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ABSTRACT 1 

The distortions, such as total pressure distortion in circumferential and radial directions, generated by low speed flow 2 
cell upstream is a common phenomenon at the inlet of an axial compressor. Nonuniform inflow can extremely affect the 3 
performance and the stability of compressor, and needs to be considered during the design of a turbojet engine. In this 4 
paper, a distortion model is proposed to provide an option to simulate upstream low speed flow. And then, a series of full-5 
annulus, unsteady, computational fluid dynamics (CFD) simulations is conducted in this study to analyze each influence 6 
of three kind of total pressure distortions, covering 60, 120 and 180-deg sectors above 0.7 span at the inlet boundary 7 
respectively, on the performance and the stability of NASA Rotor 67. And the results also present how the rotating stall is 8 
induced and develops under different inflow conditions. 9 

INTRODUCTION 10 
Inlet distortions are important issues that can not be neglected for the design of highly loaded compressors as it can 11 

give rise to rapid decreases of the stage loading, the efficiency and the stall margin. There are many contributors to the inlet 12 
distortions, such as irregular intake ducts and upstream wakes. The circumferential total pressure distortion is one of the 13 
most common ones. And a large number of researches had made efforts to analyze the effects of this kind of distortion. 14 
Since the 1950s, researchers had carried out a series of experiments to study the influence of nonuniform inflow on 15 
compressor performance (Stenning, 1980; Chen et al., 1985; Hynes and Greitzer, 1987), and it was found that distorted 16 
inflows could induce the rotating stall and reduce the stall margin. It was due to the importance of the compressor stability 17 
to compressor design that researchers had done a lot of experiments to investigate the influence of the distortions on 18 
compressor stall (Fortin and Moffatt, 1990; Longley et al., 1994; Dong et al., 2018). And some valuable conclusions were 19 
obtained, such as, when the distortion was enhanced, the number of stall cell would be increased. But, this kind of 20 
experiments was laborious. With the development of computer technology, CFD calculation had been another option. Early 21 
numerical simulations were mainly focused on the analyzing of the influence of distortion on the aerodynamic loss (Hirai 22 
et al., 1997; Yao et al., 2010; Yao et al., 2010, Zhao et al., 2017, Zhang et.al., 2017). Recently, many scholars had begun 23 
to use unsteady calculations to study the effect of distortion on compressor stall (Zhang and Vahdati, 2019; Zhang et al., 24 
2020; Page et al., 2018).  25 

As mentioned above, a lot of researches have been done to investigate the impacts of inlet distortions on the properties 26 
of compressor. But, very few published materials, which discusses how the distortions influence the compressor stall 27 
process in detail, can be found. To study the influence laws, this paper sets out to parametrically research the effects of 28 
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distortions with different circumferential range on spike stall.A transonic rotor has been selected. The inlet distortion pattern 1 
is determined by mathematical formulas as it is easy to be implemented and suitable for parametric analysis. Then, the 2 
performance lines and flow fields under different inlet conditions have been compared. Finally, the formation process of 3 
the spike stall has been described and analyzed. 4 

NUMERICAL METHOD 5 
Compressor model 6 

NASA Rotor 67 is chosen as the test case and the experiments of the rotor were carried out by NASA. The rotor row 7 
has 22 blades and is with a rotating speed of 16043 rpm. The tip clearance of the rotor is set as 1.1% tip chord. More 8 
detailed parameters of the rotor could be obtained from the technical paper (Strazisar et al., 1981). Figure 1 shows the 9 
sketch of numerical calculation region and the measuring positions of the compressor. The inlet boundary and the outlet 10 
boundary of the numerical region are set at Stations 1 and 4, respectively. And as depicted in the figure, in order to capture 11 
the rotating stall numerically, the simulation region is with large extensions in both upstream and downstream directions 12 
(Zhang and Vahdati, 2019). In addition, the results obtained from Stations 2 and 3 were used to calculate the overall 13 
performance characteristics under either experimental condition or numerical condition. 14 

 
Figure 1 Sketch of the experimental measurement and the numerical calculation region of NASA Rotor 67 

