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ABSTRACT 
With recent trends in the design of civil engines with shorter inlet ducts, or boundary layer 

ingesting engines, reliable modelling of fan/distortion interactions and prediction of the safe 
operating range is becoming increasingly important. The aim of the current research is to study 
the stall and recovery behavior of a transonic fan stage with and without inlet distortion.  

For this purpose, simulation of the stall and recovery process of NASA stage 67 is performed 
with clean and distorted inflow conditions. The rotor is pushed into stall by closing the exit 
nozzle. It is shown that in both cases, stall is initiated with a spike but the subsequent 
development of the stall differs. In the stable rotating stall both cases contain one stall cell 
travelling at 63% shaft speed. During the recovery process, when the exit nozzle is gradually 
opened, the size of this stall cell reduces as the mass flow increases. Although the fan stalls at a 
larger mass flow with inlet distortion, it recovers to a similar corrected mass flow as the clean 
inflow, which indicates that inlet distortion has minor effects on the recovery process for this 
blade. 
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INTRODUCTION 
Rotating stall has received a lot of attention since the early days of aero-engine development 

(Day, 2015). Most research focused on stall inception and control while the recovery process has been 
studied less. However, the ability for the fan to recover from stall is also an important consideration 
for evaluation of its performance. If the fan is to be unstalled by rapid opening of the downstream 
throttle, it is well known that a larger throttle opening is required than the throttling before stall occurs. 
This effect is called stall hysteresis and has a significant influence on the compressor operation as 
rotating stall can exist at higher mass flow functions than the stall point. The point at which stall cell 
disappears and the operating point returns to the steady characteristic defines an operating line which 
ensures recovery from rotating stall. A compressor designed with better recoverability (less hysteresis) 
will expand the safe operating range and hence makes the engine more suitable for working in 
complex flight conditions. The stall and recovery process with inlet distortion must be understood 
because engines are forced to operate with distortions under extreme flight maneuvers. Moreover, in 
the case of military engines with S-shaped inlet ducts and boundary-layer ingesting engines, the fan 
operates in distorted conditions over the whole flight envelope.  

Experimental work on low-speed compressors has provided important fundamental knowledge 
about the in-stall and recovery performance (Day and Cumpsty, 1978). Following this fundamental 
work, experiments (Small, 1985) were carried out on a three-stage high-speed, highly loaded, 
compressor to document the performance during stall and recovery process. Levels of blockage in 
the compressor were measured as the stalled fraction of the annulus, and it was found to vary between 
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80% and 30% during the recovery process. When the blockage dropped below approximately 30%, 
the compressor recovered. A parametric study into the influence of shaft speed, discharge throttle 
setting and variable geometry settings on rotating stall and recovery process of a 10-stage, high-speed 
compressor test rig was carried out in (Copenhaver and Okiishi, 1993). The results highlighted the 
significance of stage matching on stall and recovery. 

The stall and recovery process have also been studied in wide-chord civil fan blades. 
Measurements (Anderson and Smith, 2003) showed the existence of two stall cells during the stall 
process, which disappeared one after another when the throttle was opened. Choi and Vahdati (2011) 
were the first to numerically investigate this process for a transonic fan. In their study, rotating stall 
of a wide-chord fan at 70% of the design speed was simulated using a whole-annulus model. The 
simulation adopted the same approach as the experiments; the fan was stalled by closing the exit 
nozzle and unstalled by opening it. A good qualitative agreement was obtained between CFD 
(computational fluid dynamics) and experimental data.  

The studies above were all carried out within uniform inflow. To the author’s knowledge, no 
stall recovery simulation with inlet distortion has been published in open literature. This paper uses 
the well-documented NASA Rotor 67 to investigate how the inlet distortion influences stall hysteresis. 
For this purpose, two different cases, Case 1 (clean inflow) and Case 2 (distorted inflow), are 
compared. The authors appreciate that civil fans are moving toward lower speeds and such high-speed 
civil fans may not be designed in future, but some of the conclusions drawn in this paper are similar 
to the results obtained in (Lee et al. 2017a, Lee et al. 2017b) for a low speed fan. 

