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Visualizations of Flow Structures
in the Rotor Passage of an Axial
Compressor at the Onset of Stall
Experiments preformed in the JHU refractive index matched facility examine flow phe-
nomena developing in the rotor passage of an axial compressor at the onset of stall.
High-speed imaging of cavitation performed at low pressures qualitatively visualizes vor-
tical structures. Stereoscopic particle image velocimetry (SPIV) measurements provide
detailed snapshots and ensemble statistics of the flow in a series of meridional planes. At
prestall condition, the tip leakage vortex (TLV) breaks up into widely distributed intermit-
tent vortical structures shortly after rollup. The most prominent instability involves peri-
odic formation of large-scale backflow vortices (BFVs) that extend diagonally upstream,
from the suction side (SS) of one blade at midchord to the pressure side (PS) near the
leading edge of the next blade. The 3D vorticity distributions obtained from data
recorded in closely spaced planes show that the BFVs originate form at the transition
between the high circumferential velocity region below the TLV center and the main pas-
sage flow radially inward from it. When the BFVs penetrate to the next passage across
the tip gap or by circumventing the leading edge, they trigger a similar phenomenon
there, sustaining the process. Further reduction in flow rate into the stall range increases
the number and size of the backflow vortices, and they regularly propagate upstream of
the leading edge of the next blade, where they increase the incidence angle in the tip
corner. As this process proliferates circumferentially, the BFVs rotate with the blades,
indicating that there is very little through flow across the tip region.
[DOI: 10.1115/1.4035076]

Introduction

When the flow rate is reduced, an axial compressor becomes
less stable and more prone to stall or surge, phenomena that are
detrimental to the performance of compressors [1–3]. Understand-
ing how instabilities develop in the rotor passage and grow into a
full scale stall, i.e., the stall inception, is important in developing
tools to predict it and developing methods to mitigate its adverse
effects [4]. In a developed state, multiple stall cells propagate cir-
cumferentially in a phase velocity that is typically lower than that
of the rotor speed, a phenomenon typically referred to as rotating
stall [5,6].

The precursors to stall are generally divided into two types,
namely the long length-scale “modal-type” and the short length-
scale “spike-type.” Modal-type stall inception involves a long
length-scale, wavelike circumferential velocity variations before
stall cells appear [7–10]. In comparison, spike-type stall inception
typically involves a large pressure spike at the endwall casing
near the leading edge of the rotor [10–12] prior to stall. The exact
reasons for spike-type stall are still debatable, in spite of the
numerous experimental and computational studies attempting to
elucidate it.

Surface-oil flow visualization and casing pressure measure-
ment by Deppe et al. [11] show that spike formation involves
leading-edge spillage and the trailing-edge backflow, proposed
by Vo et al. [13] as the criteria for spike-type stall inception.
Measurements by Inoue et al. [14,15] indicate that a large
low-pressure region exists ahead of the rotor passage during

stall, leading them to postulate the presence of a tornado-like
vortex originating from leading edge separation, with one end at
the suction side (SS) of the blade and the other at the casing. A
similar interblade vortex has also been observed by Kosyna et al.
within a single-stage axial-flow pump in deep stall [16]. Subse-
quent pressure measurement and simulation by Yamada et al.
[17] agree with these findings and their relation to the onset of
spike type stall. They show that the tornado-like separation vor-
tex propagates circumferentially to the adjacent blade and indu-
ces separation there. Numerical simulations by Pullan et al. [18]
indicate that the leading edge separation induced by high inci-
dence at the rotor tip is the cause of spike-type stall. More impor-
tantly, they demonstrate that tip leakage flow is not a necessity in
terms of leading edge separation or spike formation, although the
leakage flow itself contributes to high incidence angle of the
adjacent blade. Spike-type stall involving leading edge separation
has also been observed computationally in centrifugal compres-
sors [19].

A computational study by Hoying et al. [20] shows that the stall
inception is caused by the interaction of the TLV with the leading
edge of the adjacent blade when the TLV is aligned circumferen-
tially at low flow rates. Simulations by Hah et al. [21] indicate
that leading edge spillage and stall onset occurs when the tip leak-
age flow from one blade reaches the pressure side (PS) of the next
blade.

Another type of large-scale instability occurring in the rotor
passage has been called “rotating instability” by several research-
ers [4,22–25], although the specific nature of this phenomenon is
still not resolved. M€arz et al. [24] argued, based on an experimen-
tal and numerical study, that this phenomenon is caused by migra-
tion of low-pressure areas from one blade to the next. They show
that the instabilities are more likely to happen for a large tip gap
and attribute the low-pressure region to the leg of an axial vortex.
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Many of the difficulties in identifying the mechanisms trigger-
ing stall inception are associated with difficulties in measuring 3D
unsteady flow in the confined tip region of an axial turbomachine.
To tackle this problem, the present study focuses on phenomena
occurring prior to and at the onset of stall, based on flow visual-
izations and stereoscopic PIV (SPIV) measurements performed in
the refractive index-matched facility at JHU. As previous tip leak-
age flow studies performed in this facility have shown [26–30],
the unobstructed view enables us to identify the origin of flow
structures and follow their development in the rotor passage.
Results provide compelling evidence that the onset of stall
involves development of backflow vortices originating from the
interface between the backward tip leakage flow and the main pas-
sage flow near the SS of the rotor blade. They propagate diago-
nally upstream to the next passage either around the leading edge
or across the tip gap of the adjacent blade. These structures appear
to be similar to backflow vortex observed in more heavily loaded
rocket inducers [31–33].

Experimental Setup

As described in Ref. [34], the blades of this one and a half
stages axial turbomachine are based on the first one and a half
stages of the low-speed axial compressor (LSAC) facility at
NASA Glenn. However, while maintaining the same blade pro-
files, their aspect ratio has been modified to maintain a minimum

thickness required for using acrylic blades in a liquid turboma-
chine. As shown in Fig. 1, the setup consists of a 20-blade inlet
guide vane (IGV), a 15-blade rotor, and a 20-blade stator. The top
nine IGV and stator blades and all 15 rotor blades are made of
acrylic. The rest of the IGV blades are made of naval bronze, and
they support the entire hub of the machine. The surfaces of the
acrylic and the bronze blades are all polished, ensuring the rough-
ness height in the submicron range. The casing is also made of
acrylic with flat exterior surfaces to accommodate PIV measure-
ments. Relevant dimensions are provided in Table 1. For the pres-
ent measurements, the nominal tip gap is 1.8 mm, but due to
manufacturing tolerances and slight eccentricities, the tip gap in
the sample area is 2.4 mm.

