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ABSTRACT

In thepresent artile, rumerical analysis has beperformed on a dump diffusemodel| to study the effect of
sidewall expansion angléSWA), on its performance asets. SWA has been varied from 90° to 1° and
performance has been evaluated in teohsnajor influencing aspectdt is observed that, &WA of
magnitudesgreater than 11°, thers ino significant change in the performancet BUSWA below 11°,
significant changesvhich enhacethe performance arebservedlt is noticedthat at SWA in range, from
3.57¢° to 87 higherstaticpressure recoverfalmostfrom 25 to33% of inlet dynamic pressur&appens inte
dump and annular regionSWA of magnitudes less than 1haveresulted in smaller, low densad higher
intense recirculation zoneAt the SWA of 3.57°, static pressure recovered is maximum and total pressure
lost is minimum.But that SWAcauses too much delay pressure stabilization ahe liner wall. However,
SWA of magnitudedess than 3.57have resulted itomparativelypoor performance. Eventuallgidewall
angle in the range from 5° @ is found to be optimum asyields higherstaticpressure recary and low
total pressuredlss. This range also resultsdarly stabilization opressuréoth on the liner and casing walls.

Keywords: Sidewall Angle Corner recirculation zoneConverging and diverging are&tatic pressure
recovery Total pressure loss.

NOMENCLATURE
AR area ratio
Cp static pressure recovery coefficient drp pre-diffuser Angle (degrees)
(dimensionless) dsw sidewall Angle (degrees)
De dump gap U turbulent energy dissipation rate
DL liner diameter H dynamic viscosity
Dc casing diameter 3 kinematic viscosity
hy inlet diameter " fluid density
hz outlet diameter & total pressure loss coefficient
k turbulent kinetic energy (dimensionless)
L inlet length
Lrre pre-diffuser length (m) Subscripts
Ls settling length i ] denotes the indices of tensorial notation
Lv vertical sidewall length 1 represents any parameter at inlet section
a mass flow rate 2 represents any parameter at outlet section
P static pressure
P total pressure Superscripts
] inlet Mean velocity * denotes nosdimensional quantities

\% mean velocity at any location denotes masweighted mean value
ohw cartesian coordinates
Po-in inlet dynamic pressure
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1. INTRODUCTION

In gas turbine engines, air from compressor

approaches combustor at speeds of range- 130

170m/s.At those conditions, flow Mach number is
less than 0.33, this allows the flow to é@nsidered
as an incompressible floiHowever, & such high
speeds,maintaining a stable flame is practically
impossible. So, a diffuser is installed next to the
compressor exit, in order to decelerate thavfto
lower speedsand ensure stable and efficie
combustion.During the flow througha diffuser
static pressure rises antbtal pressure loss
considerably So, an efficient diffuser must cause
minimum total pressure loss along with higher static
pressure rise. Figure 1 represents the two
commercidly used diffusers. Fig 1a) represents
the faired diffuser and Fig. 1b) represents the
dump diffuserFigure 1 isconsidered from the work
of Fishendenand Steveng1977) Faired diffuser
deceleratethe flow by the phenomerof solid wall
expansion in three regions, which include annular
divergence and central divergence of the flow.
Though, the faired diffuser is associated with less
loss in total pressure but occupies larger lengtis
sensitive to compressor outlet ciitions,

manufacturing tolerances of the annular area and

local thermal distortions due to combustion.
Modern high bypass ratio aircraft engines are
associated with smaller annular gaps. 8detter
alternativefor these modern engines is the dump
diffuser, which is of shorter lengthand insensitive

to all the factors mentioned aboveump diffuser
consists of a pediffuser section, where stat
pressure increases mostly.hen the fluid is
dumped into a region formed between tki plane

of the prediffuser andthe blunt dome face of the
combustor.This regionis referred to as the dump
region. As the flow expands suddenly, a corner
recirculation zone (CRZ) is formenh the dump
region. CRZ is reérred to as stationary vortex in
Fig. 1. Area variationoccurring between the free
surface of this CRZ ad the dome wall is
converging andliverging (CDA) in nature. In the
diverging region of this CDAvariation the flow
undergoes free surface diffusionto the annular
region which is formed between the casing wall
and the liner wall This process allowshe dump
diffuser, for being irsensitive tocompressor exit
conditions, manufacturing tolerances and thermal
distortions in the lanular areaThe size of th€RZ
formed in the dump diffserincludes both the axial
and radial extension of it. It is understood that radial
and axial extensiaof the CRZ are dependent on

penetratbn and specified flow through these holes.
This affects the combustion reaction and the
combustor outlet temperature distributidxs fluid

is diffused suddenly into the dump region, the
lossesassociatedwith dump diffusers are higher
than that of fairedliffusers.In dump diffusersthe
total pressure lossccurs in the préliffuser, dump
and annular regions. These losses which occur
without any reaction and just by the fluid dynamic
phenomena are termed as cold losses. While those
occurring after the cobustion reaction, are the hot
losses. It has been experimentally proven and
known from the study on literature that, cold losses
are much higher than hot loss¢€ohen et al
(2017). These cold losses contribute a lot to the
static and total pressure loss in the combustor.
These losses eventually letmthe thrust reduction

of the aircraft. This is the reason, because of which
much research has been going on -neacting
isothermal flow conditions in a combustoom the

last fewdecades.
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Fig. 1. Diffuser Types Faired Diffuser (b) Dump
Diffuser (Fishenden and Stevens (1977)).

Dump diffuser has been considered for the study
because of its relative advantages over the faired
diffuser. One of which is being independent to the
inlet velocity profile. The aspect mentioned above
has been studied and concludedBigglow (1971).

He has performed an experimental investigation on
two diffuser models, which are a simple wiaegle
diffuser and a dump diffuser. He has studied the
exit temperature profile for two models, for
different inlet veleity profiles. He has finalized
that dump diffuser is almost insensitive to the inlet
velocity changes. Many works have been carried
out on the dump diffuser by considering different
geometric and flow parameteiSome of the arlier
works that are done ora dump diffuser model
include the works donby Fishenden and Stevens

two flow aspects. The radial extension of the CRZ (1977) and Koutmos and McGuirk (1989).
depends on the nature of geometrical area (GA)gishenden and Stevens (19T8ve experimentally

variation occurring athie prediffuser exit. While
the axial extension of CRZ is dependent on the
nature of CDA variation occurring between the free
surface of CRZ and the dome walHowever,
during the flow throughthe annular regionthere
areprimary, secondary and dilution holdsng the
liner wall. It is through these holes, thdluid
dischargednto the combustion chamber. Both the
total pressure, the static pressufahe fluid along
the liner should be higher, to ensure proper

studied theeffect of dump gapmass flow split
between inner, outer annuli on a simple sudden
expansion type dump diffuser. Their main
conclusion is that static pressure rises mostly in the
pre-diffuser. While most of the total pressure loss
occurs in the dump and tdng length region.
Koutmos and McGuirk (1989)have made a
numerical study using finite difference formulation
for turbulent isothermal flow in a model, same as
Fishenden and Stevens (1977)lhey hae
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considered experimental results Bishendenand hawe compared the results obtained by using
Steveng1977)till the prediffuser part and mainly  different  turbulence closure models with
concentrated on the dump and annular regions toexperimental results. They have reported that the
study the effect of dump gap and mass flow split. Reynolds stress model is in better agreement with
They have noticed thadt the dump gap of 1.0, experimental results. The abenentioned stdy
static pressure recovery coefficient p{Ccurve has initiated the thoughof using the Reynolds
descendsvith respect to théncrease irflow spilit, stressmodel for the present workturther study
after reaching anaximum valueBut at a dump gap regarding the turbulence closure model to be used
of 1.5, it remains almost flawith respect to the in the present study is discussed in the later
increase in flow spljtafter reaching a maximum sections. Das and Chakrabarti(2015 have
value Those conclusions of the above works have numerically aalyzed arisothermal laminar flow in
initiated the motivation in the authors to increase a conventional can type combustor. They have
the static pressure recovery in the dump, annularstudied the effect of Reynolds number, aspect ratio,
regions and thereby reduce the total pressusdos central restriction area percentagspect ratipand
those regions. Conclusions ottabove works have a fence with a fixed angle on the flow field and
alsohelped the authors to finalize the dump gap thataxial velocity pofiles of the combustor. They have
needs to be considered for the present stRdpim observed that CRZ size increases with an increase
et al (2002) have carried outan experimental in Reynolds number, percentage central restriction
investigationon the effect of dump gap, inlet swirl and aspect ratio. This study has motivated the
onthe casing and liner wall pressure distribution of authors to study the axial velocity profiles at
a can type combustor model. They have concludeddifferent axial location in the present worko get a
that reattachment lengtts proportional to dump  better understanding of the flow fieldas and
gap and dump gdpas no influence on the liner wall Chakrabarti{2016)have numerically analyzed a 2D
pressure distribution. They have mentioned thelaminar flow in a dump combustor. They have
importart requirements of the liner wall and casing studied the effect of Reynolds number, aspect ratio,
wall pressure distribution§&hoseet al (2016)have central restriction ar@ percentage along with
studied numericallythe effect of praiffuser angle  differentmagnitudesf suction at the corner above
(PDA) on the liner wall and casing wall pressure the throat sectigron pressure characteristicstbe
variation, with and withouinlet swirl. They have  combustor They have concluded théite magnitude
considered 4 pediffuser angles which are 0°, 12°, of static pressure rise after throat section of the
27°, and 50°. Their results conclude thab C combustor increases with increase in Reynolds
becomes almost constant f&/DA in the range number, central restriction area percentage. This
between 15° and 18°. The conclusions of the abovework has motivated the autt®to study the total
works have motivated the authors todstuhe liner pressurevariationalong the liner wall in the present
and casing wall pressure distributions along with study. Regarding the sidewall angle (SWA), much
flow field studyin the present workAlong with work hasnot been done on analyzing itemplete
this, the work of Ghoseet al. (2016) has given an  effect on the performance dump diffuser. Sarkar
idea of the rangein which PDA for the present et al. (2004) have made a numerical study of
work is to be corsidered. Anothergeometrical isothermal swirling flow in a conventional can type
parameter whichhas a significant effect on the combustor, by applyingthe® t ur bul ence
performance of dump diffusersithe dome head model. They have studied the effect of sidewall
shape.Rahim et al. (2007) have performed an expansion angle on the flow pattern, by varying it
experimental study, to find the effect of dofmead  from 90° to 30°. They &ve concluded that, at low
shape on the performance ofcambustormodel| swirl levels, flow patterns are almost uninfluenced
with and without inlet swirl. They have considered by the sidewall expansionangle. Rhode et al
three dome shapes namely hemispherical, vertica(1983) have made experimental as well as
ellipsoidal and horizontal ellipsoidal. Their results numerical analysis on the flow field of the model
have manifested that hemispherical dome shapecombustor, atSWA 90°, 45° for different swirl
yields better values offGnda; for the case with no  anglesalong with no inlet switl They have found
inlet swirl. Ghose et al. (2013) have made a that for nonswirling flows, the effect ofSWA on
numerical study on the effect of dome shape onthe flow field is negligible.Kumar et al. (2007)
liner and casing wall pressure variation. Dome have performed a numerical study on two different
shapes considered by them are theesagRahimet dump diffuser models, both with 12° pdéfuser

al. (2002).Their study also yields better results for angle. One is a simple sudden expansion model,
hemispherical dome shape for the case with no inletwhile the other has SWA of 67.5°. They have
swirl. Conclusions otthe above two studiekave studied pressure distribution on liner, casing walls
motivatedthe authors to consider the hemispherical by varying dump gap and turbulent intensity. They
domehead shapef the present study. Gaurat al haven't notted any advantage for the inclined
(2002) have numerically studied the effect of sidewall. But they have concluded that low dump
annular height on the performance of a model dumpgap with high turbulent intensity gives a remarkable
diffuser. Their results conclude that at an annularimprovement in praliffuser pressure recovery.
area ratio of 2.236, uniform velocity and pressure Kumar et al. (2007), Rhode et al (1983) have

are achiegd along the liner wall. They have considered inclining the sidewall as a typicake.
observed that total pressure loss increasesSo, they have analyzed at a particular SVdAd
proportionally with annular area ratiXu et al. have come up with a conclusion as mentioned
(2015) have performed studies on a model dump above However, Sarkar et al. (2004) have
diffuser, both numerically and experimentally. They considered some tymt SWA magnitudessuch as
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90°, 60°, 45°, and 30°. The probable reason behindLpre=0.054m, =0.0762m. For proper
not considering lowemagnitudes oSWA by them stabilization of the flow, ND settling length $thz)
may be explained as follvs. They haveonsidered is considered as 6.3%Dc is considered to be
only swirling flow analysis on a conventional 0.1524m, based on the conclusionsGofuravet al.
combustor. In a swirlinlow, mostof theflow is in (2002)andKlein (1995).Higher values of it allow
the radial and tangential directions. For this type of for sufficient change in the SWA and also results in
flow in a can type combustor, provision of lower higher pressuresn the amular region Vertical
magnitudes oSWA may reduce the volume of the sidewall length (L) is considered as 0.015m, for all
combustion chamber and also redudhks axial the cases except f@WA of magnituded.°® and 2°.
diffusion of the flow. Therefore,they might have It has been fixed so, in order to vary SWA to much
analyzedat only higher magnitudes o8WA. It is lower magnitudes

clear from the above studies thatall the works

that are donéy considering SWA as variable,

they have only taken specifimagnitudes oSWA. Side Wl Ange Air Casing Outet
But no work has been dortédl date, to study the ) ' /
effect of SWA by varying it from higher to much il ;

lower magnitudesThis has motivated the authors to Annular Redio
study the effectof various sidewall angles, from

higher to lower magnitudesn the performance of e Ly W D2
a nonswirling, 2D turbulent isothermalflow ' P e
through a dump diffuser and finally come up with a |, G Regon ) DIl
narrow range of SWA whh yields optimum ! l ow Do
performancern terms of required aspects. L ‘ T B . %" hisof Symmety
¢ , |

2. MATHEMATICAL FORMULATION Fig. 2. Computational domain of present study.

2.1. Computational Domain In the present study, SWAnagnitudehas been

. . varied from 90° to 20° at a step of 10° and from 15°
The computational domaihat has beenonsidered to 1° at a step of 1°, faa detailed analysisSWA

for the pr_esent_study is shovx_/n ﬁg' 2. The 3.57° is the extreme case, where there &
importantdimensions of the configuratiomeataken ) in1ous divergencen the 'ﬂow path until the
as fOHO.WS Area ratio (AR) (b*/h’) is 1'4_6' Non outlet, as sbwn in Hg. 5(e). For further lower
dimensional (ND) entrance length (LJhis 1_.85. angles such asl1°and 2°, b has been varied
ND dump gap Dc/hz, affects the flow field accordingly '

immensely. If it is too high, static pressure '
recovered in thepre-diffuser is lessWhile too less  2.2. Numerical Methodology

value of it causes Igher magnitudes of flow i i L . )
turning whichleadsto total pressw loss.Fromthe Nutmerlcal sgrllaulatlog Iln ﬂ_]l_?] present Stugyt'f' Ear:'ﬁd
work of Fishendenand Stevens(1977) it is ~ OUt On a 2D model. The reason behind this
obseved that loss coefficientsiminimum, in the con|5|d_era_1t|on 1S aj f°”t°‘]f"s' In th_el'presf:audytl the
dump gap range dfom 1.0 to1.5, fora modelwith analysis IS carrned out for neswirling flow. in a
AR=2.?1 pL,hlillg_ Along with the aspects nonswirling flow, there are no gradients of any
mention'ed abovethe conclusions of the works of Parameters in the tangential direction and the flow
Rahimet al (2002) and Kumar et al. (2007)have 'S syr_gmetrlgDaboué tPfe axt!s. So, itis ap;r;\)/lprlzﬁe to
been considered to finalize the ND dump gap valuec‘)n?I era b mo _g 0& tf e present ZBD ' ;5_

of 1.16 in the present workPrediffuser angle  configuration considered for present 2D aseiys

