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Numerical Study on the Strongly Swirling Aerodynamic Field
in an I sother mal Vortex Combustor

Smith Eiamsa-ar d** and Pongjet Promvonge?

ABSTRACT

This research presented the application of a mathematical model for simulation of turbulent
strongly swirling confined flow in an isothermal vortex combustor. Computations, based on a finite
volume method, were carried out by utilizing the standard k- model and asimplified Algebraic Reynolds
Stress Model (ASM) together with three discretization schemes, namely upwind, hybrid and QUICK.
The work was performed in order to provide an understanding of physical behaviour of the swirling
flow in acold model vortex combustor. The ASM for steady compressible flows was used to predict the
flow and was compared with the k-¢ turbulence model. The calculated axial and tangential velocity
profiles were compared with available measurement data. The mean flow patterns were shown interms
of contour plots. The prediction result showed that the ASM was better than standard k-e model and the
ASM together with QUICK results gave good agreement with the measurement data. Moreover,
influences of the grid mesh distribution and the value of  were also studied.

Key words: strongly swirling confined flow, vortex combustor, ASM, k-¢ turbulence model, upwind,

hybrid, QUICK

INTRODUCTION

Thevortex combustor (V C) concept was
germinated from the basic understanding of the
strongly swirling gas-solid flows and combustion
invortex chambers. Itintegrates many advantages
of cyclone combustor, multistage combustor, swirl
burner, pulverized coal fired combustor, and
fluidized-bed combustor while eliminates most of
their inherent disadvantages. In combustion
systems, the design of strong vortex-flows of air
and fuel can have large-scale effects on
entrainment and decay, heat and mass transfer,

flame stability and pollutant abatement reactions.
The vortex-generating system is developed by
tangentially entering combustion air into the
combustor. A series of combustion air injection
nozzles are mounted vertically along the wall of
combustor. In this combustor, al of the air is
introduced tangentially into the combustor.

Swirl has been used in combustion
systemsto enhance the flame stability, the mixing
and heat transfer besides prolonging the fuel
residence time and abating the pollutants (Gupta,
et al., 1984). This is because under appropriate
conditions, swirl can be employed to induce a
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central recirculation zone. There-circulating flow
generates additional turbulence in the shear layer
between the reverse flow and the surrounding
forward flow and helps to stabilize the flame in
combustors. Swirling turbulent flows are
physically complex in nature dueto the effect of a
swirl-turbulence interaction. The turbulence
structure in swirling turbulent flows is generally
highly non-isotropic and non-homogeneous.
Compuitation of swirling flows is a difficult and
challenging task. Large velocity gradients appear
in these flows, so numerical problems and
turbulence modelling play asignificant roleintheir
analysis. The commonly used, the k- model may
not be suitable for simulating swirling turbulent
flows (Boysan et al.,1982). It is also found that
the use of modified k-¢ models or even the non-
linear k-¢ model (Nieh and Zhang, 1992) leadsto
no significant improvement of the predictions in
swirling flows. The second-order moment closure
models, i.e., the Reynolds Stress Model (RSM)
and the Algebraic Reynolds Stress Model (ASM)
provide better methods for the simulation of
swirling turbulent flows (Chen, 1986; Hogg and
Leschziner, 1989; Jones and Pascau, 1989) but
sometime, the original ASM based on Rodi’s
approximation can not give satisfactory resultsfor
certain aspectsof swirling flows (Nieh and Zhang,
1992). The RSM s regarded as the most logical
approach to the turbulence closure problem, which
does not need any ad hoc modification for extra
strain rates. However, in the prediction of swirling
flowswiththe RSM, itisnecessary to solveatotal
of 11 governing differential equations of elliptic
type: a continuity equation, three momentum
equations, an e-equation, and six equationsfor the
Reynolds stresses. This leads to much extra
computational effort to solve six Reynolds stress
transport equations simultaneously (Chen, 1986;
Hogg and Leschziner, 1989; Jones and Pascau
1989) and much attention needs to be paid to
numerical stability andinlet boundary conditions.
It is for this reason that a simplified algebraic

Reynolds stressturbulence model in axisymmetric
cylindrical co-ordinatesisemployed for smulating
strongly swirling flows. The main goal of the
present investigation wasto evaluate the capability
of the k-¢ turbulence model and ASM to predict
the swirling flow behavioursin acold flow vortex
combustor (Zhang et al., 1992). Influences of the
scheme, grid mesh distribution (30x15, 40x20 and
47x25 points), and thevalue of p (between 0.2 and
0.8) are reported in this paper.

