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A B S T R A C T  
   

In the present work, the air-injection as an active flow stabilizing techniques were numerically 
examined during the aerodynamic behavior and the characteristics of an axial compressor. First, in 
design condition, the characteristic curve was numerically captured for a specified test compressor. The 
computed results showed good agreements with those obtained from the experiments. They validate 
the finite-volume solver which was developed based on Van Leer’s flux splitting algorithm in 
conjunction with TVD limiters and the κ-ε  turbulence model. At the second step, to examine the 
performance of the air injection technique unstable condition, the operating points were set for the 
unstable condition upon the operating map, and the expected unstable flow patterns were captured. At 
the final step, the numerical simulation was completed with the air injection, and surprisingly, the 
unstable flow patterns became highly re-stabilized. Consequently, a significant recovery of the 
performance was augmented. The study could successfully demonstrate the capability of the numerical 
studies for simulating the active flow controls specifically the inlet air-injection technique using a 2-D 
finite volume approach. 
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NOMENCLATURE   

A  Jacobian matrix for E  tipr  Tip radius of compressor 

vA  Jacobian matrix for vE  hubr  Hub radios of compressor 

B  Jacobian matrix for F  t Time in physical coordinate 

vB  Jacobian matrix for vF  T Time for one revolution of the rotor 

E  Total energy vector inT  Inlet temperature 

E  Transformed unknown vector u x-direction of velocity component 

vE  Transformed unknown vector U Velocity vector 

F  Flux vector v y-direction of velocity component 

EF  Inviscid flux vector x Horizontal axis of Cartesian coordinate 

F  Transformed unknown ξx  Partial of x with respect to ξ 

vF  Inviscid flux vector ηx  Partial of x with respect to η 

vF  Transformed unknown vector y Vertical axis of Cartesian coordinate 

H  Total enthalpy ξy  Partial of y with respect to ξ 

I Unit tensor ηy  Partial of y with respect to η 

J Jacobian of transformation Greek Symbols 

inP  Inlet pressure xη  Partial of η with respect to x 
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q  Heat flux yη  Partial of η with respect to y 

Iλ  Eigenvalues of A  Subscripts 

µ  Absolute viscosity ξ Partial derivative with respect to ξ 

ρ  Density η Partial derivative with respect to η 

σ  Stress tensor E Inciscid flux vector 

τ  Time in transformed coordinate time step V Inciscid flux vector 

ξ  Horizontal axis of transformed coordinate x Partial derivative with respect to x 

xξ  Partial of ξ with respect to x Y Partial derivative with respect to y 

yξ  Partial of ξ with respect to y Superscripts 

V∂  Bounding surface of volume n Previous time level 

ψ  Head Coefficient n+1 Current time level 

φ  Flow coefficient T Transpose of matrix 
 
 
 
1. INTRODUCTION 

 
The axial compressor is the most sensitive device in 
gas-turbine engines because of its adverse pressure 
gradient. Otherwise, about this device, the majority of 
the researches are concerned on preventing of 
aerodynamic instabilities such as rotating stall, when 
they are trying to achieve higher levels of the operating 
pressure ratios without significant reduction of 
performance, as well as preventing engine damages. 
The typical effects of rotating stall are associated with 
loss of compressor performance, high mechanical stress 
in blades and overheating due to the reversed flow. The 
rotating stall leads to a reduction of the pressure rise of 
the compressor, and in the compressor map, this 
corresponds to the compressor operating on the so 
called in-stall characteristic. A better understanding 
about processes to a fully developed rotating stall would 
be provided by unsteady 3-dimensional computations 
over multiple blade passages. 

