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This paper focuses a detailed numerical prediction of non-reacting tlow analysis in a practical 1/3 scaled model gas

turbine afterburner system. The analysis is performed using SIMPLE algorithm in a body-fitted multi-block grid using

ST AR-CD software. The turbulence is simulated using standard k-t: model. The validution of software is carried out in a

afterburner model by comparing axial. radial and circumferential velocities at various axial locations. The agreement

between the prediction and experimental data are quite reasonable. The analysis is extended to the tlow in a practical

afterburner system. The afterburner system consists of an annular diffuser, a complex three-dimensional flame stabilizer, a

liner with chute, screech and cooling rings holes and a convergent nozzle. The wall static pressures are compared with

experimental data obtained from rig results for both core and bypass casing. The agreement between CFO prediction and

experimental data ar~ in close agreement. The predicted length of the re-circulation zone of the lower radial gutter is larger

(2.7 times width of the gutter) than upper radial gutter, which is about 2.3 limes width. This is due to combined effect of

annular diffuser and lower radial gutter. But the length of the re-circulation zone of the annular ring is slightly less than

(0.94 times) the width of the. v-gutter. The effect at' different mass flow rates on the afterburner performance is also

evaluated and it is observed that mass flow rate does not affect the re-circulation zone characteristics. An increase of 20% in

mass flow rate increases the exit nozzle velocity by 35%.

{PC Code: F 150

Many mili tary aircrafts require higher thrust for short

duration during operations such as take-off, climb,

acceleration and combat manoeuvres. Afterburner

provides a light and mechanically simple means of

achieving thrust augmentation, The performance of

the afterburner is governed by internal aerodynamics

and for which proper understanding of the flow

characteristics is essential for arriving at an optimum

design of the afterburner. Low bypass gas turbine

engine afterburner systems are very complex both in

geometry and flow behaviour. A typical afterburner

will have geometrical complexities such as diffuser,

liner with mixing holes along its length and v-gutters.

The liner will have different types of orifices for

reasons like increasing the level of oxygen of the core

flow, for sup.pressing the noise level and for cooling

the liner itself. In a bypass engine, the two streams of

different pressures and temperatures are mixed

through the holes of liner. The v-gutter. placed in the

Core flow to anchor the flame, will create turbulence

in the mixed flow and also provide conducive

environment for flame stabilization.

Extensive experimental and numerical studies

behind bluff body flame stabilizers have been carried

out in the past. The experimental work of Fuji et 0 1 .
1
,",

Taylor and Whitelaw', Yang et at.'" provided a

comprehensive review on flow of behind bluff bodies

and provided some useful data to validate numerical

solutions. However, they were restricted to simple

bluff bodies like cone, disk wedge and single v-gutter.

Issac et al.' and Ravichandran" studied the flow

behaviour of complex three-dimensional flame

stabilizers. Many researchersT investigated

numerically the flow behind the simple bluff bodies.

Recently, Raffoul et aZ.IO conducted an experimental

and numerical investigation to study the turbulent

velocities and stresses behind a two-dimensional bluff

body.

In this paper, computational fluid dynamics (CFD)

study of the three-dimensional non-reacting flow field

in an afterburner is carried out. The numerical tool

used for the CFD analysis is the STAR-CD

software I I. The validation of the code is carried out

with experimental data of Ravichandran" in a model

afterburner, The flow analysis is then extended to

study the flow behaviour in a practical afterburner

system. The effect of different mass flow rates on tbe

afterburner performance has been evaluated.
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Geometry and Computational Details

Geometry

Fig. la is a schematic of the afterburner considered

for analysis. Hot vitiated core gases from low pressure

turbine enter the annulus of the exhaust diffuser

having nine struts at the inlet and four manifolds and

complex assembly of v-gutters having twelve outer

arms, six inner arms and one annulus ring. Fig. 1b

shows the v-gutter geometry. Cold air enters through

the. bypass duct and mixes with the hot core flow

through chute, screech, and cooling holes located

along the liner that separates the core and bypass

streams. The annulus opening at the end of the liner

permits the rest of the cooling air from the bypass to

flow over the variable area convergent nozzle located

at the end of the jet pipe.

