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Abstract. 
This research investigated unsteady events such as stall inception, stall-cell development, and surge. Stall is characterized by a decrease in overall pressure rise and nonaxisymmetric throughflow. Compressor stall can lead to surge which is characterized by quasi-axisymmetric fluctuations in mass flow and pressure. Unsteady measurements of the flow field around the compressor rotor are examined. During the stall inception process, initial disturbances were found within the rotor passage near the tip region. As the stall cell develops, blade lift and pressure ratio decrease within the stall cell and increase ahead of the stall cell. The stall inception event, stall-cell development, and stall recovery event were found to be nearly identical for stable rotating stall and surge cases. As the stall cell grows, the leading edge of the cell will rotate at a higher rate than the trailing edge in the rotor frame. The opposite occurs during stall recovery. The trailing edge of the stall cell will rotate at the approximate speed as the fully developed stall cell, while the leading edge decreases in rotational speed in the rotor frame.



1. Introduction
The stable operation of an axial compressor at a given shaft speed is limited at low mass flows by compressor stall. Stall is characterized by a decrease in overall pressure rise and nonaxisymmetric throughflow. A region of low momentum fluid can develop in one or more rotor passages and rotate around the annulus. This region is often referred to as a stall cell. Rotating stall can lead to quasi-axisymmetric fluctuations in mass flow and pressure known as compressor surge. Axial compressors may enter periods of stable rotating stall and surge during operation at off-design conditions. This generally leads to decreased efficiency and increased blade vibration. This paper presents detailed unsteady experimental measurements from a transonic axial compressor in order to describe stall inception, stall cell development, and surging characteristics.
The inception of stall has been the topic of significant research for many years. Camp and Day [1] found that stall inception may occur locally from short length scale disturbances (spikes) or from long length scale disturbances (modes). The present work will focus on observations from a compressor that exhibits spike-type stall inception. Vo [2] found that a criterion for spike-type stall inception is that the interface created from the approach flow and the reverse tip-leakage flow becomes parallel with the rotor leading edge plane. Later Cameron et al. [3] obtained measurements supporting this concept using the compressor used in the present work. Tan et al. [4] provide a comprehensive review on the current understanding of stall inception. They found that the most common type of stall inception for modern compressor designs is a spike-type. This is when the initial stall cell develops on the order of a few rotor revolutions. Stall will typically develop in a single blade passage initially. There have been findings to support the existence of prestall spikes prior to stall inception. Initial disturbances have been found by Weichert and Day [5] found that initial disturbances can occur within the rotor passage at approximately 10–25% chord from the leading edge. Yamada et al. [6] also found that unsteady flow phenomena appear inside the rotor passage at near-stall.
After stall inception, a stall cell will increase in circumferential and radial extent. The stall cell will span multiple rotor passages as it rotates around the annulus. Cameron et al. [7] found that the leading edge of the stall cell will initially rotate at a slower rate in the laboratory frame. The trailing edge of the stall cell will initially rotate around the annulus at nearly the rotor speed. After a few revolutions the leading edge will increase in rotational speed and the trailing edge will decrease in rotational speed as the final size is reached. Day [8] gives a thorough review of the current understanding of rotating stall. Day found throughout many compressors described in the literature that smaller stall cells tend to travel faster in the laboratory frame than larger cells.
The system dynamics of stall and surge for a compression system has been studied extensively. Greitzer [9, 10] developed a lumped parameter model to predict the fluctuations in mass flow and plenum pressure during stall and surge. The Greitzer stall and surge model can be used to predict the point where, as a compressor reaches the stall limit, stall will transition to surge. In his work, Greitzer found that a single nondimensional parameter, termed the  parameter, was a good indicator to determine whether stall or surge would occur. Hickman and Morris [11] found that the poststall throttle point can also influence the onset of surge.
Surge can grow from rotating stall as the compressor interacts with compression system. Day [12] found that the flow breakdown around the rotor caused by a stall inception event is typically the reason for the onset of surge. Compressor surge is composed of multiple parts [13]. The developing stall cell produces an effective blockage of the compressor annulus. A sudden drop in pressure ratio and mass flow rate then follow [11]. Rotating stall may be present from stall inception until the surge recovery process, [14] depending on the compressor. The recovery process occurs where the compressor will recover from rotating stall briefly. During the brief stall recovery process, the pressure ratio returns to its prestall value. Another stall inception event and surge cycle repeat as the stall point is reached again [11].
Observations from measurements of stall inception, rotating stall, surge, and stall recovery are presented. This paper includes a description of the test facility and instrumentation used. Instantaneous shroud and rotor exit unsteady pressure contours are presented during transient events in order to better understand the process of stall inception and stall development. A comparison between stall and surge events is also given to describe how the onset of surge occurs [15].
2. Experimental Methods
2.1. Compressor Test Facility
Experiments were conducted using the Notre Dame Transonic Axial Compressor Facility (NDTAC). The NDTAC facility includes a butterfly valve and plenum upstream of the axial compressor and a second plenum and butterfly valve downstream. The upstream and downstream plenum volumes were approximately 1.52 m3 and 0.70 m3, respectively. The NDTAC facility employed a magnetic bearing system where the rotor shaft was levitated by a series of magnets. This enabled the facility to safely operate in rotating stall for extended periods of time and surge for short periods.
The compressor used in the experiments was ND Stage 04, a single stage transonic axial compressor with a mean hub-to-tip ratio of approximately 0.78. Figure 1 shows the schematic of the cross-section of ND Stage 04. Table 1 shows the design parameters for this stage. This compressor stage includes an annular contraction that incorporates a perforated plate which provided an approximate 3.5% turbulence intensity to the stage. The test article included a rotor and stator configuration.
Table 1: ND Stage 04 design parameters.
	

