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ABSTRACT

High thrust-to-weight ratio is crucial in aero-engine design. The adverse pressure gradient in compressors limits the maximum diffusion per
stage, necessitating more stages to achieve the desired pressure ratio. Tandem airfoils, with their superior diffusion capability compared to
conventional single airfoils, can achieve the required pressure ratio with fewer stages. However, the presence of two tip leakage vortices from
both the forward and aft rotors creates a more complex tip region compared to conventional rotors. The design and performance aspects of
the tandem rotor have been reasonably well documented. However, the stall characteristics of such rotors are yet to be thoroughly investi-
gated. To better understand the stall phenomenon in a tandem rotor, the role of each tip leakage vortex must be investigated separately. Full
annulus unsteady analysis of the highly loaded tandem rotor is carried out using the commercially available software Ansys CFX. As the rotor
approaches stall, significant changes occur in the trajectory and strength of these vortices, with increased blockage near the stall point. For
the tandem rotor, forward rotor spillage is critical. This spillage increases the local incidence near the tip of the forward rotor, resulting in
localized flow separation. Small disturbances arising from the leading-edge separation coalesce, forming a rotating stall cell that grows in
strength and size as it rotates in the direction opposite to rotor rotation. Even though the aft rotor encounters tip vortex spillage from the for-
ward and aft rotors of the subsequent passage, the nozzle gap effect effectively mitigates flow separation, ensuring stable operation of the tan-
dem rotor system. The leading-edge separation over the forward rotor suction surface evolves into a tornado vortex, with the suction leg on
the forward rotor suction surface and the other end connected to the casing. Apart from the tip leakage vortex of the aft rotor, other vortex
structures on the aft rotor are intermittent, with some collapsing and new vortices forming.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0256513

I. INTRODUCTION

Modern aero-engine designs operate at very high-pressure ratios
to maximize thermal efficiency and reduce specific fuel consumption,
with some engines reaching pressure ratios as high as 50–60.
Compressor designers face the challenge of achieving the required
pressure ratio with fewer stages while maintaining efficient compres-
sion across a wide range of operating conditions. The work transfer to
the incoming air, or compression, is proportional to both the rotational
speed and the flow turning angle. Although airfoil shapes have evolved
to become more efficient and suitable for high-speed applications, the
maximum rotational speed is still limited by losses and maximum

allowable blade stress. Airfoils designed with higher flow turning are
prone to flow separation. However, higher flow turning angles can be
accomplished using tandem blading configurations, which have the
potential to provide greater diffusion than conventional designs Unlike
traditional single airfoils, tandem blades use two smaller airfoils—the
forward and aft blades—creating a nozzle-like shape between them.
This design effectively controls boundary layer growth over the aft air-
foil, preventing early flow separation. Thus, the tandem configuration
has the potential to achieve the required pressure ratio with fewer
stages, thereby shortening the overall engine length and increasing spe-
cific thrust.
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Figure 1 shows the schematic of a typical tandem blade con-
figuration. The axial overlap (AO) and percentage pitch (PP)
directly govern the relative positioning of the forward and aft
rotors and the type of nozzle formed between them. Axial overlap
controls the axial shift, while percentage pitch determines the tan-
gential shift of the aft rotor. Several experimental and numerical
studies have explored the design and aerodynamic aspects of tan-
dem configurations. Tandem configurations have exhibited better
diffusion characteristics than conventional single-blade configura-
tions.1–6 The performance of tandem blades is mainly influenced
by the nozzle formed between the two blades, which depends on
the aft blade’s position relative to the forward blade. Optimal per-
formance in tandem blade configurations is achieved with a higher
percentage pitch (PP) and lower axial overlap (AO).4–6 However,
tandem performance degrades due to inadequate momentum
transfer through the gap nozzle during off-design conditions.7

Researchers have further studied the effect of loading distribution
between the forward and aft blades, finding that blade loading
should be evenly distributed between the two blades for optimal
performance. The chord ratio between the forward and aft blades
also significantly influences tandem rotor performance. Cascades
with longer front blade chords demonstrated higher operating
ranges than other configurations.8 Other studies have shown that
end wall losses for tandem blades are lower compared to conven-
tional blades, resulting in better performance.9,10

The effect of inlet flow distortion on a tandem rotor has also been
explored, showing that distortion significantly reduces the stall margin,
primarily due to higher tip loading.6,11 Furthermore, the study
highlighted that the tandem rotor is highly sensitive to forward rotor
tip clearance,12 and the front blade significantly influences overall per-
formance.13 The tip sensitivity of tandem rotors can be reduced by
integrating lean, sweep, and dihedral. Integrating negative lean and
forward chordwise sweep significantly improves the stall margin.14

Other researchers15,16 have also explored the flow dynamics within
tandem configurations.

In summary, previous studies have highlighted the potential of
tandem rotor configurations to provide better diffusion characteristics
than conventional rotors. However, their performance tends to
degrade more significantly under off-design conditions. Due to the
presence of twin tip leakage vortices, the tip region of tandem rotors is
more complex and tip-sensitive compared to that of conventional
rotors. Incorporating three-dimensional blade designs can help to
reduce this tip sensitivity. Despite these advancements, several aspects
of tandem rotor design still require further exploration before they can
be fully integrated into practical applications. In particular, the
unsteady behavior and stall inception of tandem rotors remain unex-
plored, even though understanding these aspects is crucial for their
successful implementation.

Stall is a critical phenomenon in compressors, characterized by
disturbances that disrupt the smooth flow of air, leading to perfor-
mance degradation and potential damage to the engine.
Understanding these stall phenomena is paramount for compressor
design and stability. The stall phenomenon in conventional rotors is
well-documented.

Several experimental and numerical studies have established tip
leakage as the primary driver of rotating instability in axial compres-
sors.17–30 With zero tip clearance, corner separation blockage drives
the rotor toward the stall. The unstalled flow range first extends as tip
clearance increases from zero tip clearance, but eventually, tip leakage
flow dominates, consequently reducing the stall range.17 Additionally,
tip leakage vortex is the primary reason for spike-type compressor
rotating stall.17–20 Studies revealed that the spike originates from
leading-edge separation, causing vorticity to shed and a vortex to form
between the suction surface and the casing. These vortices move
toward the pressure surfaces of adjacent blades, triggering separations
and causing the spike to propagate. Two key conditions for the onset
of spike rotating stall disturbances are the interface between tip leakage
and oncoming flows becoming parallel to the leading-edge plane and
the initiation of backflow at the trailing-edge plane from adjacent
passages.19

Yamada et al.20 studied the unsteady behavior and three-
dimensional flow structure of spike-type stall inception in an axial
compressor rotor using both experimental and numerical methods.
The results demonstrated a low-pressure region traveling circumferen-
tially near the leading edge, detected shortly after a spike in casing wall
pressure. Numerical simulations using detached-eddy simulation
(DES) revealed that this low-pressure region is caused by a tornado-
like separation vortex from a leading-edge separation near the rotor
tip. This vortex connects the blade suction surface to the casing wall
and moves circumferentially. When it interacts with the next blade’s
leading edge, the separation propagates, leading to stall and reduced
compressor performance. Similarly, Wang et al.,21 Chen et al.,22

Khaleghi,23 and others24–28 have corroborated these findings, empha-
sizing the significance of tip leakage in driving rotating instability. The
part-span rotating stalls in high-speed axial flow compressors have
also been explored. Dodds and Vahdati29 identified two families of
rotating stalls, high and low frequency, by deliberately mismatching
the front stages with variable stator vanes, corresponding to high and
low cell counts, respectively. Their subsequent study30 utilized 3D
unsteady RANS simulations to delve into the physical aspects of theseFIG. 1. Schematic of tandem rotor.
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phenomena. The simulations revealed two distinct stall patterns: one
originating from hub corner separations on stage 1 stator vanes, creat-
ing a multicell pattern in the hub region, and the other from tip clear-
ance flow over stage 1 rotor blades, resulting in a multicell pattern in
the leading-edge tip region.

