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SIMULATION OF A TURBULENT CHANNEL FLOW WITH INJECTION THROUGH
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Email: kppongje@kmitl.ac.th

ABSTRACT

The paper presents the simulation of a turbulent channel flow with injection through a slit. A
Finite Volume approach with a non-uniform and staggered grid system is employed in the
present simulation. To account for the turbulence nature of the flow, an algebraic Reynolds
stress model (ASM) and the standard k-& turbulence model are incorporated in the time-
averaged governing equations. Effect of numerical diffusion on the calculated results is also
investigated by comparing between a second-order-differencing scheme for the convection
transport and a first-order one. The influences of injection through the slit on mean flow
properties in a fully developed turbulent channel flow are investigated and compared with
available measurements. The computation reveals that use of ASM leads to slightly accurate
results than that of the standard k-£ turbulence model.

1. INTRODUCTION

The injection of a side-jet into a cross-flow is encountered in several engineering applications,
such as transpiration cooling of turbine blades, the mixing process for the combustor cooling,
the transition from hover to forward flight of a V/STOL aircraft, the entrainment of jet pump
and drag reduction. Injection of fluid from a wall to the flow is a way to control wall turbulence.
When the jet is injected into a cross-flowing stream, there is a complicated interaction between
the jet and the cross-flow. Its nature of this kind of flow is still not well understood and need to
clarify how mean flow and turbulence characteristics are affected by the fluid injection. There
have been many reports published on the jet in a turbulent cross-flow. Andreopoulos [1]
presented an investigation of velocity fluctuation statistics in the jet-pipe flow normal to a cross-
stream for different ratios of jet-to-crossflow velocities. Sumitani and kasagi [2] studied
turbulent channel flow with uniform injection and suction on the two opposite channel walls by
a direct numerical simulation (DNS) and obtained various statistic characteristics on turbulence.
Kato et al. [3] presented a method to reduce turbulent frictional drag by injection of high
viscosity fluid into the boundary layer. The flow characteristics in a two-dimensional channel
with nonuniform injection using both laser-Doppler velocimetry measurements and DNS for
comparison can be found in Liou et al. [4]. Sano [5] investigated experimentally the turbulent
channel flow with various side-jet injection flow rates. The brief survey presented above reveals
that there has been no report of numerical investigation on the mean flow properties in a channel
flow with side injection with an algebraic Reynolds stress model

This article deals with the numerical simulation of a fully developed turbulent channel flow
with a side-jet injection of Sano [5] by utilizing the ASM and various numerical schemes. The
process of recovery 10 equilibrium state from non-equilibrium state is investigated numerically
by predicted wall static pressure and velocity profiles.

2. MATHEMATICAL FORMULATION

2.1 Governing Equations

The phenomenon under consideration is governed by the steady two-dimensional axisymmetric
form of the continuity and the time-averaged incompressible Navier-Stokes eguations. In the
Cartesian tensor system these equations can be written in the following form:



n3

3
:;:(Pu;)=0 (1)
Hpuw)) P I - )
i &

where p, u;, p and x; are the density, mean velocity tensor, mean pressure and coordinate tensor
respectively. The mean viscous stress tensor is approximated as:

- au; ou ;
= 3
u{ x, o ] (3)
where 4 is laminar viscosity. The time-averaged Reynolds stress tensor, T, = - p;u;-, in the

above equation is not known and thuas, models are needed to express it in terms of the solution
variables. In the present study, two turbulence models are used, namely the k-£ model and an
algebraic stress model (ASM). The 4-& model has been reviewed in references [6] and it will be
described briefly. The standard k-£ model version relates the turbulent eddy viscosity to the
turbulence kinetic energy k and the dissipation rate £ through Boussinesq’s approximation as:

i =_‘§‘5g(9k)+ﬂ;(%+%) (4)

¥ i

T

where u, = pC, k*/e is the turbulent eddy viscosity and gis the dissipation rate of turbulence
kinetic energy (TKE). The modelled equation of the TKE, k is given by:

a(p k)= {“e a"‘}c pe (5)

o, dx

in which g, =y, + it is effectlve viscosity. Similarly the dissipation rate of TKE is given by the

following equation:
3
[#e } +£CG ~Cuape) ©)

a(p) o, ox &

where G is the rate of generation of the TKE while pe is its destruction rate. G is given by:

du; Ou; o
el

The boundary values for the turbulent gquantities near the wall are specified with the wall
function method [7]. C, = 0.09, Coy = 1.44, Co = 192, 6, = 1.0, and o, = 1.3 are empirical
constants [6] in the turbulence transport equations. Reynolds-averaged transport equations can
be solved for Ty, [6] the modelled equations for which are:

8_1."}-_ . d (1,7}

=-G,—-P, +D, +€, 8
or x, A A A @)

~ou; .
where G; = local production = pF; = [pu w, —= 3 +pu U, — gx‘ }
Ly &

2
D, = local pressure strain = —C) — pPE [ - —k5 ] {G gGaij)
. 3 | e 01t
D, = net diffusive transport = ( =)
4 dxy dx

g; = local dissipation tensor = —i— pES;
in which C,;= 2.5, and C,=0.55 are model constants.
2.2 Algebraic Reynolds Stress Model (ASM)

For simplicity in solving the six Reynolds stresses, Rodi’s approximation [8] is used in this
study and the Reynolds stress transport can be expressed in algebraic form as follows:
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Dt T: Dk
¥ .p, =-L_p
Dt Y pk(Dr ) &

Substitution of egs. (5) and (8) into eq. (9) gives the desired algebraic expression for (%

2 T
-G,j—¢ﬁ+§5b-pe=p—';c-(G-ps) (10)
The ASM expressions can thus be rewritten as:
- 2 Ak 2
pu,.uj =-3—5‘ij +T(G'j —ESUG) (11)
where the empirical constant A ,was found to be 0.135, [9] is defined as:
1-—
A= —CZ’G (12)
Cl - I + —
pE

2.3 Common Form for the Equations
All the governing equations can be re-organised and expressed in a standard form that includes
the convection, diffusion, and source ferms for 2-D axisymmetric flows as follows:

9 toud)+ 2 _9(p 9V 9 %)
ax(pz¢)+ay(pv¢) &(rwax] ay[l“@ay]-s‘, (13)

where ¢ may stand for any variable including the velocity components, Iy, and I“,‘.,y are the

exchange coefficients for ¢, and Sy is the source term.

2.4 Solution Procedure

In the present computation, the time-averaged Navier-Stokes equations, the TKE equation, and
the TKE dissipation rate equation are solved numerically by a control-volume finite-difference
method [10] together with the turbulence model equations, equation {4) for the k-£ model] or
equation (11) for the ASM. All equations are in a peneralised form of equation (13). The
SIMPLE algorithm is utilised for pressure-velocity de-coupling and iteration [10, 11]. The first-
order upwind (FOU) and the second-order upwind (SOU) [12] schemes were used for
discretising convection and diffusion transports on a staggered grid cell. The under-relaxation
iterative TDMA line-by-line sweeping technique is used for solving the resultant finite-
difference equations. The computation was carried out using a personal computer (Pentium III-
450 MHz). About 7,000 iterations were needed to achieve satisfactory convergence for each
calculation case, which requires about 1.0 hr of computer time.

3. CHANNEL FLOW WITH SIDE-INJECTION OF SANO [5]

A flow in channel with a side jet of Sano [5] was employed in the preseat simulation. A
schematic configuration of the channel is shown in Fig. 1 below. The channel with a length of
about 3,050-mm has a width (h) of 30-mm and the slit width (L) for injection is 10 mm. Profile
measurements of axial velocity, wall-static pressure, Reynolds stresses, and wall shear stresses
were provided and measured by using a constant-temperature-type hot-wire anemometer. The
mean velocity u;, at the channel inlet was set at 10.0 m/s while side-injection flow rate, Q =
vL/h, where v = injection velocity, was set at three values: 0.067, 0.133 and 0.2. The
measurements were made at eight stations, namely, x = 70, 110, 150, 250, 350, 500, 700, and
950 mm from the slit.

Fig. 1 Geometry of channel with side-jet injection.
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4. RESULTS AND DISCUSSION

The comparisons between the predicted results by the k-g turbulence model and the ASM with
different numerical schemes and the measured data of the flow are presented in Figs. 2 through
7. The predicted axial velocities are compared with the measnrements, where solid or dash
curves are represented for the calculated results while open circles for the measured data. The
computational results are based on an 80x40 non-uniform grid with refinement in the vicinity of
the slit. Grid independence of the numerical results was verified with a 120x60 finer grid. It is
found that the differences for both the base grid and the finer grid in local flow properties are
marginal. This suggests that grid independent solutions can be obtained with an 80x40 grid,
which is used throughout the computations.

4.1 Effects of Numerical Schemes

The axial mean velocity profiles predicted with the k-£ model and the FOU and SOU schemes
are compared with the measured data in Figs. 2 and 3 for side-injection flow rates of 0.067 and
0.2 respectively. A closer examination reveals that predictions with both the schemes generally
are in good agreement with the measurements. However, in prediction with the SOU scheme in
Fig. 3, under-predicted results are seen in the vicinity of the slit while excellent agreement is
found in the upper wall region in comparison with experimental data. Overall, use of the SQU
leads to slight improvement so the FOU is sufficient for computation of this flow.

© measured — k-e FOU -~ k-eSOU
x=110 mm x=350 mm
1 ecay BeeET = ey
S 0.8
0.6
[*]
=
‘s 04
=
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= 0.2

0 05
axial velocity, wu

Fig. 2 Effects of numerical schemes on streamwise velocity profiles with measurements for Q = 0.067
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Fig. 3 Effects of numerical schemes on streamwise velocity profiles with measurements for Q = 0.2

4.2 Flow Field

Velocity Field. Predictions using the k-£ model and the ASM are compared with experimental
data in Figs. 4, 5 and 6 for the injection flow rates of 0.067, 0.133 and 0.2 respectively. It is
found that for lower injection flow rate, Q = 0.067, the predicted profiles of streamwise mean
velocity are in excellent agreement with measurements for both turbulence models as depicted
in Fig. 4. However, increase in side-injection flow rate leads to significant deviations between
predicted and measured results in the vicinity of side-jet port but both predicted and measured
profiles agree well after station x=350-mm as can be seen in Figs. 5 and 6. Close examination
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reveals that as the flow proceeds toward the injection slit, the mean velocity profiles gradually
becomes nonuniform and asymmetrical near the wall and returns to uniform and symmetric
after advancing in the downstream direction. The ASM gives slight under-prediction close to
the injection port while the &-£ model predicts slightly better. But for further downstream from
the slit, results predicted by both turbulence models are similar and agree very well with
measurements.
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Fig. 4 Comparison of predicted sireamwise velocity profiles with measurements for Q = 0.067
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Fig. 5 Comparison of predicted streamwise velocity profiles with measurements for Q = 0.133
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Fig. 6 Comparison of predicted streamwise velocity profiles with measurements for Q = 0.2

Pressure Field. Figure 7 compares the non-dimensional profiles of static pressure along the
upper and lower walls using the FOU scheme with the measurements. It is found that the
pressure profiles for the lower wall are nearly similar to those for the upper wall except for the
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vicinity of the slit. A close look reveals that there is a high-pressure drop across the side-jet port
for both walls. This suggests that injection to the flow suffers substantially from a pressure loss.
Predictions with both turbulence models show favourable agreement only in the downstream
region of the slit. However, for upstream of the slit, the calculated wall pressures for both walls
rise faster than the experiment shows. At upstream regions from the slit, the ASM results mimic
experimental data better while the k-& model ones are over-predicted especially at high flow
rates of injection. Again, use of the ASM results in slight improvement for this flow.