TEST CASE AND COMPUTATIONAL MODEL 
NASA stage 67 (Strazisar et al. 1989) is chosen as the test case. The main reason for this choice 

is the lack of (public domain) measured data for distorted flows. The full-annulus computational 
domain includes an intake duct, a fan blade row, an outlet guide vane (OGV) row, an exit duct and a 
nozzle downstream of the duct. The rotor is modeled with a tip clearance of 0.5% span.  

The CFD solver used in this study is AU3D, a time-accurate Reynolds-averaged Navier-Stokes 
solver, which has been developed at Imperial College over the past 25 years with support from Rolls-
Royce (Stapelfeldt et al. 2015, Lee et al. 2017, Zhao et al. 2018). Details of the flow solver can be 
found in Sayma et al. (2000). 

The domain used in this study is shown in Fig. 1. The length of the exit duct and the intake are 
1.5 times the rotor diameter. The nozzle is choked, which impedes upstream travelling disturbances 
(Vahdati, 2004), and hence the operating point of the fan is only determined by the nozzle area ratio 
(A2/A1 in Fig.1). In Case 1, one of the rotor blades is mis-staggered by 0.5º to accelerate the stall 
initialization. It was previously shown that such a setup better mimics the stall inception process of a 
real compressor (Choi, 2011). In Case 2, all the rotor blades are identical.  

The mesh was chosen following a mesh independence study and validation against experimental 
data (Zhang, 2017). The mesh size of different components of the computational domain is listed in 
Table 1. For the time-accurate simulation 100 time steps per blade passing was used, as this was 
previously demonstrated to be sufficient to resolve high frequencies in the flow field (Zhang, 2018). 

 
Domain Mesh points (million) 

Inlet duct 2.45 
Rotor (per passage) 1.09 
Stator (per passage) 0.85 

Nozzle 1.4 
 

Table 1 Mesh quality of different components 
At the inlet total pressure, total temperature and flow angles are specified. Uniform international 

standard atmospheric conditions are used in Case 1 for clean flow simulation. For the computations 
with inlet distortion (Case 2), a circumferential total pressure distortion covering 120 degrees is 
placed upstream of the inlet duct (blue region in Fig. 1). The total pressure loss in the distorted area 
is 10.5% of the clean flow area, which is in accordance with the experimental data. The total 
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temperature is uniform, and the flow is axial at the distortion plane. The shaft speed is 90% of the 
stage design speed. During the stall and recovery process, inlet boundary conditions are fixed. This 
boundary treatment is justified because experimental results (Anderson and Smith, 2003) have shown 
that the fan operates with constant mean inlet pressure during rotating stall. For detailed information 
about the CFD setup the reader is referred to (Zhang, 2017, 2018). 

All time-accurate simulations start from stable near-stall solutions. The simulations are divided 
into two parts; the stall process and the recovery process. During the first part, the fan is pushed into 
rotating stall by incrementally closing the exit nozzle. Afterwards the nozzle is incrementally opened 
to recover the fan. Each process is studied separately. 

 

 
Figure 1 Isometric view of the computational domain of NASA stage 67 with inlet distortion 

OVERVIEW OF THE ENTIRE PROCESS 
Fig. 2 shows the corrected inlet mass flow function for Case 1 (clean inlet) and Case 2 (With 

inlet distortion) plotted against fan revolution during the stall and recovery processes. It is seen from 
this plot that after the initial drop in mass flow, which is due to reduced nozzle area (up to 2nd rev), 
the two cases exhibit different time histories.  
· In Case 1, the fan initially undergoes large-amplitude oscillations in mass flow, with a peak-to-

peak variation reaching 25% of the mean mass flow. The time-scale of these oscillations is several 
revolutions. After about 20 revolutions, the large amplitude oscillation settles down and higher-
frequency fluctuations with an amplitude of less than 2% of the mean mass flow appear. At this 
point, the mean mass flow does not change. The recovery process is initiated at the 24th revolution 
by increasing the nozzle area ratio by 0.007 every 5 revolutions (the difference in nozzle area ratio 
between choke and stall is 0.2 for Case 1). During the recovery process, the mean mass flow rises 
linearly and the amplitude of the high-frequency fluctuations decreases. Finally, the stall cells 
disappear. At this point, the exit nozzle is not opened any further and the mass flow stabilizes. 

