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ABSTRACT 

Secondary flow injection is proposed as a novel method 
to increase the efficiency of a mixed flow turbocharger 
turbine.    This paper discusses and analyses the flow injection 
via a slot covering partially the shroud of the turbine using a 
steady state numerical analysis. The simulations were 
performed at a rotational speed of 30,000 rev/min and a 
Genetic Algorithm was used to achieve an optimal flow 
injection geometry and conditions near the turbine peak 
condition. The optimisation resulted in a slot located 5.5mm 
from blade tip leading edge, 5mm wide, with an injection 
velocity of 116m/s oriented with a yaw angle of 80 degrees 
and a pitch angle of 60 degrees. Then, the same set of injection 
parameters was used across the entire speed line to assess the 
impacts of injection.  

The simulation results show an improvement in total-to-
static isentropic efficiency throughout all the simulated 
operating points in the speed line, with an increase in 
efficiency of 2.6 percentage points at the optimised peak 
efficiency point. Detailed flow analysis was conducted at three 
selected points: point 1 (lowest passage mass flow), point 5 
(peak efficiency), and point 8 (highest passage mass flow). 
Visualisation of the flow features shows that the injected flow 
affects both the tip leakage flow as well as the hub suction-
side separation vortex at all 3 selected points. The injected 
flow forces the flow to migrate flow towards the hub, creating 
a partial blockage and forces the passage flow to more closely 
follow the streamwise direction. This weakens the suction side 
hub separation vortex and thus reduces the losses induced. 

Additionally, the injection strengthens the tip leakage vortex, 
which improves blade loading near the tip but, in some cases, 
it consequently leads to greater loss generation near the tip 
region. Overall, with injection, the normalised passage 
entropy generation is reduced by 25.1%, 25.5% and 16.9% for 
point 1, point 5 and point 8 respectively. The results obtained 
are explained and discussed in detail in the paper. 

INTRODUCTION 

Turbocharger turbines are usually of the radial inflow 
type, while mixed flow turbines have been a topic of interest 
due to their ability to operate efficiently at a higher pressure 
ratio/lower specific speed compared to their radial 
counterparts (Whitfield and Baines, 1990). This is achieved 
through enabling a non-zero blade angle to obtain favourable 
flow incidence, which would not have been possible with a 
radial turbine due to stress constraints (Lüddecke et al., 2012, 
Palfreyman and Martinez-Botas., 2002). 

 
The flow in mixed flow turbines, unsurprisingly show 

characteristics of both axial and radial turbines. However, the 
flow has been observed to be more closely resemble those of 
radial turbines than axial turbines (Kirtley et al., 1993). 
Palfreyman and Martinez-Botas (Palfreyman and Martinez-
Botas., 2002) also observed similar secondary flow structures 
to radial turbines in their numerical study of a mixed flow 
turbine, though they noted some key differences. The main 
difference between the radial and mixed flow turbine studied 
by Palfreyman and Martinez-Botas is the presence of a large 
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vortex generated near the shroud in the radial turbine, caused 
by the combined sharp turning of the streamline in the 
meridional direction and the motion of the shroud endwall. 
This results in additional losses in the radial turbine. 
Therefore, while knowledge of flows in axial and radial 
turbines can be applied to mixed flow turbines in general, the 
different flow structures in mixed flow turbines mean that 
better understanding of the flow in mixed flow turbines is 
important in achieving better mixed flow turbine performance. 
Unfortunately, available literature is sparse in terms of flow 
analysis in mixed flow turbines. 

 
For turbomachinery in general, Denton (Denton, 1993) 

gave an excellent review on turbomachinery loss mechanisms 
in 1993, and discussed how different losses arise in 
turbomachinery and what are their impacts on compressor and 
turbine performance. He also suggested the use of entropy 
generation as the most reasonable measure of loss. The 
vortices resulting from tip leakage and secondary flow add a 
layer of complexity in understanding and predicting losses. 
This is especially so when the different vortex flows interact 
and mix with one another. In axial turbine research, 
Yamamoto (Yamamoto, 1989) investigated the loss 
mechanisms close to the endwalls of a linear turbine cascade 
and found that interactions between the leakage flow and the 
passage vortex creates high losses on the suction surface. Such 
phenomenon cannot be easily modelled analytically, and 
therefore, numerical techniques like CFD are often used to 
analyse and reduce the losses. Despite the lack of 
understanding and predicting the losses, it is still extremely 
important to be able to improve turbomachinery efficiency, as 
that will often mean lower fuel consumption, cost savings, 
and/or CO2 emissions. Thus many different techniques have 
been employed by different researchers in an attempt to reduce 
turbomachinery losses and improve efficiency, ranging from 
geometrical modifications (e.g. (Schabowski and Hodson, 
2014, Rosic and Denton, 2008, Praisner et al., 2013)) to 
methods that attempt to more actively control flow (e.g. 
(Bloxham and Bons, 2010, Behr et al., 2008, Benton et al., 
2013)). 

