3 Numerical Methods
3.1 Governing Equations and Numerical Schemes
An in-house code NSAWET (Navier-Stokes Analysis based on Window-Embedment Technology) is developed for this program at Tsinghua University. With the Cartesian coordinate system fixed on and rotating with the rotor, the flow field in the rotor can be computed by a steady solver. The governing 3-D RANS equations can be written in the conservative form:
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Where and   are the rotary total energy, and the rotary total enthalpy respectively.
The Shear Stress Transport (SST) two-equation model developed by Mentor is adopted for the closure of Reynolds stress. Some ideas of the Kok’s k- TNT (turbulent/non turbulent) model are adopted by the author to form a so-called k- TNT SST model. Such an improvement has been proved by the airfoil computation to have better performance especially for flow with large separation and shock/boundary layer interaction. Although modified, the model keeps its so-called low Reynolds number property. No wall function is needed. The solution of the model equations of k and  are decoupled from the of Navier-Stokes equations. A 2nd order upwind scheme is employed for spatial discretization. 
The Roe’s Flux Difference Splitting (FDS) scheme is selected for the discretization of the convective terms. For the purpose of robustness, the scheme is formulated in the finite volume approach.
The flux on the grid cell interface are expressed as

                   （2）


 is the Jacobian, , computed from the Roe averaged values. Hence the numerical viscosity of Roe scheme is,
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the variables capped by  are Roe averaged values from left and right side values of the cell interface,
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Roe scheme shows some numerical instability or oscillation in its solution. Harten suggested appending so-called entropy fix to Roe scheme, which exerts limitations on the normal of Roe matrix’s eigenvalues,

                    （4）

where can be chosen within 0.05~0.25
Entropy fix will introduce surplus numerical viscosity. In order to minimize its interference with physical viscous effect, especially on grids with large aspect ratio，we adopt Radspiel-Swanson type entropy fix.








The eigen values of  are [,,,,]T, noted by  respectively. The acoustic waves （）are limited with the same method as Harten’s entropy fix.

                      （5）

While the linear wave（）,

           （6）




where ，are spectra radii，is set to 0.3. 


L and R are got via 3rd order upwind-bias MUSCL interpolation to ensure that the scheme is 2nd order accurate on non-uniform and curvilinear grid. The smooth and continuously derivable van Albada limiter is used to restrict the high-order spurious oscillation in the numerical solution.
Both explicit Runge-Kutta scheme and LU-SGS implicit scheme are integrated in this code. The latter is finally chosen as the time stepping method for both Navier-Stokes equations and the turbulence model equations after a detailed comparison (Fig.1).

Fig.1 convergence speed comparison between explicit and implicit schemes
3.2 Conservative Non-Matched Grid Interface Technology (CNMGIT)
The multi-block grid technique in NSAWET is based on the patch grid technique. Three patch patterns are allowed for interfaces of different blocks.

3.2.1 Point to Point match
 The grid lines are designed to be continuous with one-to-one grid matching at the block interfaces. Point-to-Point patch demands least coding work on the information exchange between grid blocks and theoretically has no risk of accuracy deterioration on the grid interfaces. However, the requirement for one-to-one matching will decrease the flexibility of arranging grid density and topology in grid blocks. The grid clustering in one block will often have to be extended to adjacent blocks where no clustering is needed. 
Although extremely complex, Point-to-Point patch is successfully applied by Takallu and Laflin2 to the computation of partial-span flap wing. As many as 21 blocks are used in that effort. 

3.2.2 Surface patch
When geometry discontinuity exists or grid topology changes across the block interface, the one-to-one matching of grid lines is difficult to achieve. The technique of “Overlap Area Weighted Reconstruction” (OAWR) of conservative flow parameters is used for field information exchange to allow point discontinuous block interfacing. 
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Figure 1. 2-D sketch map for mismatch grid interface

The OAWR is developed by Kathong11 and used by Chin12 in his interactive boundary – layer / Euler computation about wing/body combination with deflected ailerons. For simplicity, the idea can be explained on the 2-D sketch map in Fig.1. The Grid block I and II patched on the interface are drawn by dashed and solid lines and labeled by indices (j,k) and (m,n) respectively. When using phantom grid technique at the interface, a dummy grid cell (j,k+1) can be created for cell (j,k) in block I. As an example, according to the CCFVM’s formulation, the flux on cell surface can be written as



where h means the conservative parameter. is the portion of the area of cell (j,k) overlap with cell (m,n). With N referring to the number of cells in block II that overlap with cell (j,k), the h in the dummy cell (j,k+1) can be expressed in a more general form12:

                             (1)
Thus the flow parameters in the ghost grid cells, which are needed by the interface flux computation of the block I cells, are reconstructed with the parameters in block II’s boundary cells according to their overlap area. From the deduction procedure, it’s easy to understand that when incorporated into CCFVM, this technique guarantees the global flux conservation on the block interfaces. 

Figure 2. Plane view of surface patch grid interface


In 3-D cases, as shown in Fig.2, the grid lines of both block I (solid lines) and block II (dashed lines) intersect each other on the interface. The line segments build up the envelopes of the overlap zones. The shape of the zones may be triangle, quadrilateral, pentagon, and so on. The overlap relation between two blocks’ boundary cells may be so complex that we have to use the Ramshaw algorithm13 to determine N andin Equation (1). The Ramshaw algorithm is based on the area equation of general n-sided polygon P:

                                   (2)



where S1 and S2, which holding the coordinates and respectively, are the two end points of the s’th side of P.  is either +1 or -1 depends on whether P lies on the left or right side when S1 faces S2, respectively. 
Equation(2) breaks the area down into contributions from all the n line segments and sums them up. Following this idea, if G is a cell (shaded) of block I, its fictitious cell’s conservative parameter, hG can also be computed by collecting the contributions from all the line segments within G or on its boundaries. The formulations can be expressed as follows13:
When s is a segment of block II’s grid line,

                              (3)
where hL and hR represent the h values in the block II cell left and right to s respectively. 
When s is a segment of block I’s grid line,

                               (4)
where F is the grid cell of block II in which s lies.
Sweep all the grid lines of both block I and block II one by one, compute each segment’s contribution with equation (3) or (4) and add it to the h value of the block I cell where the segments lies. With the simple and uniform procedure, the OAWR can be performed with little increase in the total computation time. 