· In Case 2, the initial mass flow oscillations are much smaller than in Case 1 and the mass flow 
reaches a periodic state at the 20th revolution, at which point the recovery process is initiated. The 
mass fluctuations during recovery are larger than in Case 1 and survive during the whole recovery 
process, although their amplitudes are reduced as the mass flow is increased. This behavior will 
be discussed in more detail later in the paper. 
From the starting point (0 rev) in Fig. 2, it can be seen that the fan stalls at a larger corrected 

mass flow with inlet distortion. However, it recovers faster and to a similar mass flow as the clean 
inflow case.  
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Figure 2 Mass flow history of the stall and recovery process for Case 1 and Case 2 

The corrected mass flow at the rotor inlet and total pressure ratio of the stage during the entire 
stall and recovery process and the steady (stable) fan characteristic are shown in Fig. 3. For Case 2, 
the steady (stable) characteristic with inlet distortion is also shown. The dashed blue circle shows the 
stall point for each case. It is clear that the stall point is shifted to a larger mass flow and total pressure 
ratio is reduced with inlet distortion. In both cases, the initial stall transient, i.e. the small fluctuations 
around a steady operating point, as well as the mass flow increase during the recovery process are 
visible. However, the stall hysteresis, measured as the mass flow difference between the near stall 
point and the recovery point, is noticeably smaller in the case with inlet distortion.  

   
                                        (a)                                                                           (b) 

Figure 3 Computed hysteresis curves in (a) Case 1 and (b) Case 2 

STALL PROCESS 
In this section, the stall process of Case 1 and Case 2 are compared in detail. Fig. 4 shows the 

contour of axial velocity at the stator inlet for Case 1 during the stall process. At t=0 rev, the nozzle 
is closed slightly from the last unstalled operating point. By the 2nd revolution, the mass flow across 
the rotor has already dropped (see Fig. 2) but the fan is still stable. It is noted that, although one of 
the rotor blades is slightly re-staggered, the stall cells are generated in multiple positions around the 
circumference and merge to form six small stall cells by revolution 5. Between the 5th and the 8th 
revolution, the stall cells merge, and two large stall cells are formed. In the next 2 revolutions, these 
two stall cells shrink and by the 10th revolution the small one disappears. Between the 14th to 18th 
revolution, the stall cell shrinks and finally stabilizes at t=20 rev.  

The stall process of the case with inlet distortion has already been explained in (Zhang, 2018) 
and it is briefly summarized here. Fig. 5 illustrates the axial velocity contour at 98% rotor span at the 
peak efficiency point with inlet distortion at 90% shaft speed. The distorted region can be 
distinguished by a lower axial velocity upstream of the fan (green region). As the rotor rotates from 
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the clean flow region into the distorted region, a local separation appears as the incidence is larger in 
this region. In the clean flow region, the separation diminishes and hence the operating point is stable. 
Such behavior has also been observed in experiments (Jahnen,1999 & Perovic, 2015). 

Closer to stall, when the flow separation generated in the distorted region is not removed in the 
clean flow area, rotating stall occurs. This process is shown in Fig. 6. At the near stall point at t=0 
rev, the separation generated in the distorted region is completely removed in the clean flow region. 
Two revolutions later, the separation in the distorted area has grown and is carried into the clean flow 
area. Due to the reduced mass flow at this operating point, the clean flow sector is less capable of 
removing the separation. As a result, the separation travels around the full circumference and grows 
when it enters the low-pressure region again. A large stall cell appears when the separated blades 
enter the clean flow area again (t=5rev). The whole process takes about 2-3 rotor revolutions and only 
one large stall cell is generated. This is in contrast to the clean flow case where six stall cells were 
visible. This difference is likely to be due to the strength of distortion. The inlet distortion is dominant 
when compared to the disturbances within the rotor, thus the position where the stall cell is formed is 
fixed and is determined by the distortion configuration. As a result, the stall process of Case 2 is quite 
different from that of Case 1. 

