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ABSTRACT

In this paper, a non conservative interpolation boundary
condition, for the non-matching mesh blocks, was developed and
validated for the micro compressor casing treatment. The con-
servative variables were interpolated in the halo layers of non-
matching mesh interface using Finite Element Method (FEM)
type linear interpolation shape functions, instead of using over-
set grids. Using this new boundary condition, the effect of casing
treatment on stall margin and compressor performance is inves-
tigated for a mixed flow type micro-compressor. The computed
compressor performance map for the casing treatment case is
compared with the experimental results and shows good agree-
ment except in the region close to stall. With the application of
the casing treatment, improvement in the stall margin is observed
without the loss of efficiency over the operating range.

NOMENCLATURE

Lyer Reference length

d,, ‘Wall normal distance

Poo Freestream density

Us Freestream velocity

Uoo Freestream dynamics viscosity

Q Vorticity

W Tangential velocity in relative frame
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Vi Tangential velocity in absolute frame
Vin Meridional velocity

B Relative flow angle= tan~! (—W, /V;,)
a Absolute flow angle= tan~!(V; /V,,,)
Re Reynolds number

SS Suction Surface

PS Pressure Surface

SA Spalart-Allmaras

B.C. Boundary Condition

CT Casing Treatment

MUSCL Monotonic Upwind Scheme for Conservation Laws
CFD Computational Fluid Dynamics
FEM Finite Element Method

INTRODUCTION

Aviation industry is constantly striving to increase the aero-
dynamic efficiency of aircraft and thereby reducing the fuel con-
sumption and its emission pollution. High lift and low drag wing
design is one of the crucial requirements of aircraft design. Ac-
tive flow control is considered as a promising direction to im-
prove the airfoil performance. Zha et al. [1-4] have developed
Co-Flow Jet active flow control airfoil, which is demonstrated to
achieve very high lift coefficient, reduce drag, and also improve
the cruise efficiency. One of the vital component of Co-Flow
Jet technology is the micro-compressor actuator to draw a mass
flow near the trailing edge, pressurize it and eject the flow near
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the leading edge. As this compressor needs to work under vari-
ous operating conditions during take-off, cruise and landing, its
design needs to encompass wide operating range with high effi-
ciency.

Over the last two decades, aircraft engine compressors and
fans are designed with increased loading to reduce the size and
weight. This brings more attention to the study of effects of in-
creased blade tip loading. Blade tip loading plays an important
role to the tip vortex, which is one of the primary source of stall
inception. The tip vortex trajectory normal to the main flow is
considered as near stall operating point. Low-momentum tip vor-
tex near the rotor tip leading edge causes flow spillage and leads
to stall inception [5]. It is observed that the extraction of this low
axial momentum flow and reinjection of the same in the main
flow with Casing Treatment (CT) helps to improve the stall mar-
gin of compressors [6, 7].

Various designs of Casing Treatment (CT) are devised, in-
cluding circumferential grooves CT [8], non-axisymmetric slot-
type CT [9], honeycomb CT [10], self-recirculating flow chan-
nels [6, 11], ported shroud casing treatment [7] and multiple
cylindrical hole casing treatment (MHCT) [12]. In the early de-
velopment, researchers found that apart from enhancing operat-
ing range, they brought penalty mostly in the form of efficiency.
In order to mitigate the efficiency penalty, over the time various
CT designs have been proposed and investigated to understand
their effect on the tip leakage flow and thereby its influence on
the main passage flow.