The compressor is installed in the JHU closed loop optically
index-matched facility whose description can be found in Refs.
[26–28]. The working fluid is 62–63% by weight concentrated
sodium iodide solution, whose refractive index, about 1.49, is
matched with that of the acrylic blades and casing. The specific
gravity of the solution is 1.8 and its kinematic viscosity at the
experimental temperatures is about 1.1� 10�6 m2 s�1 [35]. Liquid
temperature is maintained in the 20–25 �C range by a cooling sys-
tem described in Ref. [28]. The machine is driven by a precision-
controlled 44 kW AC motor via a 50.8 mm diameter shaft. The
flow and pressure drop in the loop are controlled by an adjustable
valve consisting of two perforated disks, which is installed in the
return line. The mean pressure is controlled by connecting a half-
filled tank located above the facility to a vacuum pump and a
source of compressed nitrogen. Cavitation, which is used for visu-
alizing vortical structures due to the low pressure in their cores, is
induced by reducing the mean pressure in the facility. The visual-
ization experiments have been performed numerous times at vary-
ing pressures, first to confirm that the occurrence and behavior of
observed vortices are repeatable, and second, to verify that they
are not affected, generated, or caused by the cavitation. The vorti-
ces appear consistently in all the experiments, and varying the
pressure only changes the concentration of bubbles in the vortices
but not their location and behavior. Furthermore, in Ref. [28], we
compare the location of the TLV seen in the visualizations with
that obtained in the PIV measurements. There is full agreement
between them. All the SPIV measurements are performed at
higher pressure, when cavitation is suppressed. More details about
the present test facility are provided in Ref. [28].

All experiments are carried out at 480 RPM. The performance
curves for the present tip gap are shown in Fig. 2. The static pres-
sure rise across the pump is measured using pressure taps located
upstream of the IGV and downstream of the stator. Each pressure
tap is connected to two circumferentially distributed pressure
ports to compensate for circumferential pressure variations in the
inlet and outlet planes. The normalized static-to-static and total-
to-static pressure coefficients are defined as

wSS ¼ ðpexit � pinÞ=ð0:5qU2
TÞ (1)

Fig. 1 Configuration of the one and a half stages compressor

Table 1 Stage relevant geometrical parameters

Casing diameter (D) (mm) 457.2
Hub diameter (d) (mm) 365.8
Rotor passage height (L) (mm) 45.7
Rotor diameter (DR) (mm) 453.6
Rotor blade chord (c) (mm) 102.6
Rotor blade span (H) (mm) 43.9
Rotor blade stagger angle (c) (deg) 58.6
Rotor blade axial chord (cA) (mm) 53.5
Nominal tip clearance (mm) 1.8 (0.0175c or 0.041H)
Measured tip clearance (h) (mm) 2.4 (0.023c or 0.055H)
Shaft speed (X) (rad s�1) {RPM} 50.27 {480}
Rotor blade tip speed (UT) (m s�1) 11.47
Reynolds number (UTc/�) 1.07� 106
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wTS ¼ ðpexit � p0iÞ=ð0:5qU2
TÞ (2)

The volumetric flow rate is measured by integrating the veloc-
ity profile obtained by translating a Pitot tube across the pipe in
the return line. Thirteen equally spaced measurement points, start-
ing from the centerline, with 12.7 mm intervals, are used for map-
ping the velocity distributions in the pipe. The flow rate
coefficient is

u ¼ VZ=UT (3)

where VZ is the volumetric flow rate divided by the annular area
of the rotor passage. Two differential pressure transducers are
used to measure the static pressure rise from the pressure taps and
the dynamic head from the Pitot tube. The signals are digitized at
3.3 kHz, and each performance point is based on averaging
200,000 data points. Each data point is recorded while operating
the pump under the same condition for several minutes. The
uncertainties associated with head rise and flow rate measure-
ments are about 1.2% and 1.7%, respectively. Since the tip gap
and flow rate have substantial impact on the performance of the
machine and the flow structure within it, they are the primary
focuses of a parallel paper, which includes results for h/c¼ 0.5%
as well [36].

The present paper discusses SPIV measurements and cavitation
visualizations performed at prestall conditions, namely at
u¼ 0.25. This point is chosen because it corresponds to the
minimum possible stable operating flow rate. Further increase in
pressure drop in the loop causes substantial fluctuations in per-
formance. The performance curves shown in Fig. 2 includes all
the data points obtained while operating the facility at fixed resist-
ance and speed instead of continuously logging the pressure and
flow rate as the compressor is throttled into stall, as suggested by
Day [4]. As u is reduced below 0.25, there is a certain narrow
range (0.24<u< 0.242) for which we sometime observe further

increase in pressure, and at other times, there is a sharp decrease
in w accompanied by audible increase in noise and blade vibra-
tions visible to a naked eye. We opt to include both data points.
Once u is reduced below 0.24, the noise and vibrations as well as
the decrease in wSS below 0.53 persist. Hence, we use u¼ 0.24 as
a representative for early stall conditions. Cavitation visualiza-
tions have been performed at both u¼ 0.25 (and wSS¼ 0.56) and
u¼ 0.24 (and wSS¼ 0.53). As recommended by Day [4], Fig. 2(b)
shows the performance in terms of total-to-static pressure coeffi-
cient as a better means of characterizing the performance slope
near stall conditions. In this plot, the presently selected prestall
condition resides slightly to the right of the peak wTS point,
namely when the performance curve still has a negative slope. As
discussed later, this observation is included in the discussion
about the type of stall occurring under this condition, following
the criteria discussed in Ref. [10].

We have not performed SPIV measurements under stall condi-
tions, in great part out of concern for the ability of the acrylic
blades to withstand the unsteady loads and vibrations for pro-
longed periods. However, the flow visualizations described in this
paper indicate that there is considerable similarity between flow
instabilities under prestall and stall conditions. Hence, the meas-
urements at u¼ 0.25 provide ample data for characterizing flow
instabilities involved with the onset of stall.

