut et al. (1986), Lignola and Reverchon (1986), Cavaliere and Ciajolo(1993), Joannon et al. (2005),
and Herbinet et al. (2007). This geometry shown better results and it was selected to geometrical enhancement. Various
geometries were proposed and evaluated but more results are omitted for brevity.

Figure 1. Proposed and evaluated geometries of JSR
After the numerical assessment of all the proposed geometries, by using CFD, a geometrical improvement was

performed to the fourth geometry, adopting the guidelines of Matras and Villermaux (1973) and CFD analysis. This
methodology resulted at an enhanced geometry configuration shown in Figure 2.
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This enhanced geometry has a hemispherical premixing region fed by two concentric inlet pipes: the outer for
0,/N, mixture and the inner for Ci,H»;/N, mixture. The mixture then flows through the four injectors with nozzles
Figure 2, filling the reactor with a swirled, high turbulent flow, spreading the reactants homogeneously. The outlet pipe
is also close to the equatorial plane of the spherical reactor, in order to generate better residence time distribution.

Figure 2. Enhanced geometry of the jet stirred reactor
2.3 Evaluated parameters

The improvement process was conducted to achieve a compromise between theoretical and attainable conditions.
Thus, the main parameters evaluated in the simulations were species, temperature, pressure and turbulent intensity
profiles in this order. Other additional parameter analyzed was the pressure loss, as an important parameter in
experiment design and operation.

The expected results should exhibit low gradients of species, homogeneous temperature and pressure profiles
inside the reactor, as well as high Mach number (about 0.8) and turbulence intensity in the injector’s nozzles.

3. FLUID DYNAMICS ANALYSIS
3.1 Computational domain and mesh

The computational domain comprises the following regions of the enhanced geometry: two concentric inlet pipes,
four injectors, hemispherical premixing zone, spherical reactor and outlet pipe, Figure 3a. The boundaries include four
surfaces: O,/N, mixture inlet, C;,H,3/N, mixture inlet, reactor’s walls and outlet. Some geometrical simplifications were
done in the edge’s interfaces to improve the mesh quality (equiangular skewness) without significant differences from
the real geometry.

Figure 3. Computational domain and mesh

In the numerical assessment of the improved geometry, three unstructured meshes were used. The software ICEM
CFD 14.0 was employed as mesh generator. The first mesh has 7.3 million volumes with quality between 0.54-0.95.
The second mesh has14.1 million volumes with quality between 0.50-0.95 and it was refined on regions with crucial
gradients, like at the nozzles, hemispherical premixing region, and reactor’s wall. The third and final mesh has 24.7
million volumes with quality between 0.50-0.95, Figure 3b. Table 1 shows the overall characteristics of meshes and
their quality.
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3.2 Numerical Model

The numerical simulations were preformed assuming steady-state, three dimensional, compressible and turbulent
flow, with species transport without chemical reaction. The boundary conditions prescribe inlet flow of mixture
(kerosene and air).

Table 1. Mesh characteristics.

Mesh properties Mesh 1 Mesh 2 Mesh 3
Number of volumes 7.3 million 14.1 million 24.7 million
Number of nodes 1.3 million 2.4 million 4.3 million
Maximum volume, m? 6.93e-11 4.258e-11 1.58e-11
Minimum volume, m? 6.41e-14 1.402¢-14 5.83e-15
Minimum quality 0.542 0.501 0.505
Maximum quality 0.950 0.949 0.952

The Fluent® 14.0 software employs finite-volume methods to numerically solve the discrete, coupled differential
conservation equations of mass, energy, momentum and species transport. For three dimensional, compressible,
turbulent, steady-state problem, the set of conservation equations can be formulated as:

for mass balance

Ve(pl)=0 (1)
where p is density and V is the velocity, for momentum balance
VO(pVxV):VO&eﬁ,—Vp )

where G off is the effective stress on fluid and p is the pressure, for energy balance
7\ — ¢
Ve(hV)=V o[k, VT |+ 1D+S 3)

where /i is the enthalpy, kef] is the effective thermal conductivity, 7 is the temperature, S ? allows all the source

terms, and L&D are the viscid terms of energy equation.

The selected material was a mixture of kerosene and air from Fluent® 14.0 database. The considered compounds
were kerosene (Ci,Hy; as surrogate for kerosene), molecular oxygen (O;) and molecular nitrogen (N3).

Species transport without chemical reaction was selected for a mixture of kerosene and air, and then two equations
for transported species must be resolved for kerosene and molecular oxygen, while molecular nitrogen computed by
balance. Thermal and full multicomponent diffusion were implemented with coefficients calculated internally in
Fluent® 14.0 by using kinetic theory. The simulations do not included fuel oxidation since the study is focused on fluid
dynamic response of the proposed geometries. The steady-state species transport equation can be formulated as

Ve(pVp)=0 @

[T

where ¢, is the concentration of the “/”” chemical specie.