In rotating wings,31 dynamic stalls occur when high angles of
attack combine with rapid angle changes in the angle of attack, leading
to flow separation. This unsteady phenomenon involves complex
interactions of different vortices. Unsteady flow behavior can be
observed over a sphere, where vortex shedding and the dynamics of
flow separation play a key role in flow instability.32 Dynamic stall is
also relevant to fixed wings, flapping wings, wind turbines, and similar
systems.33 In all these configurations—compressor, rotating wings,
fixed wings, flapping wings, and wind turbines—stall is attributed to
higher angles of attack and is characterized by complex, unsteady phe-
nomena driven by interactions of vortices and flow instabilities.

Past researchers have extensively studied various design and per-
formance aspects of tandem rotors. However, the unsteady behavior of
tip leakage vortices and their critical role in stall inception remain
unexplored in the open literature. This study addresses this gap by
focusing on the unsteady dynamics of tip leakage vortices in tandem
rotors and their contribution to the stall inception process, providing
novel insights into tandem rotor behavior. While the stall phenome-
non in conventional rotors has been widely investigated, the character-
ization of stall in tandem rotors has not been investigated so far.
Conventional rotors typically follow either modal or spike-type stall
mechanisms, but this pathway has not yet been established for tandem
rotors. The tandem rotor’s tip region is inherently more complex due
to the presence of twin leakage vortices. The tip leakage vortices of the
forward and aft rotors differ in trajectory and strength. Furthermore,
the flow near the stall is dominated by unsteady interactions and the
formation of various vortex structures, which further complicate the
dynamics. Previous research on conventional rotors has identified tip
leakage as a primary driver of rotating instability. To fully understand
the stall phenomenon in tandem rotors, it is essential to separately
examine the role of each tip leakage vortex. To the best of the authors’
knowledge, this is the first attempt in open literature to characterize
the stall behavior of a tandem rotor. This paper aims to achieve the fol-
lowing objectives:

1. Characterize and investigate the stall inception in a highly loaded
tandem rotor.

2. Understand the distinct roles and behaviors of the forward and
aft tip leakage vortices.

3. Identify the impact of each tip leakage vortex on the stall
phenomenon.

The structure of this paper begins with a section on design and
computational details, describing the numerical methods, mesh gener-
ation, boundary conditions, and other relevant parameters. The section
also briefly covers the validation of the computational fluid dynamics
(CFD) model by comparing numerical results with experimental data.
In the results and discussion section, the first part provides a compre-
hensive analysis of stall inception in tandem rotors, focusing on the
roles of the forward and aft tip leakage vortices. The second part thor-
oughly examines unsteady pressure data from casing sensors using
Fourier analysis and a novel feature algorithm to identify stall cell
behavior and propagation.

II. DESIGN, COMPUTATIONAL DETAILS, AND CFD
VALIDATION

Tables I and II list the design details of the tandem rotor.6 The
tandem rotor is designed for low-speed applications with a design rota-
tional speed of 2700 rpm. The design mass flow rate and pressure rise
coefficient are 6 kg/s and 1.21, respectively. The tandem rotor was
designed for a high flow turning angle. The tandem rotor comprises 19
forward and 19 aft blades. The hub-to-tip ratio is 0.5, and the tip diam-
eter is 500mm. The design tip gap is 0.72% of the blade length. To ini-
tiate the stall and create the asymmetry of flow, the tip gap of one
forward rotor and one aft rotor is increased to 1.2% of the blade length
[marked by the black dotted box in Fig. 2(a)]. Therefore, in a full annu-
lus study, the tip gap of 18 forward and 18 aft rotors is 0.72% of the
blade length, while the tip gap of one forward and one aft rotor
increases to 1.2% of the blade length.

Figure 2(a) shows the fluid domain of the full annulus simulation.
The inlet domain is positioned 375mm upstream of the forward rotor
leading edge, while the outlet domain is positioned 500mm down-
stream of the aft rotor trailing edge. To trace and identify the nature of
the stall cell, 1000 monitor points are created near the casing. Pressure
and velocity data are recorded at ten axial positions (�10%C, 0%C,
14%C, 28%C, 42%C, 56%C, 72%C, 88%C, 100%C, 108%C). At each
axial location, 100 equidistant monitor points span the full
annulus. Thus, there are 100 numerical probes distributed evenly
around 360� to capture the behavior of the stall cell at each axial loca-
tion. Figure 2(b) shows a schematic of these numerical probes. Figure
3 illustrates the mesh in various sections of the rotor domain. The hex-
ahedral mesh is generated using Turbogrid,34 with a very fine mesh

TABLE I. Design specification of tandem rotor.

Specification

Total pressure rise coefficient, wmean 1.21
Design mass flow rate, md 6 kg/s
Design RPM 2700
Hub to tip ratio 0.5
Hub diameter 250mm
DFtip, DFmean, DFhub 0.64, 0.63, 0.49
Number of forward rotor blade 19
Number of aft rotor blades 19
Chord of forward and aft rotor 41mm, 41mm
Airfoil C4

TABLE II. Design specification of forward and aft rotor at different spans.

Forward rotor Aft rotor

D/Dt w c h DF w c h DF

0.5 0.40 29.70 27.66 0.41 0.40 0.87 45.90 0.34
0.6 0.49 37.51 24.25 0.44 0.49 11.33 43.96 0.44
0.7 0.57 44.10 21.34 0.45 0.57 21.53 39.70 0.50
0.8 0.66 49.56 19.16 0.46 0.66 30.70 34.87 0.52
0.9 0.75 54.06 17.70 0.46 0.75 38.52 30.57 0.54
1 0.83 57.33 17.11 0.46 0.83 44.01 27.71 0.55
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around the blade surface, hub, and shroud. To accurately capture the
tip leakage phenomena, 17 elements are placed inside the tip gap. The
minimum skewness is around 22�, and wall yþ is approximately 1.
Approximately 36.7 � 106 elements are used for the full annulus
unsteady simulation.

The full annulus transient simulations are carried out using the
commercial software Ansys CFX,34 which solves the Reynolds aver-
aged Navier–Stokes equations for mass, momentum, and energy
within a finite volume framework using a fully coupled pressure-based
approach.34 In the simulations, air is considered a perfect gas mixture.
The solver employs an implicit scheme for numerical calculations and
a central difference scheme for discretization. Turbulence is modeled
using the Shear Stress Transport (SST) k-x model, which solves the
Reynolds stress terms using turbulent kinetic energy (k) and specific
rate of dissipation (x).34 The SST k-x is known for its superior

performance in predicting flow separation, making it ideal for investi-
gating stall in this case. Additionally, the SST k-x model shows better
validation with experimental results compared to other turbulence
models available in Ansys CFX.