Computational scheme 15 
In this study, the commercial software CFX-Solver is used to solve the unsteady Reynolds-averaged Navier-Stokes 16 

equations with the help of SST k-ω turbulence model. The second-order backward Euler scheme and the high-resolution 17 
scheme are adopted to discretized the temporal term and the convection terms, respectively. The physical time step is set 18 
as one twentieth of the blade passing period (BPP) under the large flow rate conditions. While, the time step is set as one 19 
ninetieth of the BPP under the low flow rate conditions since the large time step is not suitable to capture the stall inception 20 
(Zhang et al., 2020). Total temperature and total pressure are set at the inlet, static pressure at the outlet. In order to calculate 21 
the stall point, a nozzle downstream of the duct (Zhang and Vahdati, 2019) is applied in current work as shown in Fig. 2. 22 
The performance lines are obtained by the gradually decreasing the nozzle area. When the nozzle area is reduced to some 23 
small extent, the changes of flow parameters over time are not stable and periodic. And this point is treated as stall point. 24 

 
Figure 2 View of the numerical calculation region of NASA Rotor 67 

Grid strategy 25 
In this study, the simulations were conducted in full annulus. The mesh topology of a single passage for each blade 26 

row and the distance between the first layer meshes are as the same as these in the reference (Zhu and Yang, 2020). The 27 
grid independence verification is performed using four gird strategies with 7.2×106 nodes, 13.8×106 nodes, 27.2×106 nodes 28 
and 40.6×106 nodes respectively. The grid independence results are compared in Fig. 3 that Grid 3 is sufficient to provide 29 
relatively accurate simulation in this case. Thus, Grid 3 with 307 axial, 1210 tangential and 73 radial points is adopted. 30 
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Figure 3 Comparison of peak efficiency with four grids 

Assessment 1 
In order to prove the feasibility of the numerical method, the comparisons of adiabatic efficiency and total pressure 2 

ratio between the experimental (Strazisar et al., 1981) and the numerical results are shown in Fig. 4. The flow rates are all 3 
normalized by the experimental choke flow rate. As depicted in the figure, the numerical method can capture the stall point 4 
successfully. With the comparisons of performance lines, it is found that the numerical efficiency is slightly lower than 5 
that of the experiment, and the deviation of peak efficiency is 2.13% approximately. Meanwhile, the total pressure ratio 6 
obtained by CFD is also lower than that by experiment. Furthermore, the spanwise distributions of performance parameters 7 
under near peak efficiency (PE) and near stall (NS) conditions of experiment at Station 3 are shown in Fig. 5. As described 8 
in the figure, the difference under the NS condition is slightly large. As shown in Fig. 5(a), the max relative deviation of 9 
total pressure along the span is about 3.9%, which is acceptable. Meanwhile, the trends of the distributions along the span 10 
are similar. In general, the CFD method is suitable for the following analysis. 11 

  
(a) Adiabatic efficiency (b) Total pressure ratio 

Figure 4 Comparisons of performance lines between numerical and experimental results 

 

   
(a) Total pressure ratio (b) Total temperature ratio (c) Adiabatic efficiency 

Figure 5 Comparisons of spanwise distributions of performance parameters under near peak efficiency 

and near stall conditions of experiment at Station 3 

RESULTS WITH INLET DISTORTION 12 
In this paper, a sinusoidal total pressure distortion model is proposed and applied, which is easy to be implemented 13 

and suitable for parametric analysis. This model shares a similar total pressure distribution to some experimental ones (Li 14 
and He, 2002). And the definitions of the model are expressed as following. 15 
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where TP  is the distribution of local total pressure at inlet, 
UNI

TP  is the inlet total pressure with uniform inflow, and 1  16 

the distortion speed. Distribution variations in the circumferential and the radial directions are determined by k  and j  17 

respectively. k  is a relative phase angle between the pitch wise positions, 1  and 2 , which are 0 and 360 degree for 18 

full annulus. While j  is the angle between the spanwise positions. The definitions of these two angles are shown in 19 
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Equations (3) and (4) respectively, where   is the circumferential range angle and   is the spanwise position expressed 1 
in Equation (5). And 1  is the radial starting position for distortion. Besides,   is a coefficient to control the strength of 2 

distortion. 3 

 

