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PREDICTION OF THE EFFECT OF PRIMARY AND SECONDARY AIR
SWIRL ON THE FLOW FIELD IN A GAS TURBINE COMBUSTOR
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ABSTRACT

This paper aims to study the isothermal flow field in a gas turbine combustor under different
swirl conditions. The main objective i5 to determine the effects of primary and secondary air
swirl on isothermal flow field patterns, time- mean velocities. turbuience quarntities, and
pressure distribution 1n the gas turbine combustor.
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A wel! established computer model. STARPIC, has been applied and modified to predict the
individuat and combined effects of primary and secondary air swirf on the flow field in the
gas rurbine combustor. The primary air swirl number 1s varied from 0.0 to 1.224 while two
strengths of secondary air swirl are considered. Predictions of streamlines, velocity profiles,
rurbulence energy, and pressure distribution under these primary and secondary air swirl
conditions have been obtained.

Results show that primary and secondary air swirl greatly affects the flow field in the gas
turbine combustor. For runs with primary air swirl only, central toroidal recirculation zone
appears near the inlet of the combustor, this zone becomes wider as the swirl number 1s
increased. For runs with secondary air swirl only, the streamlines are distrituted across the
radial direction in the combustor starting from the point where the secondary air is introduced.
In the combined primary and secondary air swirl case the recirculation zone becomes wider,
suggesting that good mixing of fuel with air and increased residence time can be obtained.
As a result. good combustion is realized and mimimum pollutant’s emission is expected,
during operation.  The currently predicted results of velocity profiles at different primary air
swirl numbers have been compared with previous work resuits at the same conditions and
good agreement 15 obtained.

NOMENCLATURE

C,. C2,Cn Constants, Table 1

Greek Svmbols

cC.uv Control cell volumes for @, u, v, - . o
(m’) a Side-wa'l angle (%)
D Combustor diameter. {m) I' Turbulent exchange coefficient
G K-generation term, (N/mJ), Eq. 4 g Turbulence energy dissipation rate,
and Table | (N/m)
Lf Mesh points, Fig, 3 ¢ Swirl vane angle
K Turbulence kinenc energy, (N m) P Time-mean density, (ke/m*)
L Combustor length, (m) ¢ Prandtl-Schmidt number
p Time mean pressure, (N/m’) p  Effective viscosity, (N. sec/m’)
R Swirler radius, (m) w; Viscosity laminar value
Source term, Eq .
S ° . = w  Stream functon
SAS Secondary air swirl, Fig. 19
. ) Subscripts
SN Primary air swirl number in  Inlet
u, v, w Time mean velocities inx, 1, Superscripts
Directions * Dimensioniess parameter
XrB Axial, radial, and circumferential

coordinates, Ea. |
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Methods ot inducing rotation in a stream of fluid can be divided into three principles
categories (1) the use of guide vanes in axial flow. (1) tangennial entry of the fluid stream into
a cylindrical duct, and (iii) rotauon of the mechanical devices which import swirling motion
to the fluid. The first and second types are generally used in practice [[] and therefore these
two lypes are adapted in this study. However the third tvpe is recently used to obtain a stable
flame in a lean burn swirl burmer [ 2].

The common feature of the swirling iflow field in a gas turbine combustor is a creation of a
toroidal flow reversal in the middie region of the axes, that entrains and recirculates a portion
of the hot combustion products to mx with the incoming air and fuel. In addiuon to the
possibility of a recirculation zone near the upper corner the vortices are continually refreshed
by the air in- coming through holes Zones ofrecirculating hot gas are essential for flame
stability in gas rurbines and furnaces HHowever this stabdity is jeopardized in the lean,
premixed, combustion currently adopted to mimmize emissions of oxides of nitrogen [ 2]

2. MODELING OF FLOW FIELD IN THE GAS TURBINE COMBUSTOR

Several muli mathematical models of the flow field in gas turbine combustor have been
developed, and published, to discuss the simulation and solution problems, n terms of
practical application [3 - 8] The STARPIC (swirling turbulent axisymmetric recirculating
flows in practical 1sothermal combustor geometries) 1s a final developed model based on
numerical soluuon of 2-D axisymmetric preblems via the stream function velocity or
primutive pressure vetocity approach [ 7). This model is adapted in this study in order to
investigate the secondary air swirl effect on the flow field in a can type gas turbine combustor
Governing equations, boundary conditions, and current modification of the STARPIC model
are outlined below.