Figure 3. wall boundary treatment for surface patch
Some special treatment must be performed when the interface encounters geometry discontinuity. As illustrated in Fig.3, the inboard and outboard airfoils have angles. In this case, the blocked area occupied by airfoil end in block II is divided into dummy cells. When cell L, R or F in equations (3) and (4) is dummy grids, the respective hL, hR or hF will be set equal to G’s fictitious cell value for no-slip boundary conditions. 
The surface patch technique reduces the troublesome work of dealing with the mutual restrictions of grid topology and density between grid blocks in grid generation. Hence appropriate grid density and topology can be arranged principally according to the flow and geometry requirement.

3.2.3 Quasi Point-to-Point patch
As is well known that two grid surfaces discretized from the same curved surface will hardly be identical if the arrangements of grid points are different. Therefore, to strictly maintain the conservation and accuracy, the surface patch technique requires the interfaces to be planar. This rigorous restriction limits the application of the surface patch. 
When both of the patched grids are generated by stacking 2-D grids, the study of the patching relation between the 3-D grids can be focused on that of their span-wise profile’s edge lines. Fig.4 shows two grid lines. The numbers and clustering of the nodes on them are different. Obvious mismatch can be found.

Figure 4. Two patched grid lines before ‘paring’


Figure 5. Two patched grid lines after ‘paring’

Let A and B be two nodes on line 1 and line2 respectively. Sweep all the nodes on the two lines. If the nearest node on line 2 to A is B, and the nearest node on line 1 to B is A, then move the two nodes to a same point, e.g. the mid-point of them, which is labeled as ‘paired node’. Repeat the procedure until between two adjacent pair nodes there are only un-paired nodes on either line. Move the un-paired nodes on to the joint line of the pair nodes by linear interpolation. Such a process is called ‘pairing’. Fig.5 shows the two lines after pairing process. All the deviations between them are eliminated. The pared nodes are certainly one-to-one matching. This is why the “Quasi Point-to-Point patch” is named. 
With the “Quasi Point-to-Point patch”, the OAWR can be performed on span-wisely stretching bended interfaces. With the paring process, the overlap relation can be determined with great ease.

5 Descriptions of Numerical Results
The code NSAWET is carefully validated by the “standard” CFD test case NASA Rotor 37. Then the CFD investigation is conducted on CT configurations designed on the Rotor 37 geometry. After these numerical verifications and experiments, simulations and thorough analysis are performed for ND-TAC with and without CGCT.
5.1 Validation of Simulations –NASA Rotor 37
A transonic compressor, NASA Rotor 37, is selected for the code validation. As there are many experimental results and many other researchers’ simulation results on it, we could have a detailed comparison. Generally, our code gives a satisfactory agreement with the experiments, and comparatively good results among all the compared simulations.
Block-structured grids are generated about the flow passage of rotor and each of the cavities of casing treatment. Both of them are H-H type. The technique of Quasi-Point-to-Point patch and “Overlap Area Weighted Reconstruction” for the convective fluxes exchange is used on the grooves’ interfaces with the blade passage grid, as is shown in Fig.2. The number of passage grid is 132 in the axial direction, 60 in the circumferential direction and 60 along the blade span, 15 nodes are placed in the tip clearance. The blade tip is “pinned” together like in Fig.3. This treatment leads to some mesh skew at the tip region but avoid to using another block. A 302560 grid block is used for each groove.
The inlet boundary is one axial chord upstream of the blade leading edge. Uniform total pressure and total temperature is assigned there. No pre-swirl is given, like in the experiments. The outlet boundary is two axial chords downstream of the blade trailing edge. Radial equilibrium equation is adopted and the static pressure at the hub is set. The back pressure increases from a choke state to the near stall state, to simulate a whole constant speed line. At the near stall region, the back pressure is increased by about 0.1% between each case. The last stable point is considered as the near stall point. Periodic condition is adopted at circumferential direction. 
Calculation convergence is decided to achieve when all the 3 following conditions are satisfied:
- The inlet mass flow rate variation is less than 0.001 kg/s for 300 steps;
- The difference between inlet and out let mass flow rate is less than 0.5%;
- The adiabatic efficiency variation is less than 0.03% per 100 steps.
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Fig.2 Patch of Grid Blocks       Fig.3 Grid at Blade Tip

Table 1 gives the test parameters of Rotor 37. For the choking mass flow rate, our prediction, which is 20.924kg/s, agrees with the experiment very well. Fig. 4 shows the comparison of the overall performance of Rotor 37 between our calculation and the experiment results, where the lines represent the calculated results and the solid diamond shows the experimental data. The nomenclature “SW”, which meant “Smooth Wall”, was used to distinguish with the casing treatment configurations would be mentioned below. Fig. 4 (a) indicated that our code can simulate the whole operation line well, from choking to stall, except that our prediction on the peak efficiency is about 1% lower than the experimental data. But this seems to be a common problem of nearly all the other researchers’ calculation. Fig. 4 (b) shows a more or less over predicted total pressure ratio and the possible reason will be given later, which might be originated from the grid we used.
Table1. Parameters of NASA Rotor 37
	Number of Blades
	36

