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ABSTRACT
In this study, the influences of the single groove installed at the mid-chord, – which is known as to have a large expansion effect on the stable operating flow range of low -speed axial compressor,compressors – on the flow behaviorbehaviour and the loss generation in a linear compressor cascade were investigated numerically at different tip clearances. The RANSReynolds-averaged Navier–Stokes simulations of the incompressible flow in the test cascade were performed and then, with the computed results clarifiedclarifying the following remarkable phenomena in, which are common to both small and large tip -clearance cases. The single groove locally weakens the tip leakage flow by the decrease ofin the blade loading and the flowingstreaming of the flow near the blade pressure side into the groove, and consequently reducesreducing the distance ofbetween the tip leakage vortex fromand the blade suction surface. Meanwhile, although the groove decreases the loss due to the tip leakage vortex generated from the blade leading edge, the loss generation in the entire cascade passage is almost the same as that in the cascade without the groove becausedue to the additional loss generation due toresulting from the presence of the groove.
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Introduction
The Demand for the improvements ofin aviation and industrial gas turbine performances such as thein terms of, for example, efficiency havehas been demanded seriously because ofexponentially increasing due to the worsening global environmental problems and the concern for the depletion of fossil fuel. Due to fuels. In light of these social demands, manyvarious studies forrelated to an axial -compressor -constituting gas turbine have been carried out in order to particularlyspecifically increase the efficiency and the pressure ratio per a single stage and to extend the stable operating flow range.
In the axial compressor constitutingaforementioned type of gas turbine, an open impeller is generally used as the rotor impeller. In such compressor, the Here, clearances are inevitably presencepresent between the rotating blade tips and the stationary shroud casing wall. As a consequence, flow is generated through the tip clearance is generated bydue to the pressure difference between the blade pressure and the suction surfaces and then influences, which subsequently affects the loss generation significantly bythrough the generation of the tip leakage vortex [1-]-[6]. Moreover, the interface between the tip leakage flow and the main flow is movedshifted toward the upstream as the flow rate decreases. When this interface reaches the cascade inlet, the blockage due to the tip leakage flow influences the inception of the rotating stall, which is knownregarded as the one of factor for restrictingthe factors that restricts the operating flow range [7, ], [8]. 
A circumferential groove casing treatment (CGCT) is a one of the techniquetechniques used to improve the compressora compressor’s aerodynamic performance. The CGCT controls the tip leakage flow behavior bybehaviour through the single or multi groove installed on the shroud casing wall and this consequently shifts the minimum stable flow rate toward a lower flow rate. The influences of the groove location and the number of grooves on the expansion effect onrelated to the stable operating range have been investigated by manynumerous researchers [9-]-[17]. However, although there is a reportwhile it has been reported that the CGCT declinesreduces the efficiency at somecertain operating points [9], this mechanism has not been comprehensively investigated. On the other hand
Meanwhile, the axial -compressor -constituting gas turbine is generally constituted by the composed of several pairs of rotorrotors and statorstators, which are referred to as stage‘stages’. In suchthis type of compressor, the blade highheight is gradually reduced toward the final stage. As a result, in the rear stage, becausesince the tip clearance size for the rotor blade height relatively increases compared within relation to that in the front stage, the influence of the tip leakage flow on the aerodynamic performance is increased [10, ], [18-]-[21]. Therefore, in order to intensify the improvement effect of the CGCT on the aerodynamic performance of the rear compressor stage, it is also required to clarifyclarifying the influence of the tip clearance size on the flow phenomena generated by the CGCT is also crucial.
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[bookmark: _Ref316054575]Figure 1. TestThe test cascade.
Table 1. Specification of testTest cascade specifications.
	Chord C
	254 mm

	Axial chord Ca
	139 mm

	Pitch S
	236 mm

	Span Hb
	249.8 mm

	Inlet blade angle (Measured from axial direction)  β1
	65.1 deg.

	Stagger angle (Measured from axial direction)  Φ
	56.9 deg.