The experimental setup for SPIV measurements is shown in
Fig. 3(a). The flow field is illuminated by a dual head, 200 mJ/
pulse, Nd:YAG laser whose beam is expanded to a laser sheet
with thickness of less than 1 mm, which illuminate meridional
planes dissecting the rotor blade at different chord fractions. The
pulse delay between pulses is 20 ls. The flow is seeded with
13 lm, silver-coated hollow spherical glass particles that have a
specific gravity of 1.6, slightly lower than that of the fluid. A pair
of PCO# 2000, interline transfer cameras with resolutions of
2048� 2048 pixels are mounted on different sides of the laser
sheet. Each camera is equipped with a 105 mm macrolens
mounted on a Scheimpflug adaptor to satisfy the imaging condi-
tions. To reduce image distortion and multiple reflections, the
sample area is viewed through an acrylic prism whose external
surfaces are perpendicular to the optical axes of the lenses. Both
cameras are mounted as a unit on a precision-controlled vertical
motorized slide. Calibration is carried out following the two-step
procedure described by Wieneke [37]. First, coarse calibration is
performed based on images of a target immersed in a calibration
chamber and filled with the same fluid, which is located above the
compressor. Then, fine calibration is performed based on a series
of particle images recorded within the sample volume. As illus-
trated in Fig. 4, SPIV measurements have been conducted over a
series of meridional planes.

During analysis, the SPIV images are preprocessed, first by fil-
tering out the background noise and image nonuniformities [38],
and then enhanced by applying a modified histogram equalization
algorithm [39]. Multipass FFT-based cross-correlations of image
pairs are carried out using the LaVison# DaVis commercial soft-
ware package. The final interrogation window size is 32� 32 pix-
els with 50% overlap, corresponding to a vector spacing of
0.16 mm (field of view 20.41� 29.13 mm2) in measurement
planes upstream of s/c¼ 0.16, and 0.17 mm (field of view
23.1� 31.7 mm2) for the rest of the planes afterward. Universal
outlier detector filters described by Westerweel and Scarano [40]
are adopted to reject bad vectors during vector postprocessing.
The uncertainty in instantaneous velocity is in the order of �0.1
pixel as long as there are more than five particles within each
interrogation window [27]. The present results are presented in a
cylindrical coordinate system with the origin located at the center
of the machine, and the axial and circumferential directions coin-
ciding with the rotor blade leading edge (Figs. 1 and 4). The loca-
tion of sample planes is defined as s/c, where s is chordwise
distance from the leading edge. The corresponding velocity com-
ponents are uz, ur, uh. Ensemble-averaged statistics presented in
this paper, which as denoted by<>, is based on averaging 2500

Fig. 2 (a) Static-to-static and (b) total-to-static performance
curves at 480 RPM for an h/c 5 2.3% tip gap
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instantaneous realizations obtained for the same condition and
chordwise location. Velocity fluctuations are defined as
ui
0 ¼ ui�<ui>.
The experimental setup for cavitation visualization is shown in

Fig. 3(b). Two continuous halogen lamps are placed at both sides
of the pump and illuminate the tip region of the rotor passage. The
PCO# dimax high-speed camera has a CMOS sensor of
2016� 2016 pixels, but 1536� 1332 pixels images are recorded
to accommodate an acquisition rate of 2400 frames/s, correspond-
ing to 20 images per blade passage period. The field of view is
140.6� 163.4 mm2.

Results and Discussion

Mean Flow Characteristics. Sample ensemble-averaged cir-
cumferential vorticity (<xh>) and velocity (<uh>) obtained at
prestall conditions, u¼ 0.25, are shown in Fig. 5. Circumferential
vorticity in the cylindrical coordinate system is defined as

xh ¼
@ur

@z
� @uz

@r
(4)

Here, <uh> is normalized by the tip speed and <xh> by the rota-
tional speed of the machine (in rad/s). They are chosen to follow

the TLV development, from the vicinity of the leading edge, mid-
chord, and aft parts of the rotor passage as a baseline for subse-
quent discussions. At s/c¼ 0.16, the TLV is in its early stage of
development, but there is already a strong backward leakage flow
across the tip gap, from the PS to the SS of the blade. It meets the
main passage flow at z/c¼�0.03, located upstream of the plane
of the blade leading edge, creating a local stagnation point there
(not shown). The average vorticity peaks around the TLV center
and around the PS tip corner. However, it should be noted that in
instantaneous “snapshots” of the flow, the vicinity of the TLV
center contains multiple interlacing vortex filaments that never
merge into a distinct vortex, as demonstrated by the sample in
Fig. 6 and in previous studies involving several turbomachines
and operating conditions [26–30]. Figure 6 also serves as a base-
line image of the flow around an unstalled blade tip. At s/c¼ 0.33,
the TLV grows in size and detaches from the blade but remains
connected to SS tip by a shear layer that keeps on feeding vorticity
into it. At s/c¼ 0.76, the average peak vorticity magnitude within
the TLV is substantially lower than that in previous planes, but it
is spread over a large area. As discussed in Ref. [28] for the same
condition, as well as reported in previous studies [26–30,41–43],
this rapid expansion is caused by bursting/breakup of the TLV.
When it occurs, presumably because of adverse pressure gradients
in the aft parts of the passage and migration to the PS of the next

Fig. 3 Setups for (a) SPIV in meridional planes and (b) cavita-
tion flow visualization

Fig. 4 Rotor blade tip profile with horizontal lines highlighting
the SPIV measurement sample areas
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blade, the vortex filaments become randomly scattered over an
area that cover a substantial fraction of the passage.

Two distinct areas with elevated <uh> are evident in the distri-
bution presented in Figs. 5(b), 5(d), and 5(f). The first broad area
is located in the PS of the blade, and the second is centered radi-
ally inward (under) and slightly upstream of the TLV. These high
<uh> regions actually contain fluid moving in the same circum-
ferential direction as the blade. Combined with the low values of
<uz> there, especially to the left of and immediately under the
TLV, the velocity distributions indicate that substantial fractions
of the tip region are blocked. The size and the magnitude <uh>
under the TLV grow substantially with increasing chord fraction
(and with decreasing flow rate—see Ref. [36]), especially after
vortex breakup. In fact, the high circumferential velocity on the
PS in Figs. 5(b) and 5(d) is associated with migration of the TLV
generated by the previous/adjacent blade to the pressure side of
this blade. This phenomenon has also been reported by previous
experimental studies [26,44,45]. It is caused by entrainment of fluid
originating from the tip gap, which attains the blade circumferential
momentum. It is also affected by exposure to adverse pressure gra-
dients during its propagation in the passage to the PS of the next
blade. As will be shown later, formation of high <uh> zones in the
tip region plays a role in processes affecting the onset of stall.