For the transient simulation, each blade passage is divided into 20
parts. In each time step, the rotor rotates approximately 0.95�. Given
the rotational speed, the time step is 5.847 95� 10�5 s. In the unsteady
simulation, each iteration is assigned 15 inner iterations. This value is
determined based on convergence criteria. An adequate number of
inner iterations ensures satisfactory convergence, as insufficient itera-
tions may lead to unsatisfactory or inaccurate results. Conversely,
assigning a higher number of inner iterations would unnecessarily
increase computational time without any significant improvement in
accuracy. Therefore, 15 inner iterations were chosen as an optimal bal-
ance between accuracy and computational efficiency. Completing one

FIG. 2. Computational domain of tandem rotor for full annulus study. (a) Fluid domain. (b) Monitor points.

FIG. 3. Mesh. (a) Inside rotor domain. (b) Near trailing edge. (c) Near leading edge. (d) In nozzle-gap.
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rotor revolution requires 380-time steps. The high-resolution scheme
is used for mass, momentum, and energy, while the upwind scheme is
used for turbulence. For transient simulation, the second-order back-
ward Euler scheme is used. The SST k-x turbulence model, known for
capturing flow separation more effectively than the k-e turbulence
model, is used for the simulation. Experimental results of the tandem
rotor were compared with the numerical simulations, showing better
agreement with the SST k-x model. Therefore, this model is utilized
for further analysis.

For the unsteady simulation, a systematic approach is employed.
Initially, a full annulus steady-state simulation is performed at the
design mass flow rate. For the full annulus steady simulation, total
pressure or total temperature is imposed at the inlet, while the mass
flow rate is specified at the outlet. These results serve as the initial con-
ditions for the subsequent steady analysis conducted near stall. This
process continues until the mass flow rate is reached, where the solu-
tion diverges. The transient analysis begins with the steady-state solu-
tion from the full annulus simulation. Near the stall point, to
accurately capture stall inception, the mass flow rate is gradually
reduced in extremely small steps during the unsteady simulation. This

gradual reduction ensures a smooth transition and maintains stability
throughout the simulation process.17–26 The full annulus transient sim-
ulation is conducted for more than 13 rotor revolutions. This period
allowed the rotor to transition from the early stages of stall inception
to the formation of fully developed stall cells.

Figure 4(a) illustrates the grid independence study. The grid inde-
pendence study is conducted for a single passage at the design flow
coefficient. Once grid convergence is achieved, the changes in the pres-
sure rise coefficient become negligible. Based on this study, approxi-
mately 36.7 � 106 elements were used for the transient analysis to
capture the relevant flow physics with sufficient resolution. Figures
4(b)–4(d) compare numerical results with experimental data of the
tandem rotor. The experiment was carried out in the Turbomachinery
Research Laboratory (TRL) at the Indian Institute of Technology
Bombay.6,11,12,14 The single-stage axial compressor rig was designed
for the low-speed application. To measure the total pressure rise across
the tandem rotor, three Pitot probe rakes are positioned 1.5 chords
upstream of the rotor leading edge, and four Kiel probes are placed 0.5
chords downstream of the aft rotor trailing edge. Additionally, a
seven-hole probe is used to capture the radial profile at the exit. CFD

FIG. 4. Validation of the numerical model. (a) Grid independence study. (b) Comparison of performance map. (c) Comparison of radial total pressure profile near design point,
DP. (d) Comparison of radial total pressure profile near stall, NS.
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predictions align closely with experimental results. At the design point,
discrepancies are within 2.1% for the RANS analysis. The difference
between RANS and URANS near the design point is insignificant. The
maximum discrepancy between the experimental and RANS numeri-
cal data occurs near the stall point but remains within 4%. This differ-
ence is further reduced to below 2.85% with the use of URANS.

Figures 4(c) and 4(d) compare the spanwise distribution of total
pressure for RANS and URANS near the design and stall points,
respectively. The total pressure increases from the hub toward the tip,
which is consistent with the design methodology. The experimental
spanwise data were obtained using a seven-hole probe, which was tra-
versed from tip to hub to measure the total pressure at the rotor exit.
The seven-hole probe has an angular sensitivity of 665�. Both RANS
and URANS demonstrate excellent agreement with the experimental
values at the design point, with minor deviations observed near the
hub.6,11,12,14 However, these deviations increase near the stall point,
although the overall trend remains well-matched. The total pressure
profile remains nearly constant from the design to the stall point.
Close examination of the RANS and URANS results reveals the forma-
tion of a horseshoe vortex near the hub due to boundary layer effects,
causing an abrupt change in total pressure near the hub. The strength
and interaction of this boundary layer vortex intensify near the stall.
These effects, however, are not accurately captured by the seven-hole
probe. The seven-hole probe, despite being a versatile tool for three-
dimensional flow measurement, has inherent limitations near the wall.
The finite tip size and strong interface restrict its ability to resolve
small-scale flow features close to the wall. Despite these limitations, the
experimental data closely align with the numerical predictions, validat-
ing the accuracy of the numerical methodology adopted in this paper.
This agreement reinforces confidence in the robustness of numerical
approaches used to model the flow physics.

III. RESULT AND DISCUSSION
A. Flow evolution from design point to near stall point

Figure 5 shows the entropy and axial velocity contours at 98%
span, emphasizing the losses near the tip region at two different flow

coefficients (/¼ 0.64 and /¼ 0.58). This illustration highlights the
changes occurring as the flow transitions from the design mass flow
rate (/¼ 0.64) toward stall conditions. Regions of higher entropy indi-
cate the formation of tip leakage vortices. The pressure difference
between the pressure and suction sides of the forward and aft blades
causes fluid to leak over the blade tip, interacting with the main flow
and forming forward and aft tip leakage vortices. The strength of these
vortices is proportional to the pressure differential across the tips of
the forward and aft rotors. These vortices consume energy from the
main flow, reducing its kinetic energy. The resulting turbulence and
mixing from the forward and aft tip leakage vortices further decrease
axial velocity. At the design point, the effect of a higher tip gap is con-
fined to the adjacent blade passage. At lower mass flow rates, there are
significant changes in both the trajectory and strength of the tip leak-
age vortices. Negative axial velocity at 98% span highlights the block-
age. Near the stall point, the blockage caused by these vortices
increases significantly. Compared to other blades, those with a higher
tip gap exhibit higher blockage and loss regions.

Figure 6 shows the streamlines near the tip region at two dif-
ferent flow coefficients (/¼ 0.64 and /¼ 0.58). The streamlines
near the tip region reveal the interaction between the tip leakage
vortices of blades with a higher tip gap (marked with a black dotted
box) and the subsequent blades. Forward and aft rotors of two
blade passages have different tip clearances, leading to vortices
with varying strengths and orientations. The effect of higher clear-
ance is evident at both mass flow rates. The axial momentum of the
main flow reduces near the stall point. The tangential momentum
of the forward tip leakage vortices (TLV1) and aft tip leakage vorti-
ces (TLV2) dominates the axial momentum, therefore aligning
more in the tangential direction. This holds true for all blades. Due
to the different courses of movement, both tip leakage vortices
interact immediately, creating a larger negative velocity region
near the stall point. Vortex breakdown12,35–37 is particularly nota-
ble near stall or even at the design mass flow rate for the rotor with
a higher tip gap.12 This leads to increased blockage and associated
losses, driving the rotor to stall.