Flow Control 

Flow control is the method of altering the character or 
path of a flow field to obtain a desired change. It can be done 
actively or passively. Active flow control operates in response 
to the requirement. It can be switched on or off without 
disturbing the normal system state. Passive flow control is 
present at all working period of the applied system and hence 
no control can be exerted whether it is detrimental or 
beneficial to the overall system.  

 
With respect to flow control in axial turbomachinery, Gao 

et al. (Gao et al., 2014) proposed using tip injection at the 
blade tip to control tip leakage vortex. Their results on an axial 
turbine showed that tip injection is able to reduce the strength 
of the tip leakage vortex, and, if injected near the leading edge, 
delay the breakdown of the vortex. The isentropic efficiency 
of the turbine can increase up to about 3% using this method. 

Niu and Zang (Niu and Zang, 2011) also investigated injection 
at the blade tip, but using a row of holes instead. They found 
that their injection mechanism was able to reduce the tip 
leakage mass flow, and in turn weaken the tip leakage vortex 
and reduce the losses associated. Behr et al. (Behr et al., 2008) 
injected cooling air through the casing in a high-work axial 
turbine. The flow was injected with a radial and 
circumferential flow component, and acts like a ‘curtain’ 
which cuts into the main passage flow. It was found that the 
injection was able to reduce both the size and intensity of the 
rotor tip leakage and tip passage vortices, and improve the 
turbine isentropic efficiency by 0.55 percentage points. The 
above-mentioned research focused on axial turbines, where 
the main field of application is in aircraft engines where it 
operates at the design point for most of the time. Therefore, 
the effects of injection were only examined at the design point 
of the turbines, which is sufficient for the application. 
However, turbocharger turbines often operate at a range of off-
design conditions. Therefore, more detailed studies on the 
effects of injection on turbocharger turbines at different 
operating points is needed. This paper attempts to examine 
how secondary flow injection over the rotor blade tip affects 
the turbine flow field over a small range of operating points. 

Secondary Injection Through Turbine Casing 

The performance of a turbocharger can be enhanced by 
various practices: turbocharger – engine matching, turbine-
compressor matching, turbo-component design optimization 
and active & passive flow control devices, etc. There is no 
single technique that is advantageous at all working conditions 
over the others. Moreover, a combination of many techniques 
can be employed to increase the efficiency of the overall 
system. A secondary injection system could be integrated to 
increase the turbocharger performance once design 
optimization and other techniques have been applied, 
providing further improvements in performance.   

The secondary injection system consists of an injection 
slot which extends circumferentially along the entire shroud, 
as shown in Figure 1. The width and location of the injection 
slot was finalized through optimization using a Genetic 
Algorithm at a single point. Fluid is injected through the 
injection slot. The optimized injection parameters can be 
found in Table 1. 

 

Figure 1: Schematic of Injection 

 
The turbine being studied is a mixed flow turbine design 

for use in truck turbocharger systems. Details of the turbine 
geometry can be found in previous work by Padzillah et al. 
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(Padzillah et al., 2014) ,and a summary can be found in Table 
2. 
 

Table 1: Optimised Injection Parameters 

Parameter  Optimised 

value 

Slot Location (from 
blade tip LE) 

5.5mm 

Slot Width 5mm 
Injection Velocity 116m/s 
Injection Yaw Angle 80° 
Injection Pitch Angle 60° 

 
 

Table 2: Turbine Geometric Parameters 

Leading edge tip diameter (mm) 95.14 
Trailing edge tip diameter (mm) 78.65 
Cone angle (°) 40 
Leading edge blade angle (°) 20 
Length of axial chord (mm) 40 
Number of blades 12 

 
Previously, it was shown that just by affecting the tip 

leakage flow, the injection has some potential of improving 
the turbine performance (Liu et al., 2017). Through 
optimization however, it was found that by allowing the 
injected flow to more greatly influence the entire passage 
flow, greater improvements in turbine efficiency can be 
achieved. This will be discussed in the following sections.   