MATERIALSAND METHODS

1. Governing equations

The governing equations for constant
density, isothermal flows consist of the
conservation of mass and momentum. The time-
averaged incompressible Navier-Stokes equations
in the Cartesian tensor notation can be written in
the following form:

_( ui) =0 (1)
Xj

(ww) _p

Xj

+—(G+ Ty 2
Xi Xj

The mean viscous stress tensor is

approximated as:

T =n [%ﬁ%} ©

where w is laminar viscosity. The time-

averaged Reynolds stress tensor, T; (= - pu{ u; )in
the above equation is not known and thus, models
are needed to assign valuesto it or to expressitin
termsof the solution variables. Inthe present study,
two turbulence closure model swere used, namely
the standard k-¢ model and an algebraic stress
model or an algebraic second moment closure
(ASM). Thek-¢ model hasalready been reviewed
in many references (Gatski, 1996) and it would
be described only briefly.
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In the standard k-¢ model the Reynolds
stressislinearly related to the mean rate of strain
by a scalar eddy viscosity. The standard version
relates the turbulent eddy viscosity to the
turbulencekinetic energy k and the dissipation rate
¢ through Boussinesq's approximation as:
RN G T O B )

3 X X;

whereut = pCu k?/¢ istheturbulent eddy
viscosity and e isthedissipation rate of Turbulence
Kinetic Energy (TKE).

The modelled equation of the TKE, k is
given by:

ij
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Similarly the dissipation rate of TKE is
given by the following equation:

e +I(C1G-C2 ) (6)

X %

_xj( u;j )=
in which G represents the rate of

generation of TKE while pe isitsdestruction rate.

Gisgiven by:

G=p, L I N 0
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The boundary values for the turbulent
quantitiesnear thewall are specified with thewall
function method. C,, C,;, C,, oy, and o, are
empirical constants in the turbulent transport
equations.

For an RSM, Reynolds-averaged
transport equations can be solved for the Reynolds
stresstensor, T;;, the modelled equations for which
are:
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in which Cg C4, and C, are model
constants.

In equation (8), from left to right, there
are have the time rate of change of the Reynolds
stress at a fixed point, the net convection of
Reynolds stress by the mean flow to the fixed
point, local production (G;;) of Reynolds stress,
local pressure strain (d;;), net diffusive transport
(Tijk ) of Reynoldsstressto afixed point, and local
dissipation tensor.

2. Algebraic Reynolds Stress M odel (ASM)

The ASM is derived from the Reynolds
stresstransport equationsthat relate theindividual
stresses to the mean velocity gradients, the
turbulence kinetic energy, k, and its dissipation
rate, &, by way of algebrai c expressions described
below in some detail. The ASM was obtained by
applying certain assumptions to the Reynolds-
stress transport equations to allow the convection
and diffusive gradient terms to be represented by
non-gradient terms. For simplicity in solving the
six Reynoldsstresses, Rodi’ s approximation (Rodi,
1976) was used in this study and the Reynolds
stress transport could be expressed in algebraic
form asfollows:

D 1. . 1 Dk .