    
(a) UNI (b) D60 (c) D120 (d) D180 

Figure 6 Instantaneous inlet total pressure distribution with and without distortions 
This research is focused on the parametric study of circumferential range of inlet total pressure distortions on transonic 4 

rotor stall. Therefore, the study is conducted with three distortions as listed in Fig. 6. UNI is the condition with uniform 5 
inflow, while D60, D120 and D180 represent the distortions occupying the circumferential range of 60 degree, 120 degree 6 
and 180 degree respectively. The intensity coefficient  is 0.05, the radial starting position 1  is 0.7 and the distortion 7 

speed 1  is set as 0 for these three distorted cases. When simulating the cases with distortions, the computational domain 8 

and the boundary conditions are almost as the same as those with uniform inflow except the total pressure at inlet. Under 9 

the uniform inflow condition, the total pressure at inlet is set as a constant value 
UNI

TP . While, when the inflow is distorted, 10 

the inlet total pressure is unequally in space and time, which is controlled by Equation (1). 11 

Overall performance 12 
The performance with and without distorted inflows are depicted in Fig. 7. The mass flow rates are all normalized by 13 

the choke flow rate of experiment without distortion, and the stall points are obtained under each inflow conditions. As 14 
shown in the figure, the choke flow, the efficiency and the total pressure ratio are slightly deteriorated by the distorted 15 
inflows. And the performance is degraded further when the affecting range of distortion increased. In addition, figure 7 16 
shows the stall margin defined in the refrence (Zhu and Yang, 2020) under each conditions. Compared with the uniform 17 
inflow, the stall margins of D60, D120 and D180 model are decreased by 0.964%, 1.928% and 2.819% respectively. 18 

  
(a) UNI (b) D60 

  
(c) D120 (d) D180 

Figure 7 Performance lines with uniform and distorted inflows 
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Impacts of distorted inflows on stall process 1 
As mentioned above, inlet distortions could lead to the decreases of compressor stability. In order to understand the 2 

impact of distorted inflows on stall process, the unsteady flow phenomenon in tip region of rotor at stall point marked in 3 
Fig. 7 is discussed with and without distortions in this section. 4 

 

  
(a) UNI (b) D60 

  
(c) D120 (d) D180 

Figure 8 Changes of relative static pressure over time in front of the leading edge of rotor at 95% span 

The changes of relative static pressure over time at monitor points in front of the leading edge of rotor at 95% span 5 
under different inflow conditions is described in Fig. 8. There are five measurement points, rotating together with the rotor, 6 
settled in the same relative location of different passages. And the positions of those points marked with red dots are 7 
depicted in the figure. Based on the relative pressure results, it is found that the stall cells are all formed after the compressor 8 
operating not more than four revolutions (revs) with and without distortions. Under UNI condition, there is only one stall 9 
cell generated. When the inflow is nonuniform, two stall cells are observed in the tip region. As shown in Fig. 8(b), there 10 
is one stall cell in the beginning under D60 condition. But after 18.5 revs, the second stall cell starts to form as marked 11 
with blue circle. While, with D120 inflow, two stall cells are generated earlier. And the states of these two cells become 12 
relative stable after 13.1 revs. Besides, as the impacting range of the distortion increased to 180 degrees, two stall cells 13 
could be found obviously after only 3.5 revs. According to the formation and the development of stall cells in tip region, 14 
the stall processes under different conditions are divided into several stages respectively. In addition, comparing the 15 
absolute propagating speed of stall cells with different inflows, it is found the propagating speed is increased when the 16 
influence range of the distortion becoming larger. To sum up, Due to the limitation of computer resource, the simulation 17 
results within 20 revs are presented. And through these results, it is found that with the increase of the circumferential 18 
region of distortion, the stall process is like accelerating. The second stall cell is earlier and easier to generate. 19 
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(a) UNI (b) D60 

  
(c) D120 (d) D180 

Figure 9 Changes of normalized outlet flow rate with time at stall points 

To investigate the stall process with different inflows, several operating moments need to be selected for further 1 
analysis. Figure 9 shows the convergent curves of outlet flow rate normalized by choke flow rate of experiment with and 2 
without distortions at stall points. The operating process is divided into different stages with blue lines based on the 3 
formation of stall cells, which is also described in Fig. 8. In addition, five typical moments, which are marked with red dot 4 
in Fig. 9, at different stages under each inflow condition are picked out. And details of flow phenomena will be analyzed 5 
at these moments in the following paragraphs. 6 