2.5
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g s - - - ASMTOU
=.E
&
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© measured N ‘;0—0:3 =
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& --- ASMFOU 68T, }
g '
> |
é - I 7 T2 -
Q=0.2
I | 1 i i " 1 1
500 1000 =500 ] 500 1000 1500
X (1mum)
(b)

Fig. 7 Comparison of predicted wall static pressure distributions with measurements under
different side-injection flow rates, @, for (a) lower wall and (b) upper wall (p; = exit pressure).

5. CONCLUDING REMARKS

Simulations of turbulent channel flow with side-injection have been carried out by utilizing the

k- model and ASM with two numerical schemes. The prediction of mean flow properties was

compared with measurements. The conclusions from the investigation can be drawn as follows:

1. The predicted axial velocity and wall-static pressure profiles by the FOU and SOU schemes
for both turbulence models are generally in good agreement with measurements.

2. ASM with the FOU scheme shows small improvement over the k-8 model.

3. The FOU and SOU schemes give slightly under-predicted in the vicinity of the sht for the
lower wall but slightly over-predicted results for the upper wall in comparison with

measurements.
4. The higher side-injection flow rate leads to substantial under-prediction in the vicinity of the

side-jet slit.
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Abstract

The paper presents the simulation of the strongly swirling turbulent flow and combustion
charactenistic in an annular vortex combustor (VC} for burning rice husk. Computations, based on a
staggered finite volume method, were carried out by utilising the standard k- turbulence model for the
closure of the second-order correlation moments in the governing equations. Cold flow and mixture
fraction combustion models for gas fuel were used to investigate the effects of various operating
parameters on the mean flow properties in the VC. Some of calculated results are compared with
available measurements.

Introduction

To help increase rice husk utilisation in an efficient, clean manner, a novel non-slagging vortex
combustor (VC) was recently developed and investigated for drying/heating application purposes. The
VC technique first developed for coal fuel [1] is evolved from the basic understanding of swirling gas-
particle flows and combustion in vortex chambers [2]. Its integrates many advantages from cyclone
combustor, fluidized bed combustor, multistage combustion and pulverized coal-fired combustor;
while eliminates most of their inherent disadvantages. This combustor is featured with two vertical,
concentric tubes with multiple air injection. Due to the strong swirl and low temperature combustion
environments, the VC has demonstrated to pose many inherent advantages: vigorous gas-particle
turbulence, long particle residence time, high combustion intensity, and broad fuel flexibility.

As schematically shown in Fig. 1, primary air 1s provided into the lower chamber (or the bottom),
together with solid fuel. Secondary air is tangentially injected into the annular chamber of the VC
through the nozzles arranged at various strategic levels to form a strong swirl. Combustion occurs
primarily in the annular space. Then, hot flue gas spirally ascends to the top before leaving through the
exhaust center tube. The combined effects of centrifugal, gravitational, and fluid drag forces give rise
to fuel particles to be trapped along the height of the combustor. As particles are burned they
continually reduce in mass and size until completely burned out. The majority of ash particles become
light or small enough to be entrained by the flue gas and exit the combustor as flyash. Some may
rermain in the combustor bottom as dry ash. Hence, it is necessary to know the detailed aerodynamic
structure and the distinct flow characteristics of the VC. However, little study pertaining to its flow
properties has been made and numerical study of combusting rice husk flow in the VC has never come
across due to its difficulty in modelling.

This article deals with the numerical results of the isothermal and combusting gas flows in a VC of
Nieh and Zhang [1], along with only the measured cold flow results for comparison. This investigation
is to help expand the technical database, better understand the involved physical processes, and guide
the design and operation of the vortex combustor.

Mathematical Modelling and Solution Procedure

Governing Equations for Flow Model: The phenomenon under consideration is governed by the
steady two-dimensional axisymmetric form of the continuity and the time-averaged incompressible



ni

Navier-Stokes equations. In the Cartesian tensor system these equations can be written in the
following form:

&
'E_‘(ﬂ#)ZO (L
5(}3‘.'uj)__ &p g -
&, & +'Ej{rr'j+rfj) (2)

where p, u;, p and x; are the density, mean velocity tensor, mean pressure and coordinate tensor
respectively. The mean viscous stress tensor is approximated as:

] 3

where  is laminar viscosity and t;=- puu; is the time-averaged Reynolds stress tensor. The standard

k-¢ model relates the turbulent eddy viscosity to the turbulence kinetic energy k and the dissipation
rate ¢ through Boussinesq’s approximation as:

- ‘a‘j
= 5 (_,DA)+ & — (4)

where u, = pCﬂkz/s is the turbulent eddy viscosny ancl £ is the dissipation rate of turbulence kinetic
energy (TKE). The modeiled equation of the TKE, & is given by:

O (k)= [,ae ok

]+G P (5)
O‘L ax

in which u = g + uis effective viscosity, Similarly the dissipation rate of TKE is given by the
following equation:

o, d

5 (P' ) [ﬂe aaj %(CEIG_CSZ)OE) (6)

where G is the rate of generanon of the TKE while pe is its destruction rate. & is given by:

S Ou
G= #,H$+ ]a“ } %)
ox Ox

The boundary values for the turbulent quantities near the wall are specified with the wall function
method [3]. C,=0.09, C;; = 1.44, C,, =192, g, = 1.0, and o; = 1.3 are empirical constants [4] in the
turbulence transport equations.

Gaseous Phase Combustion: The combustion mode] is based upon the assumption of single chemical
reaction with fast chemistry with respect to the turbulent time scale. The mass fractions of fuel,
oxidant and products are only functions of the mixing rate. In a combustion system, a fuel stream
flows into the chamber at a rate of f kg/s and an oxidant stream at a rate of 7-f kg/s. They mix in the
combustion chamber to form a mixture which flows out at a rate of 1.0 kg/s. For adiabatic, steady
flow, the fuel and oxidant enthalpies can be related to f as follows [5]:

h-h,, _ (CPT+mﬁ,)—(CPT)M (8)
By — Ty lc,T+ H)fu -le,7)

where f called the mixture fraction, is between 0.0 and 1.0, & and my; are the heat of combustion and
mass fraction of species j. From the partial differential equation of £, the flame temperature (7) can be
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obtained. Thus, the density p, is calculated from ideal gas equation, p=MP/RT in which
M = Z(mj/Mj), R is the universal gas constant and M is the mean mixture molar mass.

Common Form for the Equations: All the governing equations can be re-organised and expressed in
a standard form that includes the convection, diffusion, and source terms for 2-D axisymmetric flows
as follows:

3 é 2 Y 2 op

il il -~ |r. 2 |-= — =

@c(Puib)‘*g.y(ﬂ‘“ﬁ) &[W&J é}'[rbay] Ss (9)
where ¢ may stand for any variable including the velocity components, I” s, and I by 2TE the exchange
coefficients for ¢, and S¢ 1sthe source term.

Solution Procedure: In the present computation, the time-averaged Navier-Stokes equations, the
TKE equation, the TKE dissipation rate equation and the mixture fraction equation are solved
numerically by a control-volume finite-difference method [6] together with the turbulence model
equations. All equations are in a generalised form of equation (9). The SIMPLE algorithm is utilized
for pressure-velocity de-coupling and iteration [6, 7]. The first-order upwind, hybrid and the QUICK
{8] schemes were used for discretising convection and diffusion transports on a staggered grid cell.
The under-relaxation iterative TDMA line-by-line sweeping technique is used for solving the resultant
finite-difference equations. The computation was carried out using a personal computer (Pentium II-
550 MHz). About 20,000 iterations were needed to achieve satisfactory convergence for each
calculation case, which requires about 2.0 hr of computer time.

Vortex Combustor Flow

A strongly swirling flow in a VC [1] was selected and its schematic diagram of the VC is shown in
Fig. 1. It comprised a 0.11 m diameter central tube, concentrically placed inside a cylindrical chamber
of 0.66 m height and 0.25 m diameter. The center tube was set 0.51 m into the chamber. Air injected
into the chamber tangentially 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. Experimental data
of mean velocities are provided 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. The specifications of the combustor are summarised in Table 1
below,

Table 1 Geometry and flow conditions for the
vortex chamber [1].

R=127mm
Airin —>d -« Alrin Parameter Magnitude
Vortex chamber geometry
chamber inner dia., m 0.25
Airin = - Airin chamber height, m 0.66
1 centre tube outer dia., m 0.13
centre tube inner dia., m 0.11
X i centre tube height, m 0.51
. " Multiple air injection
Airin > b« AlTin nozzle height distribution, m  0.051 0.295 0483
A0, v flow rate distribution, m3/n 226 226 226
Fuel in * M =34 mm tangential velocity, m/s 24.6 24.6 24.6
ot air temperature, K 300 300 300
i

Fig. | Flow arrangement, computational domain
and grid for the VC [1].



ni3

For modelling of the combusting VC flow, methane (CH,)} gas fuel was employed instead of rice husk
because of simplicity. The gas fuel was injected at the bottom into the lower chamber. To study the
effect of inlet fuel injection on combusting flow properties for keeping air injection constant, two
types of the injection were made. One was the axial injection and the other was the oblique fuel jet
(30-degree from a tangential line).

Results and Discussion

Prediction of Cold VC Flow: The influence of grid mesh distribution on the predicted velocity
profiles is investigated by comparison with measurements for different grid densities. It is found that
a grid size of 40x20 or finer is sufficient to ensure grid-independence of results. The axial and
tangential velocity variations in Figs. 2a and 2b, respectively, for various numerical schemes along
with the measurements show that, except for minor differences, all three schemes for the convective
terms yield almost the same results. This indicates that any of the numerical schemes can be used to
calculate the flow with adequate accuracy and thus, only upwind scheme was carried out throughout.
These figures indicate that the predictions with the k-£ model resulted in poorer agreement with the
experimental data especially in the top cylindrical region. For example, the &-£ model fails 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). However, in the present study, the k-£ model was
still used for giving a rend of the combusting flow characteristics in the VC since it is robust and easy

for use,
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Fig. 2 Comparison of measurements with predictions using different schemes, (a) axial and (b)
tangential velocities. :

Prediction of Reacting VC Flow: The influence of inlet fuel injection on the flow and temperature
fields was studied by using two different inlet fuel injection types. The first type was made by setting
the fuel inlet nozzle to obtain a fuel jet parallel to the axial axis, called the axial fuel jet. The second
type was set to obtain an oblique fuel jet with an inclination angle of 30° along the tangential line at
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the fuel inlet. The predicted axial velocity, tangential velocity, static pressure and temperature profiles
for both fuel injections are depicted in Fig. 3a, 3b, 3¢ and 3d, respectively. It is worth noting that both
fuel injections have no effect on the mean flow properties such as velocities and pressure as can be
seen in Fig. 3a, 3b and 3¢. When compared to the cold flow model, the axial velocity at the outlet for
this case is higher (about 3 times). For the temperature profiles, It is found that the oblique fuel
injection leads to a higher temperature in the upper chamber while gives the same temperature in the
annular region as shown in Fig. 3d. This indicates that inlet fuel should be tangentially injected into
the chamber when uniform temperature inside the VC is needed.
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Fig. 3 Radial profiles of (a) axial and (b} tangential velocities (c) static pressure, and (d) temperature
calculated with different fuel injections.