FIG. 5. Entropy and axial velocity at 98% span. (a) Entropy at /¼ 0.64. (b) Axial velocity at /¼ 0.64. (c) Entropy at /¼ 0.58. (d) Axial velocity at /¼ 0.58, blade with a
higher tip gap marked with black dotted box.
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B. Transient analysis of stall initiation and
development

This section discusses the transient results, focusing on the evolu-
tion of the flow field near the tip region. Figure 7 displays the instanta-
neous entropy contours at 98% span. The transient results between
6.13 rotor revolutions and 13.13 rotor revolutions are shown here. As
the mass flow decreases from the design point toward the stall point,
the interface between the high-entropy tip leakage vortex and the
upstream flow progressively shifts forward, becoming more tangential
to the main flow before ultimately turning perpendicular. At 6.13 rotor
revolutions, the tip leakage vortices of the aft rotors become perpendic-
ular to the flow, causing spillage at the leading edge of the subsequent
aft blades (marked by A and B). Furthermore, TLV1 also serves as
double leakage for the aft rotor of the next blade passage. Despite this,
the tandem rotor remains in a stable operating regime. The local per-
turbation created by the higher tip gap increases with each rotor revo-
lution. This causes spillage ahead of the leading edge of the subsequent
forward rotor blade. Within one revolution (7.13 revs), forward rotor
spillage can be observed, particularly affecting the four forward rotor
blades. This spillage increases the local incidence near the tip of the
forward rotor, resulting in localized flow separation. Small disturban-
ces arising from the leading-edge separation coalesce, forming a rotat-
ing stall cell that grows in strength and size as it rotates in the direction
opposite to rotor rotation.

Using entropy contours, Fig. 8 illustrates the transient nature of
the stall cell in the full rotor domain. The postprocessing plane is
drawn at the exits of both the forward and aft rotors. At 6.13 revolu-
tions, the exits of the forward and aft rotors primarily exhibit axisym-
metric flow, with most loss areas concentrated near the tip due to tip

leakage vortices. By 7.13 revolutions, the loss in the tip region begins to
expand because of spillage at the leading edge of forward rotors and
subsequent flow separation, disrupting the flow’s symmetry. The inter-
action between the forward and aft rotor tip leakage vortices exacer-
bates the loss, which is reflected at the exit to the aft rotors. As
multiple separated regions merge, they form several short-length scale
disturbances. These disturbances then combine into a single stall cell,
which rotates counter to the rotor’s direction with approximately 0.63
times the rotor speed in the fully developed stall region. As the stall cell
rotates and grows in size, it affects more and more blade passages.
Within 1.5 rotor revolutions, it spans the upper half of three blade pas-
sages. By 9.13 revolutions, stall cells fully occupy three blade passages
and partially affect two adjacent passages. The stall cells continue to
expand as they rotate, and by 13.13 revolutions, they occupy 11 blade
passages, either partially or fully. This growth may be attributed to the
formation of multiple vortex structures, which necessitate further
investigation.

Two key insights emerge from the results presented in Figs. 7 and
8. First, aft blade spillage first took place, which subsequently contrib-
uted to the spillage of the front blade. Second, FB LE spillage spans
around 4–6 blade passages (at 7.13 revs); however, the stall cell that
later develops (at 7.63 revs) is evident only in 2–4 passages, which
means that all LE spillages do not result in the formation of stall cells.
Previous research on conventional rotors17–26 has concluded that the
spillage of the tip leakage vortex ahead of the rotor leading edge
increases flow incidence, promoting leading-edge flow separation,
which subsequently evolves into a rotating stall. In a tandem rotor con-
figuration, the spillage of the tip leakage vortices ahead of the forward
rotor leading edge plays a similar role. The multiple small disturbances
combine into a single stall cell and rotate in the direction opposite to
rotor rotation. The flow mechanism involved in this transition is fur-
ther explained in Sec. III B 1.

1. Initiation of stall

To understand the initiation of the stall phenomenon in the com-
plex flow field of the tandem rotor, the resolution is further increased
with a small-time window. This section includes the transient results
between 6.68 rotor revolutions and 7.95 rotor revolutions. Here, 6.68
rotor revolutions are marked as t¼ 0. Figure 9 shows the circumferen-
tial variation of axial velocity just ahead of the forward rotor leading
edge. The turboline is drawn at 98% span. At t¼ 0, the decay in axial
velocity is observed between the blade passages confined between 130�

and 230�. As tip leakage strengthens, the blockage increases, and the
axial velocity further reduces. Interestingly, the locus of minimum axial
velocity remains relatively unchanged until the stall initiates. The
reduction in axial velocity produces a cascading effect. As the axial
velocity decreases, the flow incidence increases. Higher incidence pro-
motes flow separation and increases blockage, which further reduces
axial velocity and increases incidence. At t¼ 12T/19, the minimum
axial velocity reduces to zero. The locus of minimum axial velocity
changes after the stall inception, and it starts propagating in the cir-
cumferential direction. This low- velocity region is associated with stall
cell formation. The stall cell becomes bigger and stronger as it rotates;
therefore, the axial velocity drops further and further negative.

Figure 10 shows the instantaneous pressure contours at 98%
span. The low-pressure regions near the leading-edge suction surface
are associated with the tip leakage vortices. At t¼ 0, in a few blade

FIG. 6. Tip leakage streamlines at /¼ 0.64 and /¼ 0.58, blade with a higher tip
gap marked with black dotted box.
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passages, the low-pressure region from the trailing edge of the aft rotor
connects to the leading edge of the next forward rotor (marked as a
black dotted elliptical shape). At the next time step, t¼ 4T/19, the low-
pressure regions enlarge in each blade passage. Particularly, the low-

pressure regions experience a significant change in four blade passages,
ranging from 125� to 180�. The next time step sees a further increase
in the low-pressure regions for blades positioned around 135�, fol-
lowed by higher pressure regions for the preceding blades.18,20

FIG. 8. Instantaneous contours of entropy at exit of forward rotor (FB exit) and aft rotor (AB exit).

FIG. 7. Instantaneous contours of entropy at 98% span.
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Multiple low-pressure regions are associated with different vortices
formed due to flow separation over the blade surfaces. A discrete high-
pressure spot is also observed away from the blade surface, aligned
with the forward rotor leading edge. At t¼ 16T/19, the low-pressure
regions become larger and change their position, moving in the oppo-
site direction of the rotor rotation. The strongest low-pressure region
near the forward rotor leading edge is linked to the casing side of the
tornado vortex.20 This also impacts the succeeding and preceding
blades. The succeeding blade passage experiences a reduction in pres-
sure, while the preceding blade passage experiences an increase in

pressure. The blockage created by the flow separation causes pressure
to rise in preceding blade passages.

Figure 11 shows the interaction of tip leakage vortices at different
time steps. Two forward and two aft rotor blades are selected to high-
light the transition. Specifically, the Rainbow color map is used for the
forward rotor tip leakage (TLV1), while the Divergent Cool-to-Warm
color map is used for the aft rotor tip leakage (TLV2). At t¼ 0, the tip
leakage of the aft rotor (TLV2) spills ahead of the leading edge of the aft
rotor in the succeeding blade passage. The TLV2 changes its trajectory
between the blade passages, possibly post-vortex breakdown.12,35–37

However, the forward rotor is still free from leading-edge spillage. At
t¼ 4T/19, the aft rotor leakage vortex further changes its direction and
starts spilling near the leading edge of the forward rotor. The tip leakage
vortex of the forward rotor (TLV1) also changes its trajectory but still
spills around 10% of the forward rotor chord. At t¼ 8T/19, both TLV1
and TLV2 continue to move further upstream, causing the leading edge
of the forward rotor to be affected by the spillage from both TLV1 and
TLV2. At this time step, the tip leakage vortex of the aft rotor moves in
the reverse direction before it interacts with the tip leakage of the forward
rotor and the main flow, moving in a line parallel to join the leading edge
of the forward rotors. This shift is also evident in the tip leakage vortex of
the forward rotor. At t¼ 12T/19, the forward rotor spillage becomes fur-
ther intensified. At t¼ 16T/19 and t¼ 20T/19, the flow inside the tan-
dem rotor undergoes a complete breakdown, which pushes the tip
leakage vortex further upstream. Furthermore, the vortices originating
from the rotor blade separation vigorously interact with these leakage
vortices, causing spillage to move further upstream of the forward rotor
leading edge.