Sample distributions of turbulent kinetic energy (TKE), defined
as

k� ¼ 0:5ðu0zu0z þ u0ru
0
r þ u0hu0hÞU

�2
T (5)

are shown in Fig. 7. They are presented to highlight the regions of
high flow instabilities, especially under prestall conditions. To
demonstrate the associated enormous increase in turbulence, Fig.

7(d) shows the distribution of TKE s/c¼ 0.33 for u¼ 0.35, at the
same location as Fig. 7(b), for which results have to be presented
at a significantly different scale to be visible. For all the cases cor-
responding to u¼ 0.25, the TKE is high around the TLV center,
to a substantial part due to fluctuations in the distributions of vor-
tex filaments around the mean core. Once bursting occurs (Fig.
7(c)), the high TKE area grows substantially, occupying a large
fraction of the rotor passage, all the way to the PS of the adjacent
blade (Figs. 7(a) and 7(b)). Other large-scale flow instabilities,
which affect the onset of stall, are also involved, as described in
the next section, Visualization of Flow Structures at Pre-Stall
Conditions. At s/c¼ 0.33 (and to a lesser extent also at s/
c¼ 0.16), the TLV turbulence on the PS is ingested to the SS of
the blade through the tip gap, affecting the flow stability there.
This plot provides statistical evidence demonstrating the crosstalk
among passages, which is facilitated by tip leakage flow across
the relatively wide clearance of the present configuration. Such
interactions are minimal for narrow gaps, e.g., for h/c¼ 0.5%
[36]. This crosstalk contributes to the development of instabilities
on the SS side of the machine prior to stall. The resulting substan-
tial decrease in flow stability is demonstrated by the comparison
between Figs. 7(b) and 7(d). At u¼ 0.35, secondary structures
associated with the previous TLV arrive to the next blade much
further downstream in the rotor passage and have much less
impact on the flow stability.

Visualization of Flow Structures at Prestall Conditions.
A time sequence of high-speed images demonstrating the evolu-
tion of vortical structures in the rotor passage is presented in
Fig. 8. Here, the time is normalized by blade passage period

Fig. 5 Ensemble-averaged contours of <xh> (top row) and <uh> (bottom row) at: (a) and (b) s/c 5 0.16, (c) and (d) s/c 5 0.33,
and (e) and (f) s/c 5 0.76. Lines in (b), (d), and (f) are contours of <xh>, with dashed lines indicating negative values. Vectors in
(a) are shown in full resolution for part of the sample area. In (c) and (e), vectors are diluted by 2:1 axially and 2:1 radially for
clarity. Note the differences in vorticity scale. A reference vector showing the tip speed is provided on top. Horizontal axis is
the streamwise direction while vertical axis is the radial direction. Other plots of SPIV results follow the same convention.
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t� ¼ ðt� t0Þ=ð2p=15XÞ (6)

The TLV rolls up very near the tip of the leading edge but quickly
breaks down into a series of secondary structures (Fig. 8(a)).
More interestingly, apart from the TLV, another vortical structure
aligned perpendicularly to the blade develops and propagates
from the leading edge to midchord. Arrows of the same style high-
light its location in different fames.

At t*¼ 0, it starts as a small filament under the TLV near the
blade leading edge. As it migrates downstream, this structure
increases in length, with one end just about following the tail of
the TLV, and the other extending diagonally upstream, while get-
ting closer in time to the leading edge of the next blade. The rota-
tion direction of this vortex, determined by following vortical
structures in time in the high-speed movies of cavitation, is that
the vorticity points at the SS of the originating blade. This direc-
tion is also consistent with the SPIV data discussed later. Because
of its orientation, and terminology used in prior studies detecting
similar structures in other turbomachines (Refs. [31–33], details
follow), we refer to this structure as a backflow vortex or BFV. As

it grows, the orientation of the BFV diagonally upstream does not
change significantly. Since this vortex is largely transported with
the blade circumferentially, and its outward end remains at nearly
the same axial plane (z� 0), it implies that there is very little
through flow in the tip region. At t*¼ 0.45 (Fig. 8(d)), the vortex
seems to be strong enough to alter the trajectory of the end of the
TLV. At t*¼ 0.75, the upstream end of the vortex reaches the
leading edge of the next blade, and at t*¼ 0.9, its end penetrates
the tip gap. Additional evidence recorded at a different time that
the vortex extends across the tip gap is provided in Fig. 9(b) at a
higher magnification. At t*¼ 1.05 (Fig. 8(h)), the backflow vortex
(or structures associated with it) appears to be split by the blade
into two sections, leaving a short segment, which is marked by
another arrow, on the suction side. Subsequently, as Figs. 8(i) and
8(j) show, this segment grows and forms a structure that appears
to be quite similar to that shown in Fig. 8(a). Indeed, at later times
(not shown), this vortex continues to grow and propagates to the
next blade, following a sequence that is very similar to that pre-
sented in Figs. 8(a)–8(i). Based on examination of the movies
(including the sample shown), the phase speed of what appears to
be a circumferentially propagating periodic pattern is slower than
the blade rotational speed by about 30–40%. By comparing the
locations of initial TLV rollup in Figs. 9(a) and 9(b), it is evident
that rollup of the TLV is delayed when the upstream end of the
backflow vortex arrives at the leading edge of the next blade or
crosses the tip gap. Such a change indicates a considerable shift in
the distribution of blade loading. In addition, when SS end of this
vortex reaches trailing part of the TLV, it appears to be suffi-
ciently powerful to disrupt the development of TLV (Figs. 8(d)
and 8(e)). Hence, development and propagation of the vortex
causes subsynchronous rotating disruption to both the blade per-
formance and the entire flow in the rotor passage. Both are phe-
nomena associated either with the inception of rotating stall or
rotating instabilities discussed in Refs. [4] and [22–25].

