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SUMMARY 
Hot flow of a sudden-expansion dump combustor with swirling is analysed by employing an infinite 
chemical reaction rate. Turbulence properties are closed using one type of algebraic Reynolds stress model 
and two types of k--E model. One of the k--E models includes a swirling effect modification to the &-equation. 
Computations have been performed by the SIMPLE-C algorithm with a power-law scheme. The calculated 
results of the momentum fields and turbulence quantities for swirling flow are compared with the available 
experimental data. It is shown that the standard k--E model gives poor prediction of the mean velocity, 
particularly the tangential velocity. For the hot flow analysis of a sudden-expansion dump combustor with 
swirling flow it is suggested that it is necessary to use the modified k--E model or algebraic Reynolds stress 
model. 
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INTRODUCTION 

Good turbulent mixing and high combustion efficiency are the main objectives of successful 
combustor design. In order to maintain good turbulent mixing and high combustion efficiency, 
we need to develop recirculation zones in the combustor to prevent the flame of the combustor 
from being blown out and destabilized. Recirculation zones can be created by the flow of 
a sudden-expansion dump, '*' swirling, 1 * 3 - 5  side inlets6 or flame holder^.'-^ 

The flow of a sudden-expansion dump combustor can be characterized" by flow separation, 
flow recirculation, flow reattachment and shear flow. The core flow region and the recirculation 
flow region are divided by a streamline. The interception point between the dividing steamline 
and the combustor wall is a reattachment point. The recirculation zone in the corner of 
a sudden-expansion combustor is called a corner recirculation zone (CRZ) and the recirculation 
zone on the centreline is called a central toroidal recirculation zone (CTRZ). The recirculation 
zone is an adverse pressure gradient region. The phenomena of adverse flow and high turbulent 
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fluctuation are created by the adverse pressure gradient. Therefore the turbulent mixing and 
combustion efficiency benefit when recirculation zones are formed in the combustor. 

The properties (e.g. length of reattachment zone, flow stability) of sudden-expansion flow with 
various Reynolds number were measured by Back and Roschke." The effect of swirling on 
reacting flow has been analysed by employing a one-step mechanism and the k--E turbulence 
model.3 Two-dimensional axisymmetric combustor flow has been studied by using p-u-v 
primitive variables and the k--E turbulence model." The same approach has been used to study 
the effect of strong swirling on reacting flow.','3 The velocity distribution of the sudden- 
expansion tube was measured by Lu.' The prediction of swirling reacting flow in ramjet 
combustors was investigated by Lilley et a l l 4  Vatistas et aL7 used the p-u-u method to analyse 
the axial combustor flow with a bluff-body flameholder. Numerical simulation of the diffusion 
flame of an afterburner with V-gutter flameholders has been carried out by employing the 
SIMPLE-C algorithm and the k--E turbulence model.', l 5  Swirling flow promotes the combustion 
efficiency of a combustor16 (e.g. a gas turbine or a furnace) by enhancing turbulent mixing and 
increases the stability of the flame via the action of recirculation. For strongly swirling flow the 
fully elliptic character of the recirculation causes axial flow reversal at the centreline and there is 
no dominant flow direction. For this reason the standard k--E model seems to give unsatisfactory 
predicted computations for swirling jet flow.I73 The poor predicted computations have been 
attributed to the inappropriate assumption of an isotropic eddy viscosity and to the commonly 
used form of the &-equation not being suitable for flow with swirling." A number of computa- 
tional studies support this result that the standard model with isotropic eddy viscosity and no 
extra swirling-related terms yields poor predictions for strongly swirling To rectify these 
problems, we have made a swirling-related modification to the &-equation and compared the 
results for this modified equation with those of the standard k--E model. Agreement with 
experimental data is achieved through Richardson number corrections.', ' 2*21 -23  For the non- 
isotropic eddy viscosity we have used an algebraic Reynolds stress which is a direct 
approximation of the Reynolds stress equation, retaining its anisotropy.' Computations with 
the standard and swirling-corrected k--E models and the algebraic Reynolds stress model are 
presented for the effect of swirling on the reacting flow of a sudden-expansion dump combustor. 

THEORETICAL MODEL 

In order to simplify the problem and thus facilitate the numerical simulation, we make the 
following assumptions. 