2.1 Swirling Turbulent Axisymmetric Recirculating Flows Model

The primiive pressure-velooity vanable-fimite difference computer code was designed to
nredict swirling recirculating turbulence flows in axisymmetric combustor under primary air
swirl conditions onlv [ 8] The technique tnvolves a staggered grid system for axial and radial
velocities, a line relaxation procedure for etficient solutuion of the equations. a two- equations
k -& turbulent model. a stair step boundary representation of the expansion flow. and realistic
accommodation of swirt effects.  Predictions of this tvpe allow some resuits to be obtained
more cheaply, auckly, and correctly -han possible by the almost exclusive use of
experimental means

2.1.1 The Governing Equations

The twrbulent Reynolds equations for conservation of mass, momentum (in %, y, and 0
directions), turbulence energy (k), and turbulence dissipation rate {g), which govern the 2-D
axisymmetric, swirling flow have been considered. All transpor equaticns are similar and
contain terms for ccavection and diffusion (via wurbulent flux terms) and +tc source S ol a
general variable {which contains terms describing the generation and diszipation of ¢).

Through introducing turbulent exchange coefficient and the usual turbulent diffusion-flux
(stress-rate of strain type) laws, it can be shown that similarny berween the differential
eguations and their diffusion relations allows them all to be put in the common form [ 4]
1) 0 a ) dp d dg

—(puro)+ —{pvr¢)-—0l, —) - —CT, —)| =95,
dx (pury ar dx * ax ar ' e v (D
Where p, Ty, u and v are density, turbulent exchange coefficient, axial velocity, and radial
velocity, respectively.
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For ¢ =1, esquation | gives continuity equity, for ¢ =u, v, and w, gives three momentum
equations for velocity components, and for ¢ = k and €, gives two turbulence quantities
equations. The forms for the source term Sé are given :n Table |, wiiere certain parameters
are defined as foltows.

St = —(u—)+——{(rpe— 2
x( ,,) ar(#a) (2)
v J [ du) 1 3 [ Gv
ST = —| gt ——| ru— (3
ox or ) r or ar
. . ) ) A -
G=u 2{(*0#)’ (L )’+(1)*}+(2—+ ?—v)’+{r7(w/r)} +[O— ...... (4)
or gx r x
2
Oy ()
= pf
r¢5 HITy (6)

Implicit here is the use of the two- equations k- € turbulence model [7 and 9], which is
coinmonly used in computer codes for turbulent flow prediction [2, and 10 - 14].

The above equations do rot alone specify the problem; additional information of two kinds is
needed: irtial and boundary conditions for all the dependent variables. The solution
technigue is based on the pressure-velocity approach [10]. The finite difference equations are
solved on a complex mesh illusirated in Fig. 1. The different control volume C, U, and V,
which are appropriate for the P, W and S locations respectively are given in Fig. 2.

These equanons have to be solved for the time-mean pressure p and the velocity components
u, v. and w  Then the other useful designer information-like streamline plots showing
breakaway and reattachment points, recirculation zone and stagnation points are easily
produced.  Streamline plots are obtained from dimentionless axial velocity streain function,
which is given by.

Ji2

4 ::’)1””61"'/ (J)“"d” e e D

2.2 Boundary Conditions

The stair step simulation method shown in Fig.3, isutilized, in order to retain conceptual
sunplicity. The flow field is covered with a non-uniform rectangular erid system. Typically
the boundary of the solution demain falls half way between its immediate nearby parailel grid
lines, together with information concerned with the position of the sloping side wail boundary
are used 1o determine the flow field of interest. The boundary conditions and their values
used in this study are taken from [14].