	Rotation Speed
	17188.7rpm

	Tip/Hub Diameter
	0.5074/0.3576m

	Tip Clearance
	0.356mm

	Designed Pressure Ratio
	2.106

	Designed Mass Flow Rate
	20.19kg/s

	Tested Choking Mass Flow Rate
	20.93kg/s



    (a) Adiabatic Efficiency                      (b) Total Pressure Ratio
Fig.4 Overall Performance
Fig.5 illustrats the comparison between our results and some other researchers’, on the pitch-wise averaged total pressure ratio, total temperature ratio, and the adiabatic efficiency at the blade exit. The pictures above are our predictions while the pictures below are the CFD results from literatures. Generally, we get a comparatively good result, especially on the adiabatic efficiency. But at the near hub region, like most of the other researchers, our code over predicted all the three parameters. This is mainly due to the axial gap on the hub which is not simulated in this study.

  (a) Total Pressure Ratio        (b) Total Temperature Ratio       (c) Adiabatic Efficiency
Fig.5 Pitch-wise Averaged Results at Blade Passage Exit
Fig.6 gives the relative Mach number distribution at 50% span, 20% chord. Our code captures the location of the shock wave precisely, but predicts a lower value compared with the experiment result. While in Fig. 7, on the relative Mach number at the blade passage exit, our prediction is quite good.
   
       (a) Present Result                (b) CFD Results from Literatures
Fig.6 Relative Mach Number Distribution at 50% Span, 20% Chord

     
(a) Present Result                       (b) CFD Results from Literatures
Fig.7 Relative Mach Number Distribution at 50% Span, Blade Passage Exit

Fig. 8 shows some flow field images, where (a) is the contour of relative Mach number at 50% span and (b) is the contour of axial velocity at 98% span. From Fig. 8 (a) we can see that our code could capture the main structure of the flow field well, but the angle between the leading edge shock wave and the blade predicted is a little larger than the measured data, which might result to a larger loss of the velocity and a higher prediction of pressure rise. This might be a reason for the disagreements in Fig. 4 (b) and Fig 6 (a). We believed that this error could be imputed to the relatively bad grid quality in the blade passage limited by the H-H topology. Fig. 8 (b) shows a great agreement between the simulated and the measured results on a much more complex flow field.
 Generally, our code has the ability of predicting the overall performance of Rotor 37 and capturing critical flow structures. It can be used for the following study on casing treatment. 

(a) Relative Mach Number at 50% Span

                          (b) Axial Velocity at 98% Span
Fig.8 Flow Images
5.2 CGCT study on NASA Rotor 37
Steady state calculation is performed on Rotor 37 first without casing treatment to investigate the stall process as well as to provide the baseline data for a comparison with the casing treatment calculations. Then a number of configurations with CGCT are proposed and numerically tested subsequently. Finally, the mechanisms of CGCT are discussed.
5.2.1 Stall process
Stall analysis forms the basis of the casing treatment design. The effective casing treatment design should be decided by the detailed stall process. Thus, before the test of CGCT, the stall process of NASA Rotor 37 is studied first.
Two different stall processes are discovered at design and larger tip clearance. For design tip clearance, stall is strongly associated with the trailing edge separation; the leading edge BTLV has no evidence to breakdown at the stall point (Fig. 9). While for the large tip clearance (2.5 times of the design tip clearance) the breakdown of the leading edge tip leakage vortex contributes to the main cause of the stall (Fig. 10). This two different instability modes will show the effects on the CGCT design. 
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5.2.2 CGCT design and test
Based on the stall analysis, CGCT is designed for NASA Rotor 37 with design and large tip clearances. 
5.2.2.1 Design tip clearance
Generally, 7 locations are designed, distributing evenly from leading edge to trailing edge. Each location covers a range of 10% of the tip axial chord, and the spacing between two grooves is 5% of the blade tip axial chord (Fig.11). The groove depth of the baseline design is initially fixed at about 14 times of the tip clearance. The grooves from the leading edge to the trailing edge are named as G1 to G7. It is believed that each groove is likely to have different effects on the tip leakage flow. Thus, in the calculation the effects of different combinations of grooves are investigated for both design and large tip clearance.
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Fig.11 Sketch of CGCT Configuration

The stall margin is calculated as following for each configuration:

                        (7)
The effects of all the 7 grooves to Rotor 37 at design tip clearance can be illustrated by Fig.12. Compared with SW case, the choking mass flow rate of configuration with G1-7 decreases 0.37%, but the stall margin improves 8.6%. The total pressure ratio and efficiency keep at the same level. 

Fig.12 Overall performance of Rotor 37 with CGCT (design tip clearance)

To find the effects of the groove at different location, the first 1 or 2 grooves at LE or TE are removed based on the G1-7 configuration. Fig.13 and 14 show the results. Comparing G1-7 with G2-7, and G1-6 with G2-6, it can be found that G1 at LE leads to a lower choking mass flow rate but has no effect on delaying the stall mass flow rate.  Comparing G1-6 with G1-7, and G2-6 with G2-7, it can be found that G7 at TE has little effect on improving the stall margin. Generally, G2-6 leads to a maximum improvement on the stall margin. All the CGCT configurations keep a similar total pressure ratio and efficiency level. 


