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ABSTRACT: Compressors are integral components in various industrial systems, ranging from
standalone units in process plants to essential parts of gas turbines. Given the widespread application of
compressors, improving their performance and expanding their operating range are of great importance,
leading to extensive studies on this subject and the factors affecting it. In this study, the effect of
blade tip clearance on the performance of a transonic multistage compressor was investigated using
numerical simulation. First, a baseline NASA compressor was simulated and validated using available

data. Additionally, a single-stage simulation of each compressor stage was conducted and validated  Keywords:

by comparison with the .multl-stage 51mulat1on results. Sgbseq_uently, th.e impact of 1n_crea.s1ng ro.tor Multistage Compressor
clearances to 1.5 and 2 times the baseline level was examined in three different scenarios: increasing T .
. . ransonic

clearance for all rotors, only the first rotor, or only the second rotor. The results indicate that among ' ' '
these two rotors, the one with the larger clearance is the primary source of instability. Furthermore, Numerical Simulation

the operating range of the compressor remains almost unchanged compared to the scenario where the Clearance

clearance of all rotors is increased uniformly.

Instability
Operating Range

1- Introduction

The operating range of compressors is fundamentally
limited by two main phenomena: surge and stall. [1-5] Since
1978, numerous studies have investigated the causes and
effects of stalls on compressor performance. Koch (1981)
demonstrated that optimizing design parameters can improve
pressure rise and help prevent stalling. [6] Puterbaugh and
Brendel (1997) showed that tip leakage flows alter shock
location and intensity, reducing compressor performance,
while minimizing tip clearance can mitigate these adverse
effects [7]

Further research by Vo (2001) and Zhang et al. (2012)
examined how tip leakage vortices impact axial compressor
stability, indicating that increased tip clearance diminishes
compressor stability and increases leakage vortices, which
decrease overall efficiency[8,9].

More recent investigations by Hah (2010) and Ostad
and Kamali (2018) focused on the effects of tip clearance in
high-speed, multistage compressors. Their findings showed
that increased clearance induces pressure fluctuations and
efficiency drops, with differing impacts across stages,
including reduced choke flow and altered flow angles[10,11].
Control methods, both active and passive, targeting flow
momentum near the blade tip have been proposed to delay stall
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and extend compressor operating ranges. Passive methods,
such as introducing grooves or flow channels[12,13],
and active tip flow injection have been experimentally
demonstrated to improve stability and performance[14].

In this study, the effects of varying blade tip clearance on
the operating range of a validated multistage axial compressor
are numerically investigated. Unlike most previous studies
focusing on single-stage compressors or uniform clearance
changes across all rotors, this research examines multistage
behavior with clearance increases applied either uniformly to
all rotor blades or selectively to a single rotor stage identified
as critical for initiating instability. This approach reflects
practical scenarios where manufacturing defects, casing
contact, or tip damage may locally alter clearance and impact
compressor stability. The findings provide valuable insights
into how specific rotor clearance variations influence overall
compressor performance and operating range.

2- Methodology

The numerical study utilized a validated geometric
model of the NASA five-stage transonic axial compressor,
developed in a CAD environment based on publicly available
profile data. Computational domains were created with
periodic boundaries and extended inlet/outlet regions to
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Fig. 1. Comparison of compressor performance curves
between the baseline case and the 2x clearance condi-
tion for all rotors

ensure stability and realistic boundary conditions.

Structured meshes with three levels of refinement (coarse,
medium, and fine) were tested for grid independence, with
the medium grid (10 million cells) selected due to its optimal
balance between accuracy (error < 1%) and computational
cost. Turbulence was modeled using the k—@ SST RANS
approach, suitable for capturing shock-boundary layer
interactions in transonic flow. Boundary conditions included
total pressure and temperature at the inlet and average static
pressure at the outlet.

Simulations were performed for the baseline clearance
and two increased clearance levels (1.5x and 2x). These
increments were applied in three configurations: all rotors,
only the first rotor, and only the second rotor. For each case,
performance curves, tip leakage flow rates, Mach contours,
and reversed flow zones were analyzed near stall and choked
flow conditions.

3- Results and Discussion
3- 1- Validation and Baseline Behavior

The baseline simulation closely matched experimental
performance curves from NASA[15,16], verifying the model’s
accuracy. Key flow features such as shock positioning, stage-
by-stage performance curves, efficiency trends, and stall
onset were accurately captured.

3- 2- Impact of Increased Tip Clearance

Increasing tip clearance uniformly across all rotors led
to a significant performance decline: at 1.5x clearance, the
compressor’s operating range decreased by ~14%, and at 2x,
by ~24%. The reductions were linked to enhanced leakage
vortex strength and the expansion of reversed flow zones near
the rotor tips. Fig. 1 shows the comparison of compressor
performance curves between the baseline case and the 2x
clearance condition for all rotors.

When clearance increases were applied only to rotor 1
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Fig. 2. Comparison of compressor performance curves
between the baseline case and the 2% clearance condi-
tions of the first and second rotors

or rotor 2, the operating range reductions were only slightly
smaller (~11% and ~22%, respectively), suggesting these
rotors independently serve as critical components for flow
stability. Flow visualizations revealed that the rotor with
increased clearance exhibited larger reversed flow areas,
earlier stall onset, and stronger interactions between tip
leakage flow and main flow, especially near the suction
surface. Fig. 2 presents the comparison of compressor
performance curves between the baseline case and the 2x
clearance conditions.