Streamlines and velocity vectors are presented in Fig. 4a while Fig. 4b is for the cold flow for
comparison. In Figs. 4a and 4b, each has two parts: the left half contains the velocity vectors whereas
the right half contains the streamlines. For the vector plots of velocity, it should be note that the flow
patterns are similar for both flow models. The velocity profile in the exhaust center pipe region for the
reacting flow is relatively uniform. The velocity is more concentrated in the vicinity of the center pipe
walls for both models as can be seen in Fig. 4a and 4b. For streamlines, the stronger and wider
recirculation zone is cbserved for the reacting flow.

The contour plots of temperature and pressure are exhibited in Figs. 4c and 4d respectively. Also,
in the figures the left half is for the axial fuel injection while the right half for oblique fuel injection.
For the temperature contours, it is found that both inlet fuel injections vield atmost similar results but
the oblique fuel injection performs a nearly uniform temperature along the core region as can be seen
in Fig. 4c. From the contours of static pressure in Fig. 4d, it is clear that both fuel injections give

identical results,
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Fig. 4 Velocity vectors and streamlines of (a) reacting flow and (b) isothermal flow; contour plots of
(c) predicted temperature and (d) pressure.

Conclusions

Numerical investigations have been carried out to predict a strongly swirling turbulent flow and
combustion characteristic in a vortex combustor using the k- model. The present numerical results for
the cold flow are compared with available experimental data. Major findings can be summarised as
follows: For the cold flow, the gas flow in the combustor is characterised as a strongly swirl,
recirculating, and nonisotropic turbulent flow with a dominant tangential velocity component. f.ocal
recirculating flows occur near the injecting nozzles, at the chamber bottom, at the top of the center
tube, and in the vortex core. For the reacting flow model, the computation shows that the flow pattern
is similar to the cold flow model but the magnitude of velocity, recirculation zone are greater.
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Abstract

This paper presents the study of flow and combustion characteristics of rice husk fuel in an annular
vortex combustor {(VC). The temperature distributions for selected locations inside the combustor and
the fly ash and smoke from its flue gas were measured and observed respectively. Measurements were
made by setting constant mass flow rate of rice husk to be 0.3 kg/min and by varying the equivalence
ratio, @, to be 0.8, 1.0 and 1.2. The ratio of volumetric flow rates of the primary air to the secondary
air, (A), was set to be 4 and 1.5. The experiment shows the maximum temperature of about 1300 K in
the annular chamber with less smoke of flue gas. Besides, the sizes of flyash particles from the exhaust
stack can be controlled by the flow rate ratios of the primary air to the secondary air, A. The VC shows
an excellent performance, high stabilization and ease of operation in firing the fine rice husk and its
important feature is that some small ashes remain in the bottom of the VC.

Keywords: annular vortex, vortex combustor, rice husk, biomass.

Introduction

The conventional sources of energy have been depleting at an alarming rate and the price of
conventional energy is geing up. Thus, the focus on alternative renewable sources of energy has been
increasing and biomass is one of them that has been getting continued and increased attention. In
general, paddy rice is one of the mostly produced crops throughout the world. Since it is not possible
to take the whole of it as food, about 22% by weight of this paddy rice is generated as a waste, known
as rice husk. It is estimated that over 60 million tons of rice husk are generated each year worldwide.
Thailand generates 4.4-4.6 million tons of rice husk annually, which their thermal potentials are
equivalent to 1.46-1.53 million tons of crude oil. About 10% of rice husk are utilized as a source of
heat energy in Thailand. It is creating waste management problem, especially in the rice milling sites.
The characteristic of rice husk is presented in Table 1. Therefore, an attempt to energy recovery from
this rice husk waste by combustion technique may be worthwhile. With this the burning of rice husk
by an annular vortex combustor (VC) can be considered.

There have been many reports published on various combustors using biomass materials or coals as
a fuel. Tuatawin and Watcharaapapaibul [1] studied the performance of a concentric-vortex furnace
firing rice husk. The relation between air-fuel ratio and efficiency of the furnace was reported. Jittrepit
[2] and Nanumchok [3] presented an experimental investigation of combustion characteristics in a
cyclone combustor for burning sawdust. The combustion characteristics in a fluidized bed furnace
using rice husk fuel for fluidized bed paddy dryer can be found in Chujinda [4]. Srisawas {5} also
presented an improvement of Chujinda’s furnace. An extensive study of a vortex combustor for
burning dry ulirafine coal and coal water fuel was reported by Nieh and Fu [6]. For above combustors
burning rice husk fuel, effects of ash inside the combustors on combustion efficiency including its
problem in elimination were reported.

This article deals with a preliminary study of combustion characteristics and temperature
distributions in a vortex combustor burning rice husk fuel. Effect of feeding secondary air on flame
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stability, temperature control in the combustor, ashes and smokes from the exhaust stack are studied
and observed for a future reference in improving the performance of the combustor.

Table 1 Composition of rice husk [4]

Carbon 368 %
Hydrogen 58 %
Oxygen 374 %
Nitrogen 0.14 %
Sulfur 0.1 %
Moisture 78 %
Ash 189 %

Density, kg/m’ 100.

Gross heat of combustion, kcal/kg 3,308.

Stoichiometric air 3.2731 kg/kg fuel
Experimental Setup

The rice husk particles were milled and grinded, sieved up to about !-mm size (between 1.19 and 1.41
mm), and stored in the laboratory under dry condition (9.2% of moisture content). The arrangement of
experimental system of the combustor is shown in Fig. 1 below. The combustor is a concentric
cylindrical pipe made of steel while of stainless steel for the exhaust center pipe. It is 0.755-m high
and 0.195-m inside diameter with multiple injection nozzles of 0.005-m dia. each for the secondary air
{Q.) as depicted in Fig. 2. The exhaust center pipe is 0.078 m in diameter.
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Fig. 1 Schematic diagram of experimental setup of combustion system.
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The combustor was operated over a temperature range from 800 — 1000 K. A blower and two
compressors were used for providing both primary and secondary combustion airs. Rice husk fuel was
fed through a screw feeder and injected to the bottom chamber by pneumatic conveying via the
primary air (). Start up process was commenced by heating up the VC with LPG torch inserted at
the lower air nozzle slot. The preheating took about 20 minutes for the chamber to raise its
temperature to be about 680 K. Then feeding commenced through the hopper, slowly with the rice
husk until 0.3 kg/min and kept constant. When the temperature in the chamber reached 950 K, stop of
preheating with LPG was made. A thick, black smoke was seen at the beginning and slowly thinned
out by adjusting the airffuel (A/F) ratio. Excess air at various levels for equivalence ratio of 0.8, 1.0
and 1.2 was tried for each of A. The temperatures were monitored at various selected locations with
chromel-alumel (type K) thermecouples while volumetric flow rates of primary and secondary airs
were measured by using orifice meters. All data collection was taken at steady state condition.

Results and Discussion

The VC was originally designed to accormumodate various types of coal fuels as sources of heat. The
VC responded significantly to the various fuels as expected. For rice husks, the level of equivalence
ratio (or excess air) was varied to optimize the temperature inside the VC. The measurements of
temperature were made at seven axial locations namely, x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 m.

Effects of Equivalence Ratios

The radial profiles of temperature inside the VC for @ = 0.8 (rich}, @ = 1.0 (stoich.) and & = 1.2 (lean)
are presented in Figs. 3a, 3b and 3c respectively. The feed-rate of fine rice husk with 9.2% moisture
content was (.3 kg/min and kept constant throughout.

For @ = 0.8, Fig. 3a, it is found that the temperature profiles for all locations generally are not
uniform. The temperature in the vicinity of the center pipe is higher than that near the chamber walls.
Maximuim temperature of about 1400 K takes place in the top of chamber while lower temperature can
be seen near the chamber wall. Unburned fuel and black smoke emission from the exhaust stack were
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observed for this case. This indicates the incomplete combustion (high CO concentration) or
combustion reaction takes place very slowly.

Fig. 3b shows the temperature distributions for @ = 1.0. It can be seen that except for few early
stations, the temperature profiles are nearly uniform for all stations especially at the top chamber. The
maximum temperature around 1300 K is found in the top annular space whereas the minimum
temperature in the vicinity of the chamber walls at early stations. This shows insufficient turbulence at
the bottom chamber, which was due to too many rice husks, resulting in inadequate mixing and
consequently the presence of fuel rich zones within the bottom space. This case yielded a less black
smoke emission from the exit pipe.

The temperature distribution for ® = 1.2 is depicted in Fig. 3c. It is worth noting that the
temperature profiles similar to the case for @ = 1.0, are nearly uniform for all stations. The peak
temperature of some 1200 K is also seen in the top annular space while lowest temperature at the
bottom one. The peak one for every station is found in the middle between the chamber and center
pipe walls. The maximum temperature for this case has the lowest value among the three cases, as
expected, since an increase in the excess air leads to decreasing temperature in the combustion system.
White and thin smoke emission and small size of flyash particles are visible. This points out that
complete combustion takes place for this case.
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Effects of Volumetric flow rate ratios of Primary to Secondary Airs (A)

The ratio of volumetric flow rate of the primary air to the secondary air, defined as A = Qu/Q,, is an
indication of the strength of the vortex of the flow. The decrease in value of A results in the higher
tangential velocity component (strong vortex). This means that the impact of swirling phenomenon of
the secondary air on the flow and temperature fields becomes more pronounced as the value of A is
reduced. Comparison of the temperature distributions between A = 4 and A = 1.5 for various
equivalence ratios is presented in Fig. 3.

For © = 0.8, it is obvious that adjusting of A = 1.5 leads to a flatter and higher temperature
distribution curve than that of A = 4. This indicates that the use of a small value of A can improve the
temperature distributions in the VC for the rich mixture as can be seen in Fig. 3a. When ¢ = 1.0, it is
interested to note that the influence of A on the temperature profiles shows only the first two stations at
the bottom while no effect of A on the temperature profiles is found at other stations as illustrated in
Fig. 3b. As ¥ = 1.2, it is worth noting that no effect of A on the temperature distributions is seen at all
stations as exhibited in Fig. 3c. Tt is concluded that for the value of & above 1.0, use of a small value
of A results in no significant effect on temperature profiles in the VC but enhances swirling intensity
instead. However, the increased swirling intensity leads to an abatement of particle elutriation, and to
enlargement of the region of recirculating zone.

