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ABSTRACT 

Numerical, marching procedure is presented for the calculations of 
the transport processes in two-dimensional flow characterized by the presence 
of one coordinate in which physical influences are exerted in only one direct-
ion. The differential equations for the transport of mass and momentum with 
the help of the Prandtle mixing length for turbulence have been solved using 
the discretization technique. The boundary of the reverse flow zone, which 
was measured, was introduced to the calculations as an inner boundary. 

The calculations has been performed for the forward flow passing in the 
annular space confined by the combustor wall and the reverse flow zone boun-
dary. The boundary of the reverse flow zone was detected accurately, simply 
and easily.by a special flow direction detector probe designed by the author. 
To.verify the calculations, the results were compared with the measured axial 
and tangential velocities that measured by the Laser Doppler Anemometer. 

The/axial and tangential velocities distributions and the dimensionless 
stream lines were estimated. The predicted results indicated good agreement 
with the experimental results. 

1.INTRODUCTION  

• 	The swirling flows are commonly used in industrial furnaces and gas turbine 
combustors to increase flame stability and combustion intensity. In the case 
of strong swirl, the adverse axial pressure gradient is sufficiently large to 
result in reverse flow along the axis and setting up of an internal recircul-
ation zone /1-5/. Then, the flow inside the combustor can be considered two-
directional flows; the first one , the backward flow is found in the combustor 
core and the second, the forward flow is found near the combustor wall. The 
later is the main flow direction. 

Turbulent swirling flows are now widely found in many engineering appli-

iations. The swirling flows properties can be obtained either by numerical 
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computation or by direct measurements which in fact are difficult. There are 
number of accurate numerical procedures, the most successful one is the finite 
difference technique. However, if numerical computations are applied, it has 
needed to compare their predictions with experimental results. 

The most published researches concerning the numerical methods were oft-
enly compared with the experimental results. Only the boundary and initial 
conditions were used as an input data for computations /6-10/. Here in this 
work, the measured boundary of the reverse flow zone formed in swirling flow 
was added to the other input data and was taken as an inner annular boundary. 
Therefore, the flow under consideration was confined by the combustor wall at 
the outer edge and confined by the inner boundary ( where the axial velocity. 
component is equal zero ). The calculations were proceeded only for the 
forward flow. Using the measured inner boundary in this work leaded the cal-2  
culations to be reliable. And also the computation time was relatively too 
short compared with the others /6-10/. Here, the calculation time for pred-
icting the axial and tangential velocities distributions was about 8.4 sec. 

For verification, the predicted results were compared with the experim-
ental one made by the author and they can be found in reference/5/. The rev-
erse flow zone boundary was measured directly and simply by the flow direct-
ion detector probe designed by the author and more details can be found also 
in reference/5/. 

2.  CALCULATION PROCEDURES  

2.1.THE DIFFERENTIAL EQUATIONS  

• The differential equations that used in this calculation express the imp-
lications of the relevant conservation laws for steady axi-symmetrical flows: 
Although the flow is turbulent, a time-average values of the variables are 
taken. The mixing, brought about by the fluctuating components, will be expr-
essed in term of effective shear stress. 

The flow region of interest, as an our assumption , will be considered 
to lie between two surfaces, for which the subscripts I(internal) and E(ext-
ernal) will be used. the internal surface is the surface of the boundary of 
reverse flow zone as deduced experimentally. The external surface is the wall 
surface, which its entrance takes the shape of cone and follows by cylindrical 
surface to the outlet. 

• The streamwise co-ordinate Z will be approximately parallel to the stre2. 
bmlines. The non-dimensional stream function W is defined as; 	• 

= 	- 	)/ Y /E: - 	I) 	 (1) 

Wherely(r) = 5Urdr for fixed Z is employed as the independent variable acr-
oss the layer. The conservation equations of axial and tangential momentums 
and stagnation enthalpy in the Z -GO coordinate system posses the common form 
as published in reference/11/; 

	

>Ao 	6.4b 
+ ( a + bw) 	=--( c ---) + d 	 (2) 

	

6/ 	e0.3 6w 
Where the quantity 0 stands for any of the typical dependent variables; 
axial and tangential velocities and stagnation enthalpy. 

L. • • 	.J 



 

SECOND A.M.E. CONFERENCE 

6 - 8 May 1986 , Cairo CA-6 157 

  

r • • • 1 

The computation was performed and was based on the Genmix-4 version of 
Patankar-Spalding Parabolic Computer Programme/11/. The necessary modificat-
ions were introduced to render the computations suitable for the prediction 
of swirling flows through confined passage. 

The coefficients a and b are functions of Z alone. The term c embodies 
the transport law appropriate to the entity 0 and is a function of Z, to and 
the variable 0. d is the term on the right-hand side which does not contain 

-60/60. 	The definitions of terms a, b, c and d can be found in Patankar and 
Spalding /11/. 

