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Abstract

A numerical study based on finite difference solution technique is made to characterize turbulent isothermal (non-reacting) swirl flow in a
combustor for varying side wall expansion angle and different types of swirl generators. A standamdbulence model with logarithmic
wall function has been adopted for the clostree differences in the flow patterns under was conditions are described through the overall
streamline plots as well as by using the local variations of the mean and turbulent flow quantities. The central re-circulation zone has been
identified as a critically important one in the combustors, and its detailed characterization, in terms of size, location and strength, has been
made for the different parameters under study.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction the recirculating velocity field (Gouldin et al. [4], Fuijii et
al. [5]). It is believed that the swirl flame tends to blow

Turbulent swirling flows in confined geometry is impor- off if the reaction front fqils to_ ovgrlap the low .speed. flow
tant because of their wide spread use in combustors, particu/€9i0n near the zero axial vediy line in the recirculation
larly in gas turbines, ramjet engines and industrial furnaces. 20n€ (Tangirala et al. [6]). Thuthe central recirculation in
It is established that the flow pattern plays an important e combustor helps to stabilize the flame near the burner,
role in controlling the combustion process by influencing ©Vercoming the effect of blow-off due to the high velocity
the fuel-air mixing and the combustion efficiency. Conse- & jet. The location and size of the recirculation zone has,
guently, increased attentioma$ been paid to such flows over ther%fore, a very important bearing on the design of the
the last 25 years through experimental, numerical and an_cor_rr]hustohr. . d heat rel in th bust
alytical studies, and many attributes of the flow have been . rlougn reaction and heat release In the: combustor
explained (Lilley [1], Sloan et al. [2], Nallasamy [3]). The significantly alter the f_Iow pattgrn (Tar)glrala et al. [6], Farag
swirling motion imparted to the flow, either by a vane swirler et al. [7]), comparative studies of isothermal flows can

. ; ) give an insight into certain behaviour of turbulent swirling
or through a scroll, induces a radial pressure gradient and : "
flow in a combustor. Isothermal conditions offer a more

causes the pressure atthe axis FO fall It.results nan aqverS(?avorable atmosphere to study and the relative influences of
pressure gradient along the axis, causing the formation Ofsome parameters on the flow with and without combustion
a central recirculating zone as a result of the vortex break- remain similar. For example, in case of a gas turbine

down. . : . combustor, the cold loss (i.e., pressure loss under isothermal
The pr_qpemes_of swirl stab|l|ze_,-d flames are affected by conditions) is of the order of twenty inlet dynamic head,
the specific location of the reaction zone with respect 1o while the fundamental loss (i.e., additional pressure loss due
to combustion) is only about one to two inlet dynamic head
msponding author. (Cohen et al., [8]). This delineates the imp(_)rtance of the
E-mail addresses: amdatta@hotmail.com (A. Datta), cold flow study in the combustor. A lot of studies have been
stutul@rediffmail.com (A. Sarkar). done without combustion both in the simplified combustor

1290-0729/$ — see front mattét 2004 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2004.01.006



902 S Mondal et al. / International Journal of Thermal Sciences 43 (2004) 901-914

Nomenclature

D diameter of the combustor S swirl number defind at inlet plane

Dy, diameter of swirl generator hub Vv mean velocity

D; diameter of swirl generator tip Z axial distance

k turbulent kinetic energy

L length of the combustor Greek symbols

L, length of the central recirculation o side wall expansion angle of the combustor

Ly axial distance of the position of maximum width & dissipation rate of kinetic energy
of recirculation bubble from inlet ¢ swirler vane angle

m mass flow rate o density

my recirculated mass flow rate in the central v streamfunction
reqrculgtlon bubble Subscripts

