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Velocity Distribution in the Anrnuli of a Plane
Reverse-Flow Combustor Model
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ABSTRACT

This paper reports the Ycloc’ity profiles and flow distribution in the annuli of a plane reverse-flow
gas turbine combustor model. Based on these, flow-split through different liner holes and swirlers has
been cstimated. It is seen that percentage flow-split through the outer liner surface holes, compared to
that through liner dome and inner liner surface holes, is not affected significantly by increase in the

inlet flow velocity.

NOMENCLATURE !

Re Reynolds number '

t Annular passage height at the plane of
measurement

Ux Axial‘velocity i
Uavi Mean inletyvelocity
Uy Transl'erse 'velocity

z Measurement location from the liner \
)
surfaf:e ' l ’
v Kinematic viscosity f \

1. INTRODUCTION ;

Annular reverse-flow combus}tors are widely
used' inismall Jas turbine engines. Simple
methodoldgy of sub-component investigation to
map and ahalyse flow in gas turbine combustors has
been in practice due ta their complex geometry.
Various investigationsy pertaining to straight-
through cbmbustors are available in literature??,
but the rcpu’r!cd studies on reverse-flow combustors
are limited. The results of straight-through
combustors also do n‘)t correlate fully inth the
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reverse-flow designs due to basic difference in the
two geometries.

Studies reported on reverse-flow combustors
pertain to the behaviour of primary and dilution jets
in the combustor liner and the turn section®'*. Flow
characteristics in a liner are dependent on the flow
characteristics in the surrounding annuli'.
Literature studies indicate lack of detailed
investigations in the annuli of these combustors.
Flow characteristics in the outer annulus of a 120
sector model of a reverse-flow combustor along
with the flow-splits through the outer liner surface
holes have been reported by Bharqni‘s, et al. Flow
prediction in the annuli of a reverse-flow combustor
has also been attemp‘ted by Mohan'®, er al. to
establish flow-splits through linnmzmnt liner holes.
The present study reports ay experimental
investigation on the flow charalteristics in the
annuli of a plane reverse-tlow c‘nnlmslur model
under isothermal conditions. Flow-split through
different liner holes has also been evaluated.
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1. COMBU.‘;}T()R MODEL

The plane model of a reverse-flow combustor
is made up of transparent plexiplass having a span
of 300 mm. l"i{,'_urc 1 shows two views of the model
along with the locations fpr measurements at cach
axial plane, and Table 1 gives its critical geometric
details. Air from settling chamber enters the inlet
annular passaée (12 mm height, plane A), which
feeds the outer annulus via a converging passage.
The outer annular passage extends around the liner
dome and joins the inner annular passage.

The outer and inner liner surfaces have one row
each of plunged dilution holes and plain primary
holes with a pitch-to-diamcter ratio of 4.6 and 9.3,
respectively. The dilution holes are in line!with the
primary holes and are placed just below one another
on the two surfaces. The liner dome has two rows of
plain cooling holes, one each -at the outer and the
inner turn, having their axis at 45° wrt to the liner
axis. Three swirlers with six curved vanes each are
provided in the liner dome head symmetrically
placed along the liner mid-plane (x-axis). These
swirlers have concentrically fitted fuel pipe. The
plane model has most of the complexities of a
reverse-flow combustor and still provideé easy
access to inside passages for measurements. The
model has not been provided with the turn section
and cooling holes on the liner surfaces. The cooling

Table 1. Geometric details of the plane reverse-flow combustor

"model

Parameter o Value
Height of the inlet passage (mm) 12 000
Height of the outer annular passage (mm)
- at plane B " 8.500
- at plane C (I 8.500
- at plane D 7.500
Height of the inner annular passagé (mm)
- at plane E 10.500
- at plane F | 11.500
Diameter of the dilution holes (mm) 6.000

!

Diameter of the primary holes (mm) 3.000
Pitch of the dilution and the primary holes (mm)  28.000
Diameter of the liner dome cooling holes (mm) 1.000
Pitch of the liner dome cooling holes (mm) 4,000
Swirl number 0.875
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Figure 1. (a) Planc model of reverse-flow combustor and
(b) Three-hole Rrobe.

holes on the liner surfac?s in prototype are splash
cooling holes, which spread the flow parallel to the
liner surfaces. The arount of flow-split through
these holes is negligible and he}nce, has not been
provided in the plane model. The fuel flow through
the fuel pipe has also not bekn simulated in this
study as this does not influence the flow
characteristics in the annuli.