Because of significant challenge observed in 
experimental investigations of real axial compressors 
(Day et al. [1], Inoue et al. [2] and Jahen et al. [3]), the 
test compressors became strong research tools for 
experimental studies. Besides, very expensive and high 
level techniques of flow visualizations, at mean radius 
during the surge or rotating stall, fortified the great roll 
of CFD studies. Hah et al. [4] first indicated that a 
system of radially directed vortices is established ahead 
of the rotor by a full passage analysis. This implies that 
the rotating stall takes a form of circumferentially 
aligned vortices in a two-dimensional sense outside of 
the end-wall region. 2-D studies of Saxer et al. [5], 
Nishizawa [6], Farhanieh et al. [7, 8], Amanifard et al. 
[9] and Gourdain [10] give more details. 

Further control of rotating stall has been investigated 
by many researches. Flow stabilization using inlet guide 
vanes (IGV) [11], bleed valve and air injection has been 
achieved in test compressors. A set of few works were 

prepared on control of rotating stall from the modeling 
and controller design point of view (Yeung et al. [12], 
Amanifard et al. [13], Chen et al. [14] and Javadi 
Moghadam et al. [15]), which some of them used the 
experimental results for controller design or optimal 
control. 

Because of the lack of the numerical studies of the 
injection system, the present work concerns on a 2-D 
approach; which has been proposed and used by 
Amanifard et al. [7-9]. The inlet injection technique for 
a test axial compressor is used to observe the effects of 
injection on recovery of efficiency. However, the flow 
re-stabilizing by a simple approach for a compressor 
stage during design and off-design conditions is also 
used. In this way, the present work deals with two main 
aspects: firstly, simulation of rotating stall phenomenon 
with a 2-D computational grid on a single-stage, low-
speed, axial compressor and secondly, the investigation 
of air injection effect on re-stabilizing of the compressor 
performance. In the first part, the numerical procedure is 
carried out based on the Caltech compressor rig, which 
was experimentally investigated by Yeung et al. [12]. In 
the second part, the effect of air injection on the same 
range of performances is studied numerically as well as 
a comparison with off-design performance. 

The main goal of the current work is to propose and 
examine a 2D approach which relatively is much 
simpler than 3D tools, to future active flow control 
studies. 
 
 
2. THE COMPRESSOR SPECIFICATIONS 
 
The test compressor for the numerical analysis has the 
same specifications of the Caltech compressor rig which 
is a single-stage, low-speed axial compressor. This 
compressor was used by Yeung et al. [12] in a set of 
experimental observations.  
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3. GOVERNING EQUATIONS 
 
Let Q be an unknown vector defined for a two-
dimensional study as follows: 

TT qqqqEvuQ ],,,[],,,[ 4321== ρρρρ   (1) 

where, E is the total energy  

2/)( 22 vueE ++=   

Let V be any volume with bounding surface S  and 
outward unit normal n. As the volume does not vary 
with time, Q satisfies the following integral 
conservation law: 

∫∫∫ −=
∂
∂

= dSdV
t

QdV
dt
d F.n

 
(2) 

The equivalent differential form of the Equation (2) 
becomes: 

FQ .−∇=
∂
∂
t  

(3) 

Using the inviscid ( EF ) and the viscous ( vF ) 
contributions, the equation of motion can be explained 
as following: 

vE FFF −=  (4) 

where, 
TuP ],,[ HIuuuFE ρρρ +=  (5-a) 

T)].(,,0[ σσ uqFv −−=  (5-b) 

and, 

uIuu .
3
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T∇−= λq  (7) 
By a transformed into a computational space for the 

structured mesh sections, the governing equations in 
conservative form becomes: 

ηξηξτ ∂
∂

+
∂

∂
=

∂
∂

+
∂

∂
+

∂
∂ VVEE FEFEQ  (8) 

Q  is the primitive variable matrix,  EE  and EF  are 
the transformed convective flux matrices in   and η  
directions, respectively and VE  and VF  are the 
transformed viscous matrices in ξ  and η  directions, 
respectively.  τ  is the dimensionless time variable. 
They are related to physical vectors with the following 
general relations: 
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Regarding to two-dimensional approach in present 
work, the governing equations for relative frame is the 
same as those in absolute frame, because there is no 
Coriolis acceleration (no radial component of velocity). 
Additionally, the stagnation enthalpy is constant in the 
relative frame and consequently, there is no energy 
transfer between the fluid and the blades in the relative 
coordinate. In consequence, the only treatment in 
stationary-cascade studies (if desired) is using of 
absolute velocities in place of relative velocities in the 
solver. As evident, the absolute velocities are achieved 
by adding the rotation speed to relative velocities.  
 