r radial distance

R radius of the combustor in inlet plane

R radius of the swirler hub z axial direction

R radius of the swirler tip 0 tangential direction

geometries, like dump combustors, and in complex, realistic changes in the higher order quantities of the turbulent
geometries (Farag et al. [7], Green and Whitelaw [9], Rhode structure, thereby, losing the isotropic structure of turbulence
et al. [10,11], Ramos [12], Bicen and Jones [13], Yoo and and also results in additional turbulence generation terms.
So [14], Jones and Pascau [15], Koutmas and McGuirk [16], Different ad-hoc modifications, with the introduction of
Nejad et al. [17], Favoloro et al. [18], McGuirk and Palma additional empirical constants, are proposed by several
[19], Chang and Chen [20], Lin [21], Ahmed [22], Foster researchers for an improved description of the swirling
et al. [23]). Foster et al. [23] showed that under certain flow (Chang and Chen [20], Rodi [27], Srinivasan and
conditions the isothermal models give a very good account Mongia [28]). But none of such modifications was found
of the reacting flows. to work well under all kinds of geometries and for a
The degree of swirl for a siwling flow is characterized  wide range of swirl number. Another critical issue in the
by the swirl numberS, which is the ratio of the axial flux  application of thek—s model is the near wall treatment
of angular momentum to the axial flux of axial momentum adjacent to the solid wall. Close to the wall, the local
times a characteristic length (usually taken as the radius ofturbulent Reynolds number is small and molecular transport
the swirler). Swirl number at the inlet to the combust®y (  becomes important. Therefore, extremely fine mesh is to
is one of the most important input parameter influencing be adopted to resolve the near wall variables properly.
the flow pattern in a turbulent swirling flow. For a low As a result, the computational time increases considerably.
inlet swirl number, less than a critical value, no central Standard logarithmic wall functions are applied near the
recirculation is found. These are called weakly swirling flow. wall to overcome this problem by many researchers. Chang
Beer and Chigier [24] reported the critical swirl number to and Chen [20], Riahi et al. [29], Jiang and Shen [30] and
be 0.6 for a simple pipe flow, exceeding which the flow is Chen and Lin [31] adopted this approach for the solution
said to be a strongly swirling one with the appearance of of swirling flow usingk— model in confined geometries.
the central recirculation zone. However, the critical swirl Alternately, Chen and Patel [32] suggested a two layer
number depends on the flow geometry and may vary from model, which is also used by Foster et al. [23] in their
the one prescribed by Beer and Chigier. combustor flow field computation, for the treatment near the
A lot of numerical results are now available on turbulent wall.
swirling non-reacting and reacting flows (reviewed by Sloan  An attractive alternative to the problem is the use of
et al. [2], Nallasamy [2], Brewster et al. [25]). The critical higher order turbulence models, like the Algebraic Stress
part of the numerical model is the choice of a suitable Model (ASM) and the Reynolds Stress Model (RSM). Some
turbulence closure model. It is probably one aspect on studies reported that, in swirling recirculating flows, the im-
which a host of research papers have been published angrovement of flow field predictions using the ASM were not
a lot of conflicting opinions have been forwarded. It has so pronounced in comparison with those usingithemod-
been reported that the standaree turbulence model has  els (Sloan et al. [2], Chang and Chen [20], Sturgess and Syed
certain limitations in predicting swirling flows (Sloan et al. [26]). RSM has been demonstrated to be capable of repro-
[2], Nallasamy [3], Koutmas and McGuirk [16], Favoloro ducing the major features of the swirling recirculating flow
et al. [18], Sturgess and Syd#6]). This is because the (Jones and Pascau [15], Fu et al. [33], Nikjooy and Mongia
streamline curvature in the recirculating zones causes large[34]), but it greatly increases the computational complex-
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ity and time requirements. Lockwood and Shen [35] pointed fed at the inlet boundary. Xia et al. [40] considered a com-
out that very few numerical predictions of combusting sys- bustor, where the inlet is oblique to the axis of the chamber,
tems have been made with the RSM model. Moreover, they and studied the effect of radial velocity component at the in-
found no consistent advantage of the RSM prediction over let on the flow pattern. They found a significant contribution
the standard—e results in their own investigation. Lin [21]  and defined a radial number analogous to the swirl number.
showed that in predicting turbulent swirling flows, LES was Foster et al. [23] studied the isothermal analogue of com-
better than the standafd-¢ in the prediction of the scalar  bustion system with and without swirl. They found the accu-
field, even though the velocity field predicted by the latter racy of representation of the isothermal flows depends upon
compares favorably with measurements. swirl number and concluded thidne isothermal models pro-
Despite the advances in modeling turbulent flow, the duce a good account of the combusting flow at low swirl and
standardk—s model still remains a commonly used model small ratios of burner radius to combustion chamber radius.
in the prediction of turbulent reacting flows (Foster et al. Though swirl number has been established as a significant
[23], Datta [36], Gradinger et al. [37], Datta and Som input parameter contributing to the flow pattern, the effect
[38], Tolpadi et al. [39]). Reacting flows, involving heat of different types of swirl generators, maintaining the same
transfer, mass transfer and chemical reaction in addition swirl number, should also be an interesting aspect to study.
to the fluid flow, are so complex that the deficiencies Swirlers can be designed with different vane shapes. Most
of the standarck—e model is sacrificed compared to its numerical works consider constant angled vanes for the cal-
advantages like simplicittand economy. Recently, in a culations. But swirlers may be constructed with continuous
review, Brewster et al. [25] commented thiat turbulence  variation of vane angle from the hub to the tip in the form of
model is adequate in many cases for modeling in gas a helix, called a helicoidal vane swirler. The vane anrjght
turbine combustors and the need for improved turbulence any radius- for such a swirler can be expressed as
model is secondary to the need for more detailed chemical
kinetics with improved modeling of chemistry/turbulence =tanl(Ltan¢,> 1)
interaction. Many researchers, therefore, use the model in t
the prediction of isothermal flow in combustors too (Ramos where, R, and ¢, are the radius and vane angle at the

[12], Foster et al, [23],Xia etal. [40], Dong and Lilley [41], tip of the swirler, respectively. It is apparent from the
Shyy etal. [42]). With such a background, the presgnt model literature survey that no report on the effect of type of swirler
has also adc_)p.ted the standaret model for the solution of 54 characterization of the resulting recirculation zone has
turbulent swirling flows. _ N appeared so far.

The geometry of the combustor and the inlet conditions The present work, therefore, aims to report some impor-

mflgence_the flow pattgrn andhd strgcture of the central tant aspects of the turbulent swirling flow in a swirl combus-
reC|rcuIat|on zone, \_Nh'Ch are of prime importance in the tor numerically, viz. the effects of side wall expansion angle
design of combustion ch.ambers. In a dqmp combustorand that of types of swirler on the recirculating bubble and
geometry sudden expansion takes place right at the ImeJ[detaiI characterization of raciulating flow region. Straight
plane. However, the actual geometry of the gas turbine and helicoidal vanes are compared. Swirl numbers are var-

combustors shows a gradual change in the cross-sectior] ; o
) ed by varying the vane anglesrfall the cases. Variation of
through a diffuser at the entry. Rhode et al. [10,11] made a swirl number is made in the range 0.4-2.0. Particular atten-

e ot v s oS! o s beenfoctssed on e wveciculaton zoe an
. . T its quantification in terms of size, location and strength.
inlet swirler. They observed that the variation in side wall
expansion angle affects the velocity distribution only at a
high inlet swirl number and in a region close to the inlet. The
recirculation zones are depicted through streamline plots.
However, they did not evaluate the effect of the geometry
on the location and size of the recirculation. 2.1. Physical problem

The effect of variations in inlet boundary conditions on
flow has been studied by different reserachers. Ramos [12] The physical problem deals with the solution of an
and Sturgess et al. [43] showéhht the numerical simula-  isothermal, turbulent flow within the confined geometry of
tions of flows are highly sensitive to the inlet boundary con- an axi-symmetric combustor (Fig. 1). The combustor has a
ditions. Ikeda et al. [44] conducted experimental and numer- diffuser part near the entry plane with a specified constant
ical studies of flows in a model combustor and also showed side wall expansion angleJ. Whena = 90°, the geometry
that the flow is sensitive to inlet conditions. Dong and Lilley resembles that of a dump combustor. A central blockage,
[41] studied the isothermal flow in an axi-symmetric com- simulating the presence of a fuel injector is considered at
bustor with emphasis on the influence of the inlet flow para- the entry plane. The air entry into the combustor is through
meters. They observed that for the more accurate numericalan annular passage around the central fuel injector, in which
prediction of the flow, the measured inlet profiles should be the vane swirler is placed.