Conclusions

The measurements of temperature distributions and the observation of flue gas emission have been
conducted during the combustion of fine rice husk in the VC. The conclusions derived from the results
of these experiments are as follows: combustion of rice husk with equivalence ratio between 1.0 and
1.2 using the VC yields good combustion efficiency, flame stabilization, low emission and reliable
furnace condition. For equivalence ratio 2 1.0, the increase in secondary air has no significant effect
on the temperature distributions inside but helps reduce the size of flyash particles.
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Abstract: The paper presents the simulation of strongly
swirling confined flow in a combustor with an algebraic
Reynolds stress model (ASM). The k-e turbulence model
was also employed in the present simulation for
comparison. For the flows compared, the predicted results
of gas tangential and axial velocities based on this model
are in good agreement with measurements. The
computation shows that the ASM is superior to the k¢
model in capturing the stabilising effect of the swirl.

Keywords: swirl, turbulent flow, algebraic stress model,
L. INTRODUCTION

Swirl flows have been of considerable interest over the past
decades because of their occurrence in industrial
applications, such as furnaces, utility boilers, internal
combustion engines, gas turbine combustors and dust
collectors [2, 5}. Swirl has been used in combustion
systems to enhance the flame stability, the mixing and heat
transfer besides prolonging the fuel residence time and
abating the pollutants. This is because under appropriate
conditions, swirl can be employed to induce a central
recirculation zone. The recirculating flow generates
additional turbulence in the shear layer between the reverse
flow and the surrounding forward flow and helps stabilize
the flame in combustors. Swirling turbulent flows are
physically complex in nature due to the effect of a swirl-
turbulence interaction. The turbulence structure in swirling
turbulent flows is generally highly non-isotropic and
nonhomogeneous.

Computation of swirling flows is a difficult and
challenging task. Large velocity gradients appear in these
flows, so numerical problems and turbulence modelling
play a significant role in their analysis. The commonty
used, the k-£ model may not be suitable for simulating
swirling turbulent flows [3, 6, 7]. It is also found that the
use of modified 4-€ models or even the non-linear %-¢
model [13] leads to 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 provide better methods
for the simulation of swirling turbulent flows [6, 7]. The

- steady
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RSM is regarded as a most logical approach 10 the
turbulence closure problem, which does not need any ad
hoc modification for extra strain rates. However, in the
prediction of swirling flows with the RSM, it is necessary
to solve a total of 11 governing differential equations of
elliptic type: a continuity equation, three momentum
equations, an E-equation, and six equations for the
Reynolds stresses. This leads to much extra computational
effort to solve six Reynolds stress transport equations
simultaneously [6, 7] and much attention needs to be paid
10 numerical stability and inlet boundary conditions, It is
for this reason that a simplified algebraic Reynolds stress
turbulence model [I6] in axisymmetric cylindrical co-
ordinates is employed for simulating strongly swirling
flows.

In this paper, the formulation of the present model, the
procedure of numerical solution based on the present ASM
and the validation results of the proposed medel are
described in detail. The validation was conducted through
successive comparisons of the calculated gas tangential,
radial and axial velocities with the test data measured in a
<old flow combustor.

IL MATHEMATICAL FORMULATION

2.1 Governing Equations

The phenomenon under consideration is governed by the
two-dimensional axisymmetric form of the
continuity and the time-averaged incompressible Navier-
Stokes equations. In the Cartesian tensor system these
equations can be written in the following form:

o) =0 W
o) F 3 . o
= +}:(:3+r‘.j) {2)

where p, &, p and x; are the density, mean velocity tensor,
mean pressure and coordinate tensor respectively. The

mean viscous stress tensor, fj , 1s approximated as:

- du;
) —r 4 3
fi ‘laxj+&.:,.] @



where # is laminar viscosity. The time-averaged Reynalds

siress tensor, Ty = - pu;u;- , in the above equation is not
known and thus, models are needed to express it in terms of
the solution variables. In the present study, two turbulence
models are used, namely the k-€ model and an algebraic
stress model {(ASM). The k-€ model has been reviewed in
references [4, 15] and it will be described briefly. The
standard 4-£ wmodel version relates the turbulent eddy
viscosity to the trbulence kinetic energy & and the
dissipation rate £ through Boussinesq's approximation as:

; u;
T = —5:; (oK )+ P: ?:) 4)

where u, = pC, kZ/E is the turhulcnt eddy viscosity and

£ is the dissipation rate of turbulence kinetic energy
(TKE). The modelied equation of the TKE, & is given by:

a . Ok
(P"j) axj[‘u ]+G pE 5)

O ox;

in wh:ch M, = w + M is effective viscosity. Similarly the
dissipation rate of TKE is given by the following equation:

—(pu e)= [ Le B—E]+{-(cslo—cezpe) (6

ax;

wherc G is the rate of generation of the TKE while pe is
its destruction rate. G is given by:

_ du;  9u; |u
¢ —,u,l:[ a; * Ox; ]ijj' 0

The boundary values for the turbulent quantities near the
wall are specified with the wall function method [10]. C, =
009, C.. =144, Co=192, g, = 1.4, and g, = 1.3 are
empirical constants {4, 15] in the turbulence transport
equations. Reynolds-averaged transport equations can be
solved for 1; [4, 15] the modelled equations for which are:

aty  Flupty)
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where

. _ _ T&IJ O] au,‘
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@ ; = local pressure strain = —( -ﬂi(u,u_, —%kt‘iy ]
2
-ciey-2as,
duu;
D;; = net diffusive transport = — 4 (”—a) —

b 3xk agr 3xk

£;; = local dissipation tensor = % pedy

in which C;=2.5, and Cy=0.55 are model constants.

2.2 Algebraic Reynolds Stress Model (ASM)

For simplicity in solving the six Reynolds stresses, Rodi’s
approximation [11] is used in this study and the Reynolds
stress transport can be expressed in algebraic form as
follows:
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Substitution of eqs. (5) and (B) into eq. (9) gives the desired
algebraic expression for Ty:

2 Ty
=Gy =y + 58,06 =— (G - pe) (10)
The ASM expressions can thus be rewritten as:
pu; "‘; ———Supki- (G -—-—506] (11)

where the empirical constant A ,was found to be 0.135, [16]
is defined as:
1-
A= _..C_Z_ 12y

[} ——1+~§—w

DE

2.3 Common Form for the Equations

All the governing equations can be re-organised and
expressed in a standard form that includes the convection,
diffusion, and source terms for 2-D axisymmetric flows as
follows:

g _2 ¢
——(pw)+——(pv¢)——[ w5 |l Tog =% @3
where ¢ may stand for any variable including the
velocity components, I’y and I"'W are the exchange

coefficients for ¢, and S¢ is the source term.

2.4 Solution Procedure

In the present computation, the time-averaged Navier-
Stokes equations, the TKE equation, and the TKE
dissipation rate equation are solved numerically by a
control-volume finite-difference method (9, 14} together
with the turbulence model equations, equation (4) for the k-
£ model or equation (11) for the ASM. All equations are in
a generalised form of equation (13). The SIMPLE
algorithm is utilised for pressure-velocity de-coupling and
iteration {9, 14]. The hybrid, the upwind, the quadratic
upstream interpolation for convective kinematics (QUICK)
[8] and the second-order upwind (SOU) [12] schemes were
used for discretising convection and diffusion transports on
a staggered grid cell. The under-relaxation iterative TDMA
line-by-line sweeping technique is used for sclving the
resultant finite-difference equations. The computation was
carried out using a personal computer {Pentium III-550
MHz). About 20,000 iterations were needed to achieve
satisfactory convergence for each calculation case, which
tequires about 3.0 hr of computer time.

IIL. SWIRLING FLOW OF AHMED (1997}

The performances of the k-£ model and the ASM are
compared for a turbulent swirling flow in a combustor of
Ahmed (1997) [1], shown in Fig. 1. The details of the
geometry and fluid propertics are given in Table 1 below.
A single air stream entered the test section through a
secondary annulus and passed through an adjustable vane
swirler. Experimental mean velocity profiles for u, v and w,
turbulence intensities and the Reynolds stresses were



measured at downstream locations of the expansion corner.
All data in radial profiles were obtained with a two-
components LDV system.

[AY
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Fig. 1 Flow geometry and computational domain.

Table 1 Data for flow of Ahmed (1997)

Test section characteristics

swirl vane angle (degree) 45

chamber length (m) 1.85

chamber dia. (m) 01524
Inlet flow conditions

Reynolds number 200,000,

average velocity, U, (n/5) 30.4

Since axial, radial and tangential velocities and turbulence
intensities including shear stresses were provided at x/D =
0.0633 downstream of the inlet, computations are started at
that location to reduce uncertain inlet conditions. In the
present computation, performances of both the standard %-€
model and the ASM are examined by comparing the
predicted velocity profiles at ten locations, namely, x/D =
0.0633, 0.167, 0.25, 0.333, 0417, 0.5, 0.583, 0.669, 0.833
and 1.0.
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IV. RESULTS AND DISCUSSION

4.1 Effects of Grid Densities and Numerical Schemes
The comparisons between the predicted resulis by the k-
turbulence model and the ASM and the measured data of
the flow are presented in Figs. 2 through 7. The predicted
axial, radial and tangential velocities are compared with the
measurements, where solid or dash curves are represented
for the calculated results while open circles for the
measured data. The computational results are based on a
95x40 non-uniform grid with refinement in the vicinity of
the slit. Grid independence of the numerical results was
verified with a 120x60 finer grid. It is found that the
differences for both the base grid and the finer grid in local
flow properties are marginal. This suggests that grid
independent solutions can be obtained with a 95x40 grid,
which is used throughout the computations.

The axial, radial and tangential mean velocity profiles
predicted with the k- model and four different numericzl
schemes are compared with the measured data in Fig. 2. It
is found that predictions with the four schemes generally
are in fairly good agreement with the measurements.
However, in prediction with hybrid, QUICK and SOU,
under-predicted tangential velocity profiles are seen in all
locations while good agreement is found for axial and
radial velocity profiles in comparison with experimental
data. For the four numerical schemes, the FOU scheme
performs the best agreement in prediction of tangential
velocity but shows poorer agreement for axial and radial
velocity profiles. Thus, in terms of the strength of the
tangential velocity, only the FOU scheme is considered for
computation of this flow.
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4.2 Flow Field

Velocity Field. Predictions of velocity profiles using the £-
£ model and the ASM are compared with experimental data
in Figs. 2a, 2b and 2c for the axial, radial and tangential
velocity profiles respectively. For the radia! profile of axial
velocity in Fig. 2a, it is seen that the predicted profilas
show no difference for both turbulence models and
generally are in favorable agreement with measurements
especially for D 2 0.333, The ASM However, both
turbulence models give under-predicted results in the core
region. Predictions with the ASM show closer agreement
with measurements than those with the k- model in some
locations as can be seen at /D = 0.167 and 0.25 between
/D = 0.35 and /D = 5. The results of Fig. 2a indicate that
the predicted axial velocity recovers and progresses to
uniformity at a faster rate than in the measurements.