Fig.13 Overall performance of Rotor 37 with CGCT (design tip clearance)


(a) Choking Mass Flow Rate 
 
(b) Peak Efficiency 
 
 (c) Stall Margin
Fig.14 Effects of CGCT (design tip clearance)

Fig. 15 and 16 show the effects of grooves at different axial location. Consistent with the results in Fig.13 and 14, G1 leads to a lower choking mass flow rate and has no benefit on the stall margin. G2 and G3 near LE also lead to a lower choking mass flow rate, but the stall mass flow rate is also delayed; thus the stall margin has an 8% improvement. G4, G5 and G6 can delay stall and maintain the choking mass flow rate, thus lead to a higher improvement on stall margin.
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]
Fig.15 Overall performance of Rotor 37 with CGCT (design tip clearance)

(a) Choking Mass Flow Rate 

(b) Peak Efficiency

(c) Stall Margin
Fig.16 Effects of CGCT (design tip clearance)

Generally, G1 at LE and G7 at TE have no benefit on stall margin. Grooves near TE show more benefit on stall margin than grooves near LE for Rotor 37 with design tip clearance. 
5.2.2.2 Large tip clearance
As the stall process is quite different for the large tip clearance case, it is supposed that the most benefit grooves will also be different. Grooves near LE are thought to show much benefit on stall margin.
The CFD results confirm our assumption. The same as the situation in design tip clearance, G1 at LE decreases the choking mass flow rate but does no good to stall margin. But G23 at 10%-40% chord lead to a 22% improvement on stall margin. The addition of G4 based on G23 has no influence on the stall margin. Thus the most effective location is from 10%-40% chord for the case with large tip clearance, which is consistent with the stall process.

Fig.17 Overall performance of Rotor 37 with CGCT (large tip clearance)

(a) Choking Mass Flow Rate

(b) Peak Efficiency
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(c) Stall Margin
Fig.18 Effects of CGCT (large tip clearance)
5.2.2.3 Influence of groove depth
As the grooves at LE and TE do not work, a new set of grooves are designed for the study on the influence of groove depth. This study is based on Rotor 37 with design tip clearance. 7 grooves cover an axial range of 10%-90% chord. Fig. 19 shows the sketch.  Table 2 shows the groove parameters studied. The depth of grooves varies from 14 times to 1.4 times of the tip clearance.

Fig.19 Sketch of CGCT configuration for groove depth effects study
Table 2 Groove parameters 
	
	Width/Chord
	 Spacing/Chord
	  Depth/Tip clearance
	Depth/Width

	CT_7
	A
	8%
	4%
	1.4
	0.226

	
	B
	
	
	7.1
	1.13

	
	C
	
	
	14.2
	2.27



Fig.20 compares the choking mass flow rate, peak efficiency and stall margin of 3 CGCT cases with SW case. With the increasing of the groove depth, the choking mass flow rate decreases, and the stall margin increases. The peak efficiency basically keeps at the same level. Generally, case CT_7_B which has a 7 times groove depth gives a reasonable good result on stall margin. Case CT_7_C, with doubled depth, only improves the stall margin 4% further.
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(a) Choking Mass Flow Rate
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(b) Peak Efficiency
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(c) Stall Margin
Fig.20 Effects of CGCT (influence of groove depth)

5.2.3 CGCT mechanisms
The mechanisms of CGCT on the stall margin improvement are discussed via the investigation on the effects of CGCT to the critical flow structures at near stall point.
5.2.3.1 Effects of grooves near LE
Fig. 21 shows the effect of G23 to the trajectory of tip leakage vortex at stall mass flow rate of SW case with design tip clearance. With G23, the trajectory of LE BTLV moves away from the PS of the adjacent blade and delayed the second leakage at blade TE, which relieves the TE separation obviously (Fig. 22). That is the direct reason why G23 improves the stall margin of Rotor 37 with design tip clearance.
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(a) SW                                  (b) G23
Fig.21 Effect of G23 to the trajectory of LE BTLV 
(design tip clearance, stall mass flow rate of SW)
[image: sw dph slices near stall][image: g23%20dph%20slices%20near%20stall]
 (a) SW                                  (b) G23
Fig.22 Effects of G23 to the TE separation (design tip clearance, stall mass flow rate of SW)

With the increasing of the groove depth, the BTLV moves further away from the PS of the adjacent blade (Fig.23), thus the stall point is further delayed.
[image: LE BTLV ss G7_SW][image: LE BTLV ss G7_002]
(a)SW                          (b)CT_7_A
[image: LE BTLV ss G7_01][image: LE BTLV ss G7_02]
(c)CT_7_B                     (d)CT_7_C
Fig.23 Effects of grooves depth (design tip clearance, stall mass flow rate of SW)

At large tip clearance configuration, the breakdown of BTLV is delayed by G23 (Fig.24). It is believed that the breakdown of BTLV dues to the second leakage occurs at blade LE. As the trajectory of BTLV is largely affected by grooves near LE, the second leakage is delayed so is the triggering of stall.
[image: 001-SW DPH ss slices][image: 001-G23%20DPH%20ss%20slices]
(a) SW                                  (b) G23
Fig.24 Effects of G23 to the breakdown of BTLV
 (large tip clearance, stall mass flow rate of SW)
5.2.3.2 Effects of grooves near TE
The grooves near TE enhance the flow transport across the blade tip and suppress the TE separation. This effect gets stronger with the increasing of groove depth (Fig. 25). That is the basic mechanism for grooves near TE improving the stall margin at design tip clearance.
[image: g7 SW DPH 45 bw][image: g7%20A%20DPH%2045%20bw]
(a) SW                                     (b) CT_7_A
[image: g7 B DPH 45 bw][image: g7 C DPH 45 bw]
(c)CT_7_B                                  (d)CT_7_C
Fig.25 Effects of grooves depth to the TE separation 
(design tip clearance, stall mass flow rate of SW)
It is interesting that when only grooves near TE is applied to suppress the TE separation for design tip clearance the BTLV will breakdown at a lower mass flow rate. This indicates that the stall process is a competition of two unstable flow structures, BTLV and TE separation. This also answers why the combination of grooves near LE and TE shows maximum improvement on stall margin in Fig.14 and 16.
[image: g45 slices dph bw 2]
Fig.26 Stall point of G45 (design tip clearance)

5.2.4 Summary
Two different stall processes are revealed for design and large tip clearance of NASA Rotor 37. Circumferential grooves cover a range from 10%-90% axial chord is suggested to give largest improvement on stall margin for Rotor 37 with design tip clearance. The effects of the grooves strengthen with the increasing of groove depth. A depth of 7 times of the tip clearance shows reasonable improvement on stall margin.