The observations described above raise a question of where
does the BFV come from, and what is the origin of its vorticity.
Since during early phases of development, the vortex appears to
protrude diagonally upstream from under the TLV, and recalling
that there is a region of elevated <uh> below TLV, one questions
whether they are related. Selecting s/c¼ 44% for further discus-
sion, this relationship is elucidated by examining the 3D
ensemble-averaged velocity and vorticity distributions in the tip
region. First, the distributions of <uh>, <uz>, and <ur> are
shown in Figs. 10(a)–10(c), and the velocity diagram is shown in
Fig. 10(d). Two points are selected as representatives, the first
from the high <uh> region under the TLV (A) and the second
from the low <uh>, but high <uz> region below the area influ-
enced by the tip leakage (B). Corresponding values of <uh> and
<uz> are tabulated and illustrated in Fig. 10(d), along with the
projection of the relative velocity between B and A in the z–h
plane, The relative velocity <uB-A>, which is indicated by the red
arrow, is nearly parallel to the blade chord. Hence, if the shear
layer under the high <uh> region rolls up into a vortex due to
some perturbation, the primary vorticity direction would be nearly
perpendicular to the blade chord, as indicated by the direction of
xBFV. This conceptual, but data-based, discussion is consistent
with the direction and orientation of the BFVs in Figs. 8 and 9.
The large upstream propagating vortex might originate from
rollup of the shear layer located at the interface between the high
<uh> region (TLV induced blockage) and the through flow under
it.

Further evidence is provided by the sample average three-
dimensional vorticity distributions in Figs. 10(e)–10(h). To deter-
mine the ensemble-averaged derivatives of velocity in the circum-
ferential direction (@/@h) required for calculating the 3D vorticity
components, we have recorded data in 11 closely spaced meridio-
nal planes, which are separated by an angular distance of
3.6� 10�4 rad. The corresponding circumferential distance
between planes is 0.081 mm at the casing and 0.073 mm at the
bottom of the field of view, namely it is smaller than the in-plane

Fig. 6 A sample instantaneous realization of (a) xh and (b) uh

at s/c 5 0.33, representing conditions when the blade tip is not
stalled. Vectors in (b) are diluted by 2:1 axially and 2:1 radially.
Note the differences in scales.
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vector spacing. In each plane, 2500 realizations are ensemble-
averaged to obtain the distributions of all three velocity compo-
nents, like the rest of the data. Using second-order finite differenc-
ing, the vorticity components involving out-of-plane derivatives
are obtained from

xz ¼
1

r

@

@r
ruhð Þ �

1

r

@ur

@h
(7)

xr ¼
1

r

@uz

@h
� @uh

@z
(8)

To improve the data quality, we use the data from all the 11
planes, by circumferentially averaging vorticity distributions cal-
culated from planes 1 and 3, planes 2 and 4, planes 3 and 5, and
so on. Figures 10(e)–10(g) show the resulting distributions of all
three vorticity components at s/c¼ 0.44, where <xh>, the largest
component, is based on the in-plane data. Compared with <xh>
at s/c¼ 0.33 shown in Fig. 5(c), the TLV is clearly larger, but the
peak vorticity decreases, indicating the TLV has already started to
burst. However, most important for the present discussion is the
broad area of elevated <xz> centered around point (C) in
Fig. 10(f). This region is located in the region of radial gradients
in <uh> under the TLV, at the transition between the high <uh>
zone surrounding the TLV and the main passage flow. The values
of <xh> and <xz> in point (C) are tabulated in Fig. 10(h), along
with a plot of the resulting projection of the vorticity in the z–h

plane. The orientation of the vorticity projection in the z–h plane
is consistent with the orientation of the backflow vortex seen in
the cavitation images in Figs. 8 and 9, and the velocity vectors in
Fig. 10(d). The mean vorticity distributions indicate that the
underlying flow phenomenon causing the formation of the BFV is
the radial gradients in <uh> under the TLV, which persists along
the entire blade. While mean vorticity in this region is substan-
tially lower than <xh> near the TLV center, once the BFV rolls
up intermittently and stretched by the strain field in the passage,
the cavitation images suggest that its core vorticity becomes large
(further discussion follows).

Figures 10(f) and 10(g) also show that the TLV center is located
in a region of negative <xz>, and the distribution of <xr> is
also nonuniform, with both positive and negative regions. To
explain the 3D flow structure that these patterns represent,
Fig. 10(i) provides a 3D depiction of the distribution of circumfer-
ential velocity, where the out of the plane protrusion is propor-
tional to <uh>, and Fig. 10(j) sketched the origin of vortical
layers emerging from the tip gap superimposed on the distribution
of <uh>. The magnitudes and directions of <xz> and <xr>
coincide with radial and axial gradients in <uh>, respectively.
These vortical regions are originated from the tip gap and could
be elucidates as a combined effect of three layers (Fig. 10(j)) with
different vorticity distributions. The inner layer starts at the SS tip
corner and carries substantial circumferential vorticity directly
into the TLV center. The associated <xz> is positive, consistent
with the positive radial gradients in <uh> at the interface between

Fig. 7 Contours of the TKE at (a) s/c 5 0.16, (b) s/c 5 0.33, and (c) s/c 5 0.76 at u 5 0.25. (d)
TKE at u 5 0.35 and s/c 5 0.33, the same location as (b), aimed at highlighting differences
between them. Note the differences in scale. Lines are contour of <xh>, with dashed lines indi-
cating negative values.
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the leakage flow and the passage flow under. As this layer is
entrained by the TLV, the positive <xz> becomes positive
<xr>, then negative <xz>. The second layer follows the other
side of the elevated <uh> region, as it emerges from the tip gap.
It starts as a negative <xz> in the tip gap, consistent with the
radial decrease in <uh> between the blade and the endwall cas-
ing. As this layer circumvents the TLV, the negative <xz>
becomes negative <xr> to the left of the TLV, positive <xz>
under the TLV, and finally positive <xr> to the right of the TLV.
The flow field has a third outer layer, which contains fluid originat-
ing from the endwall boundary layer. This layers separates from the
endwall when the leakage flow meets (impinges on) the main pas-
sage flow. Only parts of this layer are shown on the right sides of
the distributions presented in this paper [26,28,36]; hence, it is
sketched using a dashed line in Fig. 10(j). This discussion suggests

that the backflow vortices evident in the cavitation images originate
from the outer layer of a “ringlike” vortical structure that surrounds
the TLV. As discussed later, we have seen very similar mutlilayer
phenomena in other axial waterjet pumps [26]. Hence, the flow
structure illustrated in Fig. 10(j) is not unique to the present com-
pressor. Furthermore, the present depiction bears several similar-
ities to the partial vortical ring surrounding the TLV and leading
edge separation in Refs. [17] and [18], except that in their depic-
tion, the layers connects to the endwall and to the blade surface.