TtJaTijk,k :_E((EaTkk,k) ©

Substitution of equations (5) and (8) into

equation (9) givesthedesired algebraic expression
.-G 2 Ti g

for Tj: —Ujj _(I)ij +§6ijpe = &( - pa) (10)

Rodi’s approximation isappropriate only
in the Cartesian co-ordinate system and may not
be completely valid under co-ordinate
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transformation. Boysan et al. (1983) suggested that
some of the additional non-gradient convective
stressterms arising from the transformation to the
cylindrical co-ordinate system might be large
relative to the gradient convective stresstermsin
swirling flow systems. They recommended that
the non-gradient convection terms, which were
functions of the mean tangential velocity in
cylindrical co-ordinates, should be retained or
added inthe model asextraproductionterms. The
ASM expressions can thus be written as:

ujuy 2

(Ga™ )+ Aj=Gy + ég i (11)

where Aij is the “added” convection
quantity excluded from Rodi’ s approximation and
itsassociated coefficient, 1, isan arbitrary constant
between zero and one.
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wherethe empirical constantsl and b are
defined as:

L
:Lz(} and =—
C al+— 1ac,

(14)

Equation (13) provides an algebraic
expression for each of the six Reynolds stresses.

These six simultaneous stress-equations were
solved along with the equations of turbulence
kinetic energy and its dissipation rate. The first
implementation of animplicit form of thealgebraic
relationships conducted by Rodi (Rodi, 1976) led
to a non-constant coefficient C, in the eddy-
viscosity definition which was a function of the
turbulent production and dissipation rate. The
implicit nature of the algebraic relationship
requires that at each iteration step, an additional
inner iteration was needed to solve for the
appropriatetj; components. Thisiterative process
could cause solution divergence, and increased
numerical overhead because of the extensive
matrix inversions required at different iteration
levels. The above implicit ASM expressions can
be ssimplified to obtain an explicit set that can be
solved easily, as proposed by Zhang et al. (1992)
and Zhang and Nieh (1992), for application to a
strongly swirling flow, e.g. acyclonic flow. The
details of this are given in the following section.

3. Simplified ASM for 2D axisymmetric flows
with high swirl

Experimental studies showed that, in an
axisymmetric flow with high swirl, generally w
>>v,u>>vand /r>> /xinamost the entire
flow field. Hence, thetermscontaining u/ x, v/
X, w/ X, v/r and v/r were negligible when
compared with theterms containing u/r , w/r ,
and w/r. The original algebraic equations could
therefore be simplified in an explicit form as
shown in equation (15) below.

The turbulence kinetic energy and
dissipation equations retained the same form as
the parallel two-equation model based on
Boussinesq hypothesis but different expressions
were used for the generation term of the k-
equation.
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The model constant, A, was found to be
0.135. If C, was taken as 0.55 and ¢ varied
between 0.0 and 1.0, equation (14) gave the value
of B between 0.0 and 2.2.

4, Common form for the equations

All the governing partial differential
equations could be re-organised and expressed in
a standard form that included the convection,
diffusion, and source termsfor 2-D axisymmetric
flows asfollows:

() )a—t,—al =5 (18)
X rr X X rr T

where ¢, T'yy, T'yr and S, represent the generalised
variables, the exchange coefficients in x and r
directions and the source terms, respectively.

5. Solution procedure

In the present computation, the time-
averaged Navier-Stokes equations, equations (1)
and (2); the TKE equation, equation (5); the TKE
dissipation rate equation, equation (6) were solved
numerically by acontrol-volumefinite-difference
method together with the turbulence model
equations, equation (4) for the k-¢ model or
equation (16b) for the ASM. The SIMPLE
algorithm was utilised for pressure-velocity de-
coupling and iteration (Patankar, 1980). The
discretization of the governing equations was
accomplished by means of the Quadratic Upstream
Interpolation for Convective Kinematics (QUICK)
scheme and the source term linearisation on a
staggered grid cell. The underrelaxation iterative
TDMA line-by-line sweeping technique was used
for solving the resultant finite-difference
equations.