5.3 CGCT study on ND-TAC
To the industry, clear, confirmative mechanisms are important for the set up of design guidelines. In recent years, both CFD researchers and experimental researchers from different institutes have been working collaboratively in this area. In the University of Notre Dame, the performances of different CGCT configurations on a transonic compressor stage have been tested, surface streaking flow visualization was conducted to demonstrate the stall mechanisms and momentum balance equations have been developed to predict stall. In this section, the CFD research is conducted on the same configurations of the ND test model. In order to get better accuracy and reveal more flow details, new grid topology and numerical methods are applied. The CFD results are actually got before the final test data. It is very satisfying that they are well verified by the test data. This has proven that the current CFD tool can obtain a more accurate and informative insight into the CGCT flow physics.
5.3.1 Model Definition
[image: ]
Figure 1: Sketch of the Test Rig

A sketch of the ND-TAC test rig instrumentation is shown in Figure 1. The rotor has 20 blades, as is designated as R in Figure 1. The blade height (measured at the leading edge) is 2.25”. The radius of casing is 9”. PT1，PT3，PT4 are rakes of stationary probes. The inlet profile of total pressure is measured in experiment by probes PT1_r1 through PT1_r7. The exit total pressure profile for the rotor is measured at PT3 where the probes are fixed just in front of the leading edge of the stator blade, designated as S in Figure 1. Rakes at PT4 are used to measure the span-wise exit profile of total temperature. Due to the stator blade, the T0 profile measured at PT4 should not be treated as the exit profile of rotor. However the mass averaged value of T0 should not be changed by the stator. Therefore, in the experiments, the mass averaged P0 at PT3 and T0 at PT4 are used as the exit values of the rotor to compute its efficiency. 
In order to put more grid points in the rotor and casing treatment, the stator is not simulated in the present computation. The CFD simulation strictly replicates the geometries of the rotor blades and end-walls, as well as the experiment’s data sampling methods for performance computations. The results are compared with the “rotor only” experimental data. The computation of rotor performance neglects the stator’s upwind disturbance to the rotor passage flow and to the P0 measured at PT3. Fortunately, the agreement between the simulated and measured P0 profiles at PT3 proves that the stator is negligible here, especially since the focus is casing treatment study. However at PT4, the profile of T0 cannot be compared between CFD and experiment because of the disturbance due to stator in the experiment. 
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Figure 2: Geometry of Casing Treatment
Two series of CGCT configurations, the 4-groove CT4 series and 7-groove CT7 series, each with 4 different groove depths designated as A to D, have been or are being tested in the ND-TAC. The CT7 series will be the only configurations discussed in the present paper. The geometry of the casing ring with CGCT and the parameters of the grooves are shown in Figure 2.
5.3.2 CFD Methods and boundary conditions
The CFD simulation is conducted with the in-house code NSAWET (Navier-Stokes Analysis based on Window-Embedment Technology) developed at Tsinghua University. The numerical methods, including the 2nd order Roe spatial scheme and LU-SGS time marching scheme, as well as the patch grid technology, have been introduced and validated in the previous sections of this paper.
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Figure 3: Old Straight H Grid with Smearing on Shock 

The grid is always an important issue in CFD research. In the previous works, the straight H-H grid as in Figure 3(a) is adopted in order to simplify the incorporation of grooves. Such a grid has poor orthogonality in the passage. As an example, Figure 3(b) shows the shock wave is obviously smeared by the sharp kink of the grid lines near the leading edge and the great grid skewness in the passage.  
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Figure 4: Smoothed Grid with Unmatched Periodical Boundary  

In the simulation to ND-TAC, an H-H grid smoothed by elliptical method is used to discretize the passage. The orthogonality and smoothness are greatly improved in the whole field, especially in the regions where the shock wave and vortices may be located. The improvements are partially achieved by giving up the one-to-one match of the grid points on the periodic boundaries. Since the NSAWET code has the feature of Conservative Non-Matched Grid Interface Technology (CNMGIT) by the OAWR (Overlapped Area Weighted Remapping) [13] of the numerical flux, the troublesome restrictions of the periodic boundary conditions on grid topology and quality can be dramatically eased. 

[image: D:\export.jpg][image: D:\export.jpg]
Figure 5: Grid Blocks for Tip Gap

Together with the 309x97x97 grid for the blade passage, a span-wise 32-layer grid is used to resolve the tip gap. The O-H grid block is inserted between the square tip end and the casing instead of just “sharpening” the blade tip to zero thickness. The grid quality and geometry fidelity is guaranteed with the multi-block approach in Figure 5. 

[image: D:\export.jpg] 
(a)
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(b)
Figure 6: Grid for CGCT Grooves with Unmatched Interface

The elliptically smoothed passage grid can no longer simply one-to-one match the CGCT groove grids which have to be essentially “straight” circumferentially (Figure 6). The CNMGIT of NSAWET is again used to exchange the flow information conservatively between the passage grid (together with the tip gap grid) and the 7 groove H-H grids. 
The boundary conditions are set to strictly replicate the test settings. The inlet of the passage grid is at PT1 location. The measured inlet total pressure profile is applied as the inlet boundary condition. Since the computation is performed on the Cartesian coordinate system fixed on and rotating with the rotor, the casing and the grooves’ walls are set as moving walls rotating reversely. The hub within the rotor disk is set as stationary wall, while other parts of the hub wall are also set to be reversely rotating. The exit of the passage grid is at the axial location of PT4. The radial momentum balance equation is used to get the exit static pressure distribution there. 
To obtain the exit performance parameters, the total pressure and total temperature are interpolated to the axial locations of PT3 and PT4 respectively. The values are circumferentially averaged and interpolated to the span-wise locations of probes in the test. The final overall values of the passage are calculated from these “probe values” using a procedure identical to ND-TAC’s test data processing methods.