METHODOLOGY 

3-D CFD Methodology 

The commercial software ANSYS ICEM-CFD is used as 
the meshing platform. The blocking features allows for 
flexible meshing especially for multi-body geometry such as 
ours. The generated mesh blocks are divided to allow for 
different meshing patterns for individual blocks. The 
generated mesh has 537000 nodes for the baseline cases and 
506000 nodes for the injection cases. This mesh density has 
previously been shown to be adequate to resolve the flow 
features within a turbine passage (Newton et al., 2015).  

The 3-D numerical simulation is performed using the 
commercial software ANSYS CFX. The k-epsilon turbulence 
model is chosen as it is widely used in turbomachinery 
simulations and is able to produce reasonable accuracy in 
turbomachinery applications. 

Both baseline (no injection) and injection simulations 
were conducted. For the simulations, mass flow rate boundary 
condition was imposed at the domain inlet, with a total 
temperature of 333K. For the outlet, a static pressure of 1 
atmosphere was imposed. The domain inlet angle was tuned 
to match the experimental pressure ratio. Periodic boundary 
condition was set up at the sides of the passage. The 
simulations were conducted at a rotational speed of 
30,000rpm, which was 50% of the design speed of the turbine, 
to assess the impact of injection at engine part-load conditions.  

The mass flow rate of the turbine was varied to obtain a set of 
performance results. 

Injection Simulation Set Up 

The authors have previously validated the baseline 
turbine model with experimental results (Liu et al., 2017). The 
validated baseline geometry is then modified to include the 
injection slot. The shroud curves used in the creation of single 
passage is modified to include a slot, which in the geometry is 
an additional surface on the shroud, as shown in Figure 2.  

A velocity inlet was imposed as the boundary condition 
at the secondary inlet. The injected flow has a total 
temperature of 333K, similar to the inlet total temperature of 
the main passage flow.  The simulation was conducted on a 
single passage. For the secondary flow injection simulations, 
the injection yaw and pitch angles are varied. The injection 
yaw angle is defined as the circumferential angle measured 
from the z-axis, with a positive yaw angle in the same 
direction as the rotation of the turbine, and the pitch angle is 
defined as the radial angle made between the injected flow and 
the horizontal plane. The pitch angle � and yaw angle � 
definitions are shown in Figure 3. 

 
 

Figure 2: Secondary injection single passage 
domain 

 
A total of 8 operating points were simulated, shown in Table 
3. In the simulation results, point 5 had the highest isentropic 
efficiency, and was the point chosen to conduct the 
optimisation. A total of 3 operating points were chosen for 
detailed flow analysis: Point 1 (lowest mass flow), Point 5 
(highest efficiency), and Point 8 (highest mass flow). The 
selected points are bolded in Table 3. 

RESULTS AND DISCUSSION 

Turbine Performance 

To assess the performance characteristics of the turbine, 
a set of performance parameters was used. Detailed 
description of the dimensional analysis method used to derive 
the parameters can be found in (Whitfield and Baines, 1990). 
Standard definitions will not be repeated in this paper, and this 
section will briefly cover the performance parameters used 
specifically for simulation with injection. 
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Figure 3: Yaw and pitch angle definition 
 

Table 3: Turbine Operating Points 

Point Rotor mass 
flow rate 
(kg s-1) 

Injection 
mass flow 
rate (kg s-1) 

Injection Inlet 
Total Pressure 
(kPa) 

1 0.13015 0.038797 115.00 

2 0.16375 0.038904 115.36 
3 0.19887 0.039061 115.89 
4 0.23262 0.039222 116.42 
5 0.26012 0.039491 117.25 

6 0.31115 0.040045 118.94 
7 0.36284 0.040730 121.03 
8 0.39379 0.041172 122.37 

 

Isentropic Efficiency 

For a turbine with a secondary injection system, the 
additional isentropic power of the injected flow should be 
considered in the efficiency calculations. Assuming that the 
injected flow expands isentropically to ambient pressure as 
well, the isentropic efficiency for a turbine with secondary 
injection can be calculated as follows: 

 

���,��	 

���

��,��	
										�1� 

 
Where 

��,��	 
	�� ���������� � ����
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The state variables such as temperature and pressure can 
be easily obtained from post-processing. 