1. Density fluctuations and gravity effects are not considered. 
2. The flow is axisymmetric and steady state. 
3. The wall thickness of a V-gutter is infinitely thin. 
4. The Lewis number is equal to unity and the specific heat at constant pressure is a constant. 
5. The chemical (one-step) reaction rate is infinitely fast. 

The governing equation for the axisymmetric flow is of the elliptic type. The general form of the 
Favre-averaged equation for steady axisymmetric flow can be written as1 

V Y r w  
convection diffusion source 

The physical quantities for d and r, are listed in Table I. 
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Table I. Governing equation variables 

~ ~ _ _ _ _ _ _ _  

ax 

S"= _pvw-_w2 ( rPe ) 

G = p e {  2[ (g)'+( :)'+( :)'I+( $+%)'+[ r L (  z>']+( g)2} 
r r 2 a r  

Reynolds stress equation for a swirling flow in modelled form 

Reynolds stresses is the Navier-Stokes equations, which can be expressed as 
For the swirling flow problem our starting point for the derivation of the transport equations of 

( v . V ) v =  - ( l /p)Vp+ v v 2 v .  
w W J  

I I1 111 

The double-correlation equations for Uiuj are derived from equation (2). For turbulence at high 
Reynolds number, viscous diffusion is negligible and the small-scale motion is isotropic. Second- 
ary generation terms given by Launder and Morse" are discarded here for simplification. The 
double correlations in axisymmetric swirling flow may be written as26 

- aw2 aw2 -w i a  - uw2 -aw 
ax  ar r rar r ar 

U -+ V-+ 20w--= ---(ruw2) - 2 -- 20w - -3&, (5 )  
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- 
auw auw -w i a  - uow -aw paU 
ax ar r r a r  r ar pax '  U - +  V-+uu-= - - - ( ruvw)- - -uw-+--  (7) 

The pressure-strain correlations consist of two components, one the mutual interaction of the 
fluctuating velocities and the other the interaction of the mean rate of strain with the turbulence. 
Rotta's proposalz7 is generally used to model the first term. Some suggestions have been made for 
modelling the second term.27-29 Here we choose to adopt the Naot et ~ 1 . ~ ~  formulation because 
of its simplicity. Therefore the pressure-strain correlations can be modelled as29 

- C2(Pij--$Pij6,), c1 E 

k(uiuj-$ kdij) 
PSij= __ (9) -- 

due to Rotta2' due to Naot et aLZ9 

where Pi j  are the production terms and PI, is the production of turbulence kinetic energy. The 
differential character of equations (3)-(8) can be eliminated by the modelled form of Rodi3' that 
the convection less the diffusion of a Reynolds stress is proportional to the convection less the 
diffusion of the turbulence kinetic energy k in the ratio of the value of the Reynolds stress to the 
value of the turbulence kinetic energy. 

The algebraic Reynolds stress equations are given when we substitute the expressions of 
equation (9) into equations (3)-(8) 

Six Reynolds stresses can be obtained from equation (10). The stress production terms Pij are the 
corresponding ones of equations (3)-(8). Consequently, closure of the set of stress equations 
requires only the additional production turbulence energy PI, and turbulence dissipation rate E. 

The turbulence kinetic energy k-equation and turbulence dissipation rate &-equation can be 
constructed from Table I. 

a (Uk)  1 a(rvk) a vt a k  1 a r v  a k  
ax r ar ax c k  ax r ar ck ar (1 1) 

- ( ) +-- ( 2- ) + G  - 6 ,  

I ' - - -"-  
convection diffusion production dissipation 

where 

G =  vt { 2 [ ( s)2 + ( g)2 +(FYI + ( $+g)2 + ( g)2 + [ r i  (:)'I>, 
and 

M' v ' -  - 
convection diffusion production dissipation 
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where the correction of the &-equation is expressed as a function f multiplying C2 and the 
empirical constants are C,  =0.09, ok = 1, oE = 1.22, C1 = 1.44 and C2 = 1.92. The function f is given 
by31,32 

f= 1 - 0.2Ri, (1  3) 
where Ri is a gradient Richardson number defined by 

Turbulence model 

The total effective viscosity p e  of the flow is 

where p, and pl represent the molecular and eddy viscosity respectively and pLt is known from the 
k--E turbulence modeP3 as 

pl = C,, p k f ~ .  (1 6) 

Combustion model 

In the present analysis CH4 is used as the fuel and thus the chemical reaction equation can be 
written as 

or 
(1 kg) fuel+(s kg) oxidant+(akg)N, 5 [ ( l+s)kg]  products+(ukg)N,+AH. (17b) 

The species conservation equations of fuel and oxidant are 

Subtracting equation (18) multiplied by s from equation (19), we can obtain the species equation 
for the modified mass fraction mfo as 

i a  
ax r ar 

where 
mfo = mox - Smfu 9 

and the energy equation is 

i a  

where 

E = C , T + f ( U 2 +  V 2 +  W2). 