	Quantity 	 Value 
	

	Tip dia. [m]	 0.457
	Inlet hub dia. [m]	 0.343
	Exit hub dia. [m]	 0.368
	Rotor axial chord [cm]	 3.56
	 Rotor blade count	 20
	 Stator count	 43
	 [rpm]	 14684
	 [m/s]	 352
	







	
	
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
			
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
	


Figure 1: Cross-section of ND Stage 04.


2.2. Instrumentation
Steady and unsteady instrumentation were utilized for this work. Figure 1 shows the measurement planes. Standard Kiel probes to measure steady-state total temperature and total pressure were located at 3.2 axial rotor chords () upstream of the rotor leading edge and 0.77 downstream of the rotor trailing edge. Unsteady instrumentation was located upstream, downstream, and over the rotor.
Constant temperature hot wires were used to measure the unsteady stage inlet velocity and track the development of the stall cell during transient events. A circumferential array of 4 hot wires spaced every 90° were positioned approximately 8.9 upstream of the rotor leading edge at midspan of the flow path. The hot wires were 5 μm tungsten wire probes and oriented normal to the flow and in the radial direction. Using the form of King’s law presented by Bruun [16], a simple calibration was found to relate the voltage and flow velocity. The velocities from the four hot wires were averaged in order to estimate the time-resolved and the annulus average unsteady mass flow. The hot-wire frequency response was in excess of 100 kHz.
High-response pressure transducers were utilized for flow field measurements in the plenums and in the vicinity of the rotor. Figure 2 is a schematic of the locations of unsteady instrumentation around the rotor. The pressure sensors used in the experiments were silicon piezoresistive pressure sensors made by Kulite (model XTL-140-25A). These pressure transducers had a natural frequency of approximately 240 kHz. Kulite pressure transducers were located in the upstream and downstream plenums. A circumferential array of ten high-frequency pressure transducers, located approximately 0.18 upstream of the rotor leading edge, were flush mounted to the flow surface of the shroud. This allowed tracking of the stall-cell development and calculation of the circumferential size of the stall cell. A line of thirteen high-frequency pressure sensors was also located directly over-the-rotor (OTR) in a chord-wise array. The array of OTR transducers was flush mounted to the flow surface following the stagger angle of the rotor blade tip similar to Weichert and Day [5].