5.3.3 Results of Smooth wall configuration
As a baseline of the CGCT research, the smooth wall (SW) configuration is simulated first. For the discussion in this section, the tip gap is 0.027’’ which is 1.2% of the blade height. 
The speed curves are shown in Figure 7. The total pressure ratio and the adiabatic efficiency are in good agreement with the test data. Because of the uncertainty in the mass flow measurement in test, the mass flow of the CFD results are shifted to make the choking mass flow be identical between CFD and test. In this sense, the stall mass flow is accurately predicted.
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Figure 7: Speed Curves of SW Configuration
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Figure 8: Span-wise Profiles of Exit Total Pressure Ratio (SW)

In Figure8, the profiles of total pressure ratio at PT3 are compared with test data at mass flow rates from choking to near stall. The agreement is satisfactory. When the mass flow is approaching the stall point, there is an obvious increase of tip loading – the jut on the profile near the casing. The CFD simulation can accurately predict this trend and also the shapes of the profiles. This indicates that the CFD is capable of catching the primary flow structures and their developments near the tip region. This sets up a good basis of the CT research. 

Figure 9: Typical Shock Wave and Vortex Structure in the Passage 
(Contours of Static Pressure (Pa), z/Span =99%, Mflux=21.22 lb/s)

In Figure 9, the typical flow structure in the passage is shown by the static pressure contours at a height near the casing and within the span-wise range of the tip gap. The new grid’s advantages are well illustrated. The detached shock wave in front of the leading edge is sharply captured. The BTLV can also be clearly seen in the static pressure contours. A strong interaction between the BTLV and the passage shock can also be seen. Because of the improved grid quality, the resolution of flow details is much higher than it was in Figure 3.
In the present computation, the adjustment of mass flow is through the changing of the exit static pressure at the PT4 location. Since the exit pressure file needs to be computed by the radial equilibrium equation, the exit static pressure set on the hub is referred as the nominal back pressure. Figure 10 shows different convergence curves corresponding to different back pressures. If at a back pressure the mass flow cannot converge in the steady computation, the case is judged as “stalled”. With the gradual increase of back pressure, the last converged mass flow is taken as the stall mass flow. Beyond that point, the mass flow can no longer converge. From Figure 10, a numerical “stall point” can be determined fairly clearly. 
  
Figure 10: Mass Flow Convergence History at Different Back Pressure (Pa, un-shifted)

The real process of stall is not expected to be accurately predicted by the current single passage steady RANS computation. The physical quasi-steady status during the passage’s approaching from stable to stall will be judged as a stalled one by the current methodology. This can usually cause the premature stall prediction. However the current results for SW configuration is fairly good.
   
5.3.4 Results of CT7A configuration

Total Pressure             Static Temperature
Figure 11: Total Pressure and Static Temperature Contours on Both Sides of the Groove-Passage Unmatched Interfaces

With the same 0.027” tip gap, the CT7A configuration is computed and the results are compared with those of the SW configuration computation and the experimental data.
The unmatched interfaces between grooves and the passage are checked first. As a demonstration, in Figure 11, the total pressure contours and static temperature contours are plotted on both sides of the interfaces. Despite the huge difference between the grids, the green lines from the grooves’ side coincides with the red lines from the passage side pretty well, showing that the flow information exchange on the mismatched interface is successful. 

 
Figure 12: Speed Curves of CT7a Configuration

The agreement between the test and the CFD data is very good on both total pressure ratio and efficiency (fig.12). As we have analyzed in 5.3.3, for this configuration, the predicted stall mass flow is higher than the test data. A 1.3-pound stall mass flow extension brought by the grooves is predicted by CFD, with the extension in experimental data being 1.7 pounds. What is significant is that the test data verified the tendency that the CT will bring improvement of peak efficiency to this rotor, which is consistent with the CFD predictions.  


Figure 13: Span-wise Profiles of Exit Total Pressure Ratio (CT7A)
Moreover, again, the CFD computed exit total pressure profiles in Figure 13 agree well with the test data. These help further build the confidence that the current CFD is capable of the investigation on the CGCT’s stall margin extension mechanisms.

Results of CT7 with different groove depths
The speed curves of CT7 series with different groove depths are depicted in Fig.14 and Fig.15 

 
Figure 14: Speed Curves of CT7b Configuration, comparison between CFD and 2010 test data



Figure 15: Speed Curves of CT7c Configuration, comparison between CFD and 2010 test data

Very good agreements between CFD data and test data are obtained for all the three depths, except that there is a consistent premature stall in the CFD results as compared with the test data. However, the extension of the stall margin with a deeper groove is well predicted. 