2. Theoretical



904 S Mondal et al. / International Journal of Thermal Sciences 43 (2004) 901-914

‘ of the combustor, for the three components of the velocity,

k and ¢. At the inlet plane, the axial velocity has been
T — considered to be uniform, while the radial velocity has been

prescribed as zero. The locahtgential velocity is computed
using the local vane angle of the swirler as

Vojin = Vzjin tang (2)

| In the case of a straight vane, the valuegois considered
to be constant over the entire inlet plane. However, for
the helicoidal vane a variation in vane angle is considered
- L o following Eq. (1).
Inlet distributions oft ande have been considered as

Fig. 1. Axi-symmetric combustor model.
Kjin = 0.015(Vz in)? (3)
The outer diameter of the combustab), diameter of (kjin) -2
the swirler tip (O;) and that of the central injectorD,) Elin = [0.005R, — Rp)] 4)
are considered to be 100, 50 and 20 mm, respectively. The ) )
diameter of the combustor has been chosen in the same orde,These correspond to a turbulent intensity of 10% of the
as reported by Ramos [12] and Cameron et al. [45] for model inlet stream and an average turbulent length scale equal to

can combustors for gas turbines. The combustor lenigth ( 0.5% of the annulus height. through which the fIOV\_/ ente_rs
is chosen as 1.0 m, so that the fully developed boundarythe combustor. The chosen inlet values of turbulent intensity

condition, specified later, can be applied at the exit (Chang and length scale are consistent with those reported in earlier

and Chen [20]). literatures (Foster et aI: [23], R_amos [12]). _
At the outlet, the axial gradient of all the variables have
22 Numerical model been set to zero as the length to diameter ratio of the chamber

is chosen as 10. Symmetry condition has been adopted at the

A numerical model is developed for the solution of tur- axis. No slip boundary condition is considered at the wall
bulent swirling flow using the standakd-e model. It per-  along with the logarithmic law of the wall.
forms a simultaneous solution of the conservation of mass, !N order to non-dimensionalize the governing equations,
momentum, turbulent kinetic energy and its dissipation rate the combustor diameterX) has been chosen as the charac-
equations within the physical domain. All the equations are teristic length and the inlet axial velocity{in) is taken as
written in cylindrical co-ordinates, considering symmetry the reference velocity. The mass flow rate of air is so cho-
about the axis. Standard empirical constants are employecdsen that the Reynolds number based on the inlet axial veloc-
for the k—e solution. ity (Vzjin) and the diameter of the combust@)(is 65 600.

The equations are discretized using an explicit finite dif- This choice of Reynolds number is not arbitrary. In fact, it
ference technique with the variables defined in staggeredhas been explicitly stated by Syred and Beer [47] that the
grid arrangement. The diffusive terms in the conserva- Reynolds number of 20000 can be considered to be large
tion equations are discretizedlfawing a central difference ~ enough to ensure that the central vortex has broken down
scheme, while the advective terms are discretized following to form a well developed reciuatation zone. Accordingly
the power law scheme. During the solution, first the momen- Tangirala et al. [6] carried out their experimental work with
tum equations along with theands equations are explicitly ~ Re= 20000, with the air tube diameter as the characteris-
advanced over a time step, computed satisfying the stabilitytiC length. Since, in the present case, the combustor diameter
criteria. While advancing the momentum equations, the tur- iS chosen as the characteristic length, the Reynolds number,
bulent viscosity ; = ¢, pk?/¢) is computed using the cur- here, is much greater than the one stipulated by Syred and
rent values ok ande. The velocity and pressure terms are Beer [47] and is expected to bring out well developed cen-
corrected through the continuity equation using an iterative tral recirculations. The air is considered to be at room tem-
technique, following a version of the MAC based SOLA al- perature. The vane angle of the swirlers are varied to study
gorithm (Hirt and Cook [46]). The method is similar to the the impact of the inlet swirl strength and inlet swirl num-
earlier ones of Datta and Som [38] and Datta [36] for react- bers of 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 and 2.0 are considered. To

ing flows in similar geometries. study the effects of inlet vane type, solutions are made sepa-
rately with the straight and the helicoidal vane swirlers in the
2.3. Boundary and operating conditions geometry of 90 side wall expansion angle). In order to

study the effect of side expansion angle, different cases with
Due to the elliptic nature of the governing equations, « =90°, 60°, 45° and 30 are considered. For each of these
boundary conditions should bpexified at all boundaries of  cases, the inlet swirl number is varied but the vane type has
the computational domain, i.e., the inlet, outlet, axis and wall always been set as the straight one.
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3. Resultsand discussion extrapolating the data of DellenbackatD equal to—1.0
and —0.25. However, neither the computed inlet velocities
3.1. Validation of the numerical code nor the results of Dellenback upstream of the combustor are

reported in the work of Chang and Chen. In the absence of
The present numerical code is tested for its capability of suitable boundary data for the velocities, a uniform mean

predicting turbulent swirling flow by comparing its results axial velocity and a corresponding mean tangential velocity
against the experimental data of Dellenback [48] and the produced by a constant-angled vane swirler are considered
numerical predictions given in Chang and Chen [20] for at the inlet. The mean radial velocities are taken as zero, as
standardk—e model (Fig. 2(a) and (b)). The results of also adopted by Chang and Chen. The inlet-profildsarid
Dellenback, shown in the comparisons, are taken from the ¢ are considered following the prescriptions of Chang and
paper of Chang and Chen. The dump combustor geometry,Chen.
as considered in the earlier works, has been chosen. The Fig. 2(a) compares the radligariation of the mean axial
boundary conditions at the outlet, axis and wall are taken asvelocities at different axial locations. The axial locations
prescribed by Chang and Chen. Chang and Chen computedire chosen near the inlet for comparisary§ = 0.25,
the inlet boundary conditions frorhé inlet velocity profiles  and 0.75), as more spatial variations in the variables are
for the mean axial and tangential velocities by linearly observed in these regions. Fig. 2(a) shows that at the axial

positions ofz/D equal to 0.25, the mean axial velocity

05 1 R distributions from the present prediction are a little different
¢\ from the predictions of Chang and Chen, and both differ
0.4 1 LN 1 from the experimental results. The differences among the
i results decrease in the downstream directions (e.g/[at=
0.3 - . . 0.75). One reason of the discrepancies in the predictions
/D . closer to the inlet are the differences in the inlet conditions