	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
		
		
			
		
		
			
		
		
			
				
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
				
		
		
			
				
		
		
			
				
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
		
		
			
				
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
		
		
			
				
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
			
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
		
		
		
		
			
		
		
		
		
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
				
		
			
				
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
		
		
		
		
	


Figure 2: Schematic of near rotor unsteady instrumentation.


An unsteady total pressure rake was specifically designed for this work. The top of Figure 3(a) shows a photograph, and the bottom shows a schematic of the total pressure rake. The rake contained seven miniature Kulite transducers (XCQ-95-062) which were mounted into separate Kiel heads such that the transducer was directly exposed to the oncoming flow. Some have designed unsteady total pressure probes such that the transducer is in the body of probe [17]. Though this design can protect the sensor from dust and debris, it can limit the frequency response of the probe. The multiple sensors were positioned along the length of the probe and were concentrated towards the tip region of the rotor. It was installed at the rotor exit traverse plane shown in Figures 1 and 2. The unsteady total pressure rake was used to record unsteady total pressures simultaneously at multiple spanwise locations during stall and surge.
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(b)
Figure 3: (a) Photograph and schematic of the unsteady total pressure rake and (b) the yaw response.


Because this was an unconventional design, a yaw sensitivity test was conducted for the developed unsteady total pressure rake. Figure 3(b) shows the total pressure normalized by the maximum as a function yaw angle for one of the transducers. All transducers contained nearly identical yaw sensitivity. The unsteady total pressure rake was found to have an acceptance angle limit of approximately ±20°. Beyond the acceptance range, the measured pressure is biased low and drops gradually compared to a standard Kiel probe at approximately 0.4% per degree.
Unsteady instrumentation was sampled at rate of 200 kHz. It was found that the sampling rate and frequency response of the sensors were sufficient to measure the frequencies associated with stall inception and rotating stall events at the speeds considered. The maximum frequencies of interest were found to be under 20 kHz. The Kulite sensors were calibrated before the measurement program and were found to have an uncertainty less than 1% of the full-scaled values. Hot-wire measurements were also calibrated immediately prior to the measurements and were found to have an uncertainty of approximately 3% of the measured values.
3. Steady and Unsteady Compressor Characteristics
This section presents the steady-state compressor characteristic and unsteady characteristics during two poststall events at 100% design speed. First, the steady-state normalized plenum pressure rise () is shown as a function of flow coefficient () for ND Stage 04 at 100% design speed in Figure 4. The unstalled branch of the steady characteristic contains a steep negative slope. The stall point was found at approximately . Upon throttling the compressor beyond stall, the mass flow and pressure rise decrease abruptly. A black dashed line connects the last stable prestall point to the initial stall point. The rotating stall branch of the steady-state compressor characteristic below the value of  was approximated using data at lower speeds as discussed in Hickman and Morris [11]. This portion of the characteristic was used strictly for predictions of unsteady compressor characteristics and contains a nearly constant pressure rise as the mass flow decreases. The steady characteristic includes a stall/unstall hysteresis portion. Upon opening the valves, the characteristic deviates from the original path. The pressure rise remains relatively constant as the mass flow increases to approximately . This was found to be the critical recovery value for this compressor at 100% design speed. Upon opening the throttle valves beyond this point, the compressor recovered from rotating stall.




	
	
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
				
				
					
				
			
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
			
		
		
		
			
		
			
		
			
	


Figure 4: Steady and unsteady 100% corrected speed compressor characteristics.