Sector model and grid

Due to symmetry in the geometry, it is sufficient to

model amlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60° sector, which includes two outer v-

gutters and one inner v-gutter. Fig. 2a shows the

sector model of the afterburner along with grid and

Fig. 2b shows the sector model of the v-gutter. The

various sub components, viz., struts, fuel manifolds

and linkages are excluded in the present analysis.

Liner thickness is very small as compared to the

geometry of the afterburner system. So the liner is

assumed to have zero thickness. Since the holes in thesrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I • Jet pipe
I

I Chute

_____ -.1•••1Nozzle 4-
, ,

Screech holes

~I 1; j, -t "-
Bypass I IONMLKJIHGFEDCBA) f ~ ~ ~,

Core! ~..:::

Jet pipe liner

Fig. la- Afterburner geometry

Fig Ib- V-gutter geometry

liner are very small compared to the overall geometry

of the afterburner, porous medium approach is used to

model the chute, screech and cooling ring holes.

Three grids consisting of 210000,330000 and 440000

cells are considered for the grid independence study.

It is seen that 330000 cells were reasonable for the

present model.

Governing Equations
In the present study, the flow in the afterburner

system is assumed to be steady; turbulent and

compressible. The Reynolds-averaged continuity,

momentum and enthalpy equations governing the

three-dimensional turbulent flow can be written in

Cartesian form as follows.

Continuity equation

o
ox [pU;]=O

,
... (1)

Momentum equations

o [ ] op OTXWVUTSRQPONMLKJIHGFEDCBAi j

- pU U =--+-
o X i ; , o X i O X j

where the turbulent shear stress is gi ven by:

... (2)

[
au au·1 ')

T I } = - (J-l + P, ) ax; + aX;' - ~ p k 5 1 }
... (3)

The turbulent viscosity J-lt is obtained by assuming

that it is proportional to the product of turbulent

velocity scale and length scale.

Energy equation

a ( ) a l( aT) ap so,
- p U , h =-, k - + U i - + T I } - . . . ( 4 )

a~ a~ a~ a~ a~

Turbulence model

In the present study, the two-equation (k-£)

turbulence model which is based on the generalized

Boussinesq eddy viscosity concept is employed. This

model employs two partial differential equations to

estimate the turbulent velocity and length scales and

hence is commonly known as two-equation model.

The Reynolds stresses in this model are given by

- [au, au;] 2 _
- p U U .= L l -+- --5pk

'J " a a 3 'J
x ) X i

... (5)
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LINER

CHUTE

BYFASS

V-GUTTER

Fig. 2a -Sector model and grid used for analysis

Table 1 - Inlet conditions

Total Total Turbulence

pressure temperature intensity

(bar) (K) (0/0)

Core 2.907 902 10

Bypass 3.174 374 5

-au
. ·_pu.u.--' -pc
. - , J a

X j

... (7)

l
Fig. 2b- Grid in the v-gutter regio~.

The !--It is the turbulent viscosity that may be related

to the kinetic energy of turbulence ( k ) and its

dissipation rate ( c ) by dimensional analysis. Thus,

f . l , = C , " p k
2 /c ...( 6 )

where C," = 0.09. The two-differential equations,

which govern the transport of turbulent kinetic

energy, k and its dissipation rate, e are given by,

e --au; 2
-C[-pu.u.---C?pc Ik

k I J ax -
J

... (8)

where C1 = 1.44 and C2 = 1.92 are constants in this

model. Moreover the .turbulence Prandtl numbers for

K and e are given by o k = 1.0 and a e = 1.3,

respectively.

Boundary conditions

At . inlet, total pressure, totah, temperature,

turbulence intensity and its scale are specified for

both core and bypass region. The various inlet

conditions used are shown in Table 1. At the outlet, a .

uniformstatic pressure is specified. A wall function

approach is used at all solid walls and v-gutter. The

axis of the 60°-sector model was assigned symmetry



490 INDIANsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ. E G. MATER. SCL, DECEMBER 2005

condition. Cyclic boundary conditions are applied at

0° and 60°-sector.

Results and Discussion

Validation of the code

As a validation exercise of the code STAR-CD,

first computations were carried out in an afterburner

model for which the experimental data is available.