	Solidity C/S
	1.08


 The purposeaim of this study iswas to obtain knowledgeascertain how to maximizemaximise the expansion effect of the CGCT on the stable operating flow range of the rear compressor stage without thea trade-off such as the efficiency penalty. As an earlypart of a preliminary study, the influences of the single groove installed at the mid-chord, – which is known to have a large expansion effect on the stable operating flow range of low -speed axial compressorcompressors [11],] – on the flow behaviorbehaviour and the loss generation in a linear compressor cascade were investigated at different tip clearances.	Comment by Proofed: It is advised to outline how the remainder of the paper is organised at this point.
TEST CASCADE
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Figure 2. Configuration of the test cascade.
Figure 1 shows the configuration of the test compressor cascade and, with its specification is givenspecifications provided in Figure 2 and Table 1. This test cascade is a linear compressor cascade which hasthat incorporates two-dimensional blades imitatedcharacterised by the blade tip shape of the GE Rotor B Section Blade and has theby varied tip clearances. ExperimentalAn experimental investigation of the tip leakage flow behaviour in this cascade atwas conducted under subsonic flow condition was conducted conditions at Georgia Institute of Technology [22]. In the present study, the flows in the two type cascades types of cascade were analyzedanalysed numerically at different tip clearances. The first cascade has thea smooth wall as the tip side endwall (SW), and another onewhile the other has thean endwall in which thea single groove is installed (GW). The tip clearance sizes were set to 4.2 mm (1.65 % of C) and 1.27 mm (0.5 % of C). The groove shape is shown in Figure 3 and it was designed bywith reference to [11].
Numerical analysis
Computational method
In this study, the computations were performed by using the open source computational fluid dynamics (CFD) code OpenFoamOpenFOAM. The flow in the cascade was assumed to be a steady -state incompressible flow and the Reynolds-averaged Navier-–Stokes (RANS) equation was used as the governing equation in order to clarify the time-averaged effect of the groove on the flow in the compressor. The Meanwhile, the SIMPLE algorithm was adopted as the solution algorithm was, while the SIMPLE method. The convection term was estimated byusing the MUSCL scheme bywhile considering both the convergence of the computation and the accuracy of the computed resultresults. The low-Reynolds -type of SST k-ω model [23], which is well- known to accurately predict the flow in turbomachinery [15], was chosen as the turbulence model. 
Computational condition
[image: ]
Figure 3. GrooveThe groove shape.
In order to reduce the computational resourceresources, the computational domain was set to the tip side endwallSW from the midspan　in the single passage. The inlet and outlet boundary planes were arranged at 1C upstream of the cascade inlet and 2C downstream of the exit, respectively. The, while the computational grids were generated by using the H- and C -type structured grids. The total number of cellcells of the SW was approximately 5.5 million and, while that of the GW was approximately 6.8 million. The computational grid used in this study is shown in Figure 4.
AsIn terms of boundary conditions, the inlet velocity V1 and the inlet flow angle α1 were applied uniformly at the inlet boundary. ByWith reference to the experimental conditionconditions described in [22], the V1 and the α1 measured from the axial direction were set to 25.5 m/s and 65.1 deg., respectively. TheMeanwhile, the free-stream boundary was used at the outlet boundary. The, while the cyclic boundary condition was applied at the pitchwise boundary plane. In order to reveal the basic flow phenomena generated by the single groove, the relative motion of the tip side endwall againstSW relative to the blade row was not considered in this study. 