The measured unsteady compressor characteristics for a stall and surge case at 100% design speed are also shown in Figure 4. The markers along the measured curves indicate every 5 rotor revolutions. The unsteady events were recorded back-to-back with identical speeds and identical values of the upstream and downstream  Parameter (, ). The single difference between the stall and surge case is the poststall throttle point. The ending throttle point for the stall case (blue) corresponded to the initial stall point. The compressor was “eased” into stall by closing the valves up to and not past the initial stall point. After the compressor stalled, the mass flow and pressure rise decreased past the initial stall point. The mass flow and pressure rise then increased, or rebounded, such that it did not surpass the critical recovery value of . The compressor then entered stable stall.
For the surge case (red) in Figure 4, the poststall throttle point is denoted by the red dashed line. The compressor was throttled deeper into stall past the initial stall point. The decrease in pressure rise and mass flow are more dramatic. The rebounding motion of the compressor characteristic is such that it surpasses the critical recovery value of  and the compressor temporarily recovers from stall. The compressor then returns back to the initial stall point. Not shown in Figure 4 is that after the compressor is again brought to the stall point, another surge cycle begins similar to the first. A further analysis of the development of the stall cell and comparison between the stall and surge case will be discussed in the following sections. All of the following data and results presented were acquired at the 100% design speed.
4. Stall Inception and Stall-Cell Development Measurements
4.1. Leading Edge Shroud Static Pressure Time Series
Stall inception events were recorded using the unsteady instrumentation described in Section 2.2. Figure 5 shows the pressure traces from the circumferential array of high-frequency pressure transducers during a typical stall inception event at 100% corrected speed. The abscissa is plotted in units of rotor revolutions and extends from −3 to 10 revolutions. The ordinate represents both the circumferential position and magnitude of the fluctuations at the position. Time series are low-pass filtered at 15 times the shaft rate (15N), just below the blade passing frequency such that the development of the rotating stall cell can be tracked. It was found that stall inception occurred in the same circumferential location repeatedly. This was most likely due to some slight asymmetry in the inlet flow path.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		


Figure 5: Time series from the circumferential array of static pressures upstream of the rotor leading edge.


The origin of the time axis corresponds to the time when the fluctuations become greater than prestall fluctuations. At approximately revolution 0, a single stall cell or spike begins to form and rotate around the annulus. A static pressure rise occurs upstream of the blade row similar to Pullan et al. [18], which extends over the span of multiple blade passages. Initially, the trailing edge of the stall cell rotates at a rate of 0.71N and slows down in the laboratory frame as the stall cell increased in circumferential size. The leading edge rotates at 0.38N in the laboratory frame initially and increases rotational speed as the cell develops. These observations are consistent with short length scale, or “spike” type stall inception.
In the frame of the rotor the leading edge of the stall cell initially rotates at approximately 0.62N while the trailing edge rotates at only 0.29N. Thus, the stall cell grows on the leading edge side of the cell initially. Rotor passages at the leading edge of the stall cell stall at a faster rate relative to passages exiting the cell during the initial growth phase.
4.2. Prestall Shroud Static Pressure
To compare to stall inception measurements, the prestall phase-locked average shroud static pressure normalized by the inlet plenum pressure, , is presented in Figure 6. This contour corresponds to the shroud static pressure at the last stable operating point prior to stall inception. Evidence of the tip clearance vortex as discussed in Weichert and Day [5] can be seen by a low pressure core that extends from the suction side (SS) of the rotor leading edge towards the middle of the pressure side (PS) of the adjacent blade. The path is denoted by the black arrow in Figure 6.




	
	
		
			
				
			
			
		
		
			
		
			
		
			
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
			
		
		
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
	


Figure 6: Ensemble average shroud static pressure at prestall conditions.