 
4. NUMERICAL SIMULATION 
 
4. 1. Finite-volume Formulation    The Equation (1) 
is rearranged to its discrete form, the time derivative is 
approximated by a first-order backward differencing 
quotient and the remaining terms are evaluated at time 
level n+1. Thus: 
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Since, in Equation (11), the flux vectors are 
evaluated in time step n+1; they can be expressed in 
terms of ΔQ. Using the Taylor expansion and a first 
order approximation in time [16], the flux vectors are 
evaluated as follows: 
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It is obvious that the equations in their conservative 
form for unstructured sections are solved in their 
physical coordinate and J=1. 
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The inviscid flux vectors on cell faces were 
evaluated by Van-Leer’s Flux splitting scheme. To 
prevent the oscillatory behavior of the numerical results 
and to increase the accuracy, the Van-Leer’s limiting 
was added to the flux splitting algorithm [17]. The 
second-order derivatives are evaluated by central 
difference approximation. 

The Standard k-ε model was employed in turbulent 
boundary layer over the blades. This model was 
compared with the Baldwin-Lomax (BL) model and 
experimental results by Bohn et al. [18], over a cascade. 
The comparing results gives the required assurance of 
using the k-ε and BL models in cascade problems.  
 
4. 2. Mesh and 2-D Model of Compressor    The 
geometric characteristics of the simulated stage are 
those used by Yeung et al. [12]. The compressor is an 
Able corporation model 29680 with a tip radius of 8.5 
cm and a hub radius of 6 cm. All the blades are of type 
NACA65 series with a variable stagger angle of 30º at 
the tip to 51.6º at the hub, distance between rotor and 
stator is approximately 12cm and the injectors are 
located 10.4 cm before the rotor. All the experiments 
were run with a rotor frequency of 100 Hz. 

According to Farhanieh et al. [7], only 2 blades were 
selected for the 2-D numerical study for rotor and stator 
passages. As the stall cells are assumed to appear near 
the shroud [10], the numerical procedure is carried out 
at 80% of the blade span. Each Passage is divided into 4 
domains: 2 H-grid for upstream and downstream of the 
blades, one O-grid around the blades, and one 
unstructured triangular near the cascade. The total 
number of mesh cells finally reaches to 69610 cells 

(Figure 1). The cells distribution in each section is 
described in Table 1. The aero-thermodynamic flow 
characteristics are set as the Table 2. 

The upstream boundary of the mesh is located at 
about 3 chords of the rotor blades. The downstream 
boundary is extended up to 1.5 chords of the stator 
blades. 
 
 

TABLE 1. Nodes distribution 
 Rotor Stator 

O-blade 210×40 210×40 

Δ-cascade 12176 12188 

H-channel 50×60 40×60 

 
 
TABLE 2. Aero-thermodynamic characteristics of the cascade 

Stagger angle of rotor and stator 30º 

Rotor and stator profile NACA65-(A10) 

Solidity 1.35 

tiphub rr /  0.7 

tipr  8.5 cm 

inP  100 kPa 

inT  300 Kº 

rU  68 m/s 

RPM 955 

 
 

 
 

Figure 1. Mesh generated for 2-blade cascade 
 

3 chords 1.5 chords 
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Based on the experimental work [20], the injectors 
are located at a specified distance of the leading edge of 
the rotor cascade in order to overcome the stall cell 
creation between the blades. The effects of the air 
injectors can be roughly characterized by their effects 
on the compressor map. The experimental results 
indicated that the compressor map could be altered by 
air injection. 
 