The Y+ distribution and the validation of the computed resultresults
Figure 5 givesshows the dimensionless wall distance Y+ distribution on the blade surface and tip side endwall.the SW, while Figure 6 shows the axialwise distribution of the static pressure coefficient Cps on the blade surface at midspan. In thisthe latter figure, the X/Ca is the axialwise length normalizednormalised by the blade axial chord length, and it takes 0 at the leading edge (LE) and 1.0 at the trailing edge (TE), respectively.). The Cps iscan be defined by the following equation.:
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Figure 4. ComputationalThe computational grid.
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where the Ps is the static pressure, and the Ps1 and the Pt1 are the cross-sectional mass averaged values of the static and the total pressures at X/Ca=- = −1.3, respectively.
[image: ]
Figure 5. The Y+ distribution on the wall surface.
In order to accurately predict the flow field by using the low-Reynolds -type turbulence model, it is recommended that the dimensionless wall distances Y+ on the wall surfaces are set to less than 1.  In the presentterms of our computed resultresults, the Y+ becomesbecame less than 1 on almost all of the wall surfaces, as shown in Figure 5.  In theMeanwhile, following a comparison ofbetween the present computed result withresults and the experimental data, the quantitative differences are slightly seenwere found to be small, as shown in Figure 6. However, the computed resultresults well capturescaptured the qualitative tendency observed in the experimental datedata. Therefore, it is consideredcan be stated that the present computed resultresults accurately predicted the flow behaviour in the test cascade.
RESULTS AND DISCUSSIONSDISCUSSION
In this section, the investigation into the influences of the single groove on the flow behaviorbehaviour and the loss generation in the cascade will be investigated atis described in terms of both the small and the large tip -clearance cases.
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Figure 6. Blade surface static pressure distribution at midspan.
Figure 7 shows the axialwise distribution of the static pressure coefficient Cps on the blade surface near the blade tip., while Figure 8 givespresents the streamlines with the origin near the mid-gap at the blade suction side in the tip clearance. In thisthe latter figure, the streamline colorscolours are varied depending on the locationslocation of the origins (Upstreamupstream of groove: Red, Groovered; groove location: Black, Downstreamblack; downstream of groove: Blue) and theblue), while SS and PS indicate the blade suction and pressure surfaces, respectively. Meanwhile, Figure 9 shows the trajectory of the tip leakage vortex core generated from the blade leading edge., while Figure 10 indicates the axialwise and the pitchwise momentums ψx* and ψy* of the tip leakage flow through the surface Stc, which is the blade suction surface extended from the blade tip to the tip side endwall. The ψx* and ψy* are defined by the following equations and indicate the non-dimensional axialwise and the pitchwise momentums per unit length at each axial location, respectively [25].]: 
	
	(2)

	
	(3)


where the ψx is ρVnVx/ρV1V1 and the ψy is ρVnVy/ρV1V1. As shown in Figure 2, the Vn is the velocity component normal to the Stc, and the Vx and the Vy are the axialwise and the pitchwise velocity components, respectively. The, while ρ is the density and the S1 is the cross-sectional area at the cascade inlet. Figure 11 shows the flow rate Qg of the tip leakage flow through the surface Sg indicated in this figure and it , which was normalizednormalised by the flow rate through the single passage., while Figure 12 givespresents the spanwise velocity Vz, which is normalizedwas normalised by the V1, distribution on the interface between the groove and the blade-to-blade passage. Meanwhile, Figure 13 indicates the total pressure loss coefficient Cpt distribution on the planes normal to the blade chord line and the streamlines with the origin around the high loss regions (LR). The Cpt iscan be defined by the following equation:
	
	(4)


where the Pt is the total pressure. 
Table 2 givespresents the mixed-out averaged total pressure loss coefficient Cpt2,m downstream of the cascade. The Cpt2,m iscan be defined by as follows: 
(b) GW (small tip clearance)
(a) SW (small tip clearance)
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Figure 7. Blade surface static pressure distribution near the blade tip.
where the Pt2,m is the mixed-out averaged total pressure at 
X/Ca = 1.3. The mixed-out value was obtained according to the procedure proposed by Prassad [26].
Small tip clearance
The In this section, we discuss the influences of the groove on the flow behaviorbehaviour and loss generation in the cascade with thea small tip clearance will be discussed.
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Figure 8. BehaviorBehaviour of tip leakage flow.
In the SW, the flow through the tip clearance due to the pressure difference between the blade pressure and the suction surfaces generatesgenerated the leakage vortex from the blade leading edge “(TLV”), as shown in Figure 7 and Figure 8(a).8a. This vortex is generatedwas also generated in the GW, as shown in Figure 8(b).8b. However, around the groove location, the distance ofbetween the TLV core fromand the blade suction surface iswas reduced compared withto that in the SW, as observedshown in Figure 9. The distance ofbetween the TLV core fromand the blade suction surface depends on not only on the momentum of the main flow but also on that of the tip leakage flow. SoThus, the influence of the groove on the momentum of the tip leakage flow will bewas investigated in. (d) GW (Large tip clearance)
(c) SW (Large tip clearance)
(a) SW (Small tip clearance)
(b) GW (Small tip clearance)
(d) GW (large tip clearance)
(c) SW (large tip clearance)