2.3 Program Modification

As mentioned Gefore, the STARPIC computer program which is adapted here, has been
primary developed to simulate the flow fieid in gas turbine combustor under the effect of
primary air swirl only. Inthis study this computer program has been modified to predict also
the effect of secondary air swirl on the flow field in the can type gas turbine combustor under
investigation. As shown in Fig. 4, the considered combustor has an inlet pipe diameter of
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80 mm. a combustor diameter of 300 mm, and combustor total length ot 1000 mm, with
sudden upstream expansion. Four tangential siots are located ciose to the upstream for
introducing secondary air with certain swirl strength value, (Fig. 3).

Primary air swirl number is calculated as the ratio of the axial flux of angular and axial
momenta, divided by the swirler radius [ 71 Secondary air strengths are related to the inlet
velocity of the introduced air through tiie rangential slots Values of “ite secondary air
velocitv are considered in the computer model as a tangertial compenent at a poini near the
combustor wail where its effect onthe tangential velocity compenent of the main flow was
evaluated. Also the mass flow rate ot the secoundary air 15 :ntroduced into the stream function
calculation procedure.

3. RESULTS AND DISSCUSTIONS

The modified version of the STARPIC computer code is applied to simulate the isothermal air
flow in the axisvimmetric gas turbine combustor, n order to determine the effect of swirl on
the flow parterns. The etfect of aw swirl on flow field required the clarification of all the
important flow parameters such as: (1) flow field streamiines, (ii) recirculation zone shape
and size, (iii) axial, radial, and tangential velocity compenents, (iv) turbulence kinetic energy,
and (v) axial and radial distribution of the static pressure. Turbulence constants that have
been used in this study are taken from [ 8] and the operating parameters are:

1- Fluid properties (density and viscosity, 1 1211 Kg/m®and ! 8E-5 N, sec/m’ respectively),

2- Boundary values (inlet velocity (u ), inlet turbulent enermy (ki) and jnlet energy
dissipation rate (g, ), 5 m/sec, 003 (us, ), and (ko) ° / 0.005 R, respectively,

3- Grid numbers are 21 in the radial direction and 23 n the axial directi

The effect of primary air swirl only on the flow field paramerers has been predicied at three
primary air swirl numbers (SN) of 0.0, 11 7066 and 1.224. The effect of secandary air swirl
has been obtained with and without considering primary air swirl.  Results of two cases of
secondary air swirl strenaths are predicted, low swirl at slots area of 6000 mm® and high swirl
at slots area of 4000 mm°  The results are classitied and discussed below

3.1 Streamline Patterns

Predicted dimensionless streamline patterns with and without primary air swarl are shown in
Figure 6. This figure confirms -in yeneral — the well - known 1deas abour swirl effects an
pasvmmetric turbulent flows. As s in the figure, 2 large corner recirculation zone exisis
at non-swirling conditions (SN When a low primary air swirl 1s mtreduced (S =
0.707) a central toroidal recirculzuon zone appears near the inlet wiile the comer
recirculation zocne shortens considerably.  As the prumary air swirl is increased fiuriher more
(SN = 1.224). a wider central recirculation region 1s established.

The effect of secondary air swirl on the sireamline patterns is shown i Figs. 7 and 8. [t can
be seen thar, a significant effect of the secondary awr swirl on the streamline patterns 15
obtained at both low und high swarl strengths,  The streamlines are
radial direction of the cambustor starting from the point where the secondary air 15 inu
and the recirculation zone hecomes much wider.

buted across the

3.2 Velocity Profiles

Velocity profiles at different axial locations of the combustor without primary or secondary
air swirls are shown in Fig. 9. One can see that at the combustor inlet near the centerline, the
axial velocity is maximum, while at downstream, it decreases near the centerline and shows a
negative value near the wall suggesting that a recirculation zone exists near the combustor
wall.