Spillage is quantified using the reverse mass flow rate. The post-
processing planes are positioned just ahead of the forward and aft rotor
leading edge. The spillage data correspond to a single forward and aft
rotor. The blade most affected by the spillage is included here. Only
the area near the tip of the blade is considered for spillage analysis.

FIG. 9. Circumferential variation of axial velocity just ahead forward rotor leading
edge at different time steps, turboline at 98% span (between 6.68 rotor revs and
7.95 rotor revs, 6.68 rotor revs as t¼ 0).

FIG. 10. Instantaneous contours of pressure at 98% span (between 6.68 rotor revs and 7.95 rotor revs, 6.68 rotor revs as t¼ 0).
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Additionally, 25% on either side in the circumferential direction is
included to capture the correct spillage trend. For the forward rotor,
the negative mass flow rate remains constant at around �0.0012 kg/s
from t¼ 0 to t¼ 4T/19 as no spillage occurs until t¼ 4T/19. At t¼ 0
and t¼ 4T/19, the negative mass flow rate is solely due to boundary
layer effects near the casing. At t¼ 8T/19, the reverse mass flow rate
increases to �0.0029 kg/s due to spillage from TLV1 and TLV2 and
further rises to �0.0235 kg/s at t¼ 16T/19 (Fig. 11). The aft rotor
experiences higher spillage than the forward rotor due to the combined
influence of TLV1 and TLV2, even at t¼ 0. Boundary layer effects also
contribute. The AB spillage increases from �0.0015kg/s at t¼ 0 to
�0.0312kg/s at t¼ 16T/19. In addition to TLV1 and TLV2, separation
vortices from FB also contribute to the rise in reverse mass flow rate
for the aft rotor at t¼ 16T/19 (Fig. 11).

2. Development of the tornado vortex

Figure 12 illustrates the instantaneous skin friction lines over the
blade suction and pressure surfaces, captured at a selected time step
between t¼ 0 and t¼ 24T/19. These lines are drawn over the four
most affected blades, labeled 1–4, moving in the direction opposite to
rotor rotation. At t¼ 0, a large radial flow is observed over the forward
rotor suction surface near the hub region (RLh). For all blades, flow
separation is noticeable near the trailing edge of the aft rotor suction
surface (SLab), although the radial flow is significantly lower for aft
rotors. Near the tip region of forward rotors, the surface friction lines
show very mild separation (SLt), which is insignificant. In contrast, the
skin friction lines near the tip region of the pressure surface exhibit sig-
nificant curvature, suggesting a strong radial pressure gradient in that
region (RLt). Tip leakage vortices from the forward and aft rotor blades
impinge on the pressure surface of the subsequent blades, contributing
to the pressure gradient and particularly affecting blades 2, 3, and 4.
This curvature is further influenced by the flow moving from the pres-
sure side to the suction side through the tip gap. By 8T/19, significant
changes are observed near the tip regions of blades 2 and 3. Flow sepa-
ration begins near 50% chord of the forward rotor suction surface of
forward blade 2, occupying a 10% span from the tip. The leading-edge

separation over the forward rotor suction surface is reduced for blade
3. Interestingly, separation near the aft rotor suction surface is much
lower than the forward rotor separation. Additionally, the blockage
near the tip region deflects streamlines toward midspan, improving
the flow and shifting the separation line (SLab) further near the trailing
edge. The interaction of TLV1 and TLV2 with the pressure surface of
the subsequent blades becomes more pronounced, with stronger flow
separation and radial lines (RLt) observed near the tip region. A saddle
point (SP) is observed near the tip for forward rotor blades 1, 2, and 3.
Additionally, a small flow separation is observed near the pressure side
hub region (SLh).

At t¼ 16T/19, the separation region over the forward rotor suc-
tion surface enlarges, occupying a significant portion of blades 1–3.
The separation lines are also observed near the leading edge of the for-
ward rotors 1–3. The skin friction lines over the suction surface for
blade 1 are directed toward the blade hub. Due to higher momentum
transfer toward the hub region, the radial flow and flow separation are
suppressed for blades 1 and 2. The saddle points on blades 1 and 2
move further away from the tip region. A vortex center (FP) is
observed around 60% span near the leading edge of the forward rotor
2. Another vortex core is observed over the forward rotor suction sur-
face 3, around 80% span. On the other hand, the pressure sides of all
blades are severely affected by the formation of various vortex struc-
tures and their interactions. For blade 2, the separation vortex’s origin
is approximately at 70% span, occupying a significant portion of both
the forward and aft rotors. Furthermore, the vortex from suction sur-
face blade 2 connects to the pressure surface of blade 3, resulting in a
nodal point (NP) on blade 3. By 24T/19, the vortex center shifts to
midspan. Small vortices observed earlier merge to form a larger vortex
that occupies the entire span of two blade passages. The suction surfa-
ces of blades 2 and 3 are severely affected. The suction surface of the
forward rotor blade 2 is completely occupied by radial flows, which are
directed toward the hub. This is due to the formation of a much larger
vortex near the upper span, which completely blocks the flow. As a
result of this blockage, the flow is directed toward the hub region.
Furthermore, Blade 3 is also completely submerged in reverse flow.

FIG. 11. Transient nature of tip leakage vortices (between 6.68 rotor revs and 7.95 rotor revs, 6.68 rotor revs as t¼ 0). Rainbow color for the forward rotor tip leakage (TLV1)
and Divergent Cool-to-Warm color map for the aft rotor tip leakage (TLV2).
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The core of this separation vortex is observed around 50% span of
Blade 3. The formation of these vortices also disrupts and completely
breaks down the flow over the pressure surface of the next blade.

Figure 13 presents the instantaneous vortex structures within the
blade passages, normalized using Q criteria and colored with normal-
ized helicity.12 The vortex structures shown in Fig. 13 are visualized

using an iso-surface based on the Q-criterion (Q¼ 2.36 � 106 [s�2]).
At t¼ 0, TLV1 and TLV2 spill near 20% of the forward blade chord,
generating a significant pressure gradient in the radial direction.
Vortex breakdown12,35–37 is observed for both TLV1 and TLV2 across
all four blade passages. By 8T/19, TLV1 and TLV2 begin spilling ahead
of the leading edge of the forward rotor, increasing the incidence near

FIG. 12. Transient nature skin friction lines over blade suction surface (SS) and pressure surface (PS) (between 6.68 rotor revs and 7.95 rotor revs, 6.68 rotor revs as t¼ 0).
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the tip region and resulting in a separation vortex (SV) on blades 2
and 3.18,19,22 The strength of the SV over the forward blade 2 is higher
than that over the forward blade 3, with these vortices forming
between 60% of the chord and the trailing edge of the forward rotor.
Furthermore, TLV1 and TLV2 merge with these separation vortices,
convecting toward the pressure surface of the subsequent blades,
marked as region A. This interaction results in a large region of sepa-
rated flow and radial flow on the pressure surface of blades 3 and 4
near the tip area (t¼ 8T/19 of Fig. 12).