5.4 Flow Physics Analysis
5.4.1 The momentum transportation of tip leakage flow and CT flow


Figure 16: Sketch of the Backward Momentum Transportation through Tip Gap (A Picture from Ref [12])
The blade tip leakage flow, driven by the pressure difference between the pressure and suction sides, is an axially backward flow in the relative coordinate frame. As is sketched in Figure 16, it confronts the incoming flow and forms the BTLV. 
The location of the interface between the incoming flow and the tip leakage flow is proposed by Vo[6] as a criterion of the passage stall. It is easy to understand that the interface is determined by the momentum balance between the tip leakage flow and the incoming flow. The researchers from ND used the zero stress (Xzs) line to visualize the interface by applying a streaking method on the casing and found that when the Xzs line moves ahead of the blade leading edge, a spike type of stall will happen in the passage. Attributing the moving of the Xzs to the change of backward axial momentum flux through the tip gap, a stall criterion from a simple momentum balance relation was proposed [12]. In other literatures, the momentum transportation though the tip gap, is also believed to be the key factor in the tip gap’s effects on stall[9,11] . 
To analyze the momentum flux through the tip gap, the momentum transportation through surfaces cutting across the tip gap and grooves along both the suction and pressure sides of the blade, as depicted in Figure 17, are investigated. The velocity vectors and the contours of the normal velocity are projected onto the x-z (Axial-Spanwise) plane and are shown in Figure 17. In order to have an enlarged view, the plots are focused near the leading edge. The vectors and contours varying smoothly across the mismatched grid interface between the grooves and passage in Figure 18(b) and (d) show the success of CNMGIT again. 
      
Figure 17: Sketches of Surfaces Investigated for Momentum Transportation through Tip Gap

As is shown in Figure18 (a), for the SW configuration, on the PS cut plane, the flow enters the tip gap (Vy>0) with negative Vx, bringing backward momentum flux. In Figure 17(b), where there is a groove, the velocity vectors in the tip gap will obviously have a larger span wise component and a smaller reverse axial component. The existence of the grooves makes the flow tend to rush into the groove on this plane. Such a tendency decreases the backward momentum flux there.

PS Cut Plane (SW)

PS Cut Plane (CT7A)




SS Cut Plane (SW)


SS Cut Plane (CT7A)
Figure 18: The Blade/Casing/Groove Interaction (Mflux=19.3 lb/s)

[bookmark: OLE_LINK1]In Figure 18(c) and 18(d), the flow will leave the tip gap and get into the passage through the SS cut plane. For the SW configuration, the flow has a great acceleration in the reverse axial direction when going across the tip gap. A tiny secondary separation bubble emerges just over the blade tip end with its reverse flow reducing the total backward momentum flux injected into the passage. In Figure 18(d), as the flow crosses the tip gap, the grooves locally widen the flow passages, lower the restriction of the casing to the tip leakage flow and induce the streamlines to curve into the grooves. These effects help separation bubbles to be formed for every groove. The bubbles are dramatically larger than the one in the SW case. The reduction to the backward momentum flux is no longer negligible as it is in the SW configuration. 
In Reference [11], the authors from Tsinghua proposed a local momentum flux intensity coefficient to quantify the total amount and distribution of the axial momentum injected into the passage through the tip gap. It is revised here as

         (1)
When the grooves are present, the axial momentum can be injected into the passage through both the tip gap and the groove/passage interfaces on the casing. The grooves’ areas added to the tip gap (see Figure 18(d)) also seem to have momentum flux through them; however, these portions of fluid are refined by the groove walls. They only can make momentum contributions to the passage through the groove/passage interfaces on the casing.

A contour of  is first plotted for the groove/passage interfaces in Figure 19. The aspect ratio is tailored to make the plot better fit the paragraph. The colored areas are where the positive axial momentum is injected into (or the backward axial momentum is extracted out from) the passage. Although the negative (blanked) areas are larger, the total backwards flux through them is overwhelmed by the positive flux (as will be shown in Figure 20). The positive momentum flux is primarily injected from near the trailing edge of the grooves and from the areas adjacent to the blade. The later is especially true for the first four grooves. 
  
Figure 19: Distribution of Axial Momentum Injected into Passage from Grooves


In order to quantitatively know the total amount and distribution of the momentum injection along the tip gap, is integrated in the span-wise direction across the tip gap from the blade tip to the casing at each chord-wise location on the PS cut plane (see Figure 17), 

            (2)


where  is the axial chord length of the grid cell contributing to the momentum injection normalized by the tip axial chord of the blade. In Figure 20,  is plotted along the chord. The area covered by a curve is just the total amount of the momentum injection, normalized by the total axial momentum at inlet. 

In Figure 20, when compared with SW (blue curve), the CT7’s distribution of the  (red curve) has obvious deficits at the locations of grooves. That means sharply reduction is put by the grooves on the backwards momentum injected into the passage. 

Similarly, the solid curves are the axial distributions of the grooves’ axial momentum injection into the passage integrated over the whole pitch. The leading parts of grooves are contributing backward momentum flux to the passage. However the net contribution of every groove, especially of the first four grooves, should be positive, because of the higher and wider  peaks near their trailing edges. 
With the increase of the depth of the grooves, the positive axial momentum injected by the grooves near their trailing edges is increasing. Meanwhile, the negative momentum injection near their leading is also decreasing. The increasing of the neat momentum injection explains the better extension of the stall margin by deeper grooves, according to the momentum balance theory. 

Figure 20: Distribution of Axial Momentum Injected into Passage
 through Tip Gap (Mflux=19.3 lb/s, z/Span =99%)
From Figure 19 and Figure 20, three conclusions can be drawn. First, the grooves greatly reduce the backward momentum flux injected into the passage by the tip gap flow, when they are delaying the stall. This at least is qualitatively consistent with the assumption and the momentum balance relation proposed in References [6] and [12]. Second, G1 through G4 contribute the most reduction of the backward momentum flux and have greater importance than G5 through G7 for this configuration. Third, to enhance the groove’s effects, more attention should be paid to the geometry modification on the grooves’ trailing edges and on the blade tip.