Fig. 2b compares the radial profile of radial velocities
predicted by the k%-£ model and the ASM with
measurements. It is of interest to nofe that prediction with
the ASM shows closer agreement with experimental data
than that with the k-£ model. The ASM results mimic very
well the measurements while the k-£ model gives under-
predicted results, especially in the vicinity of the inlet. For
the downstream region far away from the inlet (x/D >
0.417), both turbulence models vield similar results and
agree well with the measurements.
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The tangential velocity profiles predicted by the k- model
and the ASM along with the measurements are shown in
Fig. 2c. It is worth noting that the tanpential velocity
predictions with the k-8 model display a rapid decay to a
forced vortex profile (solid-body rotation) while the
experimental data correspond to a combined free and
forced vortex profile. It is clear that the tangential velocity
predictions do not agree with the measured data even for
trends. Since the calculations were fairly free of numerical
diffusion, discrepancies between the data and the
predictions can be attributed to two sources: - improper
boundary conditions at the inlet plane and deficiencies of
the turbulence model.

All infet values except the £ and the %k, were obtained
indirectly from the experiment. The values of £ were
derived from a constant length-scale assumption and those
of k from an approximation of total kinetic energy. To
study the sensitivity of the inlet £ and & profiles to the flow
field, calculations were made using different £ and &
distributions, by increasing or decreasing their estimated
values by a factor of 10. It was found that the calculated
velocity was not affected significantly. The poor agreement
between the predictions and measurements is, therefore,
more likely to be due to the deficiencies of the turbulence
model.
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The use of ASM results in better overall agreement with
the measurements than possible with the k- model. The
major difference between calculations with the two
turbulence models is most clear in the recirculation region
and in the tangential velocity profiles. The agreement
between the calculation with the ASM and the
experimental data is fairly good. The peak values and a
combined forced and free (Rankine) vortex motion for the
tangential velocity profiles are well predicted. The
recircnlation zone (IRZ) is, however, longer and wider than
that with the k-£ model.

Streamlines predicted by the ASM and the &-2 model are
shown in Figs. 4 and 5 respectively. The contour plot of
streamlines is in a range of D =010 3 and /D = 0 to 0.5,
which has a high change of velocities. From the figures,
there is no change of velocities at about x/D = 1.5 for the
ASM and at some xD = 3 for the k-2 model. Two
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recirculation zones are identified; one is at the corner and
the other, an internal recirculation zone (IRZ) or central
toroidal recirculation, near the inlet. It is observed that the
size of the recirculation zone calculated by the ASM is
larger than that by the k-£ model,

Vector plots of velocity predicted with the ASM and the &-
€ modei are illustrated in Fig. 6 and Fig. 7 respectively. The
plots for both turbulence model are also in a range of X/D =
Oto 3 and /D = 0 to 0.5. It is clear to note that for the
ASM, the centers of the corner recirculation and the central
toroidal recirculation are, respectively, at about ¥D = 0.1
and ¢/D = 0.42 and at x/D =0.35 and /D = 0.35. For the k-
€ model, they are at some x/D = 0.05 and /D = 0.42 and at
XD = 0.3 and /D = 0.3, In the inlet region, the reverse
flow occurs for both turbulence models but the flow
predicted by the ASM is longer than that by the 4-£ model
as can be seen from the figures.
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Fig. 4 Streamline predicted by ASM
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Fig. 5 Streamline predicted by the &£ —¢ model
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V. CONCLUDING REMARKS

The assessments of the k-8 model and the ASM have been
carried out in a swirling incompressible flow. The
conclusions from the validation study are as folows: The
numerical procedure incorporating the ASM was tested for
a swirling turbulent flow. Since the ASM represents better
the anisotropy of the turbulence, the ASM results with the
FOU scheme is in closer agreement with measurements
than those with the k-£ model which predicts a fast decay of
tangential velocity profiles to a solid-body rotation. The
computations of the flow showed that the ASM performs
better than the k-£ model in capturing the mean flow
behaviour, superiority rooted in the response of the ASM to
turbulence interaction.
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ABSTRACT

This paper presents the study of combustion characteristics
of rice husk fuel in an annular vortex combustor {VC). The
temperature  distributions  for selected locations inside the
combustor and the fly ash and smoke from its flue gas were
aw measured and observed respeclively. Measurements were made
by setling a constant mass flow rate of rice husk to be 0.2
. kg/min and by varying the equivalence ratio, @, to be 0.8, 1.0
and 1.2. To study the effect of feeding secondary air on flame
- stability, three values of the ratio of volumetric flow rates of the
secondary air to the total air, (A), were used and set to be 0.0,
- 0.2 and 0.4, The experiment shows the maximum temperature
a of about 1000° C in the upper chamber with less smoke of flue
gas. Besides, emissions and the sizes of flyash particles from
the exhaust stack can be controlled by the flow rate ratios of the
secondary air to the total air, . The VC shows an excelient
W nerformance, low emissions, high stabilization and ease of

operation in firing the fine rice husk.

- Keywords: annular vortex combustor, rice husk, biomass.

INTRODUCTION
The conventional sources of energy have been depleting at
«m an alarming rate and the price of conventional energy is going
up. Thus, the focus on alternative renewable scurces of energy
has been increasing and biomass is one of them that has been
getting continued and increased attention. In general, paddy rice
%5 one of the mostly produced crops throughout the world. Since
it is not possible to take the whole of it as focd, about 22% by
weight of this paddy rice is generated as a waste, known as rice
am husk. It is estimated that over 60 million tons of rice husks are
generated each year worldwide, Thailand gencrates 4.44.6
million tons of rice husks annually, which their thermal

_ potentials are equivalent to 1.46-1.53 million tens of crude oil.
[

Kulthorn Silapabanieng
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About 10% of rice husk are utilized as a source of heat energy
in Thailand. It is creating waste management problem,
especially in the rice milling sites. Therefore, an attempt to
energy recovery from this rice husk waste by combustion
technique may be worthwhile. With this the burning of rice
husk by an annular vortex combustor (VC) can be considered.

There have been many reports published on various
combustors using biomass materials or coals as a fuel. Singh et
al. [1] designed a cyclonic rice husk furnace for drying a ton of
paddy and its moisture was reduced from 35% to 14%d.b.
Different furmace efficiencies were found for various rice husk
feed and air flow rates. Tumambing {2] also investigated a rice
husk furnace for drying paddy. Xuan et al. [3] studied two types
of husk furnaces. One was a furnace with inclined grate and
cylindrical combustion chamber with heat exchanging in the
furnace upper part. Inlet air entered at the lower part of inclined
grate and burnt the rice husk on grate. The other was a
pneumatic-fed fumace (vortex type) including combustion
chamber and rice husk feed system. Rice husk was fed into the
combustion chamber with primary air and burnt and fell to the
lower part of the furnace, The secondary air entered tangentially
the chamber to create the vortex flow with a view (o eliminating
dust from flue gas. Soponronnarit et al {4] applied a rice husk
fired furnace to a fluidized bed paddy dryer. An extensive study
of a vortex combustor for burning dry uitrafine coal and coal
water fuel was studied by Nieh and Fu [5]. A vortex combustor
similar to [5] but using rice husk fuel instead was
experimentally investigated by Promvonge et al. [6). For above
combustors burning rice husk fuel, effects of ash inside the
combustors on combustion efficiency including its problem in
elimination were reported.

This article deals with a preliminary study of combustion
characteristics and temperature distributions in a vortex
combustor burning rice husk fuel, Effect of feeding secondary

1 Copyright @ 2001 by ASME



‘air on flame stability, temperature control in the cembustor,
emissions, ashes and smokes frem the exhaust stack are studied
and observed for a guideline in design and improving the

i perfermance of the combustor.

Table 1 Composition of fine rice husk

-] Carbon 380 %

Hydrogen 570 %

Oxygen 416 %

Nitrogen 0.69 %

= Sulfur 0.06 %

Moisture 10.3 %

Ash 14.0 %

Density, kg/m® 100.00

ag | Gross heat of combustion, kcal/kg 3,580.00
| Stoichiometric air 4.850 kg/kg fuel

w EXPERIMENTAL SETUP
The rice husk particles were milled and grinded, sieved up
to about 1.3-mm size (between 1.19 and 1.41 mm), and stored
in the laboratory under dry condition (10.3% of moisture
content). The arrangement of experimental system of the
combustor is shown in Fig. 1 below. The combustor was a
concentric cylindrical pipe made of steel with castable
« refractory cement lining as insulation while the exhaust center
pipe was made of stainless steel. It is 0.755-m high and 0.20-m
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inside diameter (D) with multiple injection nozzles of 0.005-m
diameter each for the secondary air (Q;) as depicted in Fig. 2.
The exhaust center pipe 15 0.078 m in diameter.

The combustor was operated over a temperature range from
600 — 1000° C. A blower and two compressors were used for
providing both prirnary and secondary combustion airs. Rice
husk fuel was fed through a screw feeder and injected to the
bottom chamber by pneumatic conveying via the primary air
(Qy). Start up process was commenced by heating up the VC
with LPG torch inserted at the lower air nozzle slot. The
preheating took about 20 minutes for the chamber to raise its
temperature to be about 400°C. Then feeding commenced
through the hopper, slowly with the rice husk until 0.2 kg/min
and kept constant. When the temperature in the chamber
reached 700" C, stop of preheating with LPG was made. A
thick, black smoke was seen at the beginning and slowly
thinned out by adjusting the air/fuel (A/F) ratio. Excess air at
various levels for equivalence ratio, defined as @ = (A/F),/
(AfF)erar Of 0.8, 1.0 and 1.2 was wied for each of A. The
temperatures were monitored at various selected locations with
chromel-alumel (type K) thermocouples while volumetric flow
rates of primary and secondary airs were measured by using
orifice meters. Flue gas emissions were measured by a gas
analyzer, All data collection was taken at steady state condition.

]
-
o
o
]
1. Blower 2. Air compressorl 3, Alr compressor2
7. Hopper 8. Motor 9, Screw (eeder

13, L.P.G. qupply 14, Burner
18, Cyclone

15. Yortex combustor

4, Manometer 5. Needle valve &, Orifice plate
0. Needle valve 1t Ociftce plate 11, Menometer
16.Primary air noxzle §7. Indicator 18. Inverter

Fig. 1 Schematic diagram of experimentat setup of combustion system.
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RESULTS AND DISCUSSION

- The VC was originally designed to accommodate various

W vpes of coal fuels as sources of heat. The VC responded
significantly to the various fuels as expected. For rice husks, the

.. level of equivalence ratio (or excess air) was varied to optimize

g the temperature inside the VC. The measurements of
temperature were made at seven axial locations namely, x/D =
0.5,1.0,1.5,2.0,2.5,3.0and 3.5.

isi Effects of Equivalence Ratios
The radial profiles of temperature inside the VC ford =1.2
(rich), @ = 1.6 (stoich.) and @ = 0.8 (lean) are presented in
Figs. 3a, 3b and 3c respectively. The feed-rate of fine rice husk
with 10.3% moisture content was 0.2 kg/min and kept constant
throughout,
) For @ = 1.2 and & = 0, Fig. 3a, it is found that the
«w temperature profiles for all locations generally are not uniform,
The temperature in the vicinity of the center pipe is higher than
that near the chamber walls. Maximum temperature of about
- 800" C takes place in the top of chamber while lower
temperature can be seen near the chamber wall. Unbumed firel
and black smoke emission from the exhaust stack were
observed for this case. This indicates the incomplete
a@combustion Chigh CO concentration) or combustion reaction
takes place very slowly.
Fig. 3b shows the temperature distributions for @ = 1.0. It
can be seen that {(for A = 0) the temperature profiles are nearly

(]
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upiform for all stations except at the top chamber. The
maximum temperature above 800° C is found in the top annular
space whereas the minimum temperature in the vicinity of the
chamber walls at early station. This shows insufficient
turbulence at the bottom chamber, which was due to too many
rice husks, resulting in inadequate mixing and consequently the
presence of fuel rich zones within the bottom space. This case
yielded a less black smoke emission from the exit pipe.