 

 
Figure 4 Axial velocity contours of stator inlet at different time during stall process, Case 1 

 
Figure 5 Circumferential contour of the axial velocity for peak efficiency point, 98% rotor 

span 
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Figure 6 Axial velocity at 98% rotor span (stationary frame) during stall process of Case 2 

In order to investigate the process further and estimate the rotational speed of the stall cell, 
time traces of axial velocity are shown in Fig. 7. Six probes, positioned 20% chord upstream of the 
leading edge, are uniformly distributed around the casing (see Fig.7) for both cases. In Case 1, a 
few spikes appear simultaneously at different circumferential positions between the 3rd and 4th 
revolution, as indicated by the near vertical line in Fig. 7(a). The dashed circles and solid circles 
mark the appearance of two different stall cells which swipe over probe 6 alternatively. Between 
revolutions 8 and 10, the larger stall cell, characterized by a larger and wider velocity deficit, 
shrinks while the small stall cell disappears entirely. After 12 revolutions, both amplitude and size 
of the stall cell grow until a stable state is reached at approximately the 15th revolution. The 
absolute rotational speed of the stable stall cell is about 63% of the rotor shaft speed. The speed of 
the stall cell is estimated from the slope of the dashed line which connects the troughs of the 
velocity traces. 

In the corresponding plot for Case 2, the axial velocity first sees a mild deficit at the 4th 
revolution at probe 3. This is delayed with respect to the stall inception seen in Fig. 6 as the 
upstream probe is not very sensitive to flow separation inside the passage. The fully developed stall 
cell is clearly visible in the axial velocity time traces after 5 revolutions. This time scale for the 
appearance of the stall cell is a characteristic of spike-type stall inception. The rotational speed of 
the stable stall cell is approximately 63% of the shaft speed, which is the same to that in the clean 
flow. It is inferred that the size of the stall cell in both cases are also comparable because the 
rotational speed of a stall cell shows a close relationship with its size as proposed by (He, 1997) and 
confirmed by (Day et al. 1999). To verify this assumption, a method to calculate the size of the stall 
cell is proposed in this paper. In the first step, an iso-surface of zero axial velocity 𝑈" (Fig. 8(a)) is 
generated in an instantaneous solution for the full-annulus stage domain. This iso-surface can be 
regarded as the boundary of the stall cell and the volume enclosed by the iso-surface is taken as the 
volume of the stall cell. For the case with distortion, the shape and size of the stall cell changes as it 
rotates around the annulus. Therefore, the volume of the stall cell is approximated by averaging it 
around the annulus. The volume of the stall cell is normalized with the rotor passage volume, which 
is marked with the black box in Fig. 8(b). The normalized volume of the stall cell in Case 1 and 
Case 2 is 13.8% and 11%, respectively, which confirms that the cells have similar sizes in clean and 
distorted flow. 

The above results have shown that in both cases, with and without inlet distortion, the stable 
stalled operating condition only contains one stall cell. This behavior is consistent with the one 
found in (He, 1997), which showed that multiple short-scale stall cells are more difficult to sustain 
in a two-blade-row configuration than in a single-blade-row configuration. Moreover, the 
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computations show a part-span rotating stall for both cases which only exist in the tip region of the 
blade (Fig. 8(a)).  

                                  

 
                                    (a)                                                                            (b) 
Figure 7 Time traces of axial velocity of 6 upstream probes, (a) Case 1 and (b) Case 2 

   
(a)                                                                        (b)  

Figure 8 (a) Stall cell size defied with the volume enveloped by the iso-surface is zero axial 
velocity (b) reference volume marked with black box 

Two phenomena will be discussed in detail next: (1) the large mass flow oscillations in the initial 
transient which exist in Case 1 but are absent in Case 2; (2) the mass flow fluctuations after the initial 
transient in Case 2. 