Based on Khalid [10], the use of flow aligned honeycomb
casing treatment gives higher stall margin than the circumferen-
tial grooves as it helps to absorb tangential energy in the flow and
enhances streamwise flow momentum by aligning flow more ax-
ially. Hathaway [6] showed the concept of the self-recirculating
casing treatment to increase the stall margin with minimal or no
decrement to efficiency, where pressure difference across the CT
acts as a driving force for fluid movement and the direction of
flow in CT is determined by high pressure side of CT. Chen et
al. [7] demonstrated that the use of ported CT design for cen-
trifugal compressor can enhance stall margin by reducing the
strength of shock on the blade suction surface and removal of low
momentum flow due to recycling it by port CT. Yang et al. [12]
investigated the effect of extraction hole area and its location on
transonic axial compressor stability margin. Based on their find-
ings, penalty on the compressor pressure ratio and efficiency is
influenced by the amount of recirculation flow governed by the
size of extraction hole and its location. In general, CT design
needs to reduce accumulation of low momentum area and move
the trajectory of tip vortex from circumferential to axial in or-
der to delay stall inception. Most of the previous CT studies are
focused on aircraft engine compressors with high Reynolds num-
ber.

Recently, with the growing importance of active flow con-
trol for aircraft performance, micro-compressors used as actu-

ators for active flow control open a new area of research and
applications [13]. The micro-compressors usually have the di-
ameters in the order of less than 8 cm, which brings the Reynolds
number in the order of 50,000 or less. The small Reynolds num-
ber make the flow prone to separation and make the compressor
prone to stall. Casing treatment to extend the operating range of
micro-compressors are hence very important. The other feature
of micro-compressors is that they are often designed as mixed
type to take the advantage of the compactness of centrifugal com-
pressors and high mass flow rate of axial compressors. Few cas-
ing treatment studies for mixed micro-compressors are seen in
literatures.

In the present research, the casing treatment of a mixed
micro-compressor is simulated and investigated. The casing
treatment comprises of multiple cylindrical channels to extract
flow from casing and collection chamber. Numerical investiga-
tion of such CT design requires generation of high quality grid.
Grid clustering and proper smoothness have remained nettlesome
task for the solution of 3D Navier-Stokes equations.

With the increasing geometric complexity, creating struc-
tured conformal mesh is becoming increasingly difficult and
sometimes prohibitive. This leads to the development of grid-
embedding or overset grid technique. Benek et al. [14] devel-
oped chimera grid-embedding method allowing more flexibil-
ity to generate boundary-conforming grids on components part
of geometry, refining mesh in the region of interest, and allow-
ing different flow model solution on different grid. This method
in the original form uses non-conservative trilinear interpolation
scheme. Kao et al. [15] developed Dragon grid, which is a hy-
brid grid scheme preserving the strength of Chimera grid, and at
the same time preserving conservation of conservative properties
by embedding unstructured grid in the hole region of Chimera
grid. Fenwick et al. [16] implemented FEM like halo layer inter-
polation. This paper is intended to develop a general numerical
strategy to simulate any type of compressors casing treatments.
A mixed micro-compressor casing treatment is investigated due
to the scarcity of the research in this area and its extremely high
importance for active flow control.

The objective of this paper is to introduce a new FEM type
interpolation boundary condition across the interface between
the CT channel and compressor flow path with non-matching
mesh, which is non-conservative. The advantage of this method
is its convenience to treat casing treatment without matching
mesh across interface for flux conservation, but it still achieves
a fairly good accuracy as to be demonstrated. The major dif-
ference between Fenwick’s implementation and the present one
lies in the way of searching halo cells position and determin-
ing their associated weights, which are mentioned later on. The
present implementation is validated with the experimental re-
sults of a mixed micro-compressor with self recirculating casing
treatment. Using this non-matching mesh interface treatment,
the effect of the self-recirculating casing treatment on the mixed
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micro-compressor stability and its performance is studied.