Due to the highly non-linear and
coupling features of the governing equations for
swirling flows, lower underrelaxation factors
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ranging from 0.005t0 0.1 were chosen for thethree
velocity components to ensure the stability and
convergence of the iterative calculation. Wall
function was used for calculating wall shear
stresses at the grid nodes along the walls. The exit
boundary was chosen at the center tube outlet
where zero gradient conditions were adopted for
all variablesexcept theaxial velocity u, whichwas
subject to continuity constraints. The computation
was carried out using aPC computer. About 20,000
iterations were needed to achieve satisfactory
convergence for each calculation case, which
required about 3 hr of computer time.

6. Validotion of ASM

A strongly swirling flow in a vortex
combustor (Zhang et al., 1992) was selected for
the validation of the ASM. A schematic diagram
of the vortex combustor is shown in Figure 1. It

Computational
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comprised a 0.11 m diameter central tube,
concentrically placed insideacylindrical chamber
of 0.66 m height and 0.25 m diameter. The centre
tubewas set 0.51 minto the chamber. Air injected
into the chamber tangentialy through 3 sets of
nozzles spirally ascended through the annular
space and exhausted through the central tube. The
measured swirl number (S) was 13.9. The
specifications of the combustor are summarised
in Table 1.

RESULTSAND DISCUSSION

Simulations of the isothermal swirling
flow in a vortex combustor by (1) standard k-¢
model and (2) simplified Algebraic Reynolds
Stress Model (ASM) using three difference
schemes: upwind, hybrid and QUICK, are
presented and validated with measurement data

domain and grid

Alr in

-—

-—

Air in

Air in

-— -—

# w  |R=127 mm

1 % ..
‘:H_A]rm
T
T
x|, Airin
T
T X, U
t "
\:H_Airin oy
™= 54 mm

Figure1l Flow arrangement, computational domain and grid for the vortex combustor (Zhang et al.,

1992).
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(Zhang et al., 1992) in Fig 1. Theresults of these
computations are shown in Figures 2 to 10. The
influence of grid mesh distribution and the
discretization schemes on the predicted velocity
profiles are shown by comparison of the profiles
with measurements at ten axial locations, namely,
x =0.051, 0.112, 0.173, 0.234, 0.295, 0.358, 0.42
0.483, 0.544, and 0.605 m in Figures 2 and 3
respectively. Thepredictedradial profilesof axial
and tangential velocities with the k-¢ model and
the QUICK schemefor different grid densitiesare
presented in Figures 2(a) and 2(b) respectively.

It was seen that all grids other than the
coarse one of 30x15 of are very nearly the same
results, indicating a grid size of 40x20 or finer to
be sufficient to ensure grid-independence of
results. Theaxial and tangential velocity variations
in Figures 3(a) and 3(b), respectively, for various
numerical schemes along with the measurements
showed that, except for minor differences, al three
schemes for the convective terms yielded almost
the same results. Thus, any of the numerical
schemes could be used to calculate flow with
adequate accuracy. These figures indicated that
the predictions with the k-¢ model resulted in
poorer agreement with the experimental data. For
example, thek-g model failed to predict the central
toroidal recirculation zone and the combined
forced and free vortex motion in the upper region

of the combustor (at x = 0.544 and 0.605 m).

Predictions of the axial and tangentia
velocities using the ASM for different grid size
distributions were compared with measurements
inFigures4(a) and 4(b) respectively. All three grids
(30x15, 40x20 and 47x25 points) yielded similar
results, indicating adequate grid-independence. It
was interesting to note that a grid-independent
solution was achieved with a coarser grid than in
the case of the k-¢ model. The use of ASM also
improved the overall agreement between the
predictions and the experimental data. Both the
central recirculation zone and the Rankine vortex
in the upper cylinder were reasonably well
predicted by the ASM.

As for the k-¢ model, predictions with
the ASM using different numerical schemes did
not show significant differences, as could be seen
in Figures5(a) and 5(b) for the axial and tangential
velocity profilesrespectively. This suggested that
for strongly swirling flow (S = 13.9) any of
numerical schemes could be used for this vortex
flow with adequate accuracy. The effects of the
value of 3 between 0.2 and 0.8 inthe ASM on the
solutions are presented in Figures 6(a) and 6(b),
respectively, for axial and tangential velocity
profiles along with measurements. It was found
that the optimum valuefor 3 was between 0.6 and
0.8. For p < 0.6, the central recirculation zone

Table1l Geometry and flow conditions for the vortex chamber (Zhang et al., 1992).