The model afterburner geometry used by

Ravichandran'' is shown in Fig. 3. The model has been

fabricated from Perspex and comprises of a

cylindrical pipe (200 mm bore and 3 mm wall

thickness) and a flame stabilizer of 1 mm thickness.

The flame stabilizer is a single ring v-gutter with

twel ve outer and six inner radial v-gutters and all of

them are of width 12 mm (including 2 mm wall

thickness), included angle of 40° and creating a

blockage of 35%. It is located 50 mm from the test

section entry. The overall Reynolds number based on

the bulk mean velocity at the entry of the test section

and the internal diameter was of the order of 1.3 x 10
5

and mass flow rate of 0.35 kg/s.

As the geometry of the cylindrical portion repeats

itself every 60°, only a single sector of 60° is

considered for the present analysis, which includes

two outer v-gutters and one inner v-gutter. The grids

consisting of 80,000, 150000 and 216000 cells are

considered for the present analysis. It is found that the'

maximum error in axial velocity is less 3% between

150000 and 216000 cells. Hence, the grid of 150000

cells is considered as appropriate, which indicates the

grid independent study for this problem.

The mean axial, radial and tangential velocity

profiles are compared with experimental values of

Ravichandran
6

in the 30° plane (i.e. in the lower v-

gutter along with central ring plane) at various axial

distances of (X = 70. 80, 90. 100, 120 and 240 mm)

Fig. 3- Afterburner model

from the test section ongm. The radial coordinates

have beennon-dimensionalised using the inner radius

of the pipe 100 mm and the velocity normalized using

the bulk mean velocityXWVUTSRQPONMLKJIHGFEDCBAU mlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo• which is the average axial

velocity at the inlet of the test section (9.81 mls).

Fizs 4 a band c show the normalized velocity
b ,

profiles of axial, radial and tangential velocities at 30°

plane. It may be observed from Fig. 4a that in general

the agreement for axial velocity profiles are good.

However, Figs 4b and c show same deviation at X I R =

0.7. It may be noted that X IR = 0.7 is close to the

outlet of the gutter and at this section there will be

vortex shedding and the flow become unstable.

Therefore, capturing accurate data by experimental

means is quite difficult. Hence, there is bound to be

some deviation at this station. However, as could be

seen, at all other stations agreement is quite

sati sfactory.
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Since the flow through the afterburner system is

three-dimensional and highly complex, results at

different sections are presented for clarity and

completeness, Planes at angles 15° and 45° contain

the two radial outer gutters, the plane at 30° houses

the inner radial gutter and other planes contain only

central ring gutter. It is deemed sufficient to restrict

attention to only 8 = 00, 150 and 300 planes as these

characterize the details of three-dimensionality

sufficiently, Fig, 5 shows the different planes of

interest.

Velocity vectors

The velocity vector plot in an axial plane (8 = 0
0

)

is shown in Fig, 6a, The flow in the core region starts

with a velocity of 330XWVUTSRQPONMLKJIHGFEDCBAm 1 s at the entrance and diffuses

to an average velocity of 162 m1s at the end of the

diffuser. It can be seen that the flow diffusion is

without any flow separation either on the inner or on

the outer wall of the diffuser. The flow then enters the

v-gutter zone and forms a re-circulation zone around

~ gutter. The length of the re-circulation zone is

less than (0,94 times) the width of the v-gutter. The

length of re-circulation gives an indication about

the anchoring of the flame, As can be seen flow

G.S {f 0.';

\ \ i lJ "

1;
~ KO -t ..
~ !
c( t

-'

-100 Itm
Axil11 VdOClCy "lll'SJ

IOC,

Fig, 4c- Radial variation of tangential velocity at 30° plane

1
-Pw5·~1=---- E~pL(61

Fig, 6b- Radial variation of axial velocity downstream of the

ring gutter at 8 = 0° plane

Velocity Vectors

(mJs)

539,4
501.1

462,6
424,5
386,2
347,9
309,6
271,3
233,1
194,6
156,5
118,2
79,68
41,58
3,290

Fig, 6a -Velocity vectors at 8 = 0° plane

I, Fig, 5- Sectional view of the model



492yxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINDIANsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ. ENG. MATER. SCI., DECEMBER 2005ONMLKJIHGFEDCBA