GOVERNING EQUATIONS IN GENERALIZED COORDI-
NATES

The in-house CFD solver, originally developed by the CFD
and Aerodynamics lab at the University of Miami, is used in
the present research. The Favre-averaged RANS equation along
with one equation Spalart-Allmaras (SA) turbulence model are
solved in fully coupled manner using an implicit unfactored
Gauss-Seidel line iteration to achieve high convergence rate. The
Favre-averaged RANS equations are nondimensionalized using
Lyef, Poo, Uss and o and their differential form in generalized co-
ordinates are given by:
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The viscous term vectors R, S, and T are represented in in-
dicial notations, using dummy indices i and j, in Equation (2).
In Equation (1) S, represents the SA turbulence model source
term vector. Apart from using SA-noft2 [17] turbulence model,
modifications [17, 18] for SA turbulence model production term

are used to avoid numerical difficulties arising from $ reaching
to zero or becoming negative. Production term modifications for
SA turbulence model are given by:
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where, ¢ =0.7, c3 = 0.9 and set r = 10 if $ = 0.
Details of the standard SA turbulence model implementation
can be found in reference [19].

NON-MATCHING MESH INTERFACE INTERPOLATION
A schematic two dimensional non-matching mesh interface
is shown in Figure 1. Two halo layers are generated across the
interface which can allow the use of higher order schemes re-
quiring upto five point stencil. In the case of matching interface
at internal block boundary, halo layers can assume the position
easily as opposed to the situation here. In the present method,
the halo layers for block A are generated by marching in the di-
rection (i.e. £ ,n or §) into block B with a distance determined
by the first layer of block B’s mesh at the interface, vice versa.

Wall B.C. O

.......

Block A
Block B

0 Internal Block B.C.

FIGURE 1: Non-matching mesh

(= === Mesh A halo layer, and = = = = Mesh B halo layer)

The algorithm for assuming conservative variables at the cell
center of halo layers is as below:

1 Block A halo layer control volume center position coordi-
nates are represented in terms of the nearest eight vertex of
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where N; are the eight-node brick element FEM shape func-
tions (Equation (6)) [20]. Equation (5) represents non-
linear equations in terms of r, s and ¢, which are solved by
Newton-Raphson method for simultaneous non-linear equa-
tions. Values of natural coordinates range between -1 to 1.
Their values help to create connectivity matrix. This matrix
contains the information of halo layer mesh element connec-
tion to physical mesh element of another block, and value of
shape functions. Similar procedure is carried out for Block
B halo layer control volume center position coordinates.

leé(l—r)(l—s)(l—i-t)
Ny = %(1+r)(1fs)(l+t)
N3 = %(I—H’)(l—s)(l—t)
N4:%(1—r)(1—s)(1—t)
1 (6)
Ns = g(l—r)(l+s)(1+t)
No= g (147 (1 +5)(1+1)

Ny= (147 (14)(1 1)

Ny=g(1=n)(1+s)(1-1)

2 The shape function (%;) is evaluated using the calculated nat-

ural coordinates and this serves as weight function for the
conservative variable interpolation.

3 Values of conservative variables are extrapolated to cell ver-
tex for the first two layers of physical mesh near the interface
for both blocks. In the case of reference frame change, this
extrapolated values are calculated in the stationary frame.

3 Once the N;s are known, conservative variables at control
volume center of Block A halo mesh are interpolated using
nearest eight vertex conservative variable values of block B
physical mesh using

8
[ YN (0.} )

Conservative variables in Block B halo layers are searched
following similar procedure. Once the value of both block
halo layers are found with interpolation, they are recalcu-
lated to take into account their original frame of reference,
in case of reference frame change.

The wall boundary condition is placed for the halo layer cell
center which are not within any cell in the other block (Figure 1).
At the time of finding the connectivity matrix, if the wall BC
is placed for any cell, nearest wall distance values need to be
recalibrated to account for the proper destruction and production
terms in SA turbulence model.

In the case of Fenwick’s implementation, halo layer control
volume center position is determined by nearest eight cell center
position as compared to the present one. So in his implementa-
tion weights are calculated at nearest eight cell center whereas
here weights are calculated at grid points. As the value of the
conservative variables in the halo cells are assumed based on its
cell center position in other block, the flux at the non-matching
mesh interface is not conserved. This method is relatively simple
to implement and requires less computational efforts, as it does
not require to find overlapping areas between cells at an interface
like in a conservative interpolation.