The present observations and conjectures are consistent with
several prior studies. First, they agree with experimental and
numerical studies focusing on the development of so-called back-
flow vortices in rocket inducers by Yamanishi et al. [31] and
Yokota et al. [46]. They show that in heavily loaded inducers,
where the strong leakage flow extends upstream of the rotor
(“backflow”), the backflow vortices are caused by interaction of
the swirling backflow and the forward flow under it. Although
there are some differences in magnitudes, orientations and specific
flow structures involved, the origin of the present observed propa-
gating/rotating instability is still interaction of the main passage
flow with the region dominated by the leakage flow. Hence, we
opt to also refer to the present phenomenon as “backflow vortex
(BFV),” following Refs. [31–33] and [46]. Next, in previous
measurements within a waterjet pump performed within this
index-matched facility, SPIV data obtained in a series of closely
spaced parallel meridional planes have also enabled calculation of
the ensemble-averaged 3D vorticity distribution [26]. Results
show a region of concentrated streamwise vorticity radially
inward from the high <uh> region under the TLV. The associated
vorticity magnitude, about 50% of the circumferential vorticity in
the TLV core, is substantial, confirming the presence of a power-
ful shear layer there.

Since the present SPIV measurements only allow us to calculate
the ensemble-averaged <xr> and <xz>, and as the cavitation
images show, formation of the backflow vortex is intermittent, it
is difficult to discern its presence from the vorticity distributions

Fig. 8 A time sequence of cavitation images showing the propagation of vortical structures at prestall conditions. Arrows of
same styles follow the evolution of the same backflow vortex. White lines indicate the blade tip profile.

Fig. 9 Sample cavitation images showing (a) TLV without the
influence of the backflow vortex and (b) the backflow vortex
propagating across the tip gap
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in the relevant region (Figs. 5 and 10). However, since the present
backflow vortex is aligned diagonally, snapshots of its signature
and impact on the flow around the leading edge and tip gap should
be readily seen in the part of the 2500 instantaneous realizations
for each plane. Indeed they are! Selected instantaneous realiza-
tions of xh and uh for the same s/c as Fig. 5 are presented in
Fig. 11. In all three examples, regions of high uh that increase in
size with s/c, wrap around the mean TLV center. At s/c¼ 0.76,
the layer appears to be connected to the endwall casing, but in
plots showing the blade, the high uh zone originates from the tip
gap. Outside of this region uh is small, indicating large radial and
axial gradients in uh (depending on the orientation of the inter-
face) at the interface between these area regions. It is possible that
these gradients involve high axial and radial vorticity, respec-
tively, as well. Furthermore, a series of distributed circumferential
vortex fragments/filaments with high vorticity appear to be

distributed along the boundary of the high uh region indicated by
the arrows, clearly well below the TLV center. Combined with the
analyses of ensemble-averaged results shown in Fig. 10, this pic-
ture strongly indicates that the backflow vortex exists at the border
of the high uh region and the main passage flow and circles around
the TLV. The instantaneous snapshots show that the underside of
the high uh region contains multiple filaments distributed along
the boundary of a flow domain jetting in the circumferential direc-
tion, essentially at the blade speed.

Moreover, Figs. 11(c) and 11(d) show a series of elevated xh

regions coinciding with the underside of the high uh zone on the
PS of the blade being entrained into the tip gap. As these BFVs
crossed the gap, they interact with the TLV on the SS, causing the
latter to deviate from its “normal” shape shown in Fig. 6. In addi-
tion, the flow structure shows early signs that new BFVs begin to
rollup into distinct vortices well below the TLV, at r/L� 0.85,

Fig. 10 Ensemble-averaged three-dimensional velocity and vorticity distributions in the meridional plane at s/c 5 0.44 and
u 5 0.25. (a)–(c) Plots of <uh>, <uz>, and <ur>. (d) Velocity diagram for points A and B, explaining the orientation of the backflow
vortices. (e)–(g) Distributions of <xh>, <xz>, and <xr>. (h) Vorticity diagram for point C, explaining the direction of the backflow
vortices. (i) Perspective view of circumferential velocity distribution with three-dimensional velocity vectors. The elevation of
the protruding surface is proportional to <uh>. Vectors are diluted by 2:1 axially and radially. (j) Sketch of vortical layers origi-
nating from the tip gap, and surrounding the TLV. Background is the <uh> contour. Lines in (a), (f), and (g) are contours of
<xh>, with dashed lines indicating negative values.
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coinciding the lower boundary of the swirling high uh region. It
appears that this snapshot corresponds to the phase at which the
upstream end of the backflow vortex penetrates across the tip gap
to the SS of the blade (Figs. 8(g), 8(h), and 9(b)). Figures 11(a)
and 11(b) are other examples of the tip flow being disrupted by
the BFV; this time at s/c¼ 0.16. A strong backflow with high uh

rushes through the tip gap to the SS, disrupting the TLV and gen-
erating a radially inward spiraling “jet” that impinges on the blade
surface. Such a flow structure differs significantly from the normal
conditions depicted in Fig. 5(a). This violent flow disruption
appears to cause formation of a new BFV at r/L� 0.8, well under
the TLV, in the region of high uh gradients.

Before concluding this section, it should be noted that intermit-
tent formation of backflow vortices is not limited to the present
setup that has a relative wide tip gap. A series of such structures
appear to form also under the high uh region of the same machine
when the tip gap is narrow (h/c¼ 0.5%), as demonstrated (e.g.,) in
Figs. 11(h) and 11(g) in Ref. [28]. However, the narrow tip gap
seems to inhibit the penetration of structures across the tip gap,
greatly reducing “cross-talk” between passages.

Finally, considering that the upstream end of the backflow vor-
tex makes it to the leading edge of the next blade, it would be of
interest to conclude this part of the discussion by examining its
impact on the flow there. The distribution of ensemble-averaged
velocity for h¼ 0 and a sample snapshot of the flow when the
backflow vortex reaches the leading edge are presented in Fig. 12.
In the mean distribution, the leakage flow is minimal, and the
magnitude of <uh> along the pressure side is significant, but
mild. Conversely, in the selected instantaneous sample, uh over
the entire PS is well above 80% of the tip speed, and there is a
strong leakage flow, which brings fluid with elevated uh to the SS
as well. Under the present prestall condition, such events are still
quite intermittent, namely they occur in 40 out of the 2500 realiza-
tions, using high <uh> rushing through the gap as a criterion. The