Isentropic Velocity Ratio (VR) 

The isentropic velocity ratio is defined as the ratio 
between the actual rotor inlet tip velocity to the velocity 
achieved through an isentropic expansion through the turbine 
at the given pressure ratio (Whitfield and Baines, 1990). With 
injection, the isentropic velocity is given by: 

 

     �� 
	"2��,��	/��� ���� � �� ��	�  (3) 

The isentropic velocity ratio is then given by: 

$% 
 &'
()

   (4) 

Figure 4 shows the efficiency against VR curves for 
injection compared with baseline. The graph shows that in 
general, injection increases the total to static isentropic 
efficiency throughout all the operating points, with a 2.6 
percentage point efficiency increase at the optimised peak 
efficiency point (Point 5). The increase in efficiency is larger 
at higher VR (lower mass flow rate).  

 

 

Figure 4: Turbine efficiency curve for baseline and 
injection cases 

 
In order to visualise the localised losses within the rotor 

passage, entropy generation rate, calculated using the method 
described in (Herwig and Kock., 2007), is used. To compare 
the entropy generation rates across different cases, the entropy 
generation rate is normalised by dividing with the isentropic 
work of the turbine.  
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Flow In Baseline Passage 

Figure 5 and Figure 7 show the flow within the rotor 
passage for the baseline cases for points 1, 5 and 8 on the 
suction surface and pressure surface respectively. The 
streamlines are coloured by the normalised entropy generation 
rate. 

 

Figure 5: Streamlines within passage for baseline, 
suction side. Top: Point 1, Middle: Point 5, Bottom: 

Point 8 

The figures show that the flow structures are rather 
different in Point 1 as compared to the other 2 points. At Point 
1, there is a large separation vortex on the suction surface of 
the blade at about 2/3 chord length and 25% span, labelled A. 
A separation vortex appears on the suction surface in points 5 
and 8 labelled B, but they are closer to the leading edge and 
on the suction-surface-hub corner. This difference can be 
attributed to the difference in incidence between point 1 and 
the other 2 points. From Figure 5, it can be seen that there is 
negative incidence on the leading edge of the blade at point 1, 

but positive incidence at points 5 and 8, as shown by the 
velocity triangles. Therefore, for point 1, no separation occurs 
on the suction surface near the front of the blade, as the 
incidence angle is favourable to the suction surface. As the 
flow approaches nearer the aft of the blade, it approaches an 
unfavourable pressure gradient and separates, and this 
separated flow is turned towards the shroud and away from the 
suction surface due to the centrifugal and Coriolis forces, 
developing into the separation vortex A. For points 5 and 8, 
the positive incidence angle causes separation to occur very 
near the leading edge, and the resulting separation vortex does 
not migrate as much away from the suction surface, 
presumably because the higher meridional velocity of the 
fluids help keep the flow stay in direction. Also to be noted is 
that a smaller vortex B is formed right above the hub 
separation vortex in points 5 and 8, which soon merges with 
the hub separation vortex. For point 8, this actually consists of 
2 vortices B1 and B2, shown by the surface streamlines in 
Figure 6. The mechanism for the formation of this smaller 
vortex structure is not yet clear, but its apparent contribution 
to overall entropy generation is not significant. 
 

 