COMPUTATIONAL SETUP
Computational Grid

In the present study only structured mesh is used. Single
blade passage used for the numerical simulation is highlighted in
the full annulus mesh overview (Figure 3(a)).

O-mesh topology is used around all the blades (Figures 3(b)
to 3(d)) as it ensures highly orthogonal grid near the wall and
thereby reducing grid skewness. Rotor tip clearance is fully grid-
ded with O-mesh topology and 11 grid points in radial direc-
tion. In the CT circular channel, the butterfly topology is used
as shown in Figure 3(b). Inlet, outlet and collection chamber of
CT are modeled using H-mesh topology. The region between
diffuser and OGV domain is gridded with the H-grid topology.

Table 1 provides the overview of number of grid points in
the direction around blade (i), blade to blade (j), and spanwise
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(b) Rotor blade mesh with CT channels

(d) OGV mesh

FIGURE 3: Mesh overview

(c) Diffuser blade mesh
Domain ixjxk
Rotor 229 x 51 x 51
Diffuser vane 189 x 42 x 51
oGV 181 x 42 x 51

Rotor tip block 229 x 13 x 11

TABLE 1: Grid points around blade

(k), respectively for the all the blades. The total number of cells
is 1,753,760.

Boundary conditions (BCs)

Figure 4 shows micro-compressor simulated in the present
study, which consists of inlet duct with a rotor, followed by dif-
fuser and outlet guide vanes (OGV) with an outlet duct. For the

Y

Diffuser blade A

Casing treatment

(Collection chamber)
Casing treatment
(Circular channels)

Rotor blade

FIGURE 4: Single blade passage geometry

numerical simulation purpose of the compressor with CT, addi-
tional domain of 1.5 times the rotor hub chord length is added
at the upstream of inlet duct. However, all the measurements in
the numerical simulation are carried out without the additional
domain so that the results are more comparable with the experi-
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mental results. As shown in Figure 4, the casing treatment of this
compressor is implemented by four circular channels located at
about 14% tip chord from the tip blade leading edge. The four
channels are extended radially and are connected to a chamber,
which reaches the wall of the compressor inlet. Such a configu-
ration allows the flow at the rotor casing to travel to the inlet to
extend the stall margin.

Stagnation quantities (i.e. total pressure and total tempera-
ture) and flow angles are specified at the inlet. A velocity com-
ponent is extrapolated from the inner domain to determine the re-
maining flow variables at the inlet boundary. At the outlet, static
pressure is specified with radial equilibrium BC. Since the flow
is subsonic, remaining flow variables are extrapolated from the
inner domain at outlet boundary condition. On the blade surface
and CT cylindrical channel wall no-slip wall boundary condition
is used, whereas the remaining walls are modeled with an effi-
cient wall BC [21], which switches from no-slip wall BC to wall
function BC if y™ is between 11 to 300. Zero heat flux through
the wall is imposed by an adiabatic equation. The non-matching
mesh interface BC, described earlier, is applied on the interface
between rotor casing and CT cylindrical channel, and between
the CT cylindrical channel and CT collection chamber. Periodic
boundary conditions are applied on the sides of single blade pas-
sage domain. Mixing plane boundary is used between two blade
TOWS.

Numerical Methods

The steady state Favre-averaged RANS equations described
by Equation (1) are solved using finite control volume method.
The Roe flux difference scheme [22, 23] is used to evaluate the
inviscid flux, where left and right hand side conservative vari-
ables required at the control volume interface are reconstructed
using the 3" d order MUSCL scheme [24], and the 2"? order cen-
tral differencing scheme is used for the viscous flux in the present
study. In order to save wall clock time, high-scalability parallel
computing is used [25].