highly intermittency of this event is one of the indications that the
presently described flow phenomena correspond to spike-type
stall. Figure 13 demonstrates the impact of the backflow vortex
and the high uh zone on the incidence angle s/c¼�0.16, just
upstream of the rotor blade leading edge. Figure 13(a) shows the
location of s/c¼�0.16 relative to the blade and defines the angle
relative to the meridional plane depicted in the other plots, where
the intersection of the blade tip leading edge with the r–z plane is
illustrated by dashed line. Figure 13(b) presents the distribution of
ensemble-averaged angle based on the entire database. In contrast,
Fig. 13(c) shows the conditionally averaged angle using the crite-
rion uh> 0.29UT at the point indicated by a circle, which would
be located in the tip gap once the blade arrives. This condition
corresponds to the 100 most extreme cases (out of 2500) of back-
flow vortices reaching the leading edge of the next blade. As is
evident, the BFV and associated high uh region cause a significant
increase to the tip region incidence angle. As plotted in Fig. 13(d),
the increase in incidence angle around the leading edge of the
blade tip and to the right of it falls in the 4–10 deg range. Hence,
for heavily loaded blades, such a change in incidence might cause
leading edge separation, which has been proposed before as a
mechanism affecting the onset of stall [17,18]. In addition to the
changes in incidence angle, the increase in uh, namely a decrease
in velocity relative to the blade, also affects the blade loading in
the tip region. Consequently, as demonstrated in Fig. 9, the BFV-
induced flow disrupts and delays the TLV rollup process.
Figure 13(d) also show that the change to incidence angle (and
decrease in relative velocity) is, for the most part, restricted to the
tip region of the blade (r/L> 0.8).

Visualization of Flow Structures at Stall Conditions. As dis-
cussed before, readily noticed stall inception occurs and the pres-
sure rise across the pump drops dramatically when the flow rate

Fig. 11 Samples of instantaneous realizations of <xh> (top row) and <uh> (bottom row) at (a) and (b) s/c 5 0.16, (c) and (d)
s/c 5 0.33 and (e) and (f) s/c 5 0.76, when the backflow vortices interact with the adjacent blade. Vectors are diluted by 2:1 axi-
ally and 2:1 radially. Lines in (b), (d), and (f) are contours of <xh>, with dashed lines indicating negative values.
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coefficient is reduced from u¼ 0.25 to 0.24 (Fig. 2). The cavita-
tion visualizations, samples of which are presented in Fig. 14,
reveal that under this condition, the backflow vortices roll up ear-
lier and appear more frequently, as well as grow more rapidly and
to a considerable larger size compared to those at prestall condi-
tion. Hence, multiple backflow vortices frequently extend from
the SS of the same blade at the same time. Yet, their appearance
and process of development appear to have many of the same
characteristic features. Their downstream ends appear to be con-
nected to the SS of one blade, and the upstream ends extend well
upstream of the leading edge of the adjacent blade or penetrating
across the tip gap to the next passage, depending on their location.
Propagation from upstream around the leading edge, which occurs
frequently under stall conditions would presumably have more
influence on the flow in the next passage than disturbances pene-
trating across the tip gap. In Fig. 14(a), the size of the newly
formed backflow vortex indicated by an arrow is already compara-
ble to that of a “fully developed” structure in Fig. 8(d). In
Fig. 14(b), the vortex indicated by another arrow rolls up near the
blade leading edge. These structures migrate mostly circumferen-
tially with the blade, and slowly downstream, indicating that once
they form, there is little through flow in the tip region.

Accordingly, when a backflow vortex begins to interact with the
leading edge of the next blade, the TLV of that blade disappears
completely, suggesting a loss of the lift force at least in the tip
region. Such interactions might also induce leading edge separa-
tion, the process affecting stall onset according to Refs. [17] and
[18]. It should be noted that this structure appears to be similar to
that observed in Ref. [16] under deep stall, but in their case, the
vortex appears to be fixed relative to the blade.

Discussion

Among the questions that the present measurements raise, it
would be of interest to determine whether the phenomena
described in this paper correspond to spike or modal type stall
[7–12]. We have not performed wall pressure fluctuation measure-
ments at the endwall casing at the onset of stall, so our assessment
is suggestive, but not decisive. Several features of the available
data at u¼ 0.25 appear to be consistent with a spike-type stall
described in Refs. [4] and [10]. First, the prestall condition,
u¼ 0.25, is still located at a slightly higher flow rate than the
peak in the total-to-static performance curve. Second, the influ-
ence of the BFV on the flow around the leading edge of the next
blade is intermittent, and quite infrequent under the prestall condi-
tions. Third, once the flow around the leading edge is disrupted by
the BFV, the effect, as Fig. 11 shows, is substantial covering the
entire tip region of the blade. In other words, this is not a small
perturbation. Fourth, yet, all the presently observed phenomena
are confined to the tip region, where they are expected to generate
high pressure fluctuations in the endwall casing. Conversely, at
u¼ 0.24, the slope of the T–S curve (Fig. 2(b)) is already positive,

Fig. 12 (a) <uh> and (b) an instantaneous sample uh at the
leading edge at u 5 0.25. Vectors are diluted by 2:1 axially and
2:1 radially.

Fig. 13 Relative incidence angles (angles relative to the merid-
ional plane) at s/c 5 20.16. (a) A sketch showing the definition
of incidence angle. (b) Ensemble-averaged result of 2500 real-
izations. (c) Conditionally averaged result of 100 extreme cases
when backflow vortices reaching near the LE. (d) The change in
incidence angle. Dot line indicates the location of the leading
edge. The circle indicates the location used for conditional
sampling.
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consistent with trends of modal stall inception. The frequency of
events is also much higher. However, as the present observations
indicate, the flow phenomena triggering the performance loss at
u¼ 0.24 and 0.25 appear to be similar, but with increasing
frequency and strength.

Another question is the relationship between the BFV and the
tornado-like vortex described in Refs. [14], [15], and [17] and
affiliated with the onset of stall. Both cases involve complete or
partial ringlike vortical structure that surrounds the TLV. How-
ever, the formation mechanisms and locations involved are very
different, since the BFV is not associated directly with leading
edge separation, although it might cause one. In fact, in most of
the present cases, the BFV is initiated downstream of the leading
edge as a previous BFV propagates across the tip gap and causes
rollup of the shear layer at the bottom of the high uh region. Fur-
thermore, as discussed in Ref. [18], the tornado-like vortex does
not necessarily require a backflow, whereas the present structures
are an inherent outcome of backward leakage flow.