4. 3. Boundary Conditions     All the calculations 
were run at total pressure of 100 kPa and total 
temperature of 300 ºk as well as those reported by 
Murray [12]. Steady boundary conditions were adopted 
at both inlet and outlet boundaries. The inlet flow is 
subsonic with a Mach number of 0.17 with a fixed total 
pressure, fixed total temperature and the zero angle of 
attack. The stagnation pressure was set as the external 
boundary which was calculated upon the flow 
coefficient )(φ  and pressure coefficient )(ψ  as set for 
each test. Non-slip and adiabatic conditions were also 
set all over the solid walls. For all the cases, numerical 
simulations were started with the unsteady solution. The 
time step is calculated upon the cascade’s length, 
tangential speed of the rotor blade, and the total time per 
revolution. 

In this 2-D simulation, the rotor cascade moves at a 
specific speed relative to the stationary stator passage to 
simulate the rotating motion. The location where the 
flow enters into stator cascade from the rotor section is 
called the interface zone. To evaluate the interface 
fluxes, the intersection between the interface zones is 
determined at each time step. The number of faces at the 
intersection zones varies as the interface zones move 
relative to each other. Principally, fluxes across the grid 
interface are computed using the faces of the two 
interface zones.  

All the injections have a fixed static pressure which 
is set to their maximum pressure of 80 psi at their 
supply tank. Figure 2 illustrates the locations of 
injectors for both circumferential and azimuthal 
direction. The valves are embedded at the casing and 
connected to their supply tank. The air injectors are on-
off type injectors driven by solenoid valves [12]. As the 
mass flow rate drops during operation, the injectors are 
switched on continuously. Regarding the significant 
head losses at the injector faces, between the valves and 
the pressure source, the injector back pressure does not 
represent an accurate actual velocity of the injected air 
on the rotor face. Hence, the maximum velocity of the 
injected air measured at a distance equivalent to the 
rotor-injector distance for 50 and 60 psi are 
approximately 30.2 to 33.8 m/s. The direction of the 
injection is also determined by velocity components of 
the flow injected through the rotor passage. This angle 
may also vary between 27º and 40º according to the test 
experimental reported works [12]. 

 
 

5. THE CODE VALIDATIONS 
 
The computed compressor characteristic curve was 
compared with that achieved from experiments from 
[12], in Figure 3 at the nominal rotation speed. For 
numerical simulation, different cases were set. 
According to Table 3, in 5 small intervals, the inlet and 
the outlet static pressure ),( 21 PP  were captured and 
then ψ was calculated and averaged. The head 
coefficient is at low mass flow rates and the stability 
condition is found at 316.0=φ . At higher mass flow 
rates, the numerical simulation shows a considerable 
shift off from the actual values due to the higher mass 
flow rates achieved in experimental measurements [12] 
and, probably the model of standard k-ε. 

 
 

 

Figure 2. Location of the injection valve 
 

Rotor Stator 

Injector 

Hub 

Casing 

b) Azimuthal direction 

10.4 cm 
cm 

High pressure solenoid 
valve (connected to a 
supply tank of 80 psi). 

a) Circumferential direction 
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TABLE 3. Pressure coefficient captured from 5.0=φ  

Time Step 1P  (Pa) 2P  (Pa) ψ  

105 98714 101422 0.273 
110 98778 101422 0.266 
115 98833 101423 0.261 
120 98877 101423 0.256 
125 98914 101423 0.253 

 
 
 

 
Figure 3. Head coefficient with respect to the flow coefficient 

 
 

 
(a) 

 

 
(b) 

Figure 4. Instantaneous flow field without injection, a) 
Growth of stall cells, b) Blockage initiation 

 
 

 
Figure 5. Axial velocity traces at the middle of the interface 
without injection 
 