Figure 6: Surface streamlines for baseline, suction 
side, Point 8 

The negative incidence in point 1 also results in separated 
flow on the pressure surface, which then reattaches and 
migrates towards the shroud and then rolls up into another 
separation vortex. This is labelled C1 and C2 on Figure 7. 
There are 2 main features of this vortex. Feature C1 is the fluid 
originating from the hub that is entrained by the vortex and 
migrates to the shroud. This fluid then turns due to the vortex 
and hits the suction surface of the adjacent blade. This is 
labelled C on Figure 5. This stream of fluid then migrates 
towards the hub and rolls up into the suction side separation 
vortex. Feature C2 in Figure 7 is the core of the pressure side 
separation vortex. At points 5 and 8, as the incidence angle is 
positive, no such separation occurs on the pressure surface, 
and therefore the streamlines are not shown. For the baseline 
cases, the normalized entropy generation contours are shown 
in Figure 8 for the suction side. The figures show a few main 
areas with high entropy generation. For point 1, the high 
entropy generation area associated with the suction surface 
separation vortex can be clearly seen, labelled A. In addition, 
there is a region of high entropy generation associated with the 
pressure side separation vortex, labelled C1 and C2. Region 
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C1 corresponds to the strong secondary flow migrating from 
the adjacent pressure surface shown as C in Figure 5. 
Comparing region C2 with the streamlines in Figure 5 seem to 
indicate that this is where the suction side separation vortex 
mixes with the core of the pressure side separation vortex 
which has also migrated towards the adjacent suction surface. 
The third region of high entropy generation rate is the tip 
leakage vortex, labelled D. The tip leakage vortex is relatively 
small in size at point 1. For point 5 and point 8, the regions of 
high entropy generation rate associated with the suction 
surface separation vortex and the tip leakage flow can also be 
seen, labelled A and D respectively. For points 5 and 8, one 
can see the high entropy region associated with the tip leakage 
vortex moving upstream. The smaller vortex structures above 
the suction side separation vortex in points 5 and 8 (feature B 
in Figure 5) do not seem to contribute to significant entropy 
generation. 
   

Figure 7: Streamlines within passage for baseline, 
pressure side, Point 1 

On the pressure side, there are 2 main regions of high 
entropy generation at point 1. Both of these are associated with 
the pressure side separation vortex. These are shown as 
regions C1 and C2 in Figure 9. Region C1 corresponds to the 
secondary flow from hub to shroud that turns towards the 
adjacent suction surface (feature C1 in Figure 7), while region 
C2 is associated with the core of the pressure side vortex. 
From the contours, it can be seen that the losses associated 
with the pressure side separation vortex is very significant.  

Flow In Injected Passage 

With injection, the flow structures within the rotor 
passage were changed. Figure 10 shows the flow structures of 
the rotor passage with injection.  

For point 1, the effects of injection on the suction surface 
separation vortex is very clear. The injected fluid enters from 
the blade tip towards the hub, inhibiting the formation of the 
separation vortex, as seen labelled A’. However, the pressure 
side separation vortex seems to have been given momentum 
by the injection, as seen in label C2’, where the streamlines of 
the vortex are more structured and close together. The pressure 
side separation vortex and the strong secondary flow 
migration associated with it (C2’ and C1’ respectively) were 
also moved towards the hub. Injection has also been seen to 
weaken the suction side separation vortex in points 5 and 8 as 

well, though it can be seen to be less effective as the turbine 
mass flow increases. This is within expectations, since a 
higher passage mass flow means higher velocities which have 
higher momentum, and the same amount of injection will have 
less effect.  

 

 

 

Figure 8: Contours of entropy generation rate for 
baseline, suction side. Top: Point 1, Middle: Point 

5, Bottom: Point 8 

The injected fluid also creates a partial blockage in the 
rotor passage, evident in Figure 10 in the regions labelled E, 
where the streamlines have been deflected towards the hub to 
form a pocket. This forces the flow through the passage 
through a smaller area, and thus forces the passage flow to 
more closely follow the streamwise direction. This likely 
helps in weakening the suction side separation vortex at all 3 
operating points. 
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Figure 9: Contours of entropy generation rate for 
baseline, pressure side, Point 1 

 
A third effect of the injection is the strengthening of the 

tip leakage vortex, labelled D’ in Figure 10. This helps in 
improving blade loading near the blade tip. This effect has 
been mentioned in a previous publication (Liu et al., 2017).  

The effects on the flow features on the pressure side for 
point 1 is already mentioned, while there is no significant 
change in flow on the pressure side for points 5 and 8 due to 
injection, so the streamlines on the pressure side will not be 
presented. 

Looking at the entropy generation contours, shown in 
Figure 12, the effects of injection on the rotor losses can be 
seen. For point 1, a significant change is the reduction in 
entropy generation rate due to the suction side separation 
vortex, labelled A’ in Figure 12. Compared with the baseline 
in Figure 8, the losses associated with this vortex has almost 
completely been erased. However, there is still significant 
entropy generation due to the pressure side separation vortex, 
as can be seen in label C’, although injection has reduced the 
entropy generation rate associated with the pressure side 
separation vortex. This is evident in the lack of high entropy 
generation found in regions C1 and C2 in Figure 8. Looking 
at the blade tip, injection seems to have increased the high-
loss area related to tip leakage flow, evident by the larger area 
of D’. On the pressure surface, it is also evident that the high 
entropy generation regions associated with the pressure side 
separation vortex has been reduced and moved towards the 
hub by the injected fluid. This is shown as regions C1’ and 
C2’ in Figure 11. 

