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The present paper investigates the aerodynamic influence of a micro-blade (MB) flow 
control in a low-speed axial compressor cascade, through a combined two-dimensional (2D) 

optimization and three-dimensional (3D) validation framework. The influence of the MB’s 

key geometric parameters, including chord length, camber angle, stagger angle, and 

maximum thickness, as well as spatial positioning, was systematically analyzed to identify 

the optimal configuration. Results reveal a size-wake trade-off; small elements fail to sustain 

meaningful momentum exchange, whereas large elements introduce excessive blockage and 

wake losses. An intermediate chord of 20% of the main blade, combined with a medium 

element maximum thickness (5% of the MB chord) and 50° camber, provides the most 

favorable compromise, achieving a 55.56% reduction in total pressure loss coefficient (TPL) 

under stall conditions. The optimized MB was subsequently evaluated in a 3D cascade 

configuration to examine its influence on corner separation and 3D flow structures across 

design and off-design inlet flow angles. The 3D results showed a clear reduction in the 

corner separation spanwise extent, especially at high incidences, though a TPL penalty is 

observed at the nominal design angle, where the baseline flow is already attached. Overall, 

the findings demonstrate that carefully optimized MB can effectively mitigate losses and 

enhance compressor operability when geometry and placement are properly designed. 
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I. INTRODUCTION 

Modern axial compressors are increasingly facing performance demands over a wide range of operating conditions. The pursuit 

of a higher-pressure ratio and lower fuel consumption has involved a higher blade loading, and consequently, the emergence of complex 

flow phenomena such as boundary layer separation, corner stall, and secondary flows is now inevitable. In low-speed compressors, such 

flow phenomena produce low-momentum zones that can block the flow and reduce static pressure rise, leading to increasing losses and 

risking stall [1]. Passive flow control techniques have emerged as effective solutions to mitigate these adverse flow phenomena with 
simplicity and without any external energy input, unlike active control systems [2]. These devices use small geometric modifications to 

energize the boundary layer or redistribute the secondary flow. For example, vortex generators and endwall fences have been shown to 

create streamwise vortices that suppress crossflow and corner stall, thereby extending the stall margin [3-7]. Such passive devices have 

contributed to notable gains; the addition of a vortex generator (VG) to a highly loaded compressor cascade reduced the total pressure 

losses by about 8.3% [8], and a strategically placed endwall fence was reported to reduce the loss coefficient up to 9% [9]. These results 

highlight that surface additions (or cuts) can significantly improve compressor performance. Beyond conventional VGs and slots, micro-

scale flow control elements are currently attracting interest. For example, micro-vortex generators (MVGs) of various shapes can delay 

stall and reduce losses by about 9.36% [10]. 
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More recently, a “fish scale” array applied to the suction side has been experimentally shown to generate small upward vortices 
that entrain the low-momentum endwall flow; this design reduces the total pressure loss by 5.69% [11]. Such studies demonstrate that 

even very small passive elements can improve mixing and reduce separation in low-speed compressor flows. In parallel with these 

advances, a promising approach has received little focus; discrete micro-blades (small airfoil) placed in the passage upstream of the 

separation onset. Unlike shallow ribs or ramps, a full-span micro-blade could generate a “suction surface jet” [12], preventing the buildup 

of low-momentum fluid in the passage region. Ma & Sun [13] investigated the spatial positioning of a “little blade,” focusing on its 

placement within the cascade passage. Their work demonstrated a measurable sensitivity to axial positioning according to incidence 

angle; similarly, Guo et al. [14] explored the impact of different spatial locations, stagger angles, and heights of a “little blade”, with the 

optimal configuration yielding a 10.38% drop in the total pressure loss coefficient at near-stall condition. 

However, optimizing these devices for practical applications remains difficult due to the complex interactions between the device 

geometry, spatial positioning, and operating conditions. The aerodynamic influence of the micro-blade’s geometric design parameters 

has received considerably less attention; most previous studies on micro-blades have mainly concentrated on the effects of spatial 

positioning, while the geometric optimization of the micro-blade itself remains largely unexplored. Building on this background, the 

present study conducts a comprehensive two-dimensional computational optimization of the combined effects of the micro-blade’s spatial 

positioning (axial and circumferential), geometric parameter design (stagger angle, camber angle, maximum thickness, chord length), and 

operating conditions (inflow angle) within a unified parametric framework, followed by a 3D investigation of the optimal configuration 

to verify its impacts on the corner separation and secondary flow. This comprehensive approach allows for the identification of parameter 

interactions and optimal configurations that would be missed by single-variable studies. 

II. METHOD 

The numerical study was conducted on a low-speed linear compressor cascade employing the NACA 65(10)18 airfoil profile, 

using a chord length of c=0.127 m. The detailed geometrical specifications of the cascade are summarized in Table 1. Initially, a 2D 

investigation was carried out in order to conduct a systematic parametric study on the flow control element. The approach consists of 

successively modifying the geometric design parameters of a microblade (MB) under different inlet flow angles (β) and monitoring its 

impact on the aerodynamic performance of the cascade. In its primary state, the MB appears as a symmetric plate with a double-circular-

arc (DCA) profile type and zero camber angle, positioned in the proximity of the main blade suction side (see Figure 7). An optimization 

process was then performed based on the MB’s spatial locations (axial and circumferential positions) and geometric design parameters, 
including camber angle, stagger angle, chord length, and maximum thickness at different off-design inlet flow angles.  

Table 1: Geometric parameