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ABSTRACT

A compressor is a device capable of efficientlynsfarring energy to the fluid medium so that it tendelivered
in large quantities at elevated pressure condit@ompressors have numerous applications ranging focraft and
process industries to household appliances suchefagerators and air conditioners. There are nouertypes of
compressors, each suitable for a particular apicaThe return channel provides the connectioth earries the flow
between two stages of a multistage centrifugal cesgor. These return channel vanes are locatecbetthie two stages
through which the fluid passes from one stage tutar stage in a centrifugal compressor. Its mairction is to rectify
the outlet swirling flow from the former stage witbssible little flow loss before it enters the @iipr of next stage. There
are many complexities involve designing the retchnannel passages, namely; the total pressure taffictent, static
pressure recovery coefficient and uniform bladelilog. The design parameter of a return channehermpérformance of a
multistage centrifugal compressor is studied througimerical investigations. To find an optimum d¢gufation of
compressor with minimization of losses the CFD wsialis performed by changing the design paramétethe present
work a new return channel vane profile is desigaad its performance is evaluated using CFD codeHBNU The
aerodynamic studies include the geometry generadiorthe return channel vanes, meshing, CFD-calicuiat and
performance evaluation. The parameters such alspiasure loss coefficient, static pressure regoeeefficient, vane

load distribution on the return channel passagestadied.
KEYWORDS: Multi Stage Compressor, Return Channel Vane, Flepagation, Divergence Angle
INTRODUCTION

Multistage centrifugal compressors are widely useapplications in the oil and gas fields where poessors are
operated for long periods, and hence their relighid very important. Impellers of multistage comagsors are linked by a
diffuser, cross-over and return channel the mak tf the vane less or vaned diffuser is to tramsfas much as possible
kinetic energy, available at the impeller exitoirstatic pressure rise. The function of the retthannel vanes is to guide
the swirling flow leaving the diffuser to the eyd the subsequent impeller stage with near-zerot islgirls. B.
Balakrishna, S. Venkateswarlu, P. Ravinder Reddlytave studied the flow analysis of an atmosphesntry vehicle
using CFD techniques. K. Srinivasa Reddy, G.V. Randurthy, Dasgupta and Sharma [2] (2010) repogtgrerimental
and numerical studies in the crossover systemtyfiaal centrifugal compressor stage with two difet configurations of
return channel vanes: RCV1, and RCV2. In their wtuthe ensemble of the static components of theribegal
compressor stage, i.e., the crossover bend, caséadairn channel vanes, and the exit L-turn dugtiwas referred to as

the “crossover system”.
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The RCV1 configuration was observed to give beterformance than RCV2. Simon & Rothstein [3] (1983)
conducted experimental investigations on a stat tig with three different geometries of retutragnel vanes. They
reported on the nature of flow through the returarmel vanes and emphasized the need to descelflothwith the aid
of simplified calculation models. In a similar fash, Inoue and Koizumi [4] (1983) conducted expenmtal investigations
on a static test rig and reported the presencecurglary flow in the U-turn and the exit L-turn ts@es. They concluded
that two-dimensional blades are adequate for thewde vanes and that losses in the de-swirl vaaresdue mainly to
separation on the vane surfaces. Lenke and Sinjof2(®0) conducted computational fluid dynamics pJKtudies and
showed that the deceleration of the flow introdueege separations and recirculation, which deez#se efficiency. An
inverse design and optimization of a multistagaalacbmpressor stage comprising a vane less diffusessover bend,

and return channel, was presented by Veress arahbmgssche [6] (2004).

They also studied the impact of vane lean on seamynflows and showed performance improvements with
negative lean. Oh, Engeda and Chung [7] (2005)esbthhe U-bend problem by using the FLUENT solven. iAverse
method to design a circular cascade for the ratbhemnel of a centrifugal turbo machine, whose Ja&ight varies in the
radial direction, was developed by Toyokura, Kantemand Hatta [7] (1986) using a singularity methdthe main
purpose of the return channel design is to rettiéyoutlet swirling flow from the former stage witbssible little flow loss

before it entering the impeller of the next stage.

A numerical study of the U-turn bend in return ahgnsystems for multi stage centrifugal compresseeas
conducted by Oh ET. Al. They have discussed inidita loss mechanisms in the U-turn bend alondnlie effect of
turbulence models on the flow behavior. Aalburg &IT'[7] sought to reduce the diffuser radius ratioté¢r radius/inner
radius) from 1.45 to 1.19 without losses in perfante. Despite the increase in flow turning and d&iglane loading,
optimization of the return channel vane and endsagdve an increase of up to one point in stageieficy across the
operating range. Thygesen [10] has shown that higfiigiencies are possible by extending the swaéthes upstream of
the return bend. Similar experience is reporteditiprovides a way to increase, the overall congwegperformance
without increasing the dimensions. The dependefdtieeosolution on the turbulence model has not meatuated in this
study, but a comprehensive assessment on the catigopuof turbo machinery flows using tke model has been made by
Lakhsminarayana [11]. K. Bala Showry, A.V.S. Ralpr,. P. Ravinder Reddy [12] (2012), have analyzesl miulti-
dimensional modeling of direct injection diesel egand their effects of split injection, and B.l&8aishna, P. Sri
Seshavani, P. Ravinder Reddy [12] (2013) used #i@ téchniques for the studies on the effect of amglflap on lift and
drag in a flapping wing flight. Further the auth&@sBalakrishna, Sushma Indan, P. Ravinder Reddy (2013), carried
out the investigation of supersonic flow throughical nozzle with various sngles of divergence. Tetailed study of
Lenke and Simon [4] indicates that calculationshvét standard-¢ model underestimate the separation length at lower
Reynolds and that a modification of the turbulenemel may be needed when comparing with laboratstng at low-

pressure or compressors with extremely low flowffocients.
MATERIALS AND METHODS

According to the reference 2 the different confajians of return channel are given in Figure 1.
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Figure 1: 2d Model of RCV with the Different Divergence Angle

The geometry is divided in to the 3 parts such dsbd, Return channel vane, and L-bend. The geammatdel
is created by using the GAMBIT preprocessor witte¢hdifferent blocks: crossover bend, return chbwaee, and exit L-
turn ducting. Three-dimensional sector models aexllbecause the flow passages are axi-symmetrccibissover bend
and the L-turn ducting are meshed with structuregahedral volumes. The return channel vane sestareished with
unstructured hex/wedge volumes. Boundary layersm@aaed on the vane surface to resolve the flawditions at critical
regions where flow separation is likely occur. Ttheee blocks are coupled with the “interface” featavailable in the
program. The Figure 2 shows the governing equatitim the boundary conditions as well as the inbettlet conditions.

The three dimensional sector models are appropgthe flow passages are axi-symmetric.

FLOWAREAOF
FLUID f

Shroud

Cutlet

Figure 2: Boundary Figa 3: Geometric Figar4: RCV
Conditions Model of Flow Path Grid Set Up

The sector model of flow path geometry used forusittion is shown in the Figure 3 and the computetiarid
for RCV is shown in the Figure 4. Structured hexihk3-D elements are used for U-bend and exXiti@hd sections
while unstructured hex/wedge elements are usethéogrid setup in return channel vanes. The exii@e of 188 U-bend

and inlet section of return channel vanes are eapith “interface” feature available in the progra
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90 deg bend inlet

U-bend Tnlet

9 deg bend exit
Trailing edge of RCV

Figure 5: U-Bend Profile with Mesh Fjure 6: RCV with Mesh Figure 7: L-Bend Proile with Mesh

Similarly the exit section of return channel vaaesl inlet section of $®bend are coupled with interface feature.
Near the walls of flow geometry grid is refined. Gapture the flow separation, fine grid featuresengsed on the return
channel vane surface and wall surfaces. At the Bedetion “Total Pressure” was specified along viithv component
directions. Also the density of air is specifiedheTdata used for experimental investigations anly i specified as
inlet boundary conditions in the present studydomparison. At the exit section of ®bend the “static pressure” with
“radial equilibrium pressure distribution” optionittv target mass flow rate is used as outlet boundandition. Grid
independence studies were conducted for each Tasmsure that the solution is obtained with sigfit grid spacing for
accuracy, grid sensitivity studies were conductéth wifferent interval spacing. The total pressimes coefficient is
chosen as the basic parameter to decide the omgimdasize. The details of studies carried outdoraverage U-bend inlet
flow angle of 28 references are computed and based on the stuslgothtion is found to be grid independent with an
interval size of 0.002. Hence all the solution ruvere conducted at this grid size for the chosesnggry. The u-bend
in3d with grid size of 0.002 and inlet as well Bs &xit of the flow through the u-bend is showhi@ below Fig. 5 and the
return channel vane with trailing edge of a ceangy@l compressor with the mesh is shown in the EiguiThe L-bend with
mesh is shown in the Figure 7 as the fluid takést@® so the L-bend is designed according to tbe fand leaves the

fluid exactly at the eye impeller of next stage
BOUNDARY CONDITIONS

The boundary conditions for the U-bend, L-benuj &eturn channel vanes are: the inlet conditiotaken as
pressure inlet and the outlet is taken as interfawk the sides of U-bend are taken as wall andtther side’s such as
thickness are taken as a periodic. The inlet candis taken as a interface and the outlet conditsotaken as pressure
outlet and the other side’s is taken as walls &edother side’s is taken as periodic. The sidah®fvane and surface of
the blade is taken as a wall and the inlet ancebigltaken as interface’s because at the inieillibe interacting with the
U-bend interface and the outlet interface will heefacting with the L-bend inlet interface. Theidlenters through the
U-bend inlet and takes 18€urn and enters into the return channel vane &wisfover the vane during this period the
swirling motion which is occurred at the U-bendleutue to18®turn will be removed and at the exit fluid take® ®@irn
enters into the L-bend Inlet an through the L-berid enters into the next stage. The geometry adteding the 3 different

parts (U-bend, return channel passage, L-bend)tofegeometry is shown in the Figure 8.
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Figure 8: Complete Geometry after Joining the 3 Pas Using T-Grid
SOLVER SETTINGS & FLOW CONDITIONS

A velocity inlet with parabolic velocity profile iselected to reduce the loss from viscous dissipatiear the
inlet. In contrast, a uniform inlet velocity pradiwith the same mean yields nearly three timedab®in the flow field. A
pressure outlet and non-slip walls are also usédeaboundary conditions for the flow field. Theniaar viscosity is set to
the cell volume average effective viscosity basedaa@ompressible turbulent flow return channel wakion in ANSYS
Fluent to provide some connection to the actuahsitn. The grid generated for the entire stagdistafrom U-bend inlet
to L-turn exit consists of three separate blochkgylare a sector of U-bend, a sector of de swirte\and a sector of L-turn
exit. There are 18 de-swirl vanes in the returnncleh geometry, of which only one de-swirl vane aowg a rotational
angle of 200 is considered for simulation. Simitate circumferential U-bend and L-turn ducting ev@lso modeled as
sector elements covering a rotational angle of x&60. The grid is generated using GAMBIT pre@ssor, which is an
in-built modeling tool that comes along with FLUENJRckage. The steps involved in the grid genergpimtess are

explained in the following sections.

The inlet of U-bend was defined as “Pressure Inkdtindary, while L-turn exit was specified as “Rreg
Outlet”, with target mass flow rate and “Radial Hitpnium Pressure Distribution” option. The exit Bfbend and inlet of
L-turn section were specified as “INTERFACE” bourida. The inlet and exit of the vane sector weréndd as
“INTERFACE” boundaries. Since sector slices weredusn the simulation, the periodic faces were dfirwith
appropriate “Periodic” boundary condition. The datatained from experimental investigations werecHigel as inlet
boundary conditions in the present study for edseomparison. At the exit section of ®bend, the static pressure with
radial equilibrium pressure distribution option lvitarget mass flow rate was used as outlet boundamngition. The
pressure based solver with implicit formulation end-dimensional steady flow conditions with abselwelocity
formulation is chosen. In the present study thedsted ke model is used to predict the turbulence. The ealt
treatment is handled with standard wall functidrtse second order upwind scheme is used for digat&in of convection
terms. The solution was obtained with the maximesidual values equal to 1e-06. To ensure thatdhgien is obtained
with sufficient grid spacing for accuracy, grid siivity studies were conducted with different i@ spacing. The total
pressure loss coefficient is chosen as the basanper to decide the optimal grid size. Typicaf@enance parameters:
(i) Static pressure: it is the pressure of thedfiwhich enters at diffuser and leaves at the L-¢atc80° turn), (ii}dynamic
pressure is thkinetic energyper unit volume of a fluid particliii)total pressure loss: it is the sum of thelbstatic and
dynamic pressure. To increase the efficiency ofdhmpressor total pressure loss should be mininfiunSwirl angle,

swirl is the tangential flow component of the vétpwector. It should not exceed more than £20r3°.
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FLUID PROPERTIES

Density=1.0836999 kg/h Cp (Specific Heat) = 1006.43 j/kg-k, Thermal Coaiivity=0.0242 w/m-k,
Viscosity=1.7894001e-05 kg/m-s, Molecular Weight#8®% kg/kg mol, L-Characteristic Length=3.711 angst, L-J
Energy Parameter=78.6 k.

RESULTS AND DISCUSSIONS

The flow simulations were carried out for 70%, 80200%, 110% and 120% of the design flow arte amdr th
corresponding U-bend inlet flow angles [8]. Theteeplots on the hub surface of thkebnfiguration studied at U-bend
inlet flow angle of 28is shown in Figure 9. The vector plot of totalagity as indicated in the three configurations sfiow
the flow separation taking place towards the doweash of suction side. The flow separation fdm@ll divergence angle
is observed to occur early than the other confijuma. In all the configurations, acceleration lofif is observed to take

place near the suction side of the vane at theegrstsection, while deceleration is observed ompthssure side.

8 deg f 6 deg

Figure 9: Velocity Vector Plot on a Plane Passingfirough Mid Span (a;= 29 deg)

In all the three configuration studied, the flowoisserved to migrate from the Pressure Side (PSutbion Side
(SS) after the T.E due to the formation of low ptee zone which resulted from the flow separatiben@mena. The
reason for flow separation is quite obvious andtigbuted to the vane curvature. The secondamysfloalculated at the
exit of the RCV for the 6 deg configuration is shoim Figure 10. The secondary flows are stronglgrded towards the
shroud wall, migrating from PS to the SS just afiter exit of the RCV. These secondary flows arpaasible for the flow

losses as well as increase in the exit swirl arihe. swirl angle should be reduced by the timeflthe exits the stage.
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Figure 10: Secondary Flows Calculated at the RCV Eix(6 deg) (@:= 29 deg) and Static Pressure
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The static pressure is maximum at the U-bend antet decreases at the return channel vane due seflagation
of fluid takes place at the RCV inlet the fluid éssits pressure and again increases at the RC\thaxtifs at the trailing

edge of the RCV and L-bend inlet due free moveroéfitid flow at these areas.
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Figure 12: Total Pressure Contours

Figure 11 shows the XY plot of static pressure shthe effect of static pressure at all the bourdald-bend
inlet & exit, RCV casing & hub, L-bend inlet &exit.otal pressure(Figure 12) is maximum at the RA¥tiand moderate
throughout the RCV and increase at the L-bend ithiist due to as the fluid enters the RCV fluid pasever the RCV
leading edg@and theall over the RCV blade will act as a wall and witlea fluid passes over the RCV the swirling motion
will be removed as a result there will be reduc#otial pressure compared to the U-bend inlet artieat-bend inlet the
fluid will flow freely without any obstacle. The tad pressure of fluid is linear at the L-bend inlgtbend inlet, U-bend
exit and the changes in the total pressure taleeph the return channel passages.
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Figure 13 (a): Total Pressure loss Coefficient Figurel3 (b): Static Pressure Recovery @8icient

The variation of total pressure loss coefficiend atatic pressure recovery coefficient are showhigure 13 (a)
and (b) respectively. The total pressure loss efit is seen to decrease first for 6 deg conéiian and is observed to
increase thereafter with increase in the flow amglg-bend inlet. In the other configurations tb&ak pressure loss is seen
to increase continuously with the increase in tbe fangle at U-bend inlet. The variation of tota¢gsure loss coefficient
with increase in U-bend inlet flow angle is obserte be favorable with 8 degree wall divergencel@nghe reason for
decrease in the total pressure loss may be atdbiot the increased flow area in the downstreapction with increased
wall divergence angle. However the static pressecevery is found to be lower with 8 degrees of R@al divergence,
when compared to the existing case. Therefore bdivargence angle of 7 degrees may be choseméopriesent study to
give better cross-over stage performance. Theganiath line profile shown in Figure 14, the natof particle after
enters in to the flow area the behavior of flui@¢rss to be maximum at the U-bend inlet and modexathe RCV and

again increases in the L-bend inlet and then pasgi® next stage.
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Figure 14: Particle Path Lines

CONCLUSIONS

According to the velocity and pressure profilesha entire three divergence angle’s for 4, 6, 8itiegconcluded
that the flow through return channel passageshgested flow separation on the suction side duevétre curvature. The
secondary flows are dominantly seen at the RCV wkith is migrating from PS to SS. The wall divarge angle of 8
deg is seen to be favorable in reducing the taedgure losses in the stage. The static presstoeawy is superior in the

case of 6 deg wall divergence angle compared tottier cases.
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