 
6. DISCUSSION OF RESULTS 
 
6. 1. Propagation of the Rotating Stall    Figure 4 
depicts the computed flow streams during the rotating 
stall phenomenon of the compressor. The flow 
coefficent is set to 0.4 and the corresponding head 
coefficient is set to 0.35 to provide the unstable 
condition. Figure 4-a illustrates the stall cells initiation 
almost in the rotor cascade. After the next revolution, 
the cells grow in size, move through the stator cascade, 
spread over and diffuse within the passage with a 
blockage initiation (Figure 4-b). The existance of 
rotating stall induced vortices that fortify the 
expectations of significant energy losses and 
consequently, the performance reductions. The axial 
velocity traces in absence of injection in period of 20 
revolutions of rotor at 35.0=ψ  is also shown in   
Figure 5. Significant fluctuations of velocity are 
completely depicted and the pressure rise of the stage 
drops from 1.0350 (nominal operation) to 1.0235. The 
first spikes are appeared within the rotor cascade after 
one compressor rotation and velocity signals indicate 
almost 10 revolutions before the flow exhibits a rotating 
stall. It takes 3 revolutions to initiate from a high 
amplitude part-span stall into a fully developed rotating 
stall. The simulation shows a stable full-span stall 
phenomenon with a lower amplitude and mean axial 
velocity of   24.2 m/s. It is also noticeable from Figures 
4 and 5 that the configuration and time history of the 
stall cells causes the velocity fluctuations vary. When 
the cell eyes grow in size, the mass flow rate slows 
down drastically. The unsteady nature of the Rotating 
Stall (RS) causes chaotic flow patterns which means the 
mass flow fluctuates during the RS.  
 
6. 2. Effects of Air Injection on Flow Instability     
The effect of air injection on the system can be 
demonstrated by modifying various degrees of the 

Transient Part-span stall Full-span stall 
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injection setups. For the current study, the back pressure 
of the injector is 60 psi, and the injector angle is 27º 
relative to the axial flow. According to the experimental 
work [12], each injector can add approximately 1.7% 
continous mass to the system at 60 psi. Hence, the 
steady operation of compressor is set upon total 3.4% 
difference between inlet and outlet mass flow rates. 
Figure 6 presents the axial velocity traces at the 
interface after injection and the enlarged view of the 
injection jet for Ψ=0.35 at its steady performance. 

As it is observed, the effect of injection is 
completely sensible to the flow characteristics. The flow 
is considerably smoothed and consequently, velocity 
fluctuations are reduced. A comparison between the 
streamlines of injected and not injected cases, are shown 
for three different time steps from Figures 7 to 9. The 
injection impacts the stall cells and causes them to be 
removed, which re-stabilizes the flow (Figure 9-b). 
However, some minor vortices which are captured after 
the injection shows the sensitivity of injection rates and 
their locations (Figure 7-b). 

 
 

  
(a) Stabilized axial velocity traces at the middle of the interface after 

injection (b) Enlarged view of axial velocity 

Figure 6. Axial velocity traces at the middle of the interface without injection 
 
 

 
(a) Without injection (Unstable pattern) (b) With injection (Stabilized pattern) 

Figure 7. Flow pattern of unstable and stabilized conditions at time step 1 
 
 

 
(a) Without injection (Unstable pattern) (b) With injection (Stabilized pattern) 

Figure 8. Flow pattern of unstable and stabilized conditions at time step 2 
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(a) Without injection (Unstable pattern) (b) With injection (Stabilized pattern) 

Figure 9. Flow pattern of unstable and stabilized conditions at time step 3 
 
 

  
Figure 10. Pressure rise with and without injection 

 
Figure 11. Comparison of compressor characteristics with and 
without injection 

 
 

Figure 10 also shows the effect of different   air 
injection on the pressure rise for Ψ = 0.35. After a short 
transient response, the flow interacts with the high 
pressure fluid entering the system and the immediate 
effect of injection is clearly captured. The injection back 
pressure of 60 psi gives a smooth operation. Besides, 
the 17.42% increase in pressure rise up to 1.055 which 
happens after approximately 6 revolutions. This fortifies 
the expectation of performing higher injection pressures 
which may cause more effective flow re-stabilization 
rather than lower ones.  