02 T|e . 4 adopted in the present work and that of Chang and Chen.
' However, once the influence of the inlet decreases, the two
models predict similar distribution of the axial velocities. It
is observed from the figures that both the model predictions
differ from the experimental results in the quantitative sense.
05 00 05 10 05 00 05 10 The models predict lower length of the central recirculation
zone and also of the corner recirculation. The difference
Vz \Z can be attributed both to the variation in inlet conditions
2/D=0.25 2/D=0.75 and to the deficiency of the— model in predicting the
(@) swirling flow, as discussed before. The greater discrepancy
between the simulation and experiments, particularly near
0.5 7~ — the inlet, points towards the streamline curvature due to
: the recirculation zones as the probable cause. However, in
a qualitative sense, the models predict the axial velocity
distributions quite well, as seen from the figure. Fig. 2(b)
shows the variation of the mean tangential velocities at
axial locations ofz/D equal to 0.25, and 0.75. Qualitative
agreement between the modeggictions and experimental
data are again observed.
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011 1 3.2. Grid test for mesh independent solution

0.0 ' : The physical domain for the present solution has already
0.0 0.5 1.0 0.0 05 1.0 been described. A variable sized grid system is generated in
Vo Vo the domain for the numerical calculation. To ensure mesh
2/D=0.25 2/D=0.75 independent results, a series of trlgl solutlons is conduc.ted
(b) for several mesh configurations in the axial and radial
directions, viz. 60x 30, 60x 40, 85x 40, 85x 60 and
Fig. 2. (a) Comparison of mean axiatlacity profiles at different axial 120 x 60. In all the cases. the meshes are non-uniform in
locations as predicted by present model (—), standardmodel in Chang both d're(.:t'on and den e' h id di .
and Chen (---), and experiments of Dellenbad®;((b) Comparison of . ! : . S s rmesf es ,are con§| e':e 'r_] regions
mean tangential velocity profiles at different axial locations as predicted Of high grad_lents, e.g., neartheinletin th? axial dII’eCtIOI’? and
by present model (—), standakele model in Chang and Chen (---), and  near the axis, at the wall and at the location corresponding to
experiments of Dellenbaci4]. the tip of the inlet swirler in the radial direction. Grid size in
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TN [ - 60x30 Table 1
60x40 Comparison of results for different mesh configurations
04 1 L _ggigg Mesh Maximum stream function and its location L./D
- = - =120x60 configuration Ymax z/D r/D
0.3 - 60x 30 0.03453 0.3234 0.4058 1.228
/D 60 x 40 0.03428 0.3616 0.4045 1.251
85x 40 0.03480 0.3372 0.4215 1.298
0.2 1 85 x 60 0.03494 0.3372 04148  1.310
120x 60 0.03478 0.3448 0.4285 1.316
0.1 -
Similarly, the differences in the length of the recirculation
0.0 . . zone as predicted in the last three configurations are within a
0.5 0.0 0.5 1.0 1.5 maximum variation of 1%. Considering all these facts x85
V, Vo 40 gr.id cellsinthe axia! and radial directions respectively are
@ considered as the optimum for the solutions in the present
geometry and has been adopted for all the cases studied.
OB —T% | - 60x30
60x40 3.3. Flow patternsfor different side expansion angle and
85x40
0.4 o __85x60 vanetype
- - - -120x60
Figs. 4—6 show the streamline patterns in one half of the
037 axi-symmetric combustor for two different side expansion
/D angles ¢ = 90° and 45) and different swirler vane types
0.2 ~ (straight and helicoidal) with different inlet swirl numbers
(S =0.4 and 1.5). As the variations in the flow patterns are
014 observed close to the inlet, the streamline plots are shown up
to z/D = 3.0 in the axial direction in the figures.
Fig. 4(a) shows the flow pattern in a dump combustor
0.0 ‘ ‘ (¢ = 90°) with a straight vane swirler at the inlet, having
0.5 0.5 10 15 a vane angle that results an inlet swirl number of 0.4. The
V. Vil figure reveals the formationf@ corner recirculation zone
(b) and a central recirculationone immediately downstream

of the inlet. The corner recirculation is caused by the flow
separation from the side wall of the combustor as the fluid
stream enters, while, the central recirculation is the result
of the adverse pressure gradient at the axis created by the
the radial direction is not varied monotonically. To resolve swirl. The flowing stream of fresh fluid passes through the
the strong gradient across the central recirculation zone veryiwo recirculation bubbles with a high velocity till it spreads
fine grids are considered near the axis. The grid size is alsopver the entire cross-section downstream of the recirculation
made fine at the outer (i.e., tip) radius of the inlet swirler and zones. As the swirl number is increased to 1.5 (Fig. 4(b)),
at the wall. However, under no circumstances the relative the central recirculation bubble grows in size both in the
change in the consecutive grid size exceeds 15%. axial and radial directions and the maximum width of the
Solutions are obtained for the geometry with- 90° and recirculation occurs closer todhinlet. It reduces the corner
a straight vane swirler, with the inlet swirl number equal to recirculation zone considerably, and only a small corner
0.4. Fig. 3(a) and (b) show the variations of the mean axial bubble exists. The wider central recirculation zone leaves
velocity profiles at two axial positions of/ D = 0.1 and very little space near the periphery for the stream to flow,
1.0 and Table 1 shows the maximum values of the stream-resulting in a higher stream velocity and longer recirculation
functions with their locations and the length of the central length.
recirculation zoneslI(.) for the different cases. The results Fig. 5(a) and (b) show the effects of the side expansion
show that at the position aof/ D = 0.1, the axial velocities  angle on the flow patterns. The swirl numbers and vane types
predicted with all the configurations are quite in agreement, are kept the same as in Fig. 4(a) and (b), respectively. For
except at a few radial locations. However, the grids of a low swirl number § = 0.4), Figs. 4(a) and 5(a) reveal
60 x 30, 60x 40 predict considerablgifferent results from  that the change in geometry has little effect on the flow,
the others at/D = 1.0. The maximum stream-functions except that the corner recirculation zone is curtailed by the
are predicted within a variation of 2% in all the cases. In angled wall in the second case with= 45°. The central
the last three cases, the difference is even less than 0.5%part does not show any effect due to the change in geometry.