Two-equation models are complete and can be used to predict properties of a given turbulent flow with no prior
knowledge of the turbulence structure (Wilcox, 1993). For comparative purposes, the k-¢ and k-o turbulence models
(two-equation models) were used, due to their ability to evaluate different turbulent flow aspects with relatively reduced
computational cost. These models compute the transport of the turbulent kinetic energy, k, and also the turbulent length
scale or equivalent.
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The first model selected was standard &-g, the most popular two-equation model of turbulence. Its actual closure
coefficients and form was referred to Launder and Sharma (1974). The basic idea is to derive the exact equation for
dissipation rate, €, and to find suitable closure approximations. Several terms in the expression are experimental because
they are essentially impossible to measure with any degree of accuracy. The experimental closure coefficients transform
the model in an approximation and are used to parameterize various terms in the modeled & equation as functions of
large-eddy scales (Wilcox, 1993). The standard k-¢ is described by the following equations:

ok, ok __ oV, . 0 (waJak

P tpV, =, pet—— P ©)
ot Tox; 7 ox, ox, o, )ox,
2
p iy 96 o £V o [EL O [ prky |08 ©
ot 7 ox; k7 ox, k  ox; o, )ox;
pC K’
Hy = )
&

33495

where £ is the viscosity, Vl is the component ”i” of velocity vector, X J is a “” dimension, T, is a shear stresses on

fluid, Cgy, Cea, G, Of, Cy, are the standard empirical coefficients, and u7, is the eddy viscosity (Wilcox, 1993).

The second turbulence model used in this work was standard k-@, the first two-equation model proposed by
Kolmogorov (1942). The more extensively tested k- model and with standard closure coefficients approximation is
referred to Wilcox (1988). This model adds a second parameter, the specific dissipation rate, m, to describe the turbulent
transport of properties. The standard k-o is described by the following equations:

oK oK ov, _. 0 . | OK
pP——+pV, —=1,——f prko+_——| (u+0 p)— (8)
ot Ox; x; Ox; Ox;
ow ow w OV , O ow
—+pV.—=a—1,—L— fpw”+—| (u+ou,)— 9
P e e pp ax, (e +opr) o, ©)
PK
Hr=""" (10)
0]

Where a, B, B*, o, " are the standard empirical coefficients, and gz, is the eddy viscosity (Wilcox, 1993).

The boundary conditions are shown on Tab. 2. Stoichiometric composition was employed and mass-flow values
were obtained by simulation of chemical kinetic mechanisms for chemical surrogates of kerosene in CHEMKIN-PRO
software, considering 80% of fuel conversion (De Toni et al., 2013; Cancino et al., 2013). The temperature condition
was tuned to achieve around 900 K inside reactor, and to avoid significant NOy formation.

The numerical simulation is essentially unstable due to the presence of several complex features (phenomenology)
such as compressible flow, high-turbulence, complex and with high curvature geometry, high gradients of transported
properties in the nozzles and pre-mixed region. Thus, convergence control by under relaxation was necessary to achieve
numerical stability. Table 3 show under relaxation factors applied as defined by authors. The SIMPLE method for
pressure-velocity coupling was selected, including second order schemes to calculate properties. The second order
schemes were selected to better describe the phenomena and high gradients. |
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Table 2. Boundary conditions parameters

Parameter Value
Mass-flow inlet | Mass-flow = 1.4053 g/s. Temperature = 1100 K. Turbulence model = hydraulic
(0,/N) diameter and turbulent intensity (8%). Mass fraction: [O,]= 0.3057; [N,]=0.6943.

Mass-flow inlet | Mass-flow = 0.5647 g/s. Temperature: 300 K. Turbulence model: hydraulic diameter
(Ci2H,3/Ny) and turbulent intensity (5%). Mass fraction: [C,H,3] = 0.2237; [N,] = 0.7763.

Walls No slip condition, constant roughness (0.5). Not heat transfer. No species deposition.
Outlet Operating as outlet pressure. Turbulence model: hydraulic diameter and turbulent
intensity (8%).

Table 3. Under relaxation factors (k-€) and (k-®)

Pressure, p 0.2 Spec?ﬁlcss(g)sztig);igﬁel’{;te, w 0.7
Density, p 0.8 Concentration of kerosene, [C1,H,;] 0.8
Momentum, V' 0.6 Concentration of oxygen, [O,] 0.8
Turbulent kinetic energy, k 0.7 Energy, h 0.8

4. RESULTS
4.1 Fluid Dynamics Results

A series of full multicomponent, -transport species, -turbulent, compressible, steady state numerical simulations
were performed in Fluent® 14.0 with kerosene (C1,Hy3) and air (21% O,, 79% N,) at stoichiometric composition. This
methodology has been executed for two geometries: initial geometry Figures 4-7 and enhanced geometry Figures 8-11;
and for two turbulence models: k-¢ Figures 4-5 and 8-9, and k-® Figures. 6-7 and 10-11.