4.3. Stall Inception
Prior to the earliest detectable signs by the circumferential array of high-frequency pressure transducers, evidence of stall inception can be seen within rotor passages. Figure 7 shows the shroud static (top) and rotor exit total (bottom) raw pressure time series. These data are measured using the OTR chord-wise array and unsteady total pressure rake described in Section 2.2. The centers of the contours in Figure 7 are at approximately revolution −0.8 at the 0° circumferential position. The raw data are displayed as a contour normalized by , where the ordinates are in space and the abscissa is in time. This gives an “instantaneous view” of the shroud static pressure and rotor exit total pressure, assuming the flow field evolves slowly with respect to the blade passage time scale. Blade locations are overlaid for reference in the shroud contours. Approximate locations of the rotor wake are denoted with vertical dashed lines in the rotor exit contours. All instantaneous contours in this section are captured during the unsteady event shown in Figure 5, but the characteristics described in this section were found to be similar throughout the majority of stall inception events for this compressor.




	
	
		
			
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		


Figure 7: Instantaneous (space-time) shroud static and rotor exit pressure contour centered at revolution −0.8 of Figure 5 at the 0° circumferential position.


Many repeatable features were found similar to Weichert and Day [5] such as the existence of the “two-tail” phenomenon. This feature can be seen in the shroud static pressure contour between blades 10 and 11 of Figure 7. This is an indication that the tip clearance vortex is disturbed. The two passages to the right show regions of low pressure. These regions are circled and indicate signs of prestall spikes. The blade loading for blades 12 and 13 decreases as a result of the low pressure regions. The rotor passage between blades 13 and 14 returns close to prestall values as compared to Figure 6.
The rotor exit pressure contours in Figure 7 show a large degree of unsteadiness from one passage to another. For this compressor, the vertical streaks of higher total pressure are typically associated with the blade wakes as these measurements are in the absolute frame. This contour shows no obvious signs of disturbed flow, and it will be shown that the values closely resemble prestall values for this moment in time.
4.4. Blade Lift and Spanwise Rotor Exit Total Pressure
To better quantify instantaneous values, the blade loading was approximated and compared to prestall values. As there was no unsteady instrumentation on the rotor to calculate loading on the blade, the blade loading was approximated from the shroud static pressure measurements from the OTR chord-wise array. The dashed line to the left of the blade in Figure 6 was defined as the sample location for the pressure on the PS of the rotor blade. The sample location was approximately 15% of a blade pitch from the mean camber line of the blade. A similar method was used to define the pressure on the SS of the rotor blade. The difference between the PS and SS at each axial location was assumed to be the blade loading at the tip of the rotor.
This method was used to determine the blade loading during stable prestall operation and poststall events. Figure 8 shows the average blade loading for prestall conditions and two poststall conditions. Curves in this figure are plotted as blade loading normalized by  as a function of axial location. The blue curve in Figure 8 is the average prestall blade loading prior to stall inception. During prestall conditions, the rotor blade is more highly loaded towards the leading edge of the blade and exhibits the highest loading at approximately 0.27.




	
	
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
		
		
		
			
		
			
	


Figure 8: Rotor blade tip loading at prestall and poststall conditions.


The blade lift at the rotor tip was approximated during the steady prestall operation and poststall events. The blade lift was found by integrating the blade loading curve along the axial direction. For poststall events, blade lift was calculated as individual blades passed by the over-the-rotor chord-wise array. Figure 9(a) shows the blade lift at the 0° circumferential position during the stall inception event shown in Figure 5. Values are normalized by the mean of the prestall lift. The prestall lift can fluctuate from unsteadiness in the flow through the rotor. Statistics were performed on the lift in the prestall region immediately prior to stall inception. The grey band in Figure 9(a) represents values bounded by plus and minus one standard deviation from the mean of the prestall region. The spanwise average total pressure was also calculated and is shown in Figure 9(b). Values are normalized by the mean of the prestall rotor exit total pressure. The spanwise average total pressure was found by averaging multiple pressures along the span measured by the unsteady total pressure rake at the 0° circumferential position. The grey band in Figure 9(b) also represents values bounded by plus and minus one standard deviation from the mean of the prestall region.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		


(a)




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		


(b)
Figure 9: (a) Blade lift at rotor tip and (b) spanwise average rotor exit total pressure ratio at the 0° circumferential location.