It can be seen from Fig. 2 and 3 that the pressure ratio and mass flow in Case 1 exhibit oscillations 
with decaying amplitude after the initial drop. It is found that the strong interaction between the 
rotating stall and downstream volume is responsible for this phenomenon. In Fig. 9, the mass flow 
history at the rotor inlet and the exit of the nozzle are plotted (left-hand scale) together with the static 
pressure at the stator exit (right-hand scale) for both cases during the stall process. In a compression 
system, the exit duct behaves like a high-pressure air reservoir. The mass flow at the nozzle exit is 
reduced when the nozzle is closed. However, at this instant, the inflow of the fan does not change, 
and the fan is still pumping air into the exit duct. As a result, the static pressure in the exit duct rises 
and this in turn increases the static pressure at the fan exit. This process is indicated by the overshoot 
of total pressure marked by the dashed circle in Fig. 3. The increased static pressure raises the fan 
blade loading and reduces the mass flow, as shown in Fig. 9(a) at t=2 rev. In Case 1, the pressurization 
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capability of the fan blade is reduced when stall occurs and the passages are blocked by multiple stall 
cells. Therefore, the mass flow and static pressure of the flow entering the exit duct are both reduced 
from revolution 2 to 6 (see Fig. 9(a)). The nozzle exit mass flow responds with a time lag and reduces 
between revolution 3 and 7. At the same time, the blockage area in the rotor row is reduced as the 
number of stall cells drops from 6 to 2. As the exit duct is gradually emptying the static pressure in 
the duct decreases, the backpressure and consequently the fan loading is decreased. Subsequently the 
fan begins to restore its pressurization capability and both the mass flow and the static pressure 
increase from the 6th to the 10th revolution. Within these 4 revolutions, one of the stall cells disappears 
and the other one shrinks which increases the mass flow. The exit duct is re-charged once the fan is 
able to pump more high pressure into the exit duct and consequently the static pressure in the exit 
duct rises again. This forces the fan to work with a higher backpressure and the stall cell grows bigger 
again from the 10th to the 14th revolution. The above process continues until a balance between the 
fan and the exit duct is achieved. The size of the stall cell also evolves with the oscillation of mass 
flow. In summary, the large mass flow and pressure ratio oscillation in the initial transient is caused 
by the interaction between the stalled fan and the exit duct: The appearance of multiple stall cells 
leads to a large pressure ratio drop perturbing the compression system, and the large oscillations 
happen while the perturbation is gradually damped out.  

 
(a)                                            (b) 

Figure 9 Mass flow and static pressure oscillations during stall process in (a) Case 1 and (b) 
Case 2 

In Case 2, the initial mass flow and pressure ratio perturbation caused by the rotating stall is 
smaller than in Case 1 (see Fig. 3). This can be explained by comparing the operating point and 
evolution of stall cells of the two cases: In Case 1, the stall is triggered when the mass flow through 
the whole annulus is reduced past a critical point and becomes unstable. Once the stall cells appear, 
they block most of the annulus which causes a large mass flow and pressure ratio drop. However, in 
Case 2, stall cells appear in the distorted region while the mass flow through most of the annulus is 
still in the stable region. According to parallel compressor theory (Mazzawy, 1977), the mass flow in 
the clean flow sector of Case 2 is larger than that in Case 1, and therefore the averaged incidence for 
the clean flow sector in Case 2 is lower than that at near stall of Case 1. At 98% rotor span these 
incidence values are 8.4º and 8.8º for Case 2 and Case 1 respectively (the incidence in clean flow 
changes from 4.3º to 8.8º from choke to stall in Case 1). As a result, the development of a stall cell 
generated in the distorted region is immediately suppressed when it enters the clean flow region. In 
addition, the large-amplitude inlet distortion appears to dominate over the pressure oscillation in the 
exit volume, such that Case 2 converges to a periodic state quicker than Case 1.  

The mass and pressure ratio oscillations during the stall inception process, analysed above, are 
a known feature of a compression system’s transient response. It has been shown in (Greitzer, 1976) 
that the rotational speed of the compressor and the volume of the exit plenum are two important 
parameters influencing this transient. The results above show that the stall cell evolution also has a 
significant effect on the system transient response.  

The second phenomenon seen in the time histories, i.e. the fluctuations in mass flow and pressure 
ratio occurring after the initial transient with inlet distortion (Fig. 3), are described next. These 
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fluctuations occur because the stall cell experiences changes in size and shape as it travels through 
the clean and distorted regions. This behavior is shown with the snapshots of axial velocity at different 
instants of time at stator inlet in Fig. 10(a). The black dots correspond to the operating conditions of 
the snapshots in Fig. 10(b). It is noted that the corrected mass flow of the compressor is larger when 
the stall cell is submerged in the distorted area. 