At 16T/19, several vortex structures are evident inside the blade
passages. For blade 1, a separation vortex is observed at the trailing

edge of both the forward and aft rotors (marked as B). Furthermore,
the leading-edge separation vortex (SV for blades 2 and 3 at 8T/19) of
the forward rotor evolves into a stronger and bigger tornado vortex
(TV).18–20 The suction leg of TV is observed near the leading edge of
the forward rotor, around 60% span, while its casing leg shifts
upstream and is connected to the casing. Additionally, the separation
vortex near the forward and aft trailing edges (SV) becomes more pro-
nounced. These vortices travel toward the pressure surface of the sub-
sequent blades, creating various vortex structures.

By 24T/19, many of these vortices merge to form a much stronger
tornado vortex (TV) that spans the entire blade length. The suction leg
of the tornado vortex moves toward the lower span and is located over
the forward rotor suction surface at approximately 30% of the blade
span. Its other end connects to the casing upstream of the forward
rotor, encompassing the entire blade passage. Vortex structures origi-
nating from the suction surfaces of blades 2 and 3 vigorously interact
with the pressure surface of the next blades. Other vortex structures
from the aft rotors, apart from TLV2, appear to be intermittent; some
of these structures collapse, with new vortices subsequently arising
(SV). As the tornado vortex grows larger, its casing end moves closer
to the leading edge of the next forward rotor. The blockage effect also
pulls TLV1 and TLV2 further ahead of the rotor. Cumulatively, these
vortices increase the incidence angle on the succeeding forward rotor,
leading to leading-edge flow separation and the formation of new vor-
tices. These separation vortices then interact with the next blade, caus-
ing the leading-edge separation to propagate. This process continues,
eventually driving the tandem rotor into stall.

3. Transient nature of the gap nozzle flow and blade
loading

The tandem blade configuration is characterized by the nozzle
gap effect. The transient nature of gap nozzle flow is shown by velocity
contours. Figure 14 shows the velocity contours at 98% span. The four
blade passages, which are at the center of the stall transition, are shown
here. The momentum transfer through the gap-nozzle mostly affects
the efficiency of the tandem configuration. The higher momentum
transfer through the gap nozzle suppresses the flow separation over

FIG. 13. Transient nature of vortex structures (between 6.68 rotor revs and 7.95
rotor revs, 6.68 rotor revs as t¼ 0). The iso-surface of the Q-criteria (Q¼ 2.36
� 106 [s�2]) is shown, with vortices colored based on normalized helicity.

FIG. 14. Instantaneous flow inside gap nozzle, velocity contours at 98% span loca-
tion, (between 6.68 rotor revs and 7.95 rotor revs, 6.68 rotor revs as t¼ 0).
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the aft blade suction surface. At t¼ 0, sufficient momentum transfer
ensures attached flow over all four aft rotors. At t¼ 8T/19, the
momentum transfer through the nozzle gap is significantly affected
due to forward rotor spillage and subsequent flow separation over the
forward rotors. Following that, an imminent flow separation is visible
over the aft rotor suction surface. All four aft rotors exhibit a decay in
the nozzle-gap effect, with blades 2 and 3 displaying a more prominent
effect. At t¼ 16T/19 and t¼ 24T/19, the formation of a tornado vortex
and other vortices further weakened the flow through the gap nozzle,
leading to significant flow separation over the aft blade suction surface.

Figure 15 illustrates instantaneous blade loading at 98% span for
four blades, which are at the center of the stall transition and where
most changes in blade loading are observed. At t¼ 0, the maximum
loading point of all four forward rotors is near the leading edge. The
pressure profile over the suction surface remains unchanged for both
the forward and aft rotors. However, the loading pattern, particularly
over the pressure surface, demonstrates the transient nature of the
flow. The tip leakage vortices (TLV) of preceding blades impinge on
the pressure surface of subsequent blades (Figs. 12 and 13). The block-
age of TLV1 and TLV2 creates an additional pressure rise (forward
rotors 2 and 4). These vortices significantly reduce the blade loading of

the aft rotors. At t¼ 8T/19, both forward and aft rotors experience a
drastic change in the loading pattern. The spillage of TLV1 and TLV2
attenuates the blade loading of forward rotors 2, 3, and 4, significantly
affecting the loading near the leading edge. The pressure surface of the
forward rotor 2 experiences another dip around 70% of the forward
rotor chord. The flow separation over the forward and aft rotor suction
surfaces further reduces diffusion characteristics. The ineffectiveness of
the gap nozzle leads to a reduction in blade loading for aft rotors 2 and
3, though the loading of the aft rotor blade 4 improves (Fig. 14). At
t¼ 16T/19, the formation of different separation vortices on the suc-
tion and pressure surfaces alters the blade loading of both rotors. Flow
separation over both pressure and suction surfaces limits the diffusion
characteristics of aft rotor 1. Forward rotors 2, 3, and 4 experience
leading-edge separation, reducing loading near the leading edge. Once
the flow reattaches over the suction surface, the diffusion capability of
the forward rotor 2 improves. The formation of tornado vortices and
other vortex structures within blade passages 2 and 3 causes a signifi-
cant pressure drop near the trailing edge of the forward blade. The
leading edge of the aft rotor 3 also experiences a substantial pressure
drop due to the influence of a tornado vortex. At t¼ 24T/19, forward
and aft rotors 2, 3, and 4 are primarily affected by the tornado vortex

FIG. 15. Instantaneous blade loading at 98% span (between 6.68 rotor revs and 7.95 rotor revs, 6.68 rotor revs as t¼ 0).
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and other vortices, while forward and aft rotor 1 has partially recov-
ered. Blade 2 remains stalled. The influence of the tornado vortex
causes an exceptionally high blade loading for blade 3. The casing end
of the tornado vortex generates a large low-pressure region on the suc-
tion surface, while the blockage effect from this vortex increases the
pressure in the preceding passage, resulting in a monumental rise in
blade loading. Particularly, the trailing edge of the forward rotor
becomes heavily loaded (Figs. 10 and 13).

C. Unsteady analysis of pressure data

This section discusses the analysis of the unsteady pressure data
collected from 1000 monitoring points. Data for pressure and absolute
velocity are recorded at 1000 monitoring points near the casing, uni-
formly distributed across ten axial locations (�10%C, 0%C, 14%C,
28%C, 42%C, 56%C, 72%C, 88%C, 100%C, 108%C) and circumferen-
tially around the rotor casing. Each monitoring point collects data at a
sampling frequency of 17 097Hz, which is calculated based on the
time step used in the simulation. The transient simulation is run for a
period of 0.297 s, which corresponds to 13.38 rotor revolutions, yield-
ing 5083 data recordings per monitor point. The unsteady pressure
data are analyzed using Fourier Transform Analysis, Filtered Signal
Analysis, and a Feature Algorithm. A brief description of these analysis
methods is provided in Subsection III C 1.