Fig. 3. Comparison of mean axial velocity profiles at different axial
locations with various mesh configurations: £{a)0 = 0.1; (b) z/D = 1.0.
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strongly swirling flow and that only near the inlet. Rhode
et al. [10,11] also obtained similar conclusions from their
studies. The streamline plots shown by them reveal almost
no dependence om for § =0 and 0.67, but considerable
difference is observed fof = 1.83, whenu is varied from

90° to 45°.

In a combustor the central recirculation zone has a def-
inite role in stabilizing the flame near the zone of low ve-
locity. However, the corner recirculation does not serve any

(b) positive purpose. On the contrary, the recirculation bubble
, ) ] ) at the wall does not enable the fresh cool stream of air to
Fig. 4. Predicted streamline plots in combustor up to a leaglh =30, e iy contact with the wall and may result in overheating
with side wall expansion angle = 90° and straight vane type swirl . .
generator with swirl numbers (&)= 0.4, (b) S = 1.5. the wall. Therefore, a corner or wall recirculation should be
avoided with a proper choice of the geometry and flow.

Fig. 6(a) and (b) show the flow patterns obtained in a
dump combustor geometry with helicoidal vane swirlers.
The vane angles are so adjusted that the inlet swirl number
can be maintained at 0.4 (Fig. 6(a)) and 1.5 (Fig. 6(b)),
respectively. As for a helicoidal vane, the vane angle of the
swirler varies from the hub to the tip, the vane angle at the
hub is less and at the tip is more than that of a straight
vane swirler with the same swirl number. Comparison of
Figs. 4(a) and 6(a) show that such a change of the vane
design does not change the flow pattern within the combustor

(b) considerably, when the inlet swirl number is lod/ £ 0.4).
Fig. 5. Predicted streamline plots in combustor up to a leagih = 3.0, T.he central and the corner rmlatmg zones are of similar .
with side wall expansion angle = 45° and straight vane type swirl size and shape in both cases. However, when the swirl
generator with swirl numbers (&)= 0.4, (b) S = 1.5. number is increased to 1.5, though the central recirculation

zones are same for the two inlet vane types (Figs. 4(b)
and 6(b)) but the corner recirtation has almost disappeared
with the introduction of the helicoidal vane. When the swirl
number is 1.5, the vane angle of the straight vane is°63.7
while the vane angle at the tip for helicoidal vane is 68.9
The increased vane angle at the tip increases the tangential
velocity there, and deflectbe flow more towards the outer
periphery. This sheds off much of the corner recirculation
with the helicoidal vane.
The above comparisons of the flow patterns for different
©) side wall expansion angle and swirler vane type reveal that
not much difference occur it either of the variations
Fig. 6. Predicted streamline plots in combustor up to a leagih = 3.0, when the swirl number is low. At a high swirl number,
with side wall expansion angle = 90° and helicoidal vane type swirl  consjderable differences aobserved for either a variation
generator with swirl numbers (&)= 04, (b) § = 1.5. in the side wall expansion angle or the vane type, particularly
at regions close to the inlet of the combustor. However, far
However, as the swirl number is increasedc= 1.5), some in the downstream section, the influence of the variations
differences in the flow patterns are observed with a changeis less pronounced and the flow is mostly dependent on the
in o (Figs. 4(b) and 5(b)). The small corner recirculation Reynolds and swirl numbers.
zone, which exists in thee = 90° combustor, disappears
when « is reduced to 45 The central recirculation zone  3.4. Distributions of mean and turbulent quantities
reduces slightly in length. The disappearance of the corner
recirculation is due to the fact that with the angled side wall,  Though the streamline plots give an overall impression
the flow stream deflected by the large central recirculation regarding the flow pattern, a more detailed observation
bubble, attaches to the wall. In fact, with a lower valuecof  can be obtained from the distributions of the mean and
it is possible to get rid of the corner recirculation even at a turbulent quantities along the combustor. Therefore, the
lower swirl number. Thus the variation in flow pattern with radial distributions of the mean axial and mean tangential
the change in side wall expansion angle is discernible for a velocities and of turbulent kinetic energy at different axial
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/D
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locations are plotted in Figs. 7-9 for different geometries
and inlet swirl vanes. Comparisons are made with high swirl
number only § = 1.5), as the difference in the flow pattern
is observed under that condition. Attention is focussed on the
near-inlet region and four different axial stationsaD =

0.1, 0.3, 1.0 and 2.5 are selected for the comparison.

The variations of the mean axial velocities for the
different conditions are shown in Fig. 7(a), (b) and (c) for
inlet swirl number of 1.5. Fig. 7(a) correspondsate= 90°
and straight vane swirler, Fig. 7(b) is fer= 45° and straight
vane swirler, while Fig. 7(c) depicts the casedoe 90° and
helicoidal vane swirler. It can be observed from Fig. 7(a)

z/D=0.1
—x—7/D=0.3

0.0

that, atz/ D = 0.1 the central recirculation zone exists, with
0.5 1.0 15 the maximum reverse flow velocity at an off-axis location.
The negative velocity gradually increases in magnitude from
V2 Vi the axis to the radial location corresponding to its maximum
@ and then changesto a positive value. The corner recirculation
zone is small in width, but the magnitude of the reverse flow

0.5

0.4

0.3 1

/D

0.2 4

0.1 1

velocity component is high. The distribution gtD = 0.3
shows that the maximum negative velocity in the central
recirculation is off-axis and the width of the recirculation
is very large. No corner recircation persist at this location,
as the size of the corner recirculation is small (Fig. 4(b)). On
the contrary, a very high positive axial velocity is observed
to exist close to the wall, from which the velocity sharply
drops to zero at the wall. Rhode et al. [10] also reported such
a high positive axial velocity close to the wall near the inlet
(atz/D = 0.3) for high swirl number flow § = 1.83). The
distribution of the mean axial velocity begins to smoothen
up in the downstream direction as observed ab = 1.0

0.5

' ' and 2.5. Atz/D = 2.5, the axial velocity at the centerline
0.0 0.5 10 15 is almost zero, revealing the @of the central recirculation
Vi, Vo zone there. Hovyever, fur.ther deyelopment in the distr?bution
b) pf the mean axial _velocn_y continues downstream_ with the
increase in centerline velilg and decrease in velocity near

0.4
0.3
/D

0.2 1

0.1 1

the periphery.