RESULTS ANS DISCUSSION
Compressor characteristics

Figure 5 shows the computed compressor characteristics
compared with the measurement data [26, 27] at design speed
for both with and without CT for the same micro-compressor.
At the design speed, the compressor is rotating at 115,000 rpm
with the tip diameter of 39.76 mm. It should be noted that the
measurement data is only available for the compressor with CT.
In the experiment, gate valve is used at the outlet to obtain the
different operating points along the speedline.

In Figure 5(a), the abscissa represents the non dimensional
mass flow rate and the ordinate represents the total-to-static pres-
sure ratio. This total-to-static pressure ratio is obtained from the

= Experiment (CT) [26,27]
—CFD (CT)
1.30f CFD (Without CT)
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FIGURE 5: Micro compressor characteristics at design speed

mass flow averaged static pressure (P) at the outlet and the total
pressure (£) at the inlet. In Figure 5(b), the ordinate represents
the total-to-static isentropic efficiency obtained from the mass
flow averaged total and static quantities at the inlet and outlet
section. It is observed that near the choke point, the CT leads
to a small reduction in mass flow rate. As the back pressure is
increased towards the design point, the discrepancy in the mass
flow rate between both the cases is reduced. Excellent agree-
ment is found for total-to-static pressure ratio whereas the total-
to-static isentropic efficiency is over predicted by the numerical
simulation near the choke side as compared to the experimen-
tal results. This over prediction of the isentropic efficiency is
attributed to the prediction of the extent of separation in blade
rows at off-design points. As experimental results are only avail-
able across the compressor stage, it is difficult to say which blade
row is under-predicting the flow separation. The predicted peak
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efficiency for both the numerical simulation cases are close to
the one measured in experiment. As shown in Figure 5, the CT
is found to allow significant increase in the operating range of
compressor as compared to the one without CT. For the CT com-
pressor, the numerical simulation fails to predict a lower operat-
ing range as measured and also under-predicts the pressure ratio
at the low mass flow near stall range. The reason for the differ-
ence between CFD and experimental stall mass flow rate can be
attributed to the unsteady flow generated by CT which needs to
be further investigated with the unsteady simulation.

Figure 5(a) indicates a significant increase in mass flow
range by the CT relative to the smooth wall mass flow range, sim-
ilar to the observation for self-recirculation CT by Hathaway [6].
The numerical simulation predicts a mass flow range extension of
68.77%, which is underpredicted by about 13%. Overall, a sig-
nificant range extension is gained with casing treatment over the
case without casing treatment. Four Points A, B, C and D marked
in pressure ratio characteristic speed line are the near choke point
(Ps/Pt = 1.066), the near design point (Ps/Pt = 1.205), the near
stall point for the compressor without CT (Ps/Pt = 1.22) and
the near stall point for the compressor with CT (Ps/Pt = 1.26),
respectively. At points A, B and C, radial profiles and blade tip
loading will be compared subsequently.

Effect of non-conservative interpolation

A S

dS/R: 0.00 0.06 0.13 0.19 025

dS/R: 0.00 0.06 0.13 019 025

(a) Ps/Pt = 1.066 (b) Ps/Pt =1.22

FIGURE 6: Discontinuity in entropy

Non-conservative interpolation is comparatively easier to
implement than the conservative interpolation. As the fluxes are
not conserved across the interface, it generates non-smooth en-
tropy creation as shown in Figure 6, which is the entropy con-
tours showing the variation in the CT channels and rotor. How-
ever, no significant effect on the overall compressor performance
is observed.