3- 3- Shock and Vortex Dynamics

In all increased clearance scenarios, shock waves at rotor
blade tips weakened and moved downstream. This reduced
the compression effectiveness but allowed stronger tip
leakage vortices to form, leading to larger low-momentum
zones and more extensive flow separations. Detailed velocity
and Mach number contours confirmed these findings,
particularly in rotors 1 and 2. The strength of tip leakage
flows scaled roughly linearly with the clearance increase,
with secondary flow structures such as tip vortices becoming
more dominant in destabilizing the compressor flow field.
The contour shown in Fig. 3 illustrates the blade tip Mach
number near stall conditions for the baseline case and the 2x
clearance conditions of the first-stage rotor. Similar contours
for the second-stage rotor are also shown in Fig. 4. The shock
region is indicated by red lines.

4- Conclusion

This study presents a comprehensive analysis of tip
clearance effects in a multistage transonic axial compressor.
The primary conclusions are:

* Critical Rotor Identification: Rotors 1 and 2 are
identified as critical for stability. When either experiences
increased clearance (>1.5x), it becomes the limiting factor
for overall compressor performance.
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Fig. 3. blade tip Mach number near stall conditions for
the baseline case and the 2x clearance conditions of the
first-stage rotor

* Tip Leakage Flow and Instability: Increased clearance,
promotes tip leakage flow, which interacts with shock waves
and contributes to early stall through low-momentum flow
zones.

* Stage-Specific Sensitivity: While full-rotor clearance
increases cause greater efficiency and pressure losses, even
isolated increases in early-stage rotors result in comparable
operating range decreases.

* Design Implication: Minimizing tip clearance,
especially in early compressor stages, is crucial for preserving
performance and avoiding early instability.

These findings underscore the need for precise
manufacturing and operational control of tip clearance,
especially in transonic multistage designs. It also shows that
changing the tip clearance of a single stage of compressor can
have significant effects on its operating range.
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Table 1. Design specifications of the five-stage compressor|21]
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Fig. 1. Flow solution domain in the multistage compressor (shown as a semi-annular section)
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Table 3. Boundary conditions applied to the multistage compressor solution domain
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Fig. 3. Mass flow curve based on the number of mesh cells
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Table 4. Comparison of numerical simulation results on grids with different sizes
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Fig. 4. Y* parameter contour on surfaces (a: right view, b: left view) of the compressor
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Fig. 5. Performance curves obtained from simulation and experimental test [22] (a: pressure ratio versus
mass flowrate, b: efficiency versus mass flow rate)
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Fig. 6. Comparison of performance curves obtained from single-stage and multi-stage simulations
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Table 5. Results obtained from the comparison of multi-stage and single-stage simulations at three points
on the performance curve
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Fig. 7. Reversed flow on the blade tips under maximum efficiency and near-stall conditions (a: maximum efficien-
cy condition, b: near-stall condition)
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rate, b: efficiency versus mass flow rate)
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Fig. 9. Compressor performance curves with 1.5x clearance only in the first rotor (a: pressure ratio versus
mass flow rate, b: efficiency versus mass flow rate)
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Table 6. Reduction in compressor operating range under different 1.5x clearance conditions
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rotor, d: increased clearance only on the second rotor)
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Fig. 12. Comparison of blade tip flow streamlines near stall for the (a) baseline case and (b) 1.5x clearance case
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Table 7. Percentage of tip leakage flow rate relative to main flow in different 1.5x clearance conditions
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Fig. 13. Comparison of tip blade Mach number contours near stall conditions between the baseline case and
the 1.5x clearance conditions of the first-stage rotor
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Fig. 14. Velocity contours near stall conditions on planes located at 40% to 80% of the streamwise direction of
the first-stage rotor
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Fig. 15. Comparison of tip blade Mach number contours near stall conditions between the baseline case and
the 1.5x clearance conditions of the second-stage rotor
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Fig. 16. Velocity contours near stall conditions on planes located at 40% to 80% of the streamwise direction of
the second-stage rotor
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Fig. 17. Compressor performance curves with 2x clearance in all rotors (a: pressure ratio versus mass flow
rate, b: efficiency versus mass flow rate)
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Fig. 18. Compressor performance curves with 2x clearance only in the first rotor (a: pressure ratio versus

mass flow rate, b: efficiency versus mass flow rate)
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Fig. 19. Compressor performance curves with 2x clearance only in the second rotor (a: pressure ratio versus

mass flow rate, b: efficiency versus mass flow rate)
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Table 8. Reduction in compressor operating range under different 2x clearance conditions
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Fig. 20. Blade tip reversed flow contours of the first and second stage rotors near stall conditions for the base-
line clearance (a) and 2x clearance cases (b: increased clearance on all rotors, c: increased clearance only on
the first rotor, d: increased clearance only on the second rotor)
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Fig. 21. Comparison of blade tip flow streamlines near stall for the baseline case (a) and 2x clearance case (b)
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Table 9. Percentage of tip leakage flow rate relative to main flow in different 2x clearance conditions
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Fig. 22. Comparison of tip blade Mach number contours near stall conditions between the baseline case and
the 2x clearance conditions of the first-stage rotor
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Fig. 23. Velocity contours near stall conditions on planes located at 40% to 80% of the streamwise direction of
the first-stage rotor
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Fig. 24. Comparison of tip blade Mach number contours near stall conditions between the baseline case and
the 2x clearance conditions of the second-stage rotor
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Fig. 25. Velocity contours near stall conditions on planes located at 40% to 80% of the streamwise direction of
the second-stage rotor
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