For point 5, the entropy generation contours show that 
with injection, the high entropy region D’ is compressed 
towards the blade suction surface and elongated towards the 
hub. Also, the entropy generation due to the suction side 
separation vortex is reduced slightly as indicated by A’, 
showing that the injection is effective in reducing losses 
arising from the separation vortex. In addition, closer to the 
trailing edge of the blade, an additional region of high entropy 
generation was formed, shown as region E’. This region 
coincides with the separation of the leakage flow streamlines 
to form two counter-rotating vortex pairs, shown in Figure 13. 
This shows that near the blade tip, injection is detrimental to 

turbine efficiency, even though turbine work might be 
improved through better loading. 

 

Figure 10: Streamlines within passage for injection, 
suction side. Top: Point 1, Middle: Point 5, Bottom: 

Point 8 

For point 8, injection also reduces the entropy generation 
from the suction surface separation vortex slightly, as 
indicated by A’. Near the shroud, the high entropy generation 
region associated with the tip leakage flow D’ has been 
reduced near the trailing edge. Compared to region D in Figure 
8, where there is a thin region of high entropy generation near 
the shroud across the entire blade passage close to the trailing 
edge, region D’ in Figure 12 shows a significantly reduced 
high entropy generation area which is confined near the 
suction surface. This shows that injection is effective in 
reducing the losses from tip leakage, though the authors are 
unclear of the exact mechanism on how this happens at this 
point of time. At point 8, injection also causes the tip leakage 
flow to separate into a vortex pair, which causes additional 
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losses as indicated by region E’. However, this effect is 
relatively weak compared to the one in point 5. 

 

Figure 11: Contours of entropy generation rate for 
injection, pressure side, Point 1 

 
Overall, injection is able to reduce the total normalised 
entropy generation rate by 25.1%, 25.5% and 16.9% at point 
1, point 5 and point 8 respectively. This shows that secondary 
flow injection is an effective method in improving turbine 
performance. 

CONCLUSIONS 

A numerical study of the effects of secondary flow 
injection through a circumferential slot on the shroud is 
conducted. The main findings of this study are: 

1) The injected flow is able to increase efficiency 
throughout all operating points tested. 

2) The onset of tip leakage flow moves upstream as 
turbine moves towards higher mass flow operation. 

3) At low passage mass flow rate, negative incidence 
creates a separation vortex on the pressure surface 

4) Detailed flow analyses show that injection creates a 
partial blockage that forces flow to follow the 
streamwise direction, and through this is able to 
weaken the suction side separation vortex, however 
this effect is reduced at higher turbine mass flow, 
likely due to the same injected flow having a smaller 
impact on a higher momentum passage flow 

5) At higher passage mass flows, injection causes the tip 
leakage vortex to separate into a counter-rotating 
vortex pair. This vortex pair is responsible for high 
entropy generation. 

6) Injection is able to reduce the total entropy 
generation by 25.1%, 25.5% and 16.9% at point 1, 
point 5 and point8 respectively. 

Figure 12: Contours of entropy generation rate for 
injection, suction side. Top: Point 1, Middle: Point 

5, Bottom: Point 8 
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Figure 13: Tip leakage Flow Structure, Point 5. Left: 
Baseline, Right: Injection 

NOMENCLATURE 

56  leading edge 
�6  trailing edge 
��   mass flow rate 
�  temperature 
7  pressure 
�  power 
��  specific heat capacity at constant pressure 

8   rotor tip velocity 
��  isentropic/spouting velocity 
�  turbine efficiency 
�6  trailing edge 
9:;  blade angle 
<  incidence angle 
=  injection yaw angle 
�  injection pitch angle 
7%  total-to-static pressure ratio 
$%  isentropic velocity ratio 

Subscripts 

0  stagnation condition 
3  turbine inlet 
4  turbine outlet 
A  isentropic condition 
�*  total-to-static 
BCD  actual conditions 
�B<E main passage flow 
<EF  injected flow 
GHI  relative 
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