Here, the following. The negative ψx* and ψy* around the groove location arewere increased compared withto those in the SW, as shown in Figure 10, and then these phenomena are consideredthis phenomenon was deemed to reduce the distance ofbetween the TLV core fromand the blade suction surface. These increases of The increase in ψx* and ψy* are consideredwere believed to be due to the fact that the blade loading near the blade tip is decreased around the groove location and, which consequently reducesreduced the Qg compared withto that in the SW, as seenshown in Figure 7 and Figure 11. Moreover, as Figure 12a shows, the flow around the blade pressure side flowsflowed into the groove as observed in Figure 12(a), and then this phenomenon also decreasesthen further decreased the Qg. The influence of the groove on the TLV behavior is summarizedbehaviour can be summarised as follows: The. First, the groove weakensweakened the flow indicated by the black streamlines in the SW in (Figure 8(a) by8a) via the decrease ofin the blade loading around the groove location and the flowing of the flow near the blade pressure side into the groove and then inclinesbefore it inclined its flow direction totoward the main flow onedirection. As a result, the distance ofbetween the TLV core fromand the blade suction surface is decreasedwas reduced.
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Figure 9. Trajectory of TLV core.
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(a) Axialwise

[image: ]Small tip clearance


[image: ]Large tip clearance

(b) Pitchwise

Next, the influence of the single groove on the loss generation will bewas investigated. In the SW, the high loss region distributeswas distributed around the trajectory of the TLV core, as shown in Figure 13(13a, with a). The similar phenomenon isalso observed also in the GW. However, downstream from the groove location, the high loss region due to the TLV iswas slightly reduced compared withto that in the SW, as observed in the is clear from a comparison ofbetween Figure 13(a) with13a and Figure 13(b). On the other hand13b. Here, as seen in Figure 13(b),13b shows, the separation bubble generated on the blade tip surface flowsflowed along the downstream sidewall of the groove (black streamlines) and consequently generatesgenerated the high loss region “LR2”.. Moreover, the blade loading near the blade tip suddenly increasesincreased downstream the groove, as observedshown in Figure 7. This phenomenon inducesproduced the additional tip leakage vortex and consequently generatesgenerated the high loss region “LR3” (purple streamlines in Figure 13(b)). Although13b). While the loss generation due to the TLV is decreasedwas reduced in the GW, the Cpt2,m isvalue was almost the same value toas that in the SW, as shown in Table 2. This is consideredwas believed to be due to the generationsgeneration of the LR2 and the LR3.
Figure 10. Momentum components of tip leakage flow.
Large tip clearance
[image: ][image: ]
Figure 101.1. Flow rate through Sg.
The influencesinfluence of the groove on the flow behaviorbehaviour and the loss generation at the large tip clearance will bewas investigated byin terms of comparing it with thosethe influence at the small tip clearance.
[image: ]
	(a) GW (Smallsmall tip clearance)	(b) GW (Largelarge tip clearance)
Figure 1112. Spanwise velocity distribution on interface between groove and blade-to-blade passage.
In the SW, the TLV iswas also observed also in the large tip clearance case, as shown in Figure 8(c).8c. However, toweredtoward the downstream of the cascade, the distance ofbetween the TLV core fromand the blade suction surface iswas further increased compared withto that in the small tip clearance case, as seenshown in Figure 9. 