1. Methodology

a. Fourier transform analysis. The initial step involves calculating
the Fourier transform of the 5083-point pressure time series at each
monitoring point. To facilitate the comparison of Fourier amplitudes
across axial positions, the maximum and minimum amplitude ranges
are standardized for all plots. Only positive frequencies below 1000Hz
are plotted. This allowed for the identification of the frequency range
associated with the stall cells.

b. Filtered signal analysis. To examine the temporal and spatial
characteristics of the pressure disturbance, the pressure data within the
identified frequency range are filtered using a 4th order Butterworth
bandpass filter. The filtered pressure trace is plotted over time for vari-
ous angular and axial locations. A frequency vs amplitude plot for the
filtered signal is also generated to further understand the disturbance
characteristics. It is noted that the disturbance amplitude for stall cells
decreases and becomes less discernible at downstream axial locations
due to other disturbances of similar small amplitude.

c. Pressure disturbance detection: Feature algorithm. An algorithm
is developed to enhance the detection of pressure disturbances circum-
ferentially and axially, even with temporal shifts. The process begins by
dividing the unfiltered pressure trace into windows sized by the inverse
of the minimum filter frequency (1/fmin) and a sliding size of the
inverse of the maximum filter frequency (1/fmax). This windowing
ensures the capture of the largest and smallest pressure fluctuation
cycles within each window,

Wslide ¼ 1
fmax

; (1)

Wsize ¼ 1
fmin

; (2)

Wslide ¼ P tið Þ; P ti þ 1
fmin

� �� �
; (3)

twi
avg ¼ mean ti; ti þ 1

fmin

� �
: (4)

The parameters associated with a window Wi are defined in Eqs. (1)–
(4). ti is the starting time step of the window,Wi.

Starting at the 0� angular position of the first axial location, the
Fourier transform of the first window F W1f g½k� is computed. This ini-
tial window’s amplitude is stored as a feature vector A0 for category 1
(the term category is simply a label given to the feature vector).
Subsequent windows at the same axial location undergo a Fourier
transform F Wif g½k�, and the Euclidean distance djfeatures between their
amplitudes and the stored feature vectors Aj is calculated. If this dis-
tance exceeds a threshold, the new window is assigned to a new cate-
gory, and its amplitude is stored as a new feature vector. If the distance
is below the threshold, the window is assigned to the existing category,
and its feature vector is updated,

F Wif g k½ � ¼
XN�1

n¼0
P ti þ nDtð Þ : e�j 2p=Nð Þkn; (5)

djfeatures ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

k
F Wif g½k� � Ak

j

� �2
r

: (6)

In above equations, k is the k th Fourier frequency and N is the num-
ber of points in windowWi.

This process iterates through all windows at each axial and angu-
lar location, generating new features or updating existing ones based
on the Euclidean distance threshold. When multiple features meet the
threshold criterion, the feature closely matching the current window is
selected, and its vector is updated with the new window’s amplitudes.
The flow chart for the complete algorithm is given in Fig. 16.

The proposed algorithm effectively identifies similar pressure dis-
turbances across the circumference, time, and axial locations, even as
these disturbances diminish into low-amplitude variations at down-
stream axial positions, albeit with reduced temporal resolution. By
replacing the Fourier amplitudes of the most recent representative win-
dow for each category with a feature vector, the algorithm ensures the
creation of a new category whenever the current features significantly
deviate from the window’s characteristics. Notably, this approach facil-
itates near real-time identification of similar features without requiring
prior knowledge of future pressure traces.

2. Results of unsteady analysis of pressure data

Although the pressure data are recorded at ten axial points, only
the pressure data for three axial locations, �10%C, 0%C, and 14%C,
are analyzed. At higher chord locations, the strength of the pressure
signal fades, making it difficult to separate low amplitude disturbances
from the stall cell signal. The Fourier transform is applied to pressure
traces at axial locations �10%C, 0%C, and 14%C. Figure 17 shows the
Fourier transform based on pressure data. All significant amplitudes
are found below 200Hz at all axial locations. For downstream chord
location, the Fourier amplitude is reduced in magnitude for all fre-
quencies below 200Hz.

The pressure data are further filtered within the frequency range,
fmin ¼ 50Hz and fmax ¼ 100Hz, to identify the origin and propagation

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 036152 (2025); doi: 10.1063/5.0256513 37, 036152-14

Published under an exclusive license by AIP Publishing

 09 April 2025 07:27:33

pubs.aip.org/aip/phf


of the stall cell. This range represents the lowest frequencies at which
stall cells are discernible in the filtered pressure traces. Figure 18
presents the normalized pressure trace (min to max pressure) over
time (rotor revolutions) and angular position for three axial locations.
The stall cell is observed to originate around 180� at approximately 7
rotor revolutions and persists throughout the simulation. While down-
stream axial locations exhibit similar behavior, the pressure amplitude
diminishes significantly, causing the signal to blend with other low-

amplitude disturbances, resulting in distortion. The stall cell rotates
counter to the rotor direction at approximately 0.63 times the rotor
speed. Notably, small-amplitude disturbances moving at the same
speed and in the same direction as the stall cell are detected at all three
axial locations even before the stall cell forms.

Figure 19 illustrates the evolution of filtered pressure traces across
angular positions at different axial locations. The plot includes data
from 20 monitor points spanning the full annulus, with an angular

FIG. 16. Flowchart of the algorithm used for the unsteady pressure trace analysis.

FIG. 17. Scatter plot frequency with circumferential position of pressure traces at three different axial locations, (a) �10%C, (b) 0%C, (c) 14%C.
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separation of 18� between adjacent points. The 10th numerical probe,
located at 180�, is the first to capture changes in the pressure trace. As
the stall cell progresses, it strengthens, leading to an increase in pres-
sure amplitude. While the stall cell’s effects are also observed at the
third axial location, the amplitude diminishes significantly. At down-
stream axial locations, the magnitudes of low-amplitude disturbances
approach those of the stall cell, making it challenging to distinguish the
stall cell from background disturbances.

Figure 20 presents the Fourier amplitude as a function of fre-
quency across the full annulus. The plot indicates that the disturbance
frequency is distributed over multiple frequencies rather than being
confined to a single dominant frequency. This distribution of ampli-
tude remains relatively uniform across all axial locations, with no par-
ticular bias toward any specific frequency.

Previous analysis, Figs. 17–20, relied on the availability of com-
plete pressure data for each monitoring point. A feature-tracking

FIG. 18. Min to max normalized pressure trace across time and angular position at three different axial locations, with pressure data at each monitor point filtered between 50
and 100 Hz, (a) �10%C, (b) 0%C, (c) 14%C.

FIG. 19. Pressure traces bandpass filtered between 50 and 100 Hz for three different axial locations, and angular positions in multiple of 18�, (a) �10%C, (b) 0%C, (c) 14%C.

FIG. 20. Fourier amplitudes vs frequency plots for different axial and angular locations for the pressure signal filtered between 50 and 100 Hz, (a) �10%C, (b) 0%C, (c) 14%C.
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algorithm (Subsection III C 1 c) based on Fourier amplitude distance
is applied to identify similar pressure disturbances over rotor revolu-
tions, axial location, and angular location. To identify disturbances at
downstream axial locations and filter out noise, it is assumed that the
frequency and amplitude characteristics of a given disturbance remain
consistent across different axial and angular locations. The method to
calculate the threshold distance between the windows, in order to dis-
tinguish them, was to generate a histogram of the distribution fre-
quency of distances between windows for three axial locations. The
threshold amplitude for an axial location was calculated as the distri-
bution frequency-weighted average of the amplitudes. The threshold
amplitudes for �10%C, 0%C, and 14%C locations are 6868, 6178, and
5485, respectively, as shown in Fig. 21.