5.4.2 The CT’s effects to P0 ratio, T0 ratio, entropy and efficiency
      
SW                 (b) CT7A
Figure 21: Comparison of BTLV Trajectory and the Static Pressure Contours
(Mflux=19.3 lb/s, z/Span =99%)

It’s reasonable that the momentum transportation affects not only the location of the interface between tip leakage flow and incoming flow, but also the BTLV. Figure 21(a) shows the BTLV and shock wave of the SW configuration at its CFD predicted stall mass flow. As a comparison, Figure 21(b) shows those of CT7A at the same mass flow. It can be found that the CT7A’s BTLV is keeping tight and straight. Meanwhile, the BTLV in the SW case begins to curve and get loose in its aft part showing that it is about to break down. The CGCT also prevents the tip gap flow from pushing the BTLV away from the suction side. The angle between the trajectory of the BTLV and the blade suction side is smaller in (b) than (a). The angle the BTLV intersects the shock wave is also changed by the grooves.
The closer to the suction side the BLTV is, the smaller the region occupied by the backward tip leakage flow is. From this point of view, the loss of the flow turning near the blade tip can be mitigated by the grooves. Hence, CT7A’s higher total temperature and total pressure in Figure 12 are explained.  
In the Figure 22, the entropy contours on the 99% z/Span surfaces are compared between SW and CT7A. In Figure 22 (a), there is a very clear line separating the incoming low entropy fluid and the high entropy fluid mainly from the leakage. Vo[6] suggests using this line to define the interface between the incoming flow and the leakage flow, as is depicted in Figure 16. According to his proposed theory, as the flow approaching stall, the contact line should move backwards and reach a location in front of the leading edge. However, at this CFD predicted premature stall mass flow, such an interface is still a little bit downstream of the leading edge. If a real unsteady computation could be conducted to get a better stall mass flow, the location of the interface is expected to be more consistent with the Vo’s analysis. 


SW                      (b)  CT7A
Figure 22: Entropy Contour near Casing (Mflux=18.76 lb/s, z/Span =99%)

In Figure 22(b), because of the flow mixing caused by the grooves, the interface is not as clear. However, especially near the pressure side, the interface can be found farther from the leading edge. The delay of stall by grooves happens along with the “downstream pushing” of the interface. This is again consistent with the assumptions in References [6] and [12]. 
In Figure 22(a), there is a “red spot” on this near casing surface. This high entropy region is just at the intersection of the BTLV with the shock wave. Figure 23 shows the entropy contours on a series of surfaces roughly perpendicular to the BTLV trajectory. In the zoom-in view in Figure 23(a), the “red spot” can be found to be originated from a thin layer of high entropy fluid jetting from the tip gap. The high entropy seems to be generated by the interactions among the shock wave, the tip leakage jet and the casing boundary layer. In Figure 22(b) and Figure 23(b), the grooves partially take the place of the casing wall, locally change the flow passage and thus the strength of the leakage, and distort the local shock wave. One of the consequences is the disappearance of that “red spot”.

 
SW     


CT7A
Figure 23: Entropy Contours along the Vortex (Mflux=18.76 lb/s)

In Figure 22(b) and Figure 23(b), it is shown that the vortex flow in the grooves and the mixing of the passage flow with the groove flow does generate additional entropy. However, from Figure 23, it is obvious that the high entropy region surrounding the BTLV is much larger and stronger in the SW case than in the CT7A case. Taking also the shock wave’s entropy generation and the “red spot” into account, there are many reasons for the CGCT’s improvements on the efficiency. However, more careful work needs to be finished before a final answer could be given. 

5.5 The effect of each individual groove of CT7c.

Figure 24: Speed Curves of different individual groove of CT7c

Figure 25: Stall mass flow of different individual groove of CT7c
The speed curves are shown in Fig.24 for configurations with each individual groove opened in CT7c. In the total pressure ratio plot, the curve for the 2nd groove is somewhat abnormal, showing an abrupt change in the vortex structure. The bar chart of stall mass flow shows that the 3rd groove gives the least stall mass flow indicating the best performance for the stall margin. The grooves before or after are less effective. 



 
Figure 26: Vortex structures for different individual groove of CT7c

The vortex structures, shown in Fig.26, illustrate that the 3rd groove exhibits excellent performance in controlling the tip leakage. The angle between the vortex and the groove looks important to the groove’s effectiveness. Too small intersection angle will bring adverse results, as for groove 1 and 2. 



Figure 27: Axial Momentum contributions of different individual groove of CT7c
Because of the decreasing of the pressure difference along the chord, a downstream groove’s contribution in the positive axial momentum is smaller than an upstream groove’s. Therefore, to gain the better effect, the interaction of groove on the vortex can’t be too late, like the groove 4 and 5.

5.6 The effect of different groove combinations of CT7c.

Figure 28: Speed Curves and stall mass flow of different groove combination of CT7c


Figure 29: Speed Curves and stall mass flow of different groove combination of CT7c
 
All the groove combinations show much better performance in stall margin extension when compared with all the individual groove configurations. The total pressure ratio curves of the 1-1 and 1-2 (1-N means the No.1 to No.N groove is open) configurations are obviously lower than the other curves. From the bar chart of the stall mass flow, it’s obvious that the when the No.2 groove is activated, the stall margin dramatically increases. The 1-4 through 1-7 configurations show similar performance, which is only slightly better than the 1-2 and 1-3 configurations. Comparatively, 1-3 is better than 3-3, 1-2 is better than 2-2.

[image: D:\export.jpg]
    Figure 30: Axial momentum transport of different groove combination
The axial momentum transport through the grooves and the tip gap is preliminarily analyzed. The distributions of each open groove in every configuration are shown in Fig.30. It can be found that with its next groove being opened, a groove’s axial momentum transport is mitigated. However, the overall transport is increased. According to the theory proposed by ND, the stall margin is therefore extended. 
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