The temperature distribution for < = 0.8 is depicted in Fig.
3c. It is worth noting that the temperature profiles sisnilar to the
case for ® = 1.0, are nearly uniform for all stations. The peak
temperature of some 800" C is also seen in the top annular space
while lowest temperature at the bottom one. The peak one for
every station is found in the middle between the chamber and
center pipe walls, The maximum temperature for this case has
the lower value than the case for ® = 1.0, as expected, since an
increase in the excess air leads to decreasing temperature in the
combustion system. White and thin smoke emission and small
size of flyash pariicles are visible. This points out that complete
combustion takes place for this case.

Eftects of Volumetric flow rate ratios of Secondary to
total Airs (A)

The ratio of volumetric flow rate of the primary air to the
secondary air, defined as X = Q,/(Q,+0Q3), is an indication of the
strength of the vortex of the flow. The increase in value of A
results in the higher tangential velocity component (strong
vortex). This means that the impact of swirling phenomenon of
the secondary air on the flow and temperature fields becomes
more pronounced as the value of A is increased. Comparison of
the temperature distributions for A = (.0, 0.2 and 0.4 for various
equivalence ratios is also presented in Fig. 3.

For @ = 1.2, it is obvious that adjusting of » =0.4 leads to a
flatter and higher temperature distribution curve than that of A =
0.0 and 0.2. The use of a value of A can improve substantially
the temperature distobutions in the VC as can be seen in Fig.
3a. This indicates that for the rich mixture, 2 should be used to
help increase combustion efficiency.

When @ = 1.0, it is interesting to note that the influence of A
on the temperature profiles shows slightly improvement on the
first three stations at the bottom while significant timprovement
due (o A on the temperature profiles is found at other stations as
illustrated in Fig. 3b. Again, use of A leads to higher
combustion temperature in the VC at about 20%.

As @ = 1.2, it is worth noting that effect of A on the
temperature distributions is seen at early stations while slightly
influence on the top part of the VC as exhibited in Fig. 3¢. Also,
use of A shows better combustion temperature obtained.

It is concluded that for all values of @, use of A results in
significant improvement of temperature profiles and yields
higher temperature of combustion in the VC. Besides, the
increased swirling intensity leads to an abatement of particle
elutriation, and to enlargement of recirculating region,

3 Copyright @ 2001 by ASME
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Emisslons of exhaust gas

as  The flue gas emissions of CO, CO,, NO, and O, for various
equivalence ratios and different A are studied and presented in
Figs. 4a, 4b 4¢ and 4d, respectively.

For CO emissions in Fig. 4a, it is interesting to notg that the
emissions of CO are reduced substantially when @ s decreased
{or lean mixture). The formation of CO is very low once X is

_introduced for the three equivalence ratic cases. The emissions

s of CO; can be also reduced by increasing the excess air (or

decreasing ). Nevertheless, the application of A leads to the
reduction of CO; as can be seen in Fig. 4b.

For NO, emissiens, Fig. 4c shows that lower equivalence
ratio favours the formation of NO,. Also, use of A results in
higher NO, emissions. This can be attributed to higher
temperature of combustion in the VC. The level of O, emissions
is presented in Fig, 4d. It is found that the O; level increases for
lower equivalence ratio and using A.

CONCLUSIONS

The measurements of temperature distributions and flue gas
emissions have been conducted during the combustion of fine
tice husk in the VC. The conclusions derived from the results of
these experiments are as follows: combustion of rice husk in the

4 Copyright © 2001 by ASME



Wy C with equivalence ratio between 0.8 and 1.0 yields better
combustion efficiency, flame stabilization, low emission and
_reliable furnace condition. For all equivalence ratios, use of
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Abstract

The paper presents a numerical simulation of a steady
turbulent airflow in a circular duct containing an orifice
plate. A Finite Volume approach with a non-uniform and
staggered grid system is employed in the present
simnulation. To account for the turbulence nature of the
flow, the standard k-¢ turbulence model is incorporated in
the time-averaged goveming equations. Effects of
numerical diffusion on the calculated results are also
investigated by comparing between a second-order-
differencing scheme for the convection transport and the
first-order hybrid scheme. The calculated solutions are in
close agreement with 3D LDA measurements, The
computations of the flow reveal that the use of a secend-
order scheme leads (o more accurate results than that of a
first-order scheme.

1. Introduction

The orifice meter is a device commonly used for
measuring fluid flow in industrial processes such as
metering flow in the natural gas industry. Although more
accurate metering methods are available, the orifice plate
continues to be preferred. The popularity of the orifice
meter can be atributed primarily to its simplicity,
relatively low cost and little maintenance requirements in
comparison with other fluid meters. The orifice plate
becomes the essential part of a fluid flow meter when
installed in a pipe such that the fluid stream must
negotiate the constriction.

By far the most common orifice plate installation is
that of the concentric round orifice plate. In this type of
arrangement the orifice is round and the plate is mounted
between pipe flanges, The plate is pesitioned
perpendicular to a fully developed pipe flow while at the
same time the circular orifice is concentric with respect to
the (circular) pipe interior. Other types of orifice plate
exist, such as square orifices, series and non-concentric:
Also, the inner edge of the orifice is machined in one of
several different ways. Some orifice plates are square
edged while others are rounded and beveled. This study is

concerned with the concentric, round, beveled orifice
plate.

Most of the work thus far on orifice meters has
focused almost entirely on the determination of discharge
coefficients. There have been a handful of attempts to
study in detail the flow field in the vicinity of the orifice
plate. It is believed that knowledge concemning details of
the orifice flow field will lead the way to improvements in
metering accuracy. These improvements could come via
improved determination and prediction of discharge
coefficients.

This paper deals with the simulation of turbulent flow
through an orifice plate with a view to increasing the
knowledge of orifice meter flow. The mathematical model
including the k-g turbulence model, numerical solution
and other computational details is described. Comparisons
of the calculated pgas axial velocity with 3D LDV
measured data [4] are made to evaluate the turbulence
models and the numerical schemes used.

2. Mathematical Modeiling
2.1 Governing Equations and Closures

For constant density, isothermal turbulent flows, the
time-averaged incompressible Navier-Stokes equations in
the Cartesian tensor notation can be written in the
following form:

d
= (mu.}=0 1)
. (ou;) (

A(ow;u ;) & J -

T LR AT (2)
o, a, a0

The mean viscous stress tensor is approximated as:

- du; Ouj
o= g 3
1 p[&xj+c9xi} (3)

where g is laminar viscosity. Due to the nonlinearity of
equation (2}, the averaging process employed introduces
the unknown correlation the time-averaged Reynolds

stress temsor, Ty (= - pu;u}) that are obtained from



turbulence models [1, 2, 3, 10]. In the present study, the
standard &-€ turbulence model [1, 10] is adopted and the
Reynolds stress is linearly related to the mean rate of
strain by a scalar eddy viscosity. The standard version
relates the turbulent eddy viscosity to the turbulence
kinetic energy % and the dissipation rate & through
Boussinesq’s approximation [8)] as:

du
T = 5U(pk)+ﬂ,(———+——) (4)

ax;
where 4, is the turbulent eddy viscosity. In the k-£ model
the turbulent viscosity is related to k and € by

)

The two turbulence quantities in equation (5), k and €, are
obtained from the following transport equations which are
solved simultaneously with governing equations (I} and

H, =Cpp_£'*

n3s

in which G represents the rate of generation of turbulent
kinetic energy while pe is its destruction rate. G is given

by:
du; 3“ i |ou;
G —_ — i
Hr U dx; dx; Jox J'J
The boundary values for the turbulent quantities near the
wall are specified with the wail function method [6]. The
empirical constants C,, C:, Ce, &, and o in the
turbulent transport equations are assumed to have the
values 0f 6.09, 1.44, 1,92, 1.0 and 1.3 [8, 10] respectively.

(8)

2.2 Common Form for the Equations

All the governing partial differential equations can be
re-organised and expressed in a standard form that
includes the convection, diffusion, and source terms [5, 9]
for 2-D axisymmetric flows as follows:

(2). 12
; N —(pu¢)+~*(rp»¢)——( % ] L2 [ 2 ] 55 (®)
(p k)= [“f J+ G- pe (6)
Gy dax ;
where ¢ may stand for any variable including the
a 3 velocity components, Fq and T o Are the exchange
£ £ %
(P“ i€ ) { ﬁe 5“']’* T (Ce1G — Cez08) (7)) coefficients for ¢, and Sy is the source term.
£ Detailed expressions of [, , Iy and S, for different ¢'s
are summarised in Table 1 below.
Nomenclature
Cer, Cez constants in the dissipation rate equation Greek Symbols
< convection term Oy Kronecker delta tensor
Cy constant in the k-g turbulence modzl g, dissipation
D diffusion term; dimension ¢ generalised dependent variable
D pipe or duct diameter | exchange coefficient
d orifice diameter B ratio of pipe to orifice diameter (d/D))
G stress generation . 4, dynamic viscosity, eddy-viscosity
k turbulence kinetic energy . . .
{ turbulence characteristic length scale Be effcc.twc viscosity, (= +4)
D mean pressure p dCRSIt’Y
P, inlet wall pressure Gy Schmidt or Prandtl numbers for the scalar ¢
o outlet wall pressure Tij Reynolds stress tensor
r radial co-ordinate; radius Subscripts
R pipe radius ubscrip S et
Rep  Reynolds number based on pipe diameter f :urf::;gfce
; Swi ber .
S general source ternt; swirl numl ij.k  Cartesian indices

viscous stress tensor

fluctuating velocities in direction x;
puju ; Reynolds stresses
u time-averaged velocity in x-direction
v time-averaged velocity in r-direction

axial co-ordinate

Superscripts and Overbars

7

fluctuating quantity in time-averaging
mearn quantity
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Table 1 Summary of the governing equations.