3. EXPERIMENTAL SETUP

Figure 2 shows the ‘schematic layout of the
experimental setup. Air from the atmosphere was
fed to the combustor model by a sipgle-stage
centrifugal blower via a rectangular diffuser, a
settling chamber and a contrattion. To avoid
vibrations to be transmitted to the setup, a flexible
coupling was used to, connect the blgwer outlet to
the diffuser ‘inlet. A 105 mm straight duct was
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Figure 2. Schematic layout of experimental setup

attached between thie exit of the contraction and
inlet of the plang model to have settled flow.
Measurements of velocity in the annuli were taken
at five planes along the axial direction as shown in
Fig.1(a) for mean inlet velocities of 11.8 m/s
(Re =0.95 x10*) and 17.7'm/s (Re = 1.42 x10%) due
to limitation of the blower. At each plane, seven
measurement locations (only plane Al has six)
symmetrically placed along the midtplane (x-axis)
were chosen along the tfansverse direction (y-axis).,
Measurements were takén with a calibrated
miniature three-hole "probe using null technique.
Figure 1(b) shows the sensing head of the miniature
three-hole probe. Three stainless steel tybes
(OD = 1.0 mm, ID = 0.5 mm) were:with sensing
head bent at right angle to the stem. The .sens'ing
head of the central tube was perpendicular to its
stem axis with two side tubgs chamfered at 45° with
the central tube axis. Care was taken to clean off
burrs from the sensing heads of all the three tubes.
The length ofjthe sensing head perpendicular to the
main stem wds kept small. The maximum blockage
based on thg dimensions of this ptobe and flow
passage was of the order of 0.14 Fer cent. Two

i
Table 2. Estimated uncertainty in the dxperiments

Quanuy, L Uncertainty
Mean velocu¥ (m/s) Below § +1.5%
] Above § + 0.5 %
Bglow § l +2.0%
Above 5 +02 %
Angle | ! +0.5¢

Debro micromanometers (least count of 0.01 mm)
were used to measure the differential pressure
sensed by the probe. The estimated uncertainty in
the measurements based on the least count of the
instruments used is given in Table 2. At each
traverse location, both the velocity and the flow
angle were measured. Axial and transverse
velocities were evaluated using measured the flow
angles. These velocity components have been
presented in normalised form in Figs 3 to 10.

4. RESULTS & DISCUSSION

Results for the lower inlet velocity
(Uavi = 11.8 m/s) are presented in Figs 3 to 6, and
for the higher inlet velocity (Uavi = 17.7 m/s) in
Figs 7 to 10. Figures 3(a) and 3(b) show the axial
and transverse' velocity profiles obtained at six
locations at plane A. They are found akin to an
annulus flow with higher velocity near the inner
wall, as;shown in Fig. 3 (a). Transverse velocity at
this plane is nearly zero [Fig. 3 (b)]. The transverse
velocities at planes B, C and D were also found
close to zero and hence have not been presented.

Figure 4 presents the axial velocity distribution
at plances B, C and D. Axial velocitics at planc B
depict nearly the same nature, as those at inlet plane
A, eicept increase in magnitude due: to reduction in
the passage height. Axial velocities at plane C
[Fig. 4(b)] show two distinct velocity profiles.
These profiles at C2, C4 and C6 are highly skewed
fowards the outer casing wall, whé"cns at CI, C3,
CS5 and C7, they are akin to an annulys profile, with
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Figure 3. Velocity profiles at inlet plane A (Uavi = 11.80 m/s)
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Figure 4. Axial velocity profiles in outer annular passage (Uavi -—;- 11.80 m/s) (a) plane B, (b) plane C, and (c) plane D

lower magnitudes. The skewed nature of profiles
can be due to the presence of downstream primary
holes for C2, C4 and C6 locations. The fall in
velocity magmtude at this plane is due to the' large
flow-split which'occurs at the upstream dilution
holes. !

Axial velocity profiles at plane D, immediately
downstream the outer primary holes, have a nature
similar to that of the velocity profiles at plane C, as
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shown in Fig. 4(c) with further fall in the rhagnitude
due to additional ﬂoJ_/-split at tge outer primary
holes. Figures 5(a) arld 5(b) present the velocity
profiles in the inner annular passage, jEst before the
row of inner primary holes (plane E), after the flow
turns around the liner dome. The flow-split through
the swirlers and the cooling hole5 in the liner dome
results in further reduction in axia) velocity. The
velocity distribution at each measurement location

is skewed towards the i?ner casing wall due to the
Y
1
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bulk flow being deﬂectn%d outwards with the 180°
turn at the liner dome. Measuremgnts were not
possible at E3, E4 and E5, ctlose to the liner surface
due to wake oﬂl the upstreaml middle s‘wir]er body

£1
aES

' 4

1.2}

1.0 \

'

0.8 | |
3 | ‘
3 0.6 .

.
S N
* : h o &
“*1. + f 2o g b
\ o & © E o o
O 4]
0.2 4 & .+, ¢ &
i ’ ’
0 — . ——t
0 02 0.4 0.6 0.8
z/t

(a) AXIAL VELOUTY

and fuel pipe. Velocity magnitudes at E1 and E7 are
the least affected by the wake. The difference in
velocity magnitudes at all locations is due to their
relative positions vis-a-vis the inner primary holes
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Figure 5. Velocity profiles in in‘ner annular passage, at plane E (Uavi = 11.80 m/s) (a) axial velocity and (b) transverse velocity
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and the swirler body. Figure 5(b) indidates
negligible transverse velocity ‘near the liner wall
which increases linearly towards the inner casing
wall. This could be duc to interference of the bulk
flow with the wake of the middle swirler body and
fuel pipe.