A comparison of compressor operation was also 
carried out for both stable and unstable conditions 
(Figure 11). The results demonstrate good agreements 
with experimental data. The compressor characteristic 
curve is shifted up in the presence of continuous air 
injection and it is more affected on the left of the 
pressure peak. The maximum effect of air injection 
belongs with low mass flow rates by approximately 
15% to 47% increase in head coefficient. Even it is 
predictable to have significant effects by the injection 

technique, but it is more noticeable to see how a 2D 
approach can evaluate the quantities of the main 
parameters. 
 
 
7. CONCLUSIONS 
 
A multi-block 2-D finite-volume solver was developed 
to investigate the behavior of the rotating stall 
phenomena in a single-stage low-speed axial 
compressor. The air injection technique was also 
employed to damp the flow instability and remove the 
stall cells. The following remarks summarize this study: 
v An experimental high cost observation of rotating 

stall in axial compressors is numerically simulated 
during a simplification of the geometry in a manner 
of cascade length reduction and 2-D simulation, to 
minimize the CPU time and overall study costs.  

v The numerical simulation is compared with 
experimental data and the result gave the required 
assurance based on the previous researches. 
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Numerical responses show a high accuracy for 
simulation in low mass flow rates around the peak 
pressure and the stability point is also well 
predicted. 

v The method of air injection through the compressor 
cascade was set to investigate the effect of injecting 
technique on the flow instability. The results show 
the smoothing effect of inlet injection technique on 
stall fluctuations and the performance recoveries.  

v The pressure rise of the compressor increases from 
1.032 (nominal operation) to 1.055 (17.42% 
increase) which is an effective change for one stage 
of an axial compressor. It is also noticed that in low 
mass flow rates, the flow is more sensible to 
injection rather than high ones which indicating 
that in lower mass flow rates the difference 
between momentum of air injecting into the system 
and the main flow is quite large. Hence, the 
injecting has more effects (Figure 11). The flow 
visualizations in Figures 7 to 9, not only gave a 
clear pattern during the stall propagation, but also 
provided a step by step depiction of the injection 
effects on flow pattern and consequently the re-
stabilizing procedure.  

v As the final result, one may find out that actually, 
with a reduced simple 2-D model, the complicated 
study of the flow re-stabilizing are performed quite 
desirable for the future similar investigation. 
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  چکیده

 
  

تاثیرات تزریق هواي ورودي بر رفتار آیرودینامیکی و مشخصه هاي یک کمپرسور محوري بصورت عددي مورد بررسی 
منحنی عملکرد در ناحیه کارکرد یک کمپرسور آزمایشگاهی مشخص بدون تزریق هوا بصورت عددي . قرار گرفته است

خشیدن به تحلیلگر حجم محدود دو بعدي غیر یکنواخت که بر اساس الگوریتم جداسازي شار براي اعتبار ب. گرفته شد
بنا نهاده شده است، نتایج محاسبه شده تطابق   K-εو مدل توربوالنت TVDلیر که مربوط به محدود کننده هاي  -ون

منحنی عملکرد در حین تزریق هوا نقاط  ، براي نشان دادن بهبوددر مرحله بعد. هی را نشان می دهدخوبی با نتایج آزمایشگا
کارآیی محسوسی  عملکرد به مقادیر ناپایدار و خطوط جریان ناپایدار آیرودینامیکی تغییر داده شده و در نتیجه کاهش

، تزریق هواي مورد نیاز ورودي بصورت عددي فراهم براي توجیه عددي تکنیک تزریق هوا، سپس. مشخص می شود
  .ي ناپایدار جریان توسط بهبود مشخص کارآیی برطرف گردیدگردید و تمامی شکلها
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