The presented results are profiles of kerosene concentration, Mach number, temperature and turbulent intensity.
These properties have been selected to discuss the results and to qualitatively evaluate the geometrical improvement
since they are closely related to the main characteristics of the reactor:

o The kerosene concentration profile was selected to evaluate the mixing process and homogeneity of
species;

e  Mach number, to show compressible effects and velocity aspects;

e Temperature, to exhibit its homogeneity as well as heat transfer, diffusion and mixing phenomena;

e  Turbulent intensity to evaluate the influence of turbulence.

Two different planes, that better represent global profiles inside the reactor, are used as the baseline for the data-
post-processing, to show fluid-dynamics features. In this work, only the results of the non-enhanced geometry are
presented and discussed since numerical models setup are analogous and mesh properties were very similar.

The computational resources employed in simulation processes were two workstations Dell Precision T7500 with
48 GB of RAM and 6 Intel Xeon Processors. The finer mesh simulations demanded around 250 hours and 350 hours of
computation respectively.

4.2 Discussion

The numerical results of Figures 4-11 are reasonable for both geometries but some differences may defy aspects of
the improvement process. An important aspect is good agreement of numerical results to both turbulence models. The
more crucial aspects about property profiles can be synthesized as:

e The concentration of kerosene contours for all numerical models were very similar. The maximum spatial
variation was about 5x10~ and the average value was near and around 6.4x107 that corresponds to the
global stoichiometric value. The initial geometry presents a larger region with non-uniformity species
concentration in front of injector’s outlet, as a result of lower turbulent intensity while the injector with
nozzle improves the turbulent effects at enhanced geometry. This effect is intensified in numerical model
employing k- turbulence model.
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Figure 4. Results of initial geometry for plane z (k-¢ model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s?].

Figure 5. Results of initial geometry for plane y (k- model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s?].
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Figure 6. Results of initial geometry for plane z (k- model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s?].

Figure 7. Results of initial geometry for plane y (k- model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s].
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Figure 8. Results of improved geometry for plane z (k-¢ model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s?].

Figure 9. Results of improved geometry for plane y (k-& model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s?].

2706



ISSN 2176-5480

OLIVEIRA, L.A., DE TONI, A.R.; CANCINO, L.R., ROCHA, I.M., OLIVEIRA, E.and OLIVEIRA, A.A.M.
A Jet Stirred Reactor Geometry: A Computational Fluid Dynamics Analysis

Figure 10. Results of improved geometry for plane z (k- model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s?].

Figure 11. Results of improved geometry for plane y (k- model):
a. Concentration of kerosene, [-]; b. Mach number, [-]; c. Static temperature, [K]; d. Turbulent intensity [m?/s?].
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e  The Mach number profiles present similarity with turbulent intensity profiles. The initial geometry did not
present compressible effects, with a maximum Mach number around 0.18 (k-¢) and 0.20 (k-®), but the
enhanced geometry presents important compressible effects, with a maximum Mach number of 1.14. This
results in high pressure loss and operation troubles;

e The temperature profiles for all models were very similar too. Its maximum spatial variation inside
spherical reactor in all results is about 40 K (considering jets zone) and the average value is around 860 K.
The improved geometry presents better homogeneity in temperature profile due to more turbulence.

e The turbulent intensity profiles show increase of turbulence, mainly in the jets. This results in better
mixing process and homogeneous temperature field. However, generates compressible effects that affect
pressure profile and pressure loss.

The pressure profiles, not present here, were approximately uniform for all cases. The improved geometry presents
higher pressure gradient and pressure loss, caused by increment of compressible and turbulent effects, and of velocity.
The pressure loss was about 5.4 atm in the improved geometry.

5. CONCLUSIONS

Therefore, by analysis of results the improved geometry related of initial geometry shows better mixing process,
increment of turbulence, and more homogeneity on temperature profile, but compressible effects and more spatial
variation of pressure were generated. Other important aspect, it is the effect on chemical kinetics phenomena in the
region with high Mach number, which it was a bad result and corrections in nozzle diameter are necessary.

How the reactor operates with high dilution level and the effect of temperature is more representative than pressure
in chemical kinetics, the enhanced geometry improve the two main theoretical characteristics of JSR: mixing and
homogeneous temperature profile.
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