M. 67 Abdel Salam H. A, El-Emam S. H. and Zawia M. S. T

Effect of the primary air swirl on the velocity profile is shown in Figs. 10 and 11. At low
primary air swirl (Fig. 10), the axial velocity profiles change dramatically, and both radial and
tangential velocity profiles are shifted towards the inlet of the combustor at the center. while
at upstream there is a negative axial velocity. Further downstream, both axial and tangential
velocities are minimum at the center- line and they increase towards the wall direction and
become maximum near the wall. At lgh primary air swirl (SN = 1.224) the negative axial
velocity increases as shown in Fig. 11, and the recirculation zone becomes much wider.

Effect of the secondary air swirl on the dimensionless axial, radial and tangential velocity
profiles is shown in Figs. 12 -16. In general, the figures show that high secondary air swirl
strength {at differenr axial distances) decreases the axial velocity, while the tangential velocity
increases reaching its maximum value near the wall. This suggests that. operating the gas
turbine coinbustor with hugh strength of secondary air swirl, the flame will move around with
higher velocity, smaller diameter, and shorter length. This is in good agreement with the
experimental results of [14].

3.3 Turbuience Energy Distributions

The wrbulence energy distributions for the flow under different swirl conditions are plotted in
Figs 17 and 18. Fig. 17 shows the dimensionless turbulence energy distributions along the
flow without swirl in the direction of the combustor cutlet The figure indicates that
maximum furbulence energy exists near the inlet at the surface of flow. As the flow moves
downstream. the turbulence energy decreases and becomes uniformly distributed 1n the radial’
direction.  Also Fig. {8 illustrates the effects of primary and secondary air swirl on the
turbutence energy distributions. It can be seen that the turbulence energy is uniformly
distributed in the radial direction, and is zero near the wall, while the turbulence energy near
the wall is maximum when the secondary air swirl is introduced.

3.4 Pressure Distributions

Figure 19 shows the pressure distributions along the axial direction of the combustor for two
radial locauons at different swirling conditions. Fig. [5a indicates that at non- swirling
conditions the dimensionless pressure increases gradually from the combustor inlet up to the
exit. Also Fig. 19a shows that, when the secondary air swirl is introduced to the combustor,
the dimensionless pressure becomes uniformly distributed along tle combustor. The
individual and combined effect of the primary air swiri on the dimensionless pressure
distribution 15 shown in Fig. i9b. It can be concluded from this figure that a significant
increase in the dimensionless pressure is obtained at the combined swicling conditions. This
suggests that higher values of burning velocities can be obtained, and as a result, good
combustion is reaiized and minimum pollutant’s emission is expected, during operation.

3.5 Comparison of the Results with Previous Work Predictions

Comparison between the currently predicted results of the velocity profiles at two primary air
swirl numbers (0.707 and 1.224) and previpus work results [15] has been made. The
compantson shows good agreement and the curves at both swirl numbers take the same trends
as shown in Fig. 20 Also, the results of the effect of the secondary air swirl on the velocity
profile are 1in good agreement with those obtained experimentally in a gas turbine combustor
of the same geometry [14]. These indicate that as the secondary air swirl strengih is increased
the flame is moving around with higher velocity, smaller diameter, and shorter length  This
may be considered as an unportant rule in the design of gas turbine combustors of the type
used in this study
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4. CONCLUSIONS
As a result ot thus study, the tollowing conclusions are drawn.

1

(S

The flow tield in the gas turbine combustor has been greatly affected by both the primary
and the secondarv air swirl strengths. A recirculation zone has been generated with the
primary air swirl. and then its volume changes to a maximum at combined primary and
secondary air swirls. Therefore, at combined swirl, good mixing of fuel with air and
increased residence time can be obtaned, as a result, minumum pollutant emisswons 1s
expected during the operation of the combustor.

The primary and secondary air swir] strengths have a great influence on the axial. radial,
and tangential velocities in the gas murbine combustor of the geometry used in this study.
Increasing both primary and secondary air swirl strengths cause a considerable decrease in
axial velocities, =n insignificant change in radial velocities, and a dramatic increase in the
tangential velocities  at different locations i the combustor. Also, the secondary air swiri
has a significant cffect on the tucbulent energy and pressure distributions; this indicates
that good comtustion and ninimum emission can be obtamned in operation
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