Conservation of ¢ Tex Tor S
Mass 1 0 0] 0
d o 2 HY @ 2 _
X-momentum u JIa He > He > +;;.; T, = I 3 P +§pk
r-momentum v i, s o4 o), @ HNY Jf_ 2_1Y 2u,v
—_— —_— | —_— _— = _
ax[”‘ar e o e Y A
Turbulent K ulov LG G- pe
kinetic energy P
TKE dissipation ¢ /g, pJo, {Co1G—C,ppe ),E
rate

2 2 - 22 ~ w2

27 H v M

h =10, go=13, Cyh=144, Cp = 192, =u+u, G =4, _— = _ Bk
where @ ” 1 * Femfr i B #{Z{[&]+(6’r]+(r]}+{5x+&]}

2.3 Solution Procedure

In the present computation, the time-averaged
Navier-Stokes equations, the TKE equation, and the TKE
dissipation rate equation are solved numerically by a
control-velume finite-difference method [5, 9] together
with the the £-& model, equation (4). All equations are in a
generalised form of equation (8). The SIMPLE algorithm
is utilised for pressure-velocity de-coupling and iteration
[5, 8]. The hybrid [9] and the second order upwind (SQU)
{7] schemes were used for discretising convection and
diffusion transports on a staggered grid cell. The
underrelaxation iterative TDMA line-by-line sweeping
technique is used for solving the resultant finite-
difference equations. The computation was carried out
using a PC (Pentium Il - 450 MHz)} computer. About
5,000 iterations were needed to achieve satisfactory
convergence for each calculation case, which requires
about 15 minutes of computer time.

3. Flow through an Orifice of Nail [4]

A flow in pipe with a circular orifice of Nail {4] was
employed in the present simulation, A schematic
configuration of the duct orifice is shown in Fig. 1 below.
The pipe with a length of 9D has a diameter of 25.4 mm
and the 3.2-mm thick orifice diameter is 12.7 mm. Profile
measurements of centerline axial velocities, wall-static
pressure, Reynolds stresses, and wall shear stresses were
measured by using Laser Doppler anemometer (LDA}.
The flow had the Reynolds number (Re) of 1.84 x 10% and
rate of mass flow of 1.356 x 10" kg/s with temperature at
300K (see Table 2 below for specifications).

Fig. | Geometry of pipe with the onfice.

Table 2 Data for flow through an orifice plate [4].

Parameter Magnitude
Test section characteristics
Pipe diameter (D}, m 0.0254
Orifice diameter (d), m 0.0127
pipe length (L), m 1.8
Inlet fluid properties (air)
Mean axial velocity, m/s 5.6
Temperature, K 300
Reynolds number 1:84x10*

4. Results and Discussion

The comparisons between the predicted results by the
k-¢ turbulence model with different numerical schemes
and the measured data of the flow are presented in Figs. 2
through 7. The predicted gas pressure and centerline axial
velocities are cormnpared with the measurements, where
solid or dash curves are represented for the calculated
results while open circles for the measured data,

The computational results are based on a 70x30 non-
uniform grid with refinement in the vicinity of the orifice.
Grid independence of the numerical results was verified
with a 90x50 finer grid. It is found that the differences for
both the base grid and the finer grid in local flow
properties are marginal. This suggests that grid
independent solutions can be obtained with a 70x30 grid,
which is used throughout the computations. In order to
reduce uncertainties in the inlet profiles of the mean flow
field, the inlet boundary conditions were specified at x/D
= -2.0 for which measured data was available, apart from
the radial velocity v which is set to zero.

The distributions of centerline axial velocity
predicted with the hybrid and the SOU schemes are
compared with the measured data in Fig. 2. A closer
examination reveals that predictions with both the



schemes are in generally good agreement with the
measurements. However, for prediction with the bybrid
scheme, under-predicted results are seen in the orifice
region in comparison with experimental data. The use of
the SOU leads to substantial improvement for this flow.

30

L4
=

1=

centreline axial velocity, nvs

axial gistance, D

Fig. 2 Effects of numerical schemes on centerline axial velocity
profiles with measurements.

Figure 3 compares the profiles of static pressure along
the wall using the hybrid and the SOU schemes with the
measurements. It is found that there is a high-pressure
drop across the orifice. Predictions with both numerical
schemes show favourable agreement in upstrearn region
of the orifice. However, immediately after the orifice
plate, the calculated wall pressure rises faster than the
experiment shows, At downstream regions from the
crifice, the SOU results mimic experimental data very
well while the hybrid scheme ones are over-predicted.
Again, the use of the SOU results in significant
improvement for this flow

N40
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axigl distance, x/0r

Fig. 3 Effects of numerical schemes on wall-static pressure
profiles with measurements.

Streamlines predicted with the hybrid and SQU
schemes are shown in Fig. 4 and Fig. 5 respectively. Two
recirculation zones are found; one is at the corner
upstream of the orifice and the other, a large recirculation
zone, a downstream region one. The size of the
recirculation zone calculated by the hybrid is slightly
larger than that by the SOU. The center of recirculation
predicted by the SOU is at about x’D = 1 and /R = 0.7
while at about x/D = 0.85 and /R = 0.7 is seen for the
hybrid. The reattachment length, an important measure of
the quality of numerical results, is well predicted (Xrexp =
225D, X;cue = 2.23D for SOU, and X, = 2.1D for
hybrid).

Velocity vectors predicted by the hybrid and SOU
schemes are depicted in Figs. &6 and 7 respectively. High
velocities are observed in the core region in a range of
x/D =0 to 3 from downstream of the orifice.

Fig. 5 Streamlines predicted by the SOU scheme
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Fig. 7 Velocity vectors predicted by the SQU scheme

5. Concluding Remarks

Simulations of turbulent flow through a circular
orifice plate have been carried out by utilizing the k-€
mode! and two different numerical schemes. The
predicted results of mean flow properties were compared
with measurements. The conclusions from the
investigation can be drawn as follows:

1. The predicted centerline axial velocity and wall-static
pressure profiles by the hybrid and SOU schemes are
in generally good agreement with measurements.

2. The SOU shows a significant improvement over the
hybrid scheme and both schemes give slightly over-
predicted results in the core region and slightly under-
predicted near the walls in comparison with
measurements.

6. Acknowledgements

The authors would like to gratefully acknowledge the
Thailand Research Fund for financial support of this
research.

7. References

1. Gatski, T.B. {1996}, Turbulent Flows: Model Equations and
Solution Methodology, in Handbook of Computational Fluid

9. Versteeg,

Mechanics, Edited by Roger Peyret, Academic Press Lid,
Eondon.

2. Hogg, S. and Leschziner, M.A.{198%9a), Computation of

Highly Swirling Confined Flow with & Reynolds Stress
Turbulence Model, AIAA J., Vol.27, pp.57-63.

3. Iones, W.P. and Pascau, A. (1989), Calculaton of Confined

Swirling Flows with a Second Moment Closure, Trans.
ASME J. of Fluid Engineering, Vol.111, Sept, pp.248-255.

4, Nail, G.H. (1991), A Study of 3-dimensional flow through

orifice meters, Ph.D. Dissertation, Texas A&M University.

5. Patankar, 5.V. {1980), Numerical Heat Transfer and Fluid

Flow, Hemisphere, Washington, D.C.

6. Patankar, 5.V, and Spalding, D.B. (1970), Heat and Mass

Transfer in Boundary Layers, Intertext Books, London,

7. Shyy, W., Thakur, S.,and Wright, J. (1992}, Second Order

Upwind and Central Difference Schemes for Recirculating
Flow Computation, AIAA ], Vo0l.30, No.4, pp.931-932.

8. Sloan, D.G., Smith, P.J., and Smoot, L.I. (1986), Modeling

of Swirl in Turbulent Flow System, Progr, Energy Combust.

Sci., vol. 12, pp. 163-250.

HEK. and Malalasekera, W. (1995), An
Introduction to Computational Fluid Dynamics: The Finite
Volume Method, Longman Scientific & Technical,
Longman Group Limited, Essex, England,

10. Wilcox, C.D. (1993), Turbulent Modelling for CFD, BCW
Industries, Inc., California.



Organizers :

National Electronics and Computer Technology Center

June 19 - 20, 2001
Bangkok Convention Center (BCC), Central Plaza




n43

Numerical Simulation of Isothermal Swirling Turbulent Flow in a
Combustor

P. Promvonge’, L. Vongsampigoon® and K. Silapabanleng®
'Dept. of Mechanical Engineering, Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang,
Bangkok 16520, Thailand. Email: kppongje @kmitl.ac.th

*Dept. of Mechanical Engineering, Faculty of Engineering,
Mahanakorn Univeristy of Techonology, Bangkok 10530, Thailand.

3Dept of Mechanical Engineering, Faculty of Engineering,
Chulalongkorn University, Bangkok 10330, Thailand.

Abstract

The paper presents the simulation of strongly swirling confined flow in a combustor with
an algebraic Reynolds stress model (ASM). The k-£ turbulence model was also employed in
the present simulation for comparison. For the flows compared, the predicted results of gas
tangential and axial velocities based on this model are in good agreement with measurements.
The computation shows that the ASM is superior to the k-€ model in capturing the stabilising
effect of the swirl.

Keywords: swirl, turbulent flow, algebraic stress model.

1. Introduction

Swirl flows have been of considerable interest over the past decades because of their
occuirence in industrial applications, such as furnaces, utility boilers, internal combustion
engines, gas turbine combustors and dust collectors [2, 5. Swirl has been used in combustion
systems to enhance the flame stability, the mixing and heat transfer besides prolonging the
fuel residence time and abating the pollutants. This is because under appropriate conditions,
swirl can be employed to induce a central recirculation zone. The recirculating flow generates
additional turbulence in the shear layer between the reverse flow and the surrounding forward
flow and helps stabilize the flame in combustors. Swirling turbulent flows are physically
complex in nature due to the effect of a swirl-turbulence interaction. The turbulence structure
in swirling turbulent flows is generally highly non-isotropic and nonhomogeneous.

Computation of swirling flows is a difficult and challenging task. Large velocity gradients
appear in these flows, so numerical problems and turbulence modelling play a significant role
in their analysis. The commonly used, the k-¢ model may not be suitable for simulating
swirling turbulent flows [3, 6, 7]. 1t is also found that the use of modified k-€ models or even
the non-linear k-¢ model [13] leads to 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 provide better methods for the simulation of
swirling turbulent flows [6, 7]. The RSM is regarded as a 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 flows with the RSM, it is necessary to solve a
total of 11 governing differential equations of elliptic type: a continuity equation, three
momentum equations, an €-equation, and six equations for the Reynolds stresses. This leads
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to much extra computational effort to solve six Reynolds stress transport equations
simultaneously (6, 7] and much attention needs to be paid to numerical stability and inlet
boundary conditions. It is for this reason that a simplified algebraic Reynolds stress
turbulence model [16] in axisymmetric cylindrical co-ordinates is employed for simulating
strongly swirling flows.

In this paper, the formulation of the present model, the procedure of numerical solution
based on the present ASM and the validation results of the proposed model are described in
detail. The validation was conducted through successive comparisons of the calculated gas
tangential, radial and axial velocities with the test data measured in a cold flow combustor.