           
                               (a)                                                                      (b) 

Figure 10 Influence of the inlet distortion on stall cell pattern 

RECOVERY PROCESS 
The recovery processe is generally similar for both cases but the amplitude of fluctuations in 

mass flow and pressure ratio differs. The size of the single stall cell decreases while its rotational 
speed increases. This is clearly shown in the time trace of axial velocity captured by the numerical 
probes in Fig. 11 and Fig. 12. It can be seen that the width of the low-speed trough is decreasing as 
the mass flow increases. Examples of these low-speed troughs are marked by three dashed circles on 
the trace of probe 1 in Fig.11 and the instantaneous profile of the stall cell at these instants of time is 
shown in in Fig. 13. 

 
Figure 11 Time traces of axial velocity from 6 upstream probes during recovery process, Case 

1 
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Figure 12 Time traces of axial velocity from 6 upstream probes during recovery process, Case 

2 
The axial velocity contours at 98% rotor span for both cases are plotted in Fig. 14. The plots are 

in the stationary frame of reference. In Case 1, the size and the strength of the stall cell decreases with 
time before it is totally removed. In Case 2, the stall cell grows when it enters the distorted region and 
is only removed in the clean flow region.  

 
                             t= 29 rev                                      t= 54 rev                                      t=79 rev 

Figure 13 Axial velocity of stator inlet at different instants of time 

 
                                         (a)                                                                              (b) 
Figure 14 Axial velocity contours at 98% rotor span during recovery process, (a) Case 1 and 

(b) Case 2 
Although Case 1 and Case 2 stall at different mass flow conditions, both cases recover to a 

similar mass flow under the current throttling approach (incremental opening of the nozzle every five 
revolutions). Moreover, the nozzle area ratios are the same for both cases at recovery point.  

It is considered that the removal of the stall cell requires the incidence to drop below a critical 
value in the clean flow area. According to parallel compressor theory, the averaged flow condition in 



11 
 

the clean flow region in Case 2 is very similar to that of Case1. At the point of recovery, the 
circumferentially averaged incidence in the clean flow region of Case 2 is 6.2º, while it is 6.0º in the 
undistorted case. This finding proves that the clean flow sector in Case 2 plays a key role in removing 
the flow separation. 

CONCLUSIONS 
Full annulus URANS simulations were carried out in this paper to simulate the whole stall and 

recovery process with and without inlet distortion to investigate the inlet distortion effects on the stall 
hysteresis of a fan stage. The findings in this paper can be summarized as follows: 
1. NASA stage 67 stalls at higher mass flow with inlet distortion but recovers to a similar mass flow 

as the clean flow case, i.e. the case with inlet distortion has less hysteresis. Moreover, the time 
required for the recovery process with inlet distortion is shorter than the clean flow case. The 
above findings indicate that the distortion has a very minor effect on the recovery process.  

2. The presence of inlet distortion changes the stall process of the fan. Under clean inflow conditions, 
six stall cells appear in the tip region simultaneously as the mass flow is reduced. Thereafter, an 
interaction between the exit duct and stalled fan induces large mass flow oscillations and the stall 
cells merge. Only one stall cell exists when the fan reaches a stable state. For the case with inlet 
distortion, the stall cell is formed when the flow separation generated in the distorted sector fails 
to be removed in the clean flow sector and re-enters the distorted sector. Only one stall cell is 
generated during this stall process but the structure of the stall cell changes due to interaction with 
the distortion. 

3. Although the stall process is different in presence of a distortion, the stable rotating stall shows 
the same characteristic in terms of number, size and rotational speed of cells.  

4. During the recovery process, the size of the stall cell becomes smaller, and its rotational speed 
increases, as the mass flow increases.  

5. Both cases recover at the same nozzle area ratio, which indicates that the clean flow part of the 
annulus plays a very important role in recovery process. 
The distortion configuration used in this research is simple and not necessarily representative of 

a distortion in a real engine. However, the results suggest that the recovery process is driven by the 
clean flow region, and this still expected to stand as long as the inflow can be roughly divided into a 
clean flow region and distorted region.  

It is known that the fan operating condition will influence the pattern and strength of the 
distortion and,  in turn, the change of inlet distortion will influence the stall behavior.. In future work, 
simulations will be performed in which the distortion at the fan inlet can receive feedback from the 
downstream fan flow field and adjust itself. 
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