Fig. 7(b) show the mean axial velocity profiles for a
geometry witha = 45° and with straight vane swirler at
the inlet. Comparison of Fig. 7(a) and (b) shows that, some
differences in the axial velocity profiles have been observed
with the change in side expansion angle. The most noticeable
amongst these is the distribution gtD = 0.3, where the
maximum velocity which has occurred with= 45° is less
in magnitude and away from the wall compared to those with
a = 90°. Such a change of the axial velocity distributions
was also reported by Rhode et al. [10] at a similar axial
location for high swirl number flow. When = 45°, the
. , centerline axial velocity at/D = 2.5 is greater than zero,

A

z/D=0.1
——2/D=0.3

Fig. 7. Radial distribution of mean axial velocity at different axial
locations in combustor with (&) = 90° and straight vane swirl generator,

0.0 0.5 1.0 15 showing that the length of the central recirculation bubble is
shorter for this case compared to that with whes: 90°,
V2 /Vaiin where the same is zero.
() Fig. 7(c) describes the variations of mean axial velocity
profiles for a helicoidal inlet vane swirler in a geometry with
a = 90°. Comparison of the results with Fig. 7(a) reveals

(b) @ = 45° and straight vane swirl generator, )= 90° and helicoidal the effect of inlet vane type on the mean axial velocities.
vane swirl generator. The mean axial velocity profile ay D = 0.1 for a helicoidal
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vane swirler is totally different from that for a straight vane 0.5 =
swirler, particularly in the positive velocity region. While, Y
for a straight vane swirler, the maximum axial velocity at this 0.4 - j
axial location occurs as a peaka specific radial location,
the axial velocity for a helicoidal vane swirler remains at ;
or near maximum for a considerable radial distance. It then 03 1 i
seems reasonable to conclude that the flow velocities outside /D A
the central recirculation zone is more or less uniform when 0.2 1
a helicoidal swirl generator is used. Fig. 7(c) also shows z
a small negative velocity region near the wall atD =
0.1, thereby, indicating the psence of a very small corner 0.11
recirculation zone, which is not evident from the streamline
plot shown in Fig. 6(b). Both the width and strength of 0.0
the corner recirculation zone are much less compared to 0.0 0.5 1.0 15 20
those for a straight vane swirler. The difference in the mean
axial velocity distribution with the change in the design of Vo /Viin
swirler is not much evident at stations downstream, and at (@)
z/D = 1.0 and 2.5, the distributions are almost the same for 05
the two cases. ’ .
Fig. 8(a), (b) and (c) show the predicted mean tangential
velocities at different axial positions under different condi- 0.4
tions. From all the figures, it is evident that the variation in
the tangential velocity distributions with side wall expansion
angle or inlet vane type is only discernible near the inlet. In
all the cases, at/ D = 2.5, a forced vortex like distribution is /D
observed with the magnitude depending upon the inlet swirl 0.2
intensity. Atz/D = 0.1 in case of straight vane swirler and < z/D=0.1
in a geometry with 99 side wall expansion angle, the max- 01 —»—12/D=0.3
imum tangential velocity occurs as a peak at a particular ra- ’ N z/D=1.0
dial position, and reduces with either increase or decrease in e z/D=2.5
radius. Atz/D = 0.3, the tangential velocity increases from 0.0 T T
zero at the axis to a high value following a forced vortex pat- 0.0 0.5 1.0 1.5
tern. Then it decreases first, forming a trough, and increases Vo IV
again to show a high value near the wall. Subsequent trans- ) =
formation of the distribution, first into a combined vortex
and then to a forced one takes placeab = 1.0 and 2.5, 0.5
respectively.
Fig. 8(b) shows the mean tangential velocity distributions 04 |
with @ = 45° and straight vanes, while Fig. 8(c) depicts
the distribution fora = 90° and helicoidal vanes. With ;
the variation in the side wall angle, not much difference 0.3 1
in the mean tangential velocities is observed at different /D
axial locations from the earliew = 90° cases for the 0.2 -
same swirl numbers. A difference in the inlet vane type X
results in differences in the distribution very close to the % —»—2z/D=03
inlet, viz. atz/D = 0.1. The differences, however, even 011 & | z/D=1.0
out in the downstream locations andz&tD = 1.0, similar
distributions are observed both at low and high inlet swirls. 0.0 : :
Fig. 9(a), (b) and (c) compare the turbulent kinetic 0.0 05 1.0 15
energies predicted by the model for the different cases
considered. Itis to be noted that for all the cases under study Vo /Vilin
the inlet values ok are the same. The variation irvalues, ©
as observed at different locations, is due to its generationFrig. 8. Radial distribution of mean tangential velocity at different axial
and subsequent dissipation aided by the respective flowlocations in combustor with (a) = 90° and straight vane swirl generator,
pattern. The predictions reveal that after the entry into the (b) @ = 45° and straight vane swirl generator, (¢)=90° and helicoidal
combustor, due to the formation of the recirculation zone V2" Swirl generator.

z/D=0.1
—x—12z/D=0.3

0.3 1
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Fig. 9. Radial distribution of tangential kinetic energy at different axial
locations in combustor with (a) = 90° and straight vane swirl generator,
(b) « = 45° and straight vane swirl generator, )= 90° and helicoidal
vane swirl generator.
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and the rapid increase of the axial and tangential velocity
gradients, turbulent kinetic energy is generated and grows
to large values at particular positions. A high valuekof
is observed at the radial location of the zero mean axial
velocity within the central recirculation near the entry plane.
When o« = 90° and straight vane swirler is in use, the
maximum values ok at z/D = 0.1 and 0.3 occur at the
radial location of zero mean axial velocity within the central
recirculation (Fig. 9(a)). However, in this case, the maximum
k atz/D = 0.1 far outweighs othet values. As the central
recirculation grows faster with the high inlet swirl, the
maximum width of the recirculation bubble occurs close to
the inlet. So, the largest value bfis also closer to the inlet
for the higher swirl number case. Nonetheless, it is evident
that a high turbulence zone can be achieved in the central
recirculation bubble near the inlet, where the axial velocity is
low. This zone in the recirculation bubble is suitable for the
combustion reaction. The low velocity obviates the blow-off
of the flame while the high turbulence enhances the mixing
process to support combustion.