At approximately −0.8 revolutions, corresponding to the instantaneous contours in Figure 7, there is a statistically significant decrease in lift at the tip. At the same moment in time, the spanwise average total pressure ratio shows no deviation from the prestall. The first moment that the compressor experiences a significant decrease in total pressure is at approximately revolution 1.1, which corresponds to the first stall cell passing. By this time, the stall cell has grown in circumferential size and is clearly noticeable in Figure 5. This result agrees well with the work of Weichert and Day [5] that the first sign of stall inception spikes occurs within a rotor passage.
4.5. Stall-Cell Development
As the stall cell develops, blade lift and rotor total pressure fluctuate dramatically. The first instance the stall cell passes the OTR chord-wise array and unsteady total pressure rake is between revolutions 0.8 and 1.7. The trailing edge of the stall cell is at approximately 0.8 revolutions and the leading edge is at approximately 1.7 revolutions. Moving forward in time, as the trailing edge of the stall cell propagates to the 0° circumferential location at 0.8 revolutions the lift and total pressure ratio begin to decrease. By revolution 1, within the stall cell, the lift decreases to approximately 50% of the prestall value. The pressure ratio decreases to nearly 1.3. The stall cell has not yet fully developed, and the decrease in lift and pressure ratio are not as drastic as future stall cell passing. At revolution 1.7, ahead of the leading edge of the stall cell, the lift and pressure ratio are both slightly above prestall values. This suggests increased incidence and turning ahead of the stall cell.
It is useful to analyze the raw unsteady pressure time series to better visualize the growth of the stall cell. Figure 10 shows the instantaneous shroud static pressure and rotor exit total pressure contours during the first stall cell passing. Contours in Figure 10(a) are centered at revolution 0.9 and show the trailing edge of the stall cell. In this figure, passages to the left of blade 7 are exiting the stall cell and are in the process of recovering. The passages increase in blade loading and pressure ratio to the left of blade 7. Passages to the right of blade 7 are stalled with little blade loading and pressure ratio.
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(c)
Figure 10: Instantaneous (space-time) shroud static and rotor exit pressure contours centered at revolution (a) 0.9, (b) 1.1, and (c) 1.8 of Figure 5 at the 0° circumferential position.