The circumferential contours of axial velocity normalized by rotor tip speed Utip at different times described in Fig. 9 7 
at 95% span with and without distortions are shown in Fig. 10. Under uniform inflow condition, it is found that the small-8 
scale backflow is generated in each passage, and the velocity distributions are similar among the passages at 2rev time. 9 
With the operation of the compressor, the backflow in the passage become more serious and obvious differences of the 10 
velocity distributions among the passages are found. When time is 4rev, a large-scale backflow squared with dashed lines 11 
in Fig. 10(a) occupying almost 10 passages is observed. And as time passed, this backflow becomes a low speed flow cell 12 
and is propagated circumferentially as depicted in Fig. 10(a) at 20rev time. When the inflow is nonuniform, the velocity 13 
distributions are different among the passages and the backflows are appeared in some passages in the very beginning as 14 
shown in Figs. 10(b), 10(c) and 10(d). Under D60 inflow condition, it is found that one stall cell is generated at 3.3rev time. 15 
And, with the rotating of the rotor, the stall cell becomes more and more serious. As the cell is large and strong enough, it 16 
begins to divide into two cells with similar scales, which all occupy about 5 passages, as marked in Fig. 10(b) at 20rev 17 
time. With the impacting range of distortion increased, the formation of two stall cells becomes easier. And, at last, these 18 
two stall cells are with almost the same strength as shown in Figs. 10(c) and 10(d), and propagate circumferentially at 19 
almost the same speed as depicted in Figs. 8(c) and 8(d). 20 

    

 
(a) UNI (b) D60 (c) D120 (d) D180 

Figure 10 Circumferential contours of normalized axial velocity at 95% span 
 21 
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(a) UNI (b) D60 (c) D120 (d) D180 

Figure 11 Circumferential contours of Q-criterion at 95% span 
 1 

 
Figure 12 Iso-surface of Q-criterion colored with axial velocity at 12rev time with D60 inflow 

As discussed in Fig. 10, the stall cells are developed starting from the backflow in some passages. In order to further 2 
study the mechanisms of the stall process, the circumferential contours of instantaneous Q-criterion used to visualize the 3 
vortical structure at 95% span with and without distortions are shown in Fig. 11. When the inflow is uniform, the vortexes 4 
in some passages are pushed upstream and spill to the adjacent passage from the leading edge of the neighboring blade at 5 
2rev time. With the rotating of the compressor, the spillage becomes more and more serious. As the strength of the spillage 6 
increased to some certain level, the stall cell is generated as shown in Fig. 11(a) at 4rev time. When the inlet flow is 7 
distorted, the leakage vortex flows almost in circumferential direction and serious spillage could also be found before the 8 
formation of stall cells. Meanwhile, the backflow from the trailing edge could be observed in region A and B circled with 9 
yellow lines in Figs. 11(b) and 11(c). And some of the backflow even moves across the passage and spills out from the 10 
leading edge of adjacent blade, which could damage the flow field further, as shown in region B in Fig. 11(c). After the 11 
stall cell formed, the vortexes named as G circled with white lines in Figs. 11 can be found. As shown in Fig. 12, G is 12 
composed of a group of small-scale vortexes. These vortexes are generated in the different passages, stretched upstream 13 
and circumferentially, and pushed to the core of the stall cell. This behavior of the vortexes could occupy tip region and 14 
leads to serious separations. And, it is thought that the vortex group G could be the most important feature of a stall cell. 15 

 16 

  
(a) One stall cell condition (b) Two stall cells condition 

Figure 13 Sketches explaining one or two stall cells propagation based on the early study(Emmons et al., 1981) 