A change in the side wall expansion angle fram= 90°
to @ = 45° does not make much change in the development
and distribution of the turbulent kinetic energy at various
axial locations. This is evident by comparing Fig. 9(b)
against Fig. 9(a). However, comparison of Fig. 9(a) and (c)
show that the introduction of helicoidal vanes, instead of the
straight ones, results in some change in the distribution of
near the inlet, when the inlet swirl number is high. It is seen
that with the helicoidal vane, the maximuimatz/D = 0.1
does not occur in the central recirculation zone, but near
the wall (Fig. 9(c)). However, the value éfin the central
recirculation still attains a smaller peak, which can help in
enhancing the mixing process there. The smaller peak with
the helicoidal vane is the result of the change in mean axial
velocity distribution at the respective location. The almost
flat profile in the mean axial vetity reduces the generation
of k. At other axial locations the distribution @fdoes not
show much effect of the variation in vane type.

3.5. Central recirculation zone

From the previous discussion on the flow pattern and
the distributions of the mean and turbulent quantities, it is
evident that the central reculation has a major role to
play in the combustor design. It helps in stabilization of
the flame in the region of low velocity, where the increase
in turbulence enhances theiximg process and increases
the burning rate. The present work is only restricted to
the isothermal cold flow within the combustor. However, a
detailed study of the recirculation bubble with varying swirl
intensity even for cold flow can throw important insight
necessary for the reacting flow. The pertinent quantities
regarding the central recirculation may be the size, position
and strength of the recirculation zone.

The size and length of the recirculation zone may influ-
ence the position of the flame and the flame height. The size
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of the recirculation zone can be expressed by its length. The
central recirculation zone babeen identified by the zero
streamline, across which theeis no net mass flow. The line
originates from the edge of the central bluff body and meets

the axis at the rear stagnation point. The distance of the rear

stagnation point from the entry plane determines the length
of the recirculation zonel(.). The length can also be de-
rived from the zero axial velocity contour within the recircu-
lation bubble. This line meets the axis at the rear stagnation
point along with the zero streamline. In fact the zero axial
velocity line divides the recirculation bubble into two parts.
Between the central axis anket zero axial velocity line is
the region through which the recirculated mass flows back-
wards, i.e., towards the inlet. On the contrary, the recircu-
lated mass moves forward through the region between the
zero axial velocity line and #hzero streamline. In all the
cases the central recirculati@riginates from the inlet be-
cause of the presence of the central body. However, depend
ing upon the inlet swirl number the recirculation grows dif-
ferently. For higher swirl number flow, the maximum width
of the recirculation bubble occurs closer to the inlet, indicat-
ing that the recirculation has moved towards the inlet plane.
Thus, the position of the recintation bubble is determined
by the axial position corresponding to the maximum width
of the recirculation bubblei(,).

The strength of the recirculation is expressed by the mass
of the gas recirculating in the central bubble. The strength
is important because it decides the preheating ability of the
fresh charge by the recirculating high temperature gas in the
reacting flow situation in the combustor. However, too strong
a recirculation may overheat the burner and shorten its life.
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Moreover, the presence of burnt gases in high ConcentraﬂonFig. 10. (a) Variation of the lengthfdhe central recirculation zonel.{)

in the recirculated gas may limit the combustion reactions if
the circulation is strong. The recirculating mass within the
central bubble is different at different axial locations. At any
axial location, the mass of fldirecirculated is obtained by
integrating the quantityd(- V; - 2z r dr) from the centerline

to the zero axial velocity line. The maximum value of this
guantity within the central recirculation zone is considered
as the rate of mass recirculated,(.

Fig. 10(a) and (b) show the variation of the length of
the central recirculation bubbld () with swirl number for
varying side wall expansion angle and different swirler vane
types respectively. The results show that for a low swirl
number (0.4-0.8), the length of the recirculation zone does
not change with the variation of side wall expansion in the
range ofa = 30° to 9C° for the present value of Reynolds
number (Fig. 10(a)). However, for a swirl number of 1.0,
differences are observed in the length with the variation of
«. The length of the central recirculation is less when the
side wall expansion angle is low, for the same swirl number.
However, till a swirl number of 1.2, the increase in the
recirculation length is not very different as the side wall
expansion angle increases. For a swirl number of 1.5 and
higher, the length of the recirculation in the combustor with
a = 90° increases very rapidly, much beyond the length in

with inlet swirl number for differentige wall expansion angle and straight
vane swirl generator. (b) Variation of the length of the central recirculation
zone () with inlet swirl number for diferent swirl generator vane type
and side wall expansion angle= 90°.

other geometries for the corresponding swirl numbers. The
reason may be attributed to the fact that with the increase
in swirl number the central recirculation bubble grows in
width and moves closer to the inlet decreasing the size of
the corner recirculation there. It leaves less space for the
fluid stream to flow and increases its velocity. The high
velocity stream displaces the rear stagnation point further
downstream, thereby increasing the length of recirculation.
In the case of a side expansion angle less thah 8t
flow does not separate from the side wall as the swirl
number is increased beyond a particular value. After this, the
recirculation bubble cannot grow in size or lengthen in the
same proportion and becomes smaller than that in the dump
combustor geometry. The variable vane type at the inlet does
not have a strong influence on the recirculation length. The
lengths of the recirculation length either with a straight vane
or helicoidal vane are the same for the same swirl number,
until the swirl number increases to 1.5. Fr= 1.5, the
length with helicoidal vane is slightly more than with the
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09 —o—90 deg recirculation length. With the increase of the swirl number,
081 the recirculation bubble moves upstream and the maximum
0.7 1 width occurs closer to the inlet. Thus, decreases. When
0.6 the side expansion angle is low, the flow does not separate
0.5 - at the side wall with the increase in the inlet swirl intensity.
L./D 0.4 4 The corner recirculation vanishes. From this point onward,
03 4 with the increase in swirl numbethe central recirculation
02 reduces moving upstream by any significant amountiand
does not change. As the side wall expansion angle decreases,
011 the flow ceases to separate from the side wall at a lower
0 ' T : T swirl number. Therefore, the variation ih,, is observed
0 03 ! 15 2 25 up to S = 0.6 whena = 30°, but fora = 45°, L,, changes
Inlet Swirl Number (S) with swirl number till S = 1.0. Thus, as the side wall of the
@ combustor is sloped at an angle of°44r less, a high swirl
0.8 o staignt intgnsity can be reached with suﬁici.ent in(;rease ip the inlet
07 v helicoidal swirl strengt_h, without the cegral recirculation getgng Foo
close to the inlet or too long in the downstream direction. It
06 1 is important to have such a control on the recirculation zone
0.5 in the combustor. A recirculation too close to the inlet will
LJ/D 04 - draw the flame closer to the burner, which can overheat the
burner itself. On the other hand, too long a recirculation zone
031 may not be adequate for combustion and has negative effects
0.2 - on combustion efficiency and emissions. Fig. 11(b) shows
014 the variation ofL,, with the swirl number for two different
vane types. The results show that for a low swirl number
0 i ' T ' of 0.4, L,, is longer for the helicoidal vane, while for all
0 05 ! 15 2 25 other higher swirl numbers straight vanes give highgr
Inlet Swirl Number (S) The difference is not appreciable, however, until the swirl
(b) number is very high, e.g., 1.5 or 2.0.