V e l o c i t y V e c t o r s

( m / s )

536.9
500.7
462.4
424.2
365.9
347.6
309.4

271.1
232.9
194.6
156.4

116.1
79.69
41.64
3.391

Fig. 7a -Velocity vectors at 8 '" 15° plane
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Fig. 7b- Radial variation of axial velocity downstream of the ring gutter at 8 = 15° plane
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V e l o c i t y V e c t o r sXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 8a -Velocity Vectors near ring gutter at 8 = 30° plane
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Fig. 8b- Radial variation of axial velocity downstream of the

ring gutter at 8 = 30° plane
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Mach Number
1.000

0.9298

0.8596

0.7894

0.7192

0.6489

0.5787

0.5085

0.4383

0.3681

0.2979

0.2277

0.1575

0.8725E-01

Q.1703E-01

Fig. 9 - Mach number distributions at 8 = 0° plane
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2606.

2346.

2087.

1827.

1568.

1308.

1048.

788.9

529.3

269.7

10.08

Fig. 10 -Turbulence kinetic energy distributions at 8 = 0° plane

3.2
6001l--------~--~============~~

Fig. 11- Variation of Mach number, axial velocity and static pressure along the centre line of the ring gutter at 8 = 0° plane



Fig. 8a shows the veloci ty vectors around the lower

radial gutter at esrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 30° plane. In this plane. the

velocity vector is shown only around the v-gutter

region because the flow properties are similar to that

of other two planes. A general observation is that the

axial length re-circulation is larger (2.7 times width of

the gutter) than e == 15° plane. This is due to

combined effect of diffuser and v-gutter. Otherwise

the flow behaviour is similar to 8 = 15° plane. The

flow characteristics behind the v-gutter are shown in

Fig. Sb. which shows the radial variation of the axial

velocity downstream of the v-gutter. The wake

characteristics are similar to 8 = 15° plane except

there is shift to the lower side of the afterburner.

-\.94 I;\DIAN 1. Ei 'G. rvlATER. SCL. DECEVll3ER 2005

accelerates in the lower and upper side of the ring

gutter due to the blockage effect. The flow field

details behind the v-gutter are shown in Fig. 6b in

terms of radial variation of the axial velocity

downstream of the v-gutter. The ring gutter produces

a clear re-circulation zone closely behind the v-gutter

which can be observed atXWVUTSRQPONMLKJIHGFEDCBAX IR = = 1.7-+. The re-

circulation zone (negative velocity) extends radially

frommlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr = 65.3 111111to r == 69.5 111m with the negative

velocity magnitude peaking to a value of -19.07 1 1 1 /s

at r == 6S.3 mm. With further increase in distance, the

width of the re-circulation zone reduces and the flow

from the two trailing edges of the gutter mix up well.

which causes the negati ve veloci ty totally disappear at

X IR = 1.7 8. The flow veloci tv increase downstream of

the v-gutter and further gets accelerated in the nozzle.

The flow in the bypass region starts with a velocity

of 70 m/s at the entrance and accelerates to an average

velocity of l31 m /s clue to reduction in area near the

chutes. The amount of the bypass flow entering into

the core flow through chute is 30.3%. The amount of

the bypass flow entered into the core flow through

screech region is about 28.8%. Further. the bypass

now passes through cooling rings and the amount of

the bypass Ilow entering in the core flow from the

cooling rings is 3.9%. Rest of the mass flow (37'7c,)

after the third cooling ring mixes with the core flow in

the nozzle. The flow accelerates in the nozzle and

exits at a velocity of about 5 - \ .0 m/s.

fig. 7a shows the velocity vectors in the plane

(G = 15°) containing upper radial gutter. The flow

behaviour in the diffuser is similar to that of e = 0°

plane. But the combined effect of both ring and upper

radial gutter produces a large re-circulation zone,

which provides a long shear layer through which

burnt and un-burnt products exchange. The axial

length of the re-circulation region is about 2.3 times

the width of the gutter. The flow field details behind

the v-gutter are shown in Fig. 7 b. which shows the

radial variation of the axial velocity downstream of

the v-gutter. It can be observed from Fig. 7b that there

is a large re-circulation zone in the region between

r == 66.6 to 10-1- 111m with high negative velocity of

-62.7 m/s. This is due to the open portion of the ring

gutter in that region which makes better flame

spreading characteristics when combustion is on.