Adding equation (18) multiplied by AH to equation (21), we can obtain the equation for the total 
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enthalpy F as 

where 

F = E ++,AH = CpT++( U 2  + V 2  + W2)+mf,AH 

According to assumption 5, the infinitely fast chemical reaction rate (i.e. o+oo) implies that fuel 
and oxidant will not coexist at the same time. Therefore the following relations exist in the flow: 

mfu + mox + mpr = 1, 

mfu=mfo and mox=O when mfo=O, 

mfu=O and mox=mfo when mfo > 0, 

mo,=O and mfu= -(l/s)mfo when mfo<O. 

Boundary conditions 

1. At the inlet: 

(a) axial velocity assumed uniform (i.e. Uin =cogstant) 
(b) radial velocity Vin = 0 
(c) tangential velocity Win = Uin tan 8 
(d) the turbulence energy and dissipation rate can be written as34 

C, ki3," 
&. =- 

In 0.03R ' kin = 0003 U;n, 

where R is the radius of the combustor 

(4 
mfo = 1, mfu = 0 and mox = 1 in the region of the air inlet, 
q0= -s, mfu = 1 and mox=O in the region of fuel injection. 

2. On the centreline: 

a m  -=0 (due to symmetry), v=o, w=o. 
ar 

3. At the wall: U = 0, V =  0 and W =  0 (no-slip condition). Both k and E are handled by the wall 
function.33' 35 

4. At the outlet. The length of fully developed flow for the sudden-expansion dump combustor 
is normally about 4D.l' In the present analysis the length of fully developed flow is L =  6 0  
for dump combustor flow with a V-gutter: 

am 
ax - = 0 (fully developed flow), V =  0. 
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NUMERICAL ANALYSIS 

Grid system 

The numerical calculation domain and grid used here are shown in Figure 1. The upstream 
boundary is 0,3250 from the sudden-expansion section so that the boundary condition will not 
appreciably affect the flow region of the sudden expansion. The grid size contracts in the radial 
direction and expands in the axial direction from the sudden expansion towards downstream; 
hence a finer grid spacing is formed near the combustor wall and the vertical wall at the sudden 
expansion respctively. In the present computation domain a 58x31 grid system with 0.95 
contraction in the radial direction and 1.05 expansion in the axial direction is employed. The 
central processor time on a CDC Cyber 180/830 computer is about 6 h to convergence for 300 
iterations per case. The convergence conditions are local residual less than or equal to and 
total residual less than or equal to The residual of any variable is defined as 

R$=aPq5,- 1 (aiq5i-S". 
i = n , s ,  w, e 

Finite difference equations 

Integration over the control volume cell and the SIMPLE-C algorithm along with a power-law 
scheme are employed to perform the calculations. The general forms of the finite difference 
equations for equation (1) with linearized source term are given as follows. 

Finite difference equation of the axial momentum: 

( a e - S i ) U e  = C U n b U n b  + b" -k A,(Pp-Pe), (23) 

where 

b" = StA V.  

Finite difference equation of the radial momentum: 

where 

b"=S,"AV. 

Finite difference equation of the other variables: 

(up  - st) 6 p  = C a n b 4 n b  + bb? 

- fuel flow + air flow 

Figure 1. Grid system 
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where 

b"= S!A V .  

The linearized source terms S ,  and S ,  are listed in Table I. 

Solution process 

The SIMPLEX algorithmg5 l 5  and power-law scheme are employed to calculate the present 
analysis. The TDMA and line-by-line methods are used to sweep alternately in the x- and 
r-directions. Underrelaxation factors are used for each iteration process to help the convergence 
of the calculations. The values of the underrelaxation factors are listed in Table 11. 

RESULTS AND DISCUSSION 

In order to compare our calculated results with the experimental data of C h a t ~ r v e d i ~ ~  and 
L i l l e ~ , ~ ~  the simulation conditions for the present problem are listed in Table 111. The geometry 
of the sudden-expansion dump combustor configuration is shown in Figure 2. 