. - . _ . The other important parameter in the recirculation bubble
Fig. 11. (a) Variation of the axial distance of the maximum width of central . . . . .
recirculation zone from the inlet with liet swirl number for different side IS Its strength,.glyen by the mas; recwgulated. Fig. 12(a)
wall expansion angle and straight vane swirl generator; (b) Variation of the Shows the variation ofrnf,/min) with swirl number for
axial distance of the maximum width of central recirculation zone from the different side wall expansion. As the inlet mass flow rate
inlet (L) with inlet swirl number for diférent swirl generator vane type is the same for all the cases, the ratio direcﬂy shows the
and side wall expansion angle= 90°. variation of the recirculated mass. The figure shows that the

ratio increases with the increase in swirl number for every
straight vane. The difference is even largeSat 2.0. The geometry considered. For a low swirl number like= 0.4,
vane angle with a high swirl number is high. However, with the ratio of ¢z,/min) is between 0.1-0.2, showing a very
the helicoidal vane, the vane angle at the tip is even more.low strength of the recirculation. But, as the swirl number is
The higher vane angle at the tip increases the tangentialincreased to 2.0, the ratio increases to a value near 0.5. For
velocity and increases the recirculation bubble further. This the geometries witlk = 90°, 60° and 43, the recirculated
increases the length of the central recirculation zone. mass is the same for the same swirl number, until the swirl

Fig. 11(a) and (b) show the variation of the axial distance number is as high as 2.0. At= 2.0, the figure shows that

of maximum width of the recirculation zone from the the recirculated mass is maximum fer= 60°, while it is
inlet (L) as function of the swirl number for various less either withx = 90° or 45°. This shows the existence of
geometries and vane types pestively. The variation of  a critical side expansion angle, when the recirculated mass is
the side wall expansion angle) has an interesting effect the maximum at high swirl intensity. The recirculated mass
on L, at different swirl numbers. Whea is 90¢° or 60, with o = 30° is, however, much less than that with any other
L,, continuously decreases with the increase in the swirl o at all swirl numbers considered. The influence of vane
number in the range of 0.4—2.0. However, for smaller values type on the recirculated mass is somewhat more interesting
of «, like 45° or 3, L,, decreases with increase in swirl (Fig. 12(b)). Though the size of the recirculation zone and
number up to certain point, beyond whidh, remains its position are not very different with either the straight or
constant with further increase in the swirl number. The helicoidal vanes, the recirculated mass with the helicoidal
critical swirl number, beyond whicli,, does not change, vane swirler is always less than that with the straight vane
is less fora = 30° than for 45. This may be attributed  swirler for the same swirl number. The difference is low at
to the same reason as described earlier for the variation ofvery small swirl number{ = 0.4), but continues to increase
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Fig. 12. (a) Variation of recirculated mass within the central recirculation
zone with inlet swirl number for diffrent side wall expansion angle and
straight vane swirler generator; (b) Variation of recirculated mass within
the central recirculation zone with inlet swirl number for different swirl
generator vane type and side wall expansion angt90°.
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as the swirl number increases and is more than 45% for

S = 2.0. Thisis an interesting difference in the effect of vane
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the mean axial and tangential velocity distributions near
the inlet.

e The length of the central recirculation zone increases
with swirl number for all the geometries studied. How-
ever, in a dump combustor, the length can be even three
times or more at sufficiently high swirl numbers. Such
a long recirculation has not been observed when the
side wall expansion angle is reduced. The length of the
central recirculation zone does not change with the use
of helicoidal vane geometry compared to that with the
straight vane geometry, unless the swirl number is very
large.

e The axial position of the maximum width from the
inlet section decreases as the swirl number is increased.
However, when the side wall expansion angle is reduced
to 45°, this does not change beyond a swirl number of
1.0. With further reduction in the side expansion angle
to 3C°, the maximum width position does not change
even beyond a swirl number of 0.6. The axial position
of the maximum width is almost always a little closer
to the inlet with the helicoidal vane swirler than with the
straight vane swirler. The difference somewhat increases
with an increase in swirl number.

e The strength of the central recirculation increases as
the swirl number increases, and more mass is found to
circulate in the recirculation bubble. At a very high inlet
swirl number, an optimum side expansion angle may be
observed for which the strength of the recirculation is
the maximum. When the side expansion angle is very
low, the recirculation strength is found to be less at all
swirl numbers. With the helicoidal vane at the inlet, the
central recirculation is always less in strength than with
the straight vane swirler.

type on the recirculation bubble, which may be of interestto References

the designers.

4. Conclusions

The present work has studied the isothermal turbulent
swirling flow in an axi-symmetric combustor and observed
the effects of side wall expansion angle of the inlet diffuser
section and the vane type of the inlet swirler on the flow
pattern and central recirculation bubble for a wide range
of swirl numbers. The following conclusions can be drawn
after the detailed analysis:

e The variations in the side wall expansion angle and the
type of vane modifies the flow pattern in the combustor
only at high swirl numbers and then near the inlet of
the combustor. The influenod either of these variables
at low swirl numbers is almost negligible. These can be
concluded from the overall streamline pattern and from
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