Figure 22 illustrates the angular and temporal position of the fea-
ture variation for different axial locations. The algorithm successfully
identified the same stall cell characteristics across different axial loca-
tions by assigning them the same category. However, it is less effective
at distinguishing the pressure disturbance from low-amplitude distur-
bances at downstream chord locations, resulting in a distorted and
thickened stall cell pressure trace.

D. Comparison of stall inception in conventional and
tandem rotor

In this section, the stall inception mechanism of the tandem rotor
is compared with that of a conventional rotor, highlighting both

similarities and differences. Figure 23 schematically illustrates the stall
inception mechanisms for the tandem and conventional rotors. The
stall inception of conventional rotors is well-documented, with numer-
ous studies addressing it through experimental and numerical investi-
gations.17–30 For conventional rotors, stall inception occurs through
either long-length scale disturbances, known as modal stall, or short-
length scale disturbances, referred to as spike stall. Modal stall is a pro-
gressive phenomenon, whereas spike stall is abrupt, occurring without
prior warning.27,28 Spike stall is a localized flow phenomenon, typically
confined to the rotor tip region, where it evolves into stall cells that
rotate circumferentially. These stall cells disrupt the flow symmetry
and are characterized by their rapid growth in size. In tandem rotors,
stall cells are similarly confined near the tip region. Furthermore, these
disturbances also exhibit rapid growth in both radial and circumferen-
tial directions. This suggests that the tandem rotor might follow the
spike-type stall inception.

Later, Vo et al.19 proposed another hypothesis for spike-type stall
inception in conventional rotors. It identifies two critical criteria: the
spillage of tip leakage flow in front of the leading edge of the next blade
and the backflow near the trailing edge. In conventional rotors, the
spillage of tip leakage vortices increases the local incidence near the tip,
causing leading-edge flow separation, which ultimately evolves into the
rotating stall. For tandem rotors, two tip leakage vortices—TLV1 and
TLV2—are present. Interestingly, spillage first occurs in the aft rotor,
influenced by both forward and aft leakage vortices. Despite this, the
tandem rotor remains stable, as the gap-nozzle flow effectively

FIG. 21. Distribution of window distances and calculations of threshold value to distinguish windows for three axial locations (a) �10%C, (b) 0%C, (c) 14%C.

FIG. 22. Plot of features vs angular position vs rotor revolutions at three different axial locations, (a) �10%C, (b) 0%C, (c) 14%C. Same feature group across different axial
locations is color coded similarly.
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suppresses any tendency for leading-edge separation in the aft rotor.
However, the spillage of tip leakage vortices near the leading edge of
forward rotor plays a critical role. This reduces the amount of incom-
ing flow, increasing the local incidence beyond the critical threshold.
This leads to forward rotor leading-edge flow separation, which subse-
quently evolves into the rotating stall. Therefore, despite having two
rotors, the tandem rotor also follows the conventional spike-type stall
inception mechanism commonly observed in axial flow compressors.
This behavior could be design-specific, and further unsteady experi-
mental and numerical investigations on other tandem rotor designs
are necessary to reinforce this hypothesis.

Moreover, this study further corroborates previous findings
regarding the performance and stability of tandem rotors, which sug-
gest that tandem rotors are particularly sensitive to forward rotor per-
formance. It highlights that forward rotor spillage is crucial to the
tandem rotor’s operation and stability and can, therefore, be consid-
ered analogous to the spillage mechanism in conventional rotors. Any
active or passive stall control mechanism for tandem rotors should pri-
oritize addressing forward rotor spillage to ensure stable operation.
Importantly, many passive control mechanisms, such as axial or

circumferential casing treatments and blade tip design modifications,
should primarily target the forward rotor to delay stall. Additionally, a
stall warning system could be designed to monitor forward rotor spill-
age and trigger when forward tip spillage occurs.

IV. CONCLUSIONS

The present paper discusses a full annulus transient analysis of a
highly loaded tandem rotor. The study aims to understand the stall
inception mechanism of the tandem rotor and identify the role of for-
ward and aft tip leakage vortices in stall inception. This analysis provides
detailed insights into the unsteady interactions between the forward and
aft tip leakage vortices, as well as other vortex structures, and their
impact on tandem rotor performance. The key findings are as follows:

1. The aft rotor spillage first took place, which subsequently con-
tributed to the spillage of the front blade. Even though the aft
rotor encounters tip vortex spillage from the forward and the aft
rotor of the subsequent passage, the nozzle gap effect effectively
mitigates flow separation, ensuring stable operation of the tan-
dem rotor system.

FIG. 23. Stall inception enroute in conventional rotor and tandem rotor.
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2. The forward rotor spillage is critical for the tandem rotor. This
spillage increases the local incidence near the tip of the forward
rotor, resulting in localized flow separation. Small disturbances
arising from the leading-edge separation coalesce, forming a
rotating stall cell that grows in strength and size as it rotates in
the direction opposite to rotor rotation at approximately 0.63
times the rotor speed.

3. The leading-edge separation over the forward blade suction sur-
face evolves into a fully grown tornado vortex within 16T/19 of a
time period, corresponding to approximately 0.84 revolutions.
The tornado vortex suction leg is located on the forward rotor
suction surface, while its other end connects to the casing
upstream of the forward rotor. Other vortex structures from the
aft rotors, except aft rotor tip leakage vortex, are intermittent,
collapsing, and reforming.

4. The formation of a tornado vortex and other vortices signifi-
cantly affects the momentum transfer through the nozzle gap,
leading to visible flow separation over the aft rotor suction sur-
face. Additionally, the tornado vortex and leading-edge separa-
tion severely attenuate the blade loading of the forward and aft
rotor blades.

5. All the significant disturbances are observed below 200 Hz at all
axial locations. The frequency of disturbance cannot be attrib-
uted to any one frequency and is distributed over multiple
frequencies.
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NOMENCLATURE

AB Aft blade
AO Axial overlap¼ DA

A
BPF Blade passing frequency
FB Forward rotor
C Combined chord of tandem rotor (m)

Cp Static pressure coefficient¼ P�P1
0:5qU2

t
DF Diffusion factor

LE Leading edge
md Design mass flow rate (kg/s)
ms Stall mass flow rate (kg/s)
P Static pressure (Pa)
P0 Total pressure (Pa)
P01 Total pressure at the forward rotor inlet (Pa)
P02 Total pressure at the aft rotor exit (Pa)
P1 Static pressure at the forward rotor inlet (Pa)
PP Percentage pitch ¼ D2

D1
PS Pressure surface

RANS Reynolds averaged Navier–Stokes
SS Suction surface
SM Stall margin¼ md�ms

md

T Time period
TE Trailing edge

TLV Tip leakage vortex
TLV1 Tip leakage vortex of forward rotor
TLV2 Tip leakage vortex of aft rotor

TV Tornado vortex
t time (s)

URANS Unsteady Reynolds averaged Navier–Stokes
Um Peripheral velocity at mean radius (m/s)
Vx Axial component of absolute velocity (m/s)

X/C Percentage of chord
c Stagger angle (o)
h Camber (o)
q Air density (kg/m3)
w Total pressure rise coefficient¼ P02�P01

0:5qU2
m

/ Flow coefficient¼ Vx
Um
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