The reattachment length of the corner recirculation zone (CRZ) of the dump combustor for 
various swirling angles is shown in Figure 3. The present calculations are in good agreement with 
the experimental data of C h a t ~ r v e d i ~ ~  and Li l le~ .~ '  The axial velocity distributions for 58 x 31 
grid points at X / D =  1 and 3 for the dump combustor without the swirling effect are compared 
with the experimental data of Lilley31 in Figures 4 and 5 and show very good agreement. The 
axial velocity distributions for 52x22 grid points are also shown in Figures 4 and 5. The 
calculated results deviate from the experimental data in this case, particularly in the region 
between the wall and the centre, owing to the diffusion error of grid points with large grid size. 
The 58 x 31  grid is utilized for the following analyses. Figure 6 shows the results for the axial 
velocity (0=45") obtained by using the standard k--E, the k-8-R; and the algebric Reynolds stress 
(ARS) turbulence models, compared with the experimental data of L i l l e~ .~ '  As can be seen, the 

Table 11. Underrelaxation factors f 

Without 4 u v w k 6 mro F P P PI 

flameholder f 0.2 0.2 0 1  0.3 0 5  0.8 0.8 0.3 0.1 0 3  

With 4 u v w k mro F P P A 
flame h o 1 d e r f 0.2 0.2 0 2  0.5 0 5  0.8 0.8 0 3  0.1 0 3  

Table 111. Simulation conditions of sudden-expansion dump combustor 

Length of combustor L=05m 
Diameter of combustor 
Inlet diameter of combustor 

Reynolds number 
Density of air p=1.2111 kgrn-j 
Dynamic viscosity of air p =  1.8 x kgm-'s-'  

D = 0-1 25 m 
Do = 0.0625 m 

Re= 1.26 x lo5 
Expansion ratio D/Do = 2 
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4-J 

Figure 2. Basic configuration of sudden-expansion dump combustor 
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Figure 3. Reattachment length of dump combustor for various swirling angles 
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Figure 4. Axial velocity distribution of dump combustor (O=W, X / D =  1) 
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Figure 5. Axial velocity distribution of dump combustor (0 =W, X / D  = 3) 
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u / u, 

Figure 6. Axial velocity distribution (0=45") 

standard k--E model gives a bad prediction, in particular around the centreline. The overpredic- 
tion of the standard k--E model for the cross-section X / D  = 2 as shown in Figure 6 is largely due to 
the destabilization effect of swirling on the length scale of the turbulent eddies. Comparing the 
calculated results between the k--E and k - e R  models, the latter gives the better prediction. The 
improvement with the k--E-R model is based on the stabilization of the swirling effect through 
the increasing length scale of turbulent eddies. Equation (1 3) essentially determines the stabilizing 
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or destabilizing effect of a radial force on the lateral turbulent  fluctuation^.^' The correction of 
equation (13) predicts a turbulence-damping effect over large regions (0" < 8 < 70") of swirling 
dump combustor flow where a(rw)/ar is positive, leading to a reduction in the eddy viscosity. The 
model gives a better prediction than the other two models since it can predict the anisotropic 
eddy viscosities, e.g. in the near-wall region for X/D = 2, as shown in Figure 6. Figure 7 shows that 
the swirling effect reduces the centreline tangential velocity (0 = 45"). Although the Richardson 

W 
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I X/D=2.0 I 

0 0.2 0.5 0.6 0 .a 
w/  u, 

Figure 7. Tangential velocity distribution (0 =45") 
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Figure 8. Axial velocity distribution (0=70") 
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correction factor improves the axial velocity, it has little influence on the tangential velocity. 
Figure 8 shows the axial velocity distribution for strongly swirling flow (0 = 70"). The ARS model 
still gives a better prediction than the other two models when compared with the experimental 
data of L i l l e ~ , ~ ~  as shown in Figures 7 and 8. 