Casing treatment flow
Figures 7 to 10 illustrate the static pressure contour for the
inlet duct, rotor, CT channels and chamber with the increase in

Ps: 490.00 517.50 545.00 572.50 600.00

FIGURE 7: Meridional view at Ps/Pt = 1.066, Point A

Ps: 510.00 545.00 580.00 615.00 650.00

FIGURE 8: Meridional view at Ps/Pt = 1.205, Point B

Ps: 510.00 545.00 580.00 615.00 650.00

FIGURE 9: Meridional view at Ps/Pt = 1.22, Point C

pressure ratio from the near choked to the near stall point as
marked by A, B, C and D in Figure 5(a). This meridional plane
contour is obtained by the pitch-wise averaging. The discon-
tinuity at the non-conservative interface in the meridional view
is due to the circumferential averaging over the wall and internal
boundary region for the rotor casing and CT chamber. In the self-
recirculating CT, pressure gradient across the inlet and outlet of
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Ps: 510.00 545.00 580.00 615.00 650.00

FIGURE 10: Meridional view at Ps/Pt = 1.26, Point D
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FIGURE 11: Axial velocity at 98.5% span for Ps/Pr = 1.22
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FIGURE 12: Tip leakage trajectory for Compressor with CT

CT is the driving force for the recirculating flow. Near the choke
(point A in Figure 5(a)) due to the low tip pressure, the flow is
driven from the compressor inlet to the rotor tip through the CT
chamber and channels as shown in Figure 7. As the compres-

sor back pressure is increased towards the design and stall point,
the static pressure at the interface of CT duct and rotor casing
is also increased and leads to almost zero mass flow rate going
through the CT channels at the design point, Figure 8. When the
micro-compressor is throttled beyond the design point, the flow
goes from the rotor casing to the upstream inlet and returns with
the main flow to the rotor blade as shown in Figure 9. When the
compressor is throttled beyond point C, at which the compressor
without CT is stalled, the flow in the compressor tip also goes
upstream to the inlet, but is mixed with the large flow separa-
tion and does not return directly to the rotor inlet, as shown in
Figure 10.

In order to understand the mechanism behind the extension
of stall margin with CT, it is important to examine the effect of
CT on the blockage area. At a high pressure ratio beyond the
design point, with rise in the back pressure the flow through CT
increases. When this recirculating flow mixes with the main flow
in inlet duct near casing, angular momentum is exchanged due
to the turbulence mixing. That causes flow to align more axially
in the tip clearance region of the rotor leading edge and shrink-
age of high negative axial velocity region near tip leading edge,
Figure 11. Apart from the improvement near the leading edge
of rotor in tip clearance region, overall field improves in the pas-
sage which is evident by delaying low axial velocity region on
pressure side and similarly the shrinkage of low axial momen-
tum region on both side of rotor blade with CT.

Low relative total pressure region on suction side of rotor
blade can help to track the trajectory of the tip leakage flow. Fig-
ure 12 shows tip leakage trajectory with relative total pressure at
five different sections in streamwise direction in rotor passage.
From the Figure 12, it can be seen that at point C (as shown in
Figure 12(a)) tip leakage vortex is still moving downstream in
the main flow passage whereas near the stall point (Figure 12(b))
tip leakage vortex is creating blockage near the leading edge.

Radial Profiles

Circumferential mass averaged radial distributions of in-
let meridional velocity, total pressure ratio and inlet flow angle
for the rotor, diffuser and OGV are shown in Figures 13 to 15
for three different operating points. U, in Figures 13(a), 14(a)
and 15(a) refers to the velocity at inlet boundary condition. The
inlet flow angle in Figures 13(c), 14(c) and 15(c) refers to the
relative flow angle (f) for the rotor and the absolute flow an-
gle (@) for the diffuser and OGV. At low pressure ratio, the in-
let flow angle profiles (Figure 13(c)) for the rotor with/without
CT show similar distribution but the inlet flow angle is slightly
higher across the span with the casing treatment. Due to the less
negative incidence angle for the compressor with CT, it ingests
the mass flow rate lower than the compressor without CT, Fig-
ure 5. This can also be seen from the reduced meridional velocity
across the span with the CT case. This change in incidence angle
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FIGURE 14: Radial Profiles at Ps/Pr = 1.205
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(a) Inlet meridional velocity

is responsible for the lower mass flow rate with the CT case even
though the throat area is the same for the compressor with and
without CT. For the total pressure ratio profile, the case with CT