Although the flow pattern near the v-gutter di ffers. the

nozzle region indicates a similar flow pattern as

0== 0° plane

Mach number distribution

Fig. 9 shows Mach number distribution at 0 == 0°

plane. The core flow diffuses from 0.)\)7 Mach at the

inlet to 0.29 Mach at the end of the diffuser and the

Mach number reaches a value of O.:;() at the lip of the

v-gutter where the blockage is maximum. The Much

number behind the v-gutter is very s'1J:til due to wakes

of v-gutter and then starts increasug from there

towards the nozzle.

The flow in the bypass region enters at a Mach

number of 0.18 and accelerates to a Mach number of

0.33 after the chute region. The Mach number in the

screech region is about 0.26 and is about 0.12 in the

cooling ring regions. The bypass flow (hen mixes with

core flow in the nozzle region and the mixed flow

exits at a Mach number of 1.0. which is a choked

condition. A sirni lar behaviour is observed at e = IS°

plane and 8 = 30° plane expect near the v-gutter.

I
Turbulent kinetic energy distribution

The turbulent kinetic energy at 0 = 0° plane is

shown in Fig. 10. The turbulent kinetic energy

increases rapidly in the downstream of the gutter

resulting in a maximum turbuience kinetic energy in

the region as compared with other regions. The

regions of high turbulence kinetic energy indicate

zones of high mixing and can be expected to be major

zones of combustion. It is observed that there is high

turbulence kinetic energy in the region in the 8:= 15°

and e == 30° plane as compared to the 8 = 0" plane

which will provide large combustion zone region.

Static pressure distribution

Fig. 11 shows the variation of axial velocity, Ill:lch

number and static ores sure along (he axial direction

and at the centre l i~ e of ring sutter (R == 68 111m). It~ ~ .
can be seen that the effect of reduction in velocity In
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the diffuser is compensated by the increase in static

pressure in the diffuser. The static pressure is seen

increasing from 2.35 bar at entrance to 2.723 bar at

end of the diffuser. Then the static pressure is seen

decreasing to a value of 2.5 bar at gutter back surface.

Again in the nozzle the static pressure is seen

reducing as the velocity in that portion increases.

The diffuser static pressure recovery co-efficient

(Cp) of 0.657 and the diffuser efficiency of 93.4% is

obtained from the following relation.

l
f

. C p=actual
Diffuser efficiency = 7] = * 100

C p-ideal
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casing of the afterburner. Reasonably good

agreements are obtained between the CFD analysis

and rig results.

Effect of mass now rate

A parametric study has been carried out by varying

the inlet mass flow rate which represents design and

different off-design conditions of engine operation .

Fig. l3a shows the radial variation of the axial

velocity profile at the end of the exhaust diffuser at

9=300 plane. It can be seen from the Fig. l3a that as

the mass flow rate increases the diffuser exit axial

velocity increases which leads to a an increase in total

pressure loss in the diffuser. Fig. l3b shows the total

pressure ·loss and diffuser efficiency with mass flow

rate. With the increase in mass flow rate from 6.7 kg/s

to 8.38 kg/s, a marginal increase in the diffuser

efficiency is obtained from 91% to 93.4% with

pressure recovery coefficient of 0.64 to 0.657. Hence,

it can be seen that the performance of the diffuser is

satisfactory.

Fig. l3c shows the radial variations of axial

velocity profile just behind the v-gutter at x = 1.76 at

the 9=300 plane. It can be s~n from the Fig. Bc that

there is no change in velocity magnitude in the re-

circulation zone with increasing mass flow rate. This

indicates that the axial length and width of the re-

circulation zone is same with mass flow rate. But

there is an increase in axial velocity in the lower and

upper side of the v-gutter region. The velocity

variation away from the re-circulation zone at a

distance of xlr = 2.66 is shown in Figs 13d and e

shows at the entry of the nozzle. Here a marginal

increase in velocity is obtained with mass flow rate.