The turbulent kinetic energy contour of the sudden-expansion dump combustor without 
swirling is shown in Figure 9. The region of high turbulent kinetic energy is located at the corner, 
where a recirculation zone has formed. The turbulent kinetic energy contour for a swirling angle 
of 70" is shown in Figure 10. The region of high turbulent kinetic energy in this case is located in 
the central toroidal recirculation zone as a result of the swirling effect. The turbulent kinetic 
energy distributions for axial cross-sections at various swirling angles are shown in Figures 11 
and 12. For the cross-section 0.393XID the maximum turbulent kinetic energies for 0 = 60" and 
70" are located at 0.08 Y/D and 0.165 Y/D respectively. The turbulent kinetic energy for 1*356X/D 
tends to be fully developed and the turbulent kinetic energy is larger when the inlet swirling angle 
is increased. The effects of the V-gutter flameholder configuration on the turbulent kinetic energy 
of the combustor without swirling are shown in Figures 13 and 14. The region of high turbulent 
energy appears at the back of the V-gutter flameholder. The effects of the V-gutter configuration 
on the turbulent energy of the combustor at a swirling angle of 70" are shown in Figures 15 
and 16. The maximum turbulent energy of the combustor approaches the centreline owing to the 
strong swirling effect. 

n T  

O.Oo0 0.400 0.800 1.200 1.600 2.000 2.400 2.800 3.200 3.600 4.000 4.400 4.800 a 

XI0 
Figure 9. Turbulent kinetic energy contour (0 =On, without flameholder) 

O.Oo0 0.400 0.800 1.200 1.600 2.GUO 2.400 2.800 3.200 3.600 4.000 4.400 4.8W 

XI0 
Figure 10. Turbulent kinetic energy contour (0 = 70", without fllameholder) 
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K 
Figure 11.  Turbulent kinetic energy distribution at X / D  = 0.393 for various swirling angles (without flameholder) 

0.00 2.00 4-00 6.00 8.00 10.00 
k 

Figure 12. Turbulent kinetic energy distrubition at X / D  = 1.356 for various swirling angles (without flameholder) 

The combustion model of the present analysis is a diffusion flame type. Therefore high 
temperatures occur at the diffusion surface between air and fuel as shown in Figure 17. The 
temperature distribution for 6=45" is shown in Figure 18. The temperature at the inlet is low 
because the combustion process is incomplete in this region. The fuel in the central toroidal 
recirculation zone has achieved complete mixing after the cross-section 1-356XID. Hence the 
temperature of the central toroidal recirculation zone reaches as high as 2200 K. The temper- 
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WD 
Figure 13. Turbulent kinetic energy contour for case 1 (0=0") 
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Figure 14. Turbulent kinetic energy contour for case 2 (0 =Oo) 

LX O.Oo0 9.400 0.800 1.200 1.600 2.000 2.400 2.800 3.200 3.600 4.000 4.400 4.800 

XtD 
Figure 15. Turbulent kinetic energy contour for case 1 (0=70") 

ature distribution for 8=70" is shown in Figure 19. The temperature at the inlet reaches about 
2200 K because the high-temperature products downstream are driven upstream by the swirling 
effect and good pre-heated action. The temperature distributions at the cross-section X / D  = 1.356 
for various inlet swirling angles are shown in Figure 20. The temperature is increased for larger 
inlet swirling angle owing to the swirling effect. The effects of the V-gutter flameholder configura- 
tion on the temperature distribution without swirling are shown in Figures21 and 22. The 
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Figure 16. Turbulent kinetic energy contour for case 2 (0=70") 
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Figure 17. Temperature contours (e=W, without flameholder) 
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Figure 18. Temperature contours (0 =45", without flameholder) 
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Figure 19. Temperature contours (0 = 70", without flameholder) 
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Figure 20. Temperature distribution at X / D  = 1.356 for various swirling angles (without flameholder) 
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Figure 21. Temperature contours for case 1 ( e=W)  
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Figure 22. Temperature contours for case 2 (O=Oo) 
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Figure 23. Temperature contours for case 1 (0=45") 

Figure 24. Temperature contours for case 2 (0=45") 
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Figure 25. Combustion efficiency distribution of dump combustor (without flameholder) 
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temperature of the recirculation zone at the back of the flameholder is high owing to the 
recirculation effect. The temperature distributions for the flameholder of case 1 and case 2 at 
a swirling angle of 8 = 45" are shown in Figures 23 and 24. For case 1 the temperature distribution 
at the back of the V-gutter is obviously not increased because the combustion process is already 
complete upstream of the flameholder. For case 2 the combustion process is not complete and the 
temperature is increased when the flameholder moves upstream. 