Furthermore, the propagation of the stall could be simply explained with the sketche in Fig. 13 combined with the 17 
static pressure (Ps) and other related contours under d60 condition at 12rev and 20 rev time in Fig. 14, since the flow 18 
structures of one stall cell and two stall cells are obvious at these two moments. When only one stall cell exists in tip region 19 
as shown in Fig.14(a), the group vortex G starts from the suction side near the leading edge of blade 1 (B1). And due to 20 
the decrease of the static pressure in the core of the stall cell, the vortexes from different passages move circumferentially 21 
to the cell core, which induces serious separations as discussed in Figs. 11 and 12. As the flow passages are blocked by 22 
group vortex G, the main flow will pass through the rotor from neighboring passages as shown in Fig. 13(a). Then, the 23 
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flow attack angle in front of left blades will be decreased, while the angle in front of right blades increased. Thus, the attack 1 
angle of B1will be decreased, which could weaken passage vortex of B1, and the group vortex G will start from the adjacent 2 
blade passage. Thus, the stall cell will propagate to the right relative to the blade. As time passes, the stall cell is not stable 3 
and becomes stronger gradually. And, with the influence of the distortion, the stall cell is easier to be stronger. When the 4 
stall cell is intense enough, the passages, which should have been recovered from serious separations when the stall cell 5 
passed by, but still remain separations. Then, a new stall cell core is generated. When two stall cells generated, the 6 
propagating mechanism of each cell are as the same as that under one stall cell condition mentioned above. Besides, when 7 
the second stall cell first formed as shown in Fig. 14(b), these two stall cells are nearby. Then, as depicted in Fig. 13(b), 8 
flow 2 caused by cell 2 could hinder the propagation of cell 1. Thus, the interval angle between these two cells will get 9 
large until the angle equal to 180 degree. And the relative position of the cells will remain unchanged as the description 10 
with D120 and D180 inflow at 20rev time in Figs. 10 and 11. 11 

  
(a) One stall cell condition (12rev D60) (b) Two stall cells condition (20rev D60) 

Figure 14 Related contours with D60 inflow at 12rev time and 20rev time 

To provide a detailed basis from which to understand the reasons for the formation of stall cell. the relative velocity 12 
streamlines and static pressure contours at 95% span with and without distortions in the very beginning before the 13 
generation of stall cell are shown in Fig. 15. The view regions are squared with red lines in Fig. 10. It is found that the main 14 
features of static pressure distributions and streamlines are similar among these four inflow conditions, which represent the 15 
formation of the spike stall on a transonic rotor. As shown in the figure, the spillage flow from the leading edge of the 16 
neighboring blade and the backflow from trailing edge are observed. As the inlet flow rate decreases further, the spillage 17 
will be more serious so does the backflow, which could induce the compressor stall. 18 

    
(a) At 2rev time (UNI) (b) At 2.7rev time (D60) (c) At 2rev time (D120) (d) At 1.3rev time (D180) 

Figure 15 Relative velocity streamline distributions and static pressure contours in tip region at different times 

with and without distortions 

CONCLUSIONS 19 
In this paper, a total pressure distortion model was applied to NASA Rotor 67. The effects of the distortion with 20 

different circumferential range on the performance and the stall process of the compressor were discussed, and several 21 
valuable conclusions are summarized as the following. 22 

1) It was due to the distorted inflow that the slight decreasing of the choke flow, the efficiency and the total pressure 23 
ratio is observed. And, the performance was deteriorated further when the influence range of distortion increased. To be 24 
more specific, compared with the uniform inflow, the stall margins of D60, D120 and D180 model were decreased by 25 
0.964%, 1.928% and 2.819% respectively. 26 

2) Based on the analysis at stall point, it was found that there was one stall cell generated with uniform inflow. While, 27 
when the inlet flow was nonuniform, one stall cell was generated at first, and became more and more serious with the 28 
operation of the rotor. As the cell was large and strong enough, it began to divide into two cells. And the formation of these 29 
two stall cells was earlier and easier when the impacting range of the distortion became larger. 30 

3) Furthermore, the propagation of the stall cells was also discussed in this study. It was observed that, after the 31 
second stall cell formed, the interval angle between these two cells would get larger to 180 degree because of the interaction 32 
between these two cells. Finally, the rotating speed of the cells would be the same, and so does the relative position of these 33 
two. 34 

NOMENCLATURE 35 
Symbols  Subscripts  
m mass flow rate, kg/s chock chock flow condition 

PS static pressure, Pa PE near stall condition 

PT total pressure, Pa NS peak efficiency condition 



9 

r radius, m   

rhub hub radius, m   

rshroud shroud radius, m   

UTip blade tip rotating speed, m/s   

Vaxial axial velocity, m/s   

γ distortion strength coefficient   

 adiabatic efficiency   

θ pitch wise position, rad   

λ spanwise position   

Π total pressure ratio   

φ relative phase angle, rad   

ω1 angular speed of distortion, rad/s   
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