Figure 10(b) shows the leading edge of the stall cell. This contour is centered at revolution 1.1. Blade 12 exhibits a relatively high pressure difference across the blade in the shroud static pressure contour. The rotor exit contour shows pressures near prestall values. To the left of blade 12, the blade loading and rotor exit total pressure progressively decrease. Passages between blades 10 and 12 are entering the leading edge of the stall cell and are in the process of stalling. Passages to the left of blade 10 are stalled and show little pressure rise across the rotor.
Passages ahead of leading edge of the stall cell are shown in Figure 10(c), centered at revolution 1.7. These blades show an increase in blade loading and pressure ratio above the prestall values as discussed previously. These passages are overpressured and are approaching the stall cell.
After rotor revolution 2, the stall cell has become fully developed. Figure 9 shows the blade lift and pressure ratio for three more stall cell revolutions. Within the fully developed stall cell, the blade lift decreases to slightly below zero at revolutions 3, 5.1, and 7.3. The blade loading at approximately revolution 3 is shown in Figure 8 as the black curve. The blade loading between 0.35 and 0.9 is less than zero for this moment in time. This is evidence of localized back-flow through the rotor passage as the stall cell passes. The rotor total pressure ratio decreased as low as 1.2 within the stall cell (Figure 9(b)).
The blade lift increased significantly ahead of the stall cell at revolutions 4, 6.4, and 8.6. At revolution 8.6, blade lift increased approximately 40% above prestall values. The blade loading at approximately revolution 4.1 is shown in Figure 8 as the red curve. The loading from the rotor leading edge to 0.25 is slightly below the average prestall loading. From 0.25 to the trailing edge of the rotor, the blade shows increased loading compared to the prestall. The rotor exit total pressure also increased significantly ahead of the developed stall cell as high as approximately 1.59 as shown in Figure 9(b).
5. Stall and Surge Time Series
The development of the stall cell was remarkably similar between cases when the compressor entered stable rotating stall and when the compressor surged. This section will provide a detailed comparison between the two unsteady events shown on the left of Figure 4.
Both the stall and surge cases exhibited a sharp decrease in  and  during the stall inception event. Figures 11(c) and 11(d) show a comparison of  and  between the stall and surge cases. In these figures, the blue curve is the 100% corrected speed stall case and the red curve is the 100% corrected speed surge case. The surge case shows a larger decrease in plenum pressure rise and mass flow compared to the stall case. The larger decrease produces a large enough return swing during the recovery to surpass the critical recovery value of  [11]. The critical recovery value of  is shown as the black line in Figure 11(c). The fluctuations in the stall case are just small enough such that the trajectory of the unsteady characteristic never surpasses the critical recovery value of . This can be seen more clearly in Figure 4. The trajectory of the blue experimental curve approaches the critical recovery value of  on three occasions, but does not go above. It is the existence of a relatively large stall/unstall hysteresis branch in the steady-state characteristic that allows this to occur.
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(d)
Figure 11: Time series of (a) circumferential array of static pressures upstream of the rotor leading edge, (b) circumferential array of hot wires upstream of the rotor leading edge, (c) annulus average mass flow, and (d) plenum-to-plenum pressure rise during stall (blue) and surge (red).


Figures 11(a) and 11(b) show the low-pass filtered time traces of shroud static pressure and upstream hot wires for both the stall and surge cases. These figures illustrate the similarities between the two stall inception events. From rotor revolutions 0 to 14 the traces are similar. Stall inception occurs at approximately the same circumferential location. The initial growth and rotation rates of the stall cell during the first few revolutions between the two cases are nearly identical. At approximately revolution 5, the speed of the stall cell was 0.44 in the laboratory reference frame. At this point, the stall cell was at its largest size and rotating the slowest. This coincides with the local minimum on the  trace in Figure 11(c). As the mass flow recovers, the stall cell then begins to decrease in circumferential size and increase in speed until approximately revolution 15 where  was at its local maximum for the stall case. The speed of the stall cell for the stall case at revolution 15 was approximately 0.52.
The shroud static pressure traces in Figure 11(a) for the surge case show a second peak for approximately half of a revolution of the stall cell between rotor revolutions 3 and 4. This second peak is most apparent in Figure 11(a) at the 0° circumferential position and at rotor revolution 4. This extra disturbance may have been due to the mass flow being slightly lower for the surge case. A decrease in mass flow may have increased the incidence angle possibly allowing for a second spike to briefly form at the leading edge of the main stall cell.
In the surge case, the critical recovery value of  was surpassed at approximately rotor revolution 13.5. It was at this point that the stall recovery process began for the compressor in the surge case. This is when the shroud static pressure traces and upstream hot-wire traces for the surge case begin to deviate from the stall case. With the compressor recovered from rotating stall, the plenum pressure rise recovered until the compressor was brought to the stall point again in the surge case. At revolution 24 of the surge case, a second stall inception event occurred and another surge cycle began. Figures 11(a) and 11(b) show how similar the stall inception events are for the stall and surge case. These results show it is purely the poststall throttling point in conjunction with the system dynamics that determine whether surge will grow from rotating stall. For a further analysis of the rotating stall case see Hickman and Morris [19].
6. Temporary Surge and Stall Recovery
During the temporary stall recovery at the end of the surge cycle, the leading edge and trailing edge of the stall cell will travel at different speeds. Figure 12(a) shows the shroud static pressure traces from the circumferential array for the surge case from rotor revolutions 10 through 18. The speeds of the leading edge and trailing edge of the stall cell are labeled. As the compressor begins to recover, the trailing edge of the stall cell rotates at approximately the same speed as when the cell was fully developed. The leading edge of the stall cell rotates at a faster rate in the laboratory frame as the cell is shrinking. In the rotor frame, the leading edge of the stall cell rotates more slowly until the leading edge and trailing edge meet and the stall cell disappears. This is very similar to a compressor recovering from stable rotating stall.
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(b)
Figure 12: Time series of circumferential array of static pressures upstream of the rotor leading edge during (a) temporary recovery at the end of a surge cycle and (b) stall recovery with an opened outlet valve.