In the large tip clearance case, the TLV iswas also generated also in the GW, as shown in Figure 8(d).8d. Around the groove location, the single groove reducesreduced the distance ofbetween the TLV core fromand the blade suction surface compared withto that in the SW, as observedshown in Figure 9. The comparisonscomparison of the momentum components of the tip leakage flow and the Qg in the GW with those in the SW showrevealed qualitatively similar tendencies to those in the small tip clearance, as seenshown in Figure 10 and Figure 11. Moreover, also in the GW with the large tip clearance, the blade loading around the groove location is decreased compared withto that in the SW and the flow near the blade pressure side flowsflowed into the groove, as shown in Figure 7 and Figure 12(b).12b. Therefore, much like in the same manner as at the small tip clearance case, the single groove locally increasesincreased the negative axialwise and pitchwise momentum components of the tip leakage flow byvia the reduction of the blade loading and the flowing of the flow near the blade pressure side into the groove. And consequentlyConsequently, the groove reducesreduced the distance ofbetween the TLV core fromand the blade suction surface.(d) GW (Large tip clearance)
(c) SW (Large tip clearance)
(b) GW (Small tip clearance)
(a) SW (Small tip clearance)
(d) GW (large tip clearance)
(c) SW (large tip clearance)
(a) SW (small tip clearance)
(b) GW (sarge tip clearance)
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Figure 6.13. Total pressure loss coefficient distribution. 
ConcerningIn terms of the loss generation in the SW, as shown in Figure. 13(a) 13a and Figure 13(c),13c show, the high loss region distributesalso distributed around the trajectory of the TLV core also in the large tip clearance case. Meanwhile, the Cpt2,m in the large tip clearancethis case iswas higher than that in the small tip clearance case, as shown in Table 2. This is consideredwas believed to be due to the fact that the loss generation caused by the TLV is increased according to the increase of thein tip clearance. In theA comparison of the GW withand the SW in the large tip clearance case,  revealed that the single groove decreasesdecreased the loss generation due to the TLV downstream the groove but generatesgenerated the LR2 and the LR3 in the same manner as in the small tip clearance case, as observedshown in Figure 13c and Figure 13(c) and Figure 13(d).13d.
Table 1. Mixed-out averaged total pressure loss.
	Tip clearance 
	SW (×10-4)
	GW (×10-4)
	100×(GW-SW)/SW [%]

	Small 
	172.999
	172.995
	-0.002

	Large 
	173.398
	173.380
	-0.011


As a consequence, the Cpt2,m in the GW showsexhibited a similar value to that in the SW also atin the large tip clearance case, as shown in Table 2. Therefore, the influence of the single groove on the loss generation in the large tip clearance case is consideredwas believed to be almost the same as that in the small tip clearance case.
Conclusions
In this study, the influencesinfluence of the single groove on the flow behaviorbehaviour and the loss generation in the linear compressor cascade werewas investigated in theterms of both small and the large tip clearance cases. The conclusions derived from the present study were summarizedcan be summarised as follows:

1) In the cascade which haswith the smooth tip side endwall, the tip leakage vortex iswas generally generated from the blade leading edge commonly in both the small and the large tip clearance cases. This vortex generatesgenerated the loss, and it isthis was increased according to the increase of thein tip clearance size.
2) The single groove installed at the mid-chord locally weakensweakened the tip leakage flow byvia the reduction of the blade loading and the flowing of the flow near the blade pressure side into the groove, and consequently reducesreducing the distance ofbetween the tip leakage vortex fromand the blade suction surface. Moreover, the groove hashad the effect to decreaseof decreasing the loss due to the tip leakage vortex generated from the blade leading edge. However, the loss generation in the entire cascade passage iswas almost the same as that in the cascade without the groove becausedue to the additional loss generation due toresulting from the presence of the groove. These phenomena arewere widely observed commonly in both the small and the large tip clearance cases.
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