Velocity profiles at plane F [Figs 6(a) and 6(b)]
show that the velocity profiles at locations F1 and
F7 are more or less akin to an annulus profile.
Velocity proﬁles‘ are nearly uniform at F2 and F6
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locations which are in line with the downstream

dijution holes. Measurements at' F3, F4 and F5
locations wgre not possible below z/t 04.
Transverse velocities gt this plane;are of small
magnitudes. The magnitudes near the liner wall are
nearly zero and'increase slightly towards the inner
casing wall. ?‘

Measurements at higher inlet velbcity show
that the velocity profiles in the outer annular
passage (plane A, B, C and D) are nearly identical

{
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to the velocity pl‘Oﬁl(;:S seen at the lower inlet
velocity. The major pffect of the higher inlet
velocity Was seen in the inner annular passage. It
was obseryed that the wake due to swirler body and
the fuel pipeline vaniihed and measurements were
possible at all the loca&ions of planes E and F. This
might be due to higher f?uid velodity in the outer

(]

annulus which pushed the fluid core to move
towards the casing wall as the flyid turned around
the upper corner of the liner dome). The flow, while
turning around the liner dome, moved along the
casing wall and hence filled the inner annular
passage fully [Fig.10(a)]. This is also reflected in
the flow-split through the liner dome and the inner
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Figure 9. Velocity:' profiles in inner annular passage, at plane E (Uavi = 17.70'm/s) (a) axial velocity and (b) transverse velocity
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annulus. Transverse velocities at thig plane
[Fig.10(b)] show random behaviour around the zero
value, but are nearly uniform across the
measurement span. {

Based on the velocity profiles taken at each
location at different measurement planes, average
mass flow rates were calculated using software
package ‘Surfer’ by choosing a grid of 25 x 25 for
each plane of measurement. The continuity of the
flow both at the inlet and the outlet was checked for
each case and was found to match within + 1.5 per
cent. Table 3 gives the percentage flow-split at
dilution and primary holes in the outer and inner
liner surfaces and swirlers. It is seen that approx. 42
to 45 per cent of the flow enters the liner through the
outer dilution holes. Another 3 to 5 per cent of the
flow goes through the outer primary holes. These
flow-splits are in good agreement with the results
predicted . '

From Table 3, it is also seen that flow-split
amongst the swirler, inner primary and dilution
holes is affected by the inlet velocity. At the lower
inlet velocity (Re = 0.95 x10%), a large amount of
the flow (33 per cent) goes through the cooling
holes in the liner dome and thé swirlers, while only
9.2 per cent and 13 per cent goes through the inner
primary and dilution holes, respectively. At higher
inlet velocity (Re = 1.42 x10*), share for the
swirlers and the liner dome cooling holes reduces
to about 18.3 per cént and the flow-split through the
inner primary and dilution holes increases to 8 per
cent and 24 per cent, respectively. This change in
the flow-split through the swirlers and inner
dilution holes can be explained on the basis of
velocity profiles which are uniformly distributed in
the inner annular passage for the higher inlet
velocity.

5. CONCLUSIONS

The followinig conclusions can be drawn based
on the present stidy:

{
®  Velocity measyrement in the annuli of the plane
reverse-flow model combustor shows flow to be
nearly axial at each plane of measurement in the
outer annular passage. ‘

\
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\ .
Table 3. Flow-split through different holes of the outer and the

inner liner surfaces . '

—l;iner surface ' Tybe of

Mean inlet uf-’ércentaAg‘e"“
velocity (m/s) holes flow-split of
. ' inlet flow
11.8 Outer surface Dilution 42.1
Primary 3.0
Liner dome  Cooling holes 327
& swirlers
Inner sbirface | Dilution 13.0
[
Pn‘mary 9.2
17.7 Outer surface' Dilution 44.8
\ Primary 4.6
Liner dom? Cooling holes 18.3
i & swirlers
Inner surface lbilution 242
. Primary : 8.1
—_ 7

®  Due to the geometrical aesign} of the combustor,
the flow-splits through the oyter and inner annular
passages are different. About 45 to 49 per cent of
the flow passes into the liner through the outer
dilution and primary holes. The increase in the
inlet velocity has no'appreciable change in the
flow pattern except for at increase of nearly 4 per
cent in the total flow-split from outer annulus
passage to the ljner.

—

The flow-split in the inner annular passage and
the liner dome gets pffected by tpe inlet velocity.
At lower inlet velocity, significant portion of the
flow passes through the swirlers and dome
cooling holes (about 33 per cent), While for the
higher inldt velocity, large portion of the flow
goes through the inner dilutiop holes (about 24
per cent).
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