We shall solve this equation by step-by-step forward integration. Ther-
efore, at every step in the integration, the values of 0 will be known at dis: 
Crete values of W and at one value of Z, the procedure will be to obtain the 
values of 0 at the same values of t° , but at a downstream values of Z. By 
repeating of this basic operation, the whole field of interest can be covered. 
The discrete values of GO and Z, which are decided beforehand, define a grid; 
a portion of this is shown in Fig.l. Points U and D represent respectively the 
upstream and downstream points at a given u) ; points at nearby values of co 
will be called 	, U_ , 	, D_ . The dashed lines 1 and 2 are the lines of 
constant (A) . These two lines together with the two lines of constant Z, def-
ine the control volume( shown shaded). 

Rather than solve the swirl equation in the Eq.2, the diffusion term of 
that equation was rewritten in terms of Vt/r instead of Vt.r so as to elimi-
nate the otherwise troublesome source term d of that equation. The swirl eq-
uation then becomes; 

gYZ (rVt) + ( a + bco) 	( rVt) 	Vt  /r Vr )) 	(3) 
• ) 

The dependent variable of tangential momentum is Vt.r and not Vt. 

Swirling flows exhibit pressure variations normal to the axis of symmetry. 
The lateral pressure gradient is given by the equation; 

v2 
-Yr 	/r  

Therefore, the axial-pressure calculation has to be combined with that of the 
lateral pressure variation. 

2.2.INITIAL AND BOUNDARY CONDITIONS  

The flow enters the combustor from an annular space of inner and outer 
diameters 	0.07 and 0.10 m respectively. The inlet axial velocity profile 
was 	assumed uniform. The inlet tangential velocity profile is commonly ex-• 
pressed in a forced vortex form as Vt = constant x r. This constant varies 
as a function of the swirl number. The inlet air flow rate is given by 0.075 
Kg/s. 

The axial and tangential velocities distributions at the combustor wall -
were equal zero. The tangential velocity at the combustor center line was 
also .zero but the gradient of axial velocity is zero. At the boundary of the 
referse flow zone(R.F.Z.), the axial velocity is zero but the tangential vel-
ocity is not. The inlet temperature of the air was assumed constant and equal 
300 K. The combustor wall was impermeable, adiabatic and its temperature was 
constant at 300 K. The equation of the stagnation enthalpy was solved only 
for examining the calculation procedure. The temperature inside the combustor 
at all the grid points was uniform and equal to 300 K because the velocity 
variations were not large. 	• • • 
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2.3.THE FINITE DIFFERENCE EQUATIONS  
AND ITS SOLUTION  

The set of parabolic equations prescribed by Eq.2 and 3 are then solved 
numerically by replacing them by finite difference equation. These equations 
are to be solved by a marching-integration procedure.. Therefore, at every 
step in the integration, the values of 0 will be known at discrete values of 
1.0 for one value of Z; then the values of 0 at the same values oft) can be 
obtained but at a slightly greater value of Z ( Z + dZ ). By step-wise rep-
eating of this basic operation, the whole field of interest can be covered. 
The discrete values of to , which are decided beforehand, define a grid. The 

'finite-difference equation is obtained by expressing each term in the parent 
'partial differential equation as an integrated average over a small control • 
volume defined by the grid. the integrals were evaluated by assuming that ' 
dependent variables posses a profile which is made up of chain with straight 
line links. The resultant finite difference equation takes the form : 

0 =A0 	+ C 	 (5) 

Where A, B and C are functions of GJ differences, the values of 0 at the 
upstream edge and the coefficients a, b, c and d. The equations are then 
solved for each forward step by use of a simple successive substitution tech-
nique ( Tri-Diagonal Matrix Algorithm ). The solution is marched downstream 
until the whole field of flow has been computed. 

To prevent any negative coefficients, the high-lateral-flux modification 
/11/, was included. The dependent variables at the wall were linked to th-
ose at the nearest grid node from the wall by equations which are consistent 
:with the logarithmic law of the wall. 

• 
3.COMPARISON OF PREDICTIONS WITH  

EXPERIMENTAL DATA  

The construction of the combustion chamber is shown in Fig.2. It shows 
the boundary of the reverse flow zone. There are two flow directions; the 
forward and the backward flows. The backward flow is formed by the effect 
of the swirler and is found in the combustor core, but the forward flow is 
found near the inner surface of the combustor. More details about the comb-
stor dimensions and the swirler construction can be found in reference /3/. 
The flow enters the combustor through a stabilizing cone of 300. Figure 2 
shows also the region wherein the calculations were performed. The calcula-
tions were proceeded for the forward flow only, which is confined at the 
.inner surface by the measured boundary of the R.F.Z. and at the outer surfa-: 
'ce by the combustor wall. The boundary of the R.F.Z. is the boundary at 
which the axial velocity component is zero, or at which the forward flow 
reverses its direction. 

The inlet air flow rate was 0.075 Kg/s, and the average mass flow rate 
of the recirculating air was assumed equal 0.1 to 0.2 of the inlet flow rate 
at swirl number of 0.50 /12/. Therefore, the calculations were proceeded 
for air flow rate increased by a ratio equals to 0.15. 