Data were acquired during the recovery from stable rotating stall. Figure 13 shows the unsteady characteristic for a rotating stall and stall recovery event. The markers along the solid blue curve represent every 2 rotor revolutions. The zero location was chosen as the approximate point where stall cell dies out. The unsteady characteristic during the stall event is shown as the blue dashed line for reference in Figure 13. In this case the compressor entered stable rotating stall by closing the valves. The valves were then opened and the compressor recovered from rotating stall. The solid blue line is the unsteady characteristic during the stall recovery event. The characteristic starts at the initial stall point and at approximately rotor revolution −2, the unsteady characteristic surpasses the critical recovery value of , and the stall recovery process begins. The unsteady characteristic transiently attaches to the unstalled branch of the steady-state compressor characteristic.




	
	
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
		
		
		
		
			
		
			
		
		
			
		
			
		
			
	


Figure 13: Unsteady compressor characteristic during stall and stall recovery.


In Figure 12(b) are the leading edge traces for the stall recovery event shown in Figure 13. The time axis corresponds to the labeled markers in Figure 13. The speeds of the trailing edge and leading edge of the stall cell during stall recovery are similar to the temporary stall recovery at the end of a surge cycle. The trailing edge rotates at approximately the same speed as the developed stall cell, while the stall cell decays at the leading edge. Figure 12 illustrates that stall recovery and temporary surge recovery are similar events.
7. Conclusions
Observations from unsteady measurements during stall inception, stall-cell development, rotating stall, and surge were presented. The first signs of stall inception spikes were found within rotor passages. As the stall cell grows after stall inception, the leading edge of the cell will rotate at a higher rate than the trailing edge in the rotor frame suggesting that the stall cell initially increases in size at the leading edge.
Blade loading at the tip and rotor exit total pressure ratio decrease dramatically within the stall cell. Blade lift can decrease to negative values within the stall cell suggesting back-flow. Ahead of the leading edge of the stall cell, the blade lift and rotor exit total pressure ratio surpass prestall values. This is a sign of higher incidence and turning ahead of the stall cell.
The compressor investigated stalls with a single full span stall cell. A single stall cell is also present during surge. There is a striking resemblance between the development of the stall cell for rotating stall and surge cases. The initiation location, initial speed, and initial growth rate of the stall cell are nearly indistinguishable between stall and surge cases. The unsteady event becomes a surge event when the critical recovery value of  is surpassed.
Temporary stall recovery at the end of a surge cycle and recovery from rotating stall are similar events. The trailing edge of the stall cell will rotate at the approximate speed as the fully developed stall cell, while the leading edge decreases in rotational speed in the rotor frame. During recovery from compressor stall, the stall cell decays at the leading edge.
Compressor surge was long thought to be an axisymmetric phenomenon. This research has shown that while global fluctuations in mass flow and pressure are present during surge events, local asymmetric instabilities similar to those seen during rotating stall may also take place. Fully understanding these instabilities may lead to new methods for delaying or mitigating their effects.
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