Parameter Magnitude
Vortex chamber geometry
chamber inner dia.,, m 0.25
chamber height, m 0.66
centre tube outer dia.,, m 0.13
centre tube inner dia.,, m 0.11
centre tube height, m 0.51
Multiple air injection
nozzle height distribution, m 0.051 0.295 0.483
flow rate distribution, m3/h 226 226 226
tangential velocity, m/s 24.6 24.6 24.6
air temperature, K 300 300 300
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and the Rankine vortex profiles were poorly
predicted, probably due to the underestimation of
therotational effect on turbulence. Thissuggested
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Figure2 Comparison of the k-¢ model predictions using different grid densities with measurements.
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the k-¢ model are presented in Figures 7 and 8
respectively. There were two recircul ation zones:
asmall onein the lower region of the combustor
and the other in the upper region. No experimental

[
o0 O ™

» gl x=03%8
Eof
1_3)‘ -8 :
S 16 1 y=0.205
S 8r
80
& 8t :
61 0234
8 L
0 L
-8 :
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0f
8 F :
12 - x=0051m
ok
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000 003 006 009 012
radial distance, m

(a) axial velocity

data were also provided for comparison.
Streamlines and vel ocity vectors predicted by the
ASM are illustrated in Figures 9 and 10
respectively. It wasseenthat, unlikethek-e¢ model,

........... k- 47x25 Upwind
— — — - k- 47x25 Hybrid
k- 47x25 QUICK

000 003 006 009 012
radial distance, m

(b) tangential velocity

Figure3 Comparison of the k-¢ model predictions using different schemes with measurements.
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the ASM, whichyieldsonly asinglerecirculation
zone, predicted well the central recirculation zone
and the Rankinevortex in thetop cylindrical zone

Kasetsart J. (Nat. Sci.) 40(3)
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of the combustor. Zhang et al. (1992) used the
same model of the ASM but with a 40x22 grid
and a hybrid scheme to calculate thisflow. Their

----------- ASM 30x15 =0.6
— — — - ASM 40x20 =0.6
ASM 47x25 =0.6

60 [

40 [

20

0F
60

4F,
20

0r
60 -

40
20 {f
of

60 -

40:'/

20 ff
0Ff

60

20 |f

4 =

of
60 [
20 [f
of

N
o
T
N
\
@)

tangential velocity, m/s

60
40 B
20

0r
60

40
20 f

0t
60 -

40
20 [ff
ol

60

a0,

20

x=0.051 m\lj £° ©

0
0.00

0.03 0.06 0.09
radial distance, m

(b) tangential velocity

0.12



Kasetsart J. (Nat. Sci.) 40(3) 805

results with the ASM and the k-¢ model were  them was not specified and it was likely that they
similar to the present calculations, except inthe  weredifferent from thosein this study, and hence
vicinity of theinlet. They foundthat § =0.8was leading to slightly different solutions.

the optimum value. The inlet conditions used by
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Figure5 Comparison of the ASM predictions using different schemes with measurements.
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Figure 6 Comparison of the ASM predictions using different p values with measurements.
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CONCLUSIONS

1. The predictions of axial and
tangentia velocities based on the ASM and k-¢
model were in good agreement with available
measurements. The computations of the flow
showed that the ASM performsdlightly better than
the standard k- model in capturing mean flow
behaviour.

2. The gas flow in the combustor was
characterized as a strongly swirl, re-circulating,
and non-isotropic turbulent flow with a dominant
tangential velocity component. Local re-
circulating flows occured near the injecting
nozzles, at the chamber bottom, at the top of the
center tube, and in the vortex core.

3. All of theschemesfor the convective
terms yielded almost the same results which the
optimum value of § was found to be in a range
from 0.6t0 0.8.
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