Figure 3 shows the calculated mean-average axial velocity and pressure 
drop distributions with the axial distance for no swirl ( S=0.0). The mean-
average velocity , at given axial distance, equals the mean of the velocities 
Lt the radial distances._ 

. -J • 
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The mean velocity decreases exponentially. Inside the divergent part of the 
combustor( stabilyzing cone), the mean velocity decreased strongly due to the 
change in the flow areas. It reaches 2.0 m/s at axial distance of about 
0.14 m ( at the cone end). The corresponding pressure was decreased . The 
pressure difference,Lip ( difference between the pressure inside the combst-
or and the inlet pressure) increased up to axial distance where the cone ends. 
From the cone end to the combustor end, the pressure and the mean velocity 
were slightly decreased. 

The mean axial and tangential velocities distributions with the radial 
.distance at two different axial distances and swirl number 0.50 are shown 
•in Fig.4 and Fig.5. The calculated results were compared with the measured • 
one that were published by the author in reference /5/. The calculations cam 
be found at the wright hand side of the edge of the R.F.Z. There is no calcl 
ulation at the left hand side of the edge of the R.F.Z. The axial velocity 
enhanced from zero at the boundary of the R.F.Z. as shown in the upper part of 
Fig.4. The calculated axial velocity distribution is quite agreement with 
the measured values. In the lower part of this figure the tangential veloci-
ty has a value not zero at the R.F.Z. boundary. The tangential velocity inc 
reased with the radial distance and reached its maximum value near the combu-
stor wall. 

In figure 4 also, the radius of the R.F.Z. is large therefore, the regi-
on of calculation is small. At another axial distance where the radius of 
the R.F.Z. is relatively small and equals 0.047 m, the comparison of results 
are shown in Fig.5. The mean axial velocities are smaller than of Fig.4 and 
the reversed axial velocities are also smaller. The tangential velocities 
of Fig.4 and 5 are slightly different. 

• 
The calculated mean and axial velocities at different axial distances 

0.15, 0.29 and 0.40 m for swirl number 0.50 are shown in Fig.6. These axial 
distances were chosen so that the radius of the R.F.Z. decreases with the 
increase of axial distance. As the axial distance increased, the mean axial 
velocity decreased but the mean tangential velocity slightly decreased. For 
without swirl ( S=0.0), Fig.7 shows the calculated results at different axial 
distances 0.10, 0.30 and 0.60 m. In the case of no swirl, the inlet air 
flows through annular space likes the case of with swirl but with swirler 
blade angle equals zero/5/. Therefore, the velocity distribution has a maxi-
mum value at certain radius near the wall. at Z=0.10 m, the radius of the 
cone wall is 0.10 m as shown in the figure where the velocity equals zero. 
As the axial distance increased, the distribution of the velocity became uni-. 
form. 

• 
The calculated dimensionless stream lines for swirl numbers 0.0 and 0.50 

are shown in Fig.8 and Fig.9, respectively. Without swirl, there is a small 
R.F.Z. found up to the axial distance 0.063 m as shown in Fig.8. This R.F.Z. 
was found due to the inner surface of the swirler according to, its,design. 
The inner surface acts as a bluff disc. The inlet flow rate was 0.075 Kg/s 
and the flow issued from an annular space to the convergent part. The dimen-
sionless stream lines were drawn for W =0.1, 0.3, 0.5, 0.7 and 0.9. Inside 
the combustor core the dimensionless stream lines were separated from each 
other because the velocities there were small but the velocities were relat 

•• 	ively high near the wall resulting in close stream lines. 

For S=0.50, the R.F.Z. was found inside the whole length of the combustor 
Lom its inlet to the exit /5/. 	• • • 
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The flow enters the combustor from annular space with axial and tange-
ntial momentums. The inlet flow rate was 0.075 Kg/s. The stream lines were 
close together due to the narrow passage for the flow, from the swirler exit 
up to axial distance 0.25 m. The lines were very close together in the cone 
passage and they separated gradually within the distance of 0.25 and 0.50 m. 
From Z=0.5 m to the combustor end, the size of R.F.Z. was increased due to 
the atmospheric effect ( the combustor was opened to the atmosphere at its 
end ), therefore the lines were again close together. 

4.SUMMARY AND CONCLUSION  

lhe coupling of the measured boundary of the reverse flow zone with the 
'numerical computations based on the Genmix-4 version of Patankar-Spalding 
rabolic Computer Programme, increases the validity of the computation with 	• 
the measurements. The computations were carried on the forward flow region 
of the swirling flows, confined by the combustor wall at the outer edge and 
at the inner edge confined by the measured boundary of the reverse flow zone 
where the axial velocity was zero. The computations were performed for the 
flow with and without swirl. The calculated results indicated good agreem-
ent with the experimental results for the axial and tangential velocities 
distributions which were measured by the L.D.Anemometer. 
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