::+-------~~
100t--- .,.---.~-/-.--i__~~.)i- - I

6 ~'-I .: IsXWVUTSRQPONMLKJIHGFEDCBA1 . : - ~ ~ '- ,ONMLKJIHGFEDCBA
~ 8 0 - - ' - - ,r'': - :... - ' "' - :..- - - - - f

~ I »--- _---; !
'" i ~ ,~ i

c:r; I '(. \ '\,J---m=838kg/s i

60-t ---",.-- - - '-..r----· m =8.25kgis,:

40 1 - ...)j-'~-~- ~J lJ 1 =:= ::~~~:1.: . 7 I··---m=1.34kglsr~ .,' ---v--·.m=6.70kgls

20 Iii I I - I I I

100 120 140 160 180 200
Axial Velocity (m'$)

Fig. 13a- Radial variation of axial velocity at the diffuser exit

Total pressure loss

The predicted total pressure loss in the core region

up to diffuser end is 1.3~. and is about 4.83% in the

core region from inlet to core end.' The loss in the

bypass region is 6.12%. The actual total pressure loss

in the practical afterburner might be higher than

predicted here due to non-inclusion of struts, fuel

manifolds and li~kages.

Comparison with rig results

The predicted wall static pressures are compared

with experimental data obtained from the rig test. Fig.

12 shows the wall static pressure in the core and outer

r

I
I

i

I
-I -

I

i

I

I

*

X /~

Fig. 12 - Wall static pressure in the core and outer casing
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Fig. 13c -Radial variation of axial velocity at x/r = 1.76

300

Fig. 13f shows radial variation of axial velocity at the

exit of the nozzle. As expected effect of mass flow

rate has reasonable influence over nozzle exit

velocity. An increase of 20% in mass flow rate

increases the exit nozzle velocity by 35%. Also it may

be seen that at the exit the velocity profile is more or

less uniform except in the wall region.

C o n c l u s i o n s

In the present study, a detailed three-dimensional

numerical prediction of non-reacting flows in an

afterburner has been presented. The validation of the

code has been carried out in afterburner model

geometry. The agreements between the predicted and

I

Fig. 13d- Radial variation of axial velocity at x/r = 2.66

Fig. 13e- Radial variation of axial velocity at x/r = 4.08

measured values are reasonably good for the model

afterburner geometry. The study is extended to a

practical afterburner system. The axial re-circulation

length of the lower v-gutter is larger than top v-gutter.

This is due to combined effect of diffuser and lower

v-gutter. The wall static pressures of core casing and

bypass casing are compared with experimental data

obtained from rig results. A close agreement is

obtained. The effect of mass flow rate on diffuser, Y-

gutter and nozzle performance has been analyzed.

With the increase in mass flow rate from 6.7 kg/s to

8.38 kg/s, a marginal increase in the diffuser

efficiency is obtained from 91% to 93.4%. There is no
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Fig. 13f -Radial variation of axial velocity at exit of the nozzle

change in velocity magnitude in the re-circulation

zone with increasing mass flow rate, which indicates

the length of the re-circulation is same. Inlet mass

flow rate influences the nozzle exit velocity.ONMLKJIHGFEDCBA

N o m e n c l a t u r e

Al core inlet area (rrr')

Az area at the end of diffuser (rrr')

Cp pressure recovery coefficitl?t

. h static enthalpy (kl)XWVUTSRQPONMLKJIHGFEDCBA

In mass now rate (kg/s)

p static pressure (pascal)

PI core inlet static pressure (Pascal) ..

Pi diffuser exit total pressure (pascal}

POI core inlet total pressure (Pascal)

r Radial distance (rnm)

Vi component velocity (m/s)

;.

-.!.•• ,

. ,
, I , '
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Xi component of direction

k turbulence kinetic energy (m Z /s 2 )

e turbulent dissipation rate Cm2/s3)

o i} Kronecker-delta

/-1 Molecular viscosity (kg/ms)

(.tell Effective viscosity (kg/ms)

Ii) Stress. tensor

i and j = Indices of the tensorial notation
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