Before concluding, it should be noted that backflow vortices are
also observed at much higher flow rates than the current prestall
and stall conditions. However, at u¼ 0.35, for example, rollup of
these structures occurs in the aft part of the rotor passage, they are
much more intermittent, and for the most part they appear to be
much weaker. Hence, they are mostly entrained by the TLV
before it bursts, and rarely make it to the tip gap of the next blade.
Also, as noted before, in a parallel study focusing on the effects of
the tip gap size on the flow structures of the same machine [36]
and in Ref. [28], similar backflow vortices have been observed
when the tip gap is much narrower (h/c¼ 0.5%). However, since
the BFV cannot be entrained across the narrow tip gap, its influ-
ence on the adjacent blade passage is greatly diminished. Further-
more, occurrence and persistent formation of BFVs is not limited
to the present blade geometries. For example, the BFV and vorti-
cal layers emerging from the tip gap have been seen in previous
measurements performed within a waterjet pump [26,29].
Although the presently available data are limited to three pump/
compressor geometries, several flow rates, and two tip gaps for
the present compressor, the backflow vortices, and mechanisms
generating them appear with varying degrees of influence in all of
them. The formation of a backflow vortex and its association with
tip leakage flows appear to be a ubiquitous phenomenon.

Finally, another question involves the influence of the IGV and
its wakes on the formation and development of the BFV. We have
not studied this effect based on velocity measurements yet. How-
ever, systematic evaluations of the cavitation movies clearly show
that appearance and development of the BFV do not occur at spe-
cific circumferential angles relative to the IGV blades. In a field
of view that covers three IGV blades, the vortex appears

intermittently at different locations. Moreover, similar backflow
vortices appear in the abovementioned axial waterjet pumps that
do not have IGVs. However, these observations do not necessarily
imply that the nonuniform inflow does not affect the strength, tra-
jectory, and influence of the BFVs. We will explore this question
in future studies.

Conclusions

Stereoscopic PIV measurements and cavitation-based flow vis-
ualizations are used for resolving flow structures characterizing
prestall and early stall conditions in the tip region of the rotor pas-
sage of an axial compressor. The experiments have been per-
formed in the JHU optically index-matched facility, which
facilitates unobstructed observations on the origin and evolution
of flow features at any desired point. All the flow instabilities
affecting the onset of stall are associated with the 3D tip leakage
flow and its interaction with the rest of the passage flow. As the
tip leakage vortex rolls up, it entrains the leakage flow and forms
a region with high circumferential velocity (low circumferential
velocity relative to the blade) under the vortex center. Hence, the
flow in the tip region could be envisioned as a 3D swirling jet in
which the center of swirl is located above the jet center. In the
ensemble-averaged 3D vorticity distributions, obtained by com-
bining data recorded in a series of closely spaced meridional
planes, this jet appears as a vortex ring that surrounds the tip leak-
age vortex. As the TLV grows in size, detaches from the blade SS,
and breaks down in the middle of the passage, the size of the ele-
vated circumferential velocity region expends, eventually reach-
ing the pressure side of the adjacent blade. The vorticity at the
transition between the high circumferential velocity region below
the TLV center and the main flow deeper in the passage is ori-
ented nearly perpendicularly to the blade surface. Once this vorti-
cal region is perturbed, it rolls up into a vortex segment that
extends diagonally upstream, from the vicinity of the suction side
(SS) of the originating blade, to the edge of the elevated circum-
ferential velocity region (where the vorticity changes direction).
Due to its orientation, we refer to this structure as a backflow vor-
tex (BFV), adopting the terminology used to describe vortices
extending upstream of rocket fuel inducers [31–33].

As the SS end of the BFV propagates in the passage, it grows in
length and intermittently reaches the pressure side of the next
blade together with the high uh zone above it. For the present large
tip gap, the BFV and high uh zone readily propagate across the tip
gap to the SS of the adjacent blade and trigger a similar instability
in the next passage. Hence, once it starts, the process propagates
circumferentially from one passage to the next. As it crosses the
tip gap, the BFV and high uh zone alter the blade load distribu-
tions, as demonstrated by the major shift in the location of TLV
rollup on this blade. Although the ensemble-averaged 3D vorticity
distributions cannot reveal the structure of such intermittent phe-
nomena, a small fraction (�4%) of the instantaneous planar snap-
shots bear clear signatures of the BFV, which includes a series of
vortical structures bounding the bottom side of a very high uh

zone, where the passage flow is essentially blocked. These snap-
shots reveal a flow structure that differs substantially from the nor-
mal SS flow condition when the passage is not stalled.

BFVs of varying strengths and locations have been seen in
rotors having a narrow tip clearance, but in these cases, they can-
not propagate to the next passage across the tip gap. The same
flow phenomenon also causes intermittent but significant changes
to the incidence angle upstream of the blade leading edge. Such
incidence changes might cause leading edge flow separation in
some machines, as observed at the onset of stall in other studies,
but it does not appear to occur for the present prestall flow.
Although we have not measured the pressure fluctuations in the
endwall casing, several features of the BFV development process
described in this paper at prestall conditions are consistent with
spike-type stall [7–10]. Included are the location of the prestall
condition in the performance curve, intermittent appearance and

Fig. 14 Sample unrelated snapshots of huge backflow vortices
in the rotor passage at stall conditions
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effect on the flow around the leading edge of the blade, and con-
finement to the tip region.

By further reducing the flow rate and pushing the present
machine into stall conditions, the size and frequency of the BFVs
increase substantially, and they extend upstream of the leading
edge of the adjacent blade. Hence, they can propagate to the next
passage and trigger instabilities there without being ingested
across the tip gap. Furthermore, they alter the blade loading, as
indicated by the delayed TLV rollup.
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Nomenclature

c ¼ rotor blade tip chord
h ¼ width of the rotor blade tip gap
H ¼ rotor blade span
k* ¼ turbulent kinetic energy
L ¼ nominal distance from the hub to the inner casing

endwall
pexit ¼ static pressure at stator outlet

pin ¼ static pressure at IGV inlet
p0i ¼ total pressure at IGV inlet

r, z, h ¼ radial, axial and circumferential coordinates
s ¼ rotor blade chordwise coordinate

t* ¼ normalized time
ur, uz, uh ¼ radial, axial and circumferential velocity

UT ¼ rotor blade tip speed
u0 ¼ velocity fluctuation
q ¼ NaI solution density
u ¼ flow coefficient

wSS ¼ static-to-static pressure rise coefficient
wTS ¼ total-to-static pressure rise coefficient

xr, xz, xh ¼ radial, axial and circumferential vorticity
X ¼ rotor angular velocity

< > ¼ ensemble-averaged quantity
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