2. Mathematical Formulation
2.1 Governing Equations

The phenomenon under consideration is governed by the steady two-dimensional
axisymmetric form of the continuity and the time-averaged incompressible Navier-Stokes
equations. In the Cartesian tensor system these equations can be written in the following
form:

3-(ou)=0 (1)

5(1%.-“,-) @& J .-

atallnd Lo 5 4T, 2
Fy 5 +—-(axj f4T5) (2)

where p, u;, p and x; are the density, mean velocity tensor, mean pressure and coordinate
tensor respectively. The mean viscous stress tensor, 7, is approximated as:

_ du, O
oy = M[EJ—‘F—{;;:—] (3)

where ft is laminar viscosity. The time-averaged Reynolds stress tensor, Tj = - pu;u'j , in the
above equation is not known and thus, models are needed to express it in terms of the solution
variables. In the present study, two turbulence models are used, namely the 4-¢ model and an
algebraic stress model (ASM). The k-¢ model has been reviewed in references [4, 15] and it
wili be described briefly. The standard &4-€ model version relates the turbulent eddy viscosity
to the turbulence kinetic energy k and the dissipation rate € through Boussinesq’s
approximation as:

2 ou,  Ou,
= ==8 {0k )+ u (—+—L 4
TU 3 ij ) .uf(axj axi ) ( )
where u, = pC, kz/e is the turbulent eddy viscosity and £ is the dissipation rate of turbulence

kinetic energy (TKE). The modelled equation of the TKE, & is given by:

d o | u, ok
— oy k)= e (+ G - ]
ox, (’Du’ ) a)c}(cr,r ij]+ pe ©)

in which u. = & + u is effective viscosity. Similarly the dissipation rate of TKE is given by
the following equation:
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o, ox;
F
where G is the rate of generation of the TKE while pe is its destruction rate. G is given by:

~ | 8w, 9w, 3w,
¢ ””‘Haxj * dx;, Jale 7

The boundary values for the turbulent quantities near the wall are specified with the wall
function method [10]. C, = 0.09, C¢; = 1.44, Cep = 1.92, 0; = 1.0, and o; = 1.3 are empirical
constants [4, 15] in the turbulence transport equations. Reynolds-averaged transport equations
can be solved for T;;, [4, 15] the modelled equations for which are:

ot, J(u,T,)
P é‘xkJ ==Gy Py + Dy tEy (&)

where

G, =local production = pP, = pu,ie, —-+ pu 1, —-
d ! o, 7k ax,

@, =local pressure strain = -C, ﬁ:{u,u} —%ké‘,-j ]— Cz(Gij —%GS,.})

D, = net diffusive transport = ——2—| (X )au “
=~ = neLqairinsive nsport = ———

€, = local dissipation tensor = % pED;
in which C;=2.5, and C; = 0.55 are model constants,
2.2 Algebraic Reynolds Stress Model (ASM)
For simplicity in solving the six Reynolds stresses, Rodi’s approximation [11] is used in

this study and the Reynolds stress transport can be expressed in algebraic form as follows:

Dt Dk
—4_p = —-D 9
Dt i ,Ok(Df k) ( )

Substitution of egs. (5) and (8) into eq. (9) gives the desired algebraic expression for 7;:
~G,; -D,; +35ur°£" Cy —{G - pe) (10)

The ASM expressions can thus be rewritten as:

puu, 6 pk+M(G 2—6..6) (11)
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where the empirical constant A ,was found to be 0.135, [16] is defined as:
1-C
A= ——-——Z—CT (12)
PE

2.3 Common Form for the Equations
All the governing equations can be re-organised and expressed in a standard form that
includes the convection, diffusion, and source terms for 2-D axisymmetric flows as follows:

a 19 L9(r o) 19 . d8)_
5 Puo )+~ o (ovre) ax(r“ax) rar[’r” ar)"s'* (13)

where ¢ may stand for any variable including the velocity components, Iy, and 'y are the
exchange coefficients for ¢, and Sy is the source term.

2.4 Solution Procedure

In the present computation, the time-averaged Navier-Stokes equations, the TKE equation,
and the TKE dissipation rate equation are solved numerically by a control-volume finite-
difference method [9, 14] together with the turbulence model equations, equation (4) for the
k-£ model or equation (11) for the ASM. All equations are in a generalised form of equation
(13). The SIMPLE algorithm is utilised for pressure-velocity de-coupling and iteration {9,
14]. The hybrid, the upwind, the quadratic upstream interpolation for convective kinematics
(QUICK) [8] and the second-order upwind (SOU) [12] schemes were used for discretising
convection and diffusion transports on a staggered grid cell. The under-relaxation iterative
TDMA line-by-line sweeping technique is used for solving the resultant finite-difference
equations. The computation was carried out using a personal computer (Pentivm II-550
MHz). About 20,000 iterations were needed to achieve satisfactory convergence for each
calculation case, which requires about 3.0 hr of computer time.

3. Swirling Flow of Ahmed (1997)

The performances of the &-€ model and the ASM are compared for a turbulent swirling
flow in a combustor of Ahmed (1997) [1], shown in Fig. 1. The details of the geometry and
fluid properties are given in Table 1 below. A single air stream entered the test section
through a secondary annulus and passed through an adjustable vane swirler. Experimental
mean velocity profiles for u, v and w, turbulence intensities and the Reynolds stresses were
measured at downstream locations of the expansion corner. All data in radial profiles were
obtained with a two-components LDV system.

Since axial, radial and tangential velocities and turbulence intensities including shear

- stresses were provided at x/D = 0.0633 downstream of the inlet, computations are started at
that location to reduce uncertain inlet conditions. In the present computation, performances of
both the standard k-£ model and the ASM are examined by comparing the predicted velocity
profiles at ten locations, namely, x/D = 0.0633, 0.167, 0.25, 0.333, 0.417, 0.5, 0.583, 0.669,
0.833 and 1.0.

Thee Fifrir Anaual Natiowad Syumposieenr en Comgpnitationaf Svicnce sud Eonghrecring ---153




n47

l £
!
|
3l
152.!4mm

L=1850 ram.

Fig. 1 Flow geometry and computational domain.

Table 1 Data for flow of Ahmed (1997)

Test section characteristics

swirl vane angle (degree) 45

chamber length (m) 1.85

chamber dia. (m) 0.1524
Inlet flow conditions

Reynolds number 200,000.

average velocity, U, (m/5) 304

4. Results and Discussion
4.1 Effects of Grid Densities and Numerical Schemes

The comparisons between the predicted results by the k- turbulence model and the ASM
and the measured data of the flow are presented in Figs. 2 through 7. The predicted axial,
radial and tangential velocities are compared with the measurements, where solid or dash
curves are represented for the calculated results while open circles for the measured data. The
computational results are based on a 95x40 non-uniform grid with refinement in the vicinity
of the slit. Grid independence of the numerical results was verified with a 120x60 finer grid. It
is found that the differences for both the base grid and the finer grid in local flow properties
are marginal. This suggests that grid independent sclutions can be obtained with a 95x40 grid,
which is used throughout the computations.

The axial, radial and tangential mean velocity profiles predicted with the k-€ model and
four different numerical schemes are compared with the measured data in Fig. 2. It is found
that predictions with the four schemes generally are in fairly good agreement with the
measurements. However, in prediction with hybrid, QUICK and SOU, under-predicted
tangential velocity profiles are seen in all locations while good agreement is found for axial
and radial velocity profiles in comparison with experimental data. For the four numerical
schemes, the FOU scheme performs the best agreement in prediction of tangential velocity
but shows poorer agreement for axial and radial velocity profiles. Thus, in terms of the
strength of the tangential velocity, only the FOU scheme is considered for computation of this
flow.

4.2 Flow Field

Predictions of velocity profiles using the k4-& model and the ASM are compared with
experimental data in Figs. 2a, 2b and 2c for the axial, radial and tangential velocity profiles
respectively. For the radial profile of axial velocity in Fig. 2a, it is seen that the predicted
profiles show no difference for both turbulence models and generally are in favorable
agreement with measurements especially for x/D 2 0.333. The ASM However, both

ANSOSE 2N



n48

turbulence models give under-predicted results in the core region. Predictions with the ASM
show closer agreement with measurements than those with the k-& model in some locations as
can be seen at x/D = 0.167 and 0.25 between /D = 0.35 and /D = 5. The results of Fig. 2a
indicate that the predicted axial velocity recovers and progresses to uniformity at a faster rate
than in the measurements.

Fig. 2b compares the radial profile of radial velocities predicted by the k-£ model and the
ASM with measurements. It is of interest to note that prediction with the ASM shows closer
agreement with experimental data than that with the k-£ model. The ASM results mimic very
well the measurements while the k-£ model gives under-predicted results, especially in the
vicinity of the inlet. For the downstream region far away from the inlet (x/D > 0.417), both
turbulence models yield similar results and agree well with the measurements.

The tangential velocity profiles predicted by the k-£ model and the ASM along with the
measurements are shown in Fig. 2c. It is worth noting that the tangential velocity predictions
with the k-€ model display a rapid decay to a forced vortex profile (solid-body rotation) while
the experimental data correspond to a combined free and forced vortex profile. It is clear that
the tangential velocity predictions do not agree with the measured data even for trends. Since
the calculations were fairly free of numerical diffusion, discrepancies between the data and
the predictions can be attributed to two sources: - improper boundary conditions at the inlet
plane and deficiencies of the turbulence model.
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Fig. 2 Effect of numerical schemes on the axial, radial and tangential velogcity profiles.

All inlet values except the £ and the k, were obtained indirectly from the experiment. The
values of € were derived from a constant length-scale assumption and those of & from an

The Fifeh Annad Nattonal Svaapasians on Computational Science aud Engineering n«-l 55




n4g9

approximation of total kinetic energy. To study the sensitivity of the inlet £ and k profiles to
the flow field, calculations were made using different € and % distributions, by increasing or
decreasing their estimated values by a factor of 10. It was found that the calculated velocity
was not affected significantly. The poor agreement between the predictions and measurements
is, therefore, more likely to be due to the deficiencies of the turbulence model. The use of
ASM results in better overall agreement with the measurements than possible with the k-&
model. The major difference between calculations with the two turbulence models is most
clear in the recirculation region and in the tangential velocity profiles. The agreement between
the calculation with the ASM and the experimental data is fairly good. The peak values and a
combined forced and free (Rankine) vortex motion for the tangential velocity profiles are well
predicted. The recirculation zone (IRZ) is, however, longer and wider than that with the k-£
model.
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Fig. 3 Comparison of predicted velocity profiles with measurements; (a) axial velocity, {(b)
radial velocity and (c) tangential velocity profiles.

Streamlines predicted by the ASM and the k-&¢ model are shown in Figs. 4 and 5
respectively. The contour plot of streamlines is in a range of x/D =0 to 3 and /D =0 to 0.5,
which has a high change of velocities. From the figures, there is no change of velocities at
about x/D = 1.5 for the ASM and at some x/D = 3 for the k-& model. Two recirculation zones
are identified; one is at the corner and the other, an internal recirculation zone (IRZ) or central

ANSCNE 2004