(PDA) causes much of the static pressure recoverySnoWn in the Fig 3(afig. 3(b) and Fig. 3(c)The
Too higher values of it leat flow separation oits considered flow domain has been meshed with a

wall, as per the results @hoseet al (2016) At minimum element size of 0.3mm. Inflation has been
Iowér magnitudes of PDAuch as12°, 18°, from applied at all the walls, which grows smoothly at a
Klein (1995) it is clear that losses at 18° arigher ~ ate of 1.1 for 8 layerdn all cases, the numbecs
than those at 12°.He resultsof Xu et al (2019 mesh elementgmesh no.)are consideredin the
also show evidential flow separatioon the pre ~ angefrom 110000 to 140000, basesh e mesh
diffuser wall, for a diffuser with 18° included PDA.  independency as shown in Fi§(d) and Fig. 3(e
Klein et al (1974)has proposed thaotal pressure  19- 3d) and Fig.3(€) represent the variation of-C
loss associated is lower ardmost constantfor ~ & N dwitherespect tanesh norespectively for two

PDA of magnitudesvithin 12.5°. Basean all these ~ SWA magnitudes

conclusions,PDA has beenconsdered to be 12°.  Tyrpylence model that is considered for the closure
Moreover, lowerPDA is required here, in order to  of the problem is the Reynolds stress model (RSM),
vary SWA to very smalmagnitudesDome shape  ijth linear pressure strain and standard wall
dictates the flow turning and acceleoati during function. Date (2005)has mentioned that eddy
free surface diffusion. Based on the conclusions Ofviscosity models are weak to predmtd RSM is
Rahim et al (2007) and Ghose et al. (2013),  more suitable for predicting strong separating flows,
hemispherical dome shape has been considered fofree shear flows and flows involving 2D diffusion.
present work. Other relevant dimensions of the Those phenomena are expected for the flow in
diffuser are taken as,1#0.054m, B=0.06534m,  gomains such as that considered for the present
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work. The reason behind this suitability is tthia
models like kU model ,

Reynolds streses separatelySo, the conceptof

Bo us si neisayopié eddy viscosityniavoided his makes it

is considered. This approximation assumes eddysuitable for the flows in sudden expansion,

viscosity to be isotropic in naturBut, flow in the

diverging pasageslike the flow in considered

considered model exhibits higher anisotropy in the model The theoretical aspects meanted above

properties.
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Fig. 3. Mesh configuration and Mesh
independency results (a) Mesh configuration in
dump region, (b) Mesh configuration in annular

region, (¢) Mesh configuration in prediffuser
region (d) Variation of Cp with mesh no. (e)
Variation of

RSM solvesthe transport equations of individual

regarding the RSM are studied from the work of
Clarke et al. (1989). Even Xu.et al. (2015) has
reported that the results dRSM ae in better
agreement with experimental results than othe
eddy viscosity modelsThe theoretical benefitf
RSM arealsobeenstated inGaneshart al (2007.
Governing equationsonsidered andolved inRSM
are given belowEquation(1) and Eq. (2)are the
conservative forms of continuity an&eynolds
Averaged Navier Stokes equations respectively.
Equation (3) is the conservation equation of the
turbulent energy dissipation eat ).(EQuation (4) is
the expressionfor turbulent kinetic energy (k)
Equation (5 represents the transport equation of
Reynolds stressomponent
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Here, Pj represents the pdoction term of Reynolds
stress. (ij represents the pressure strain terdx
represents the difsion term of Reynolds stred§ is
the turbulent dissipation ratél i | is the
delta function® Frofro are the spatial coordinates in
"6i6Q directiors respectively 6 o f6 ho are the
velocity fluctuatios in “@@dN  directiors
respectively Vi, Vj, Vk are the nean velocitiesin
"B Qdirectiors respectivelyValues of constants in
the equations are considereds dollows. 6

i pg B pd, psh,

phd pghéd mHh# ™8 # 1. The
abovementioned equations, along with the values of
theconstantsare takerfrom Xia et al.(1998).

Ansys Fluent 15.0softwareis used to solve the

& wi t habowne 8ow figldo For pressuneelocity coupling,

the SIMPLE algorithm (Semimplicit Method for
PressurdLinked Equations) has been employed
with the second order upwind schemé&or
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