High combustion efficiency is one objective of successful combustor design. The present 
combustion efficiency is defined as3' 

I+ 

0 0 

p'! 7 Q 

OW 
Q C  
h C  

THOUT VGUTTER 
SE 1 
SE2 

31 : : ! : ! ! ; : 
0 
0.000 1.000 2.000 3.000 4.000 5.000 

X/D 

Figure 26. Combustion efficiency distribution (O=o") 
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Figure 27. Combustion efficiency distribution (0 = 45") 

I00 



HOT FLOW ANALYSIS OF SWIRLING FLOW 235 

where TI  and T2 are the inlet and exit temperatures respectively, C, is the specific heat at constant 
pressure, f/a is the fuel-air mass ratio and AH is the heat of reaction per unit mass of fuel. The 
combustion efficiency of the dump combustor is increased when the swirling angle is increased, as 
shown in Figure 25. The combustion efficiency of the dump combustor at the back of the 
flameholder has been suddenly increased, as shown in Figures 26 and 27. This demonstrates that 
the flameholder effect has increased the combustion efficiency of the dump combustor. Also, the 

-A@=====- 

mWITHOUT VGUTTEZ 
0 CASE t 
A CASE2 

8 1  : : : : : : : : : 
0 
0-000 1.000 2.000 3.000 4.000 5 .  
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Figure 28. Combustion efficiency distribution (0 = 70") 
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Figure 29. Axial-radial Reynolds stress distribution (ARS model, 0 = 30") 



236 S.-H. CHUANG ET AL. 

Present  calculations 
Roback and Johnson 
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Figure 30. Axial-tangential Reynolds stress distribution (ARS model, 6 = 30") 

combustion efficiency of the dump combustor is increased when the flameholder moves upstream, 
as shown in Figures 25-27. The configuration effect of the flameholder on the combustion 
efficiency is not present when the swirling angle reaches 70", as shown in Figure 28. Both the 
axial-radial and axial-tangential Reynolds stress distributions of the dump combustor at  various 
cross-sections are shown in Figures 29 and 30. The qualitative analyses of the present calculations 
by the ARS model are in agreement'with the experimental data of Roback and Johnson.38 
Agreement with the experimental Reynolds stress data is achieved by the algebraic Reynolds 
stress model (ARS model) based on the Reynolds stress equation, retaining its anisotropy, as 
shown in Figures 29 and 30. 

1. 
2. 

3. 
4. 

5. 

6. 

CONCLUDING REMARKS 

The turbulent kinetic energy is increased by means of the swirling effect. 
The turbulent kinetic energy and turbulent mixing are promoted for the combustor with 
a flameholder. 
The combustion efficiency of the combustor is increased for larger swirling angle. 
The combustion process is complete, the temperature distribution is uniform and the 
combustion efficiency is increased for the combustor with a flameholder. 
For 8645"  the combustion efficiency of the combustor is increased when the configuration 
of the flameholder is moved towards the inlet region. 
For 8360" the configuration effect of the flameholder on the combustion efficiency is not 
present. 
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7. The standard k--E model is not satisfactory with strongly swirling flow, and although the 
Richardson number correction for the &-equation can be used to give some improvement, it 
is still not adequate. The rea,son is that it predicts the eddy viscosity poorly. A further 
improvement can be made by using the algebraic Reynolds stress model for the present 
observations; because it shows a better prediction for the eddy viscosity, retaining its 
anisotropy . 

APPENDIX: NOMENCLATURE 

surface area of control volume 
joint coefficient 
residue mass 
diameter of combustor 
inlet diameter of combustor 
total enthalpy 
underrelaxation factor 
heat of reaction per unit mass of fuel 
turbulent kinetic energy 
length of combustor 
modified mass fraction 
mass fraction and reaction rate of fuel 
mass fraction and reaction rate of oxidant 
static pressure 
source term of variable 4 
coefficients of linearized source term 
temperature 
time-averaged velocity in directions x, r and 0 
fluctuating velocity in directions x, r and 9 
inlet velocity of combustor 
volume 
co-ordinates in axial and radial directions 

transfer coefficient of variable 4 
inlet swirling angle 
effective viscosity 
molecular viscosity 
eddy viscosity 
dissipation rate of turbulent energy 
density 
transport variable 
chemical reaction rate 
combustion efficiency 

Superscripts and subscripts 

in inlet property 
nb neighbourhood points 
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p, e,  w, s, n 
t turbulent quantity 
4 physical variable 

grid points 
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