(b) Total pressure ratio

FIGURE 15: Radial Profiles at Ps/Pr = 1.22

(c) Inlet flow angle

has more work input to the flow in the tip region than the case
with no CT. The total temperature ratio appears to be insensitive
to the CT near the choke point.
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(a) Ps/Pt = 1.066

(b) Ps/Pt =122

FIGURE 16: Flow separation in diffuser with CT

Near the design point, as recirculation mass flow through the
CT channels is nearly zero, the CT has little effect and the radial
distributions of the three flow quantities are about the same as
shown in Figure 14.

As P, /P, is increased to 1.22, the increase in the meridional
velocity and decrease in the inlet flow angle in the upper and mid
span of the rotor inlet is observed. This is the indication that the
CT is able to reduce the tip clearance flow blockage when the
compressor is throttled to near stall. However, at the diffuser in-
let, more mass flow is moved to near the mid span region due to
the high momentum loss of the flow at casing for the high cur-
vature turning. Reduction in rotor blade load can be observed
above 65% span due to the blockage relief by the casing treat-
ment that extends the compressor operating range. This effect of
total pressure redistribution with CT case is also observed with
the total temperature ratio profile.

Overall rise in stagnation quantities across the rotor can be
seen for all the operating points due to the work done on fluid
where as drop in total quantities is evident for the diffuser and
OGYV (Figures 13 to 15). Figure 16 shows the flow separation
in diffuser passage at different pressure ratio. It can be seen
that near the choke point (as shown in Figure 16(a)), pressure
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side of diffuser blade experiences large separation where as at
P;/P, = 1.22 (as shown in Figure 16(b)) suction side experiences
separation near the casing region.

Blade loading
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FIGURE 17: 96.0% Span Blade loading

Figure 17 illustrates the blade tip loading at different operat-
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ing points, where the blade static pressure is normalized with the
total pressure at inlet. For the near choked point shown in Fig-
ure 17(a), a negative incidence angle caused by the CT flow en-
tering the tip region produces negative work at the leading edge
region.

With the increase in back pressure towards the design point
from choke point, incidence angle changes from negative to posi-
tive. Figure 17(b) represents the blade static pressure distribution
near the design point. Overall, the chordwise loading distribution
between the with and without CT is very similar due to the near
zero mass flow influence from the CT channels. A small effect
of CT can be seen near the leading edge and in the CT area. The
static pressure on the pressure surface for the CT case is reduced
upto 0.28x/c and is followed by slight increase in very small re-
gion after CT.

With further increase in pressure ratio (Figure 17(c)), the
incidence and the overall loading are further increased for both
the case with and without CT. However, the one with CT has less
incidence increase due to the CT relief of blockage, which results
in a smaller loading and better flow condition.

CONCLUSION

The implementation of a FEM type interpolation for non-
matching mesh interface is validated with the experimental re-
sults for the compressor with casing treatment. Extension in
compressor operating range is investigated. The conclusions are
drawn below:

1 The non-matching mesh interface does not achieve flux con-
servation. However mesh refinement helps to alleviate this
discrepancy and the overall results are satisfactory.

2 At the near choked point, the self recirculating casing treat-
ment has the flow entering the rotor tip from the upstream
inlet due to the low back pressure. The effect of CT on mass
flow rate, pressure ratio and efficiency near the design point
is insignificant due to little flow going through the CT chan-
nels.

3 As the back pressure is increased to near stall condition, the
CT channels relieve the tip region pressure by having the
flow going upstream to the compressor inlet. This CT flow
traveling upstream helps to reduce the flow blockage caused
by tip vortex and thereby move its trajectory to more axial.

4 The CT flow traveling upstream reduces the incidence an-
gle and improves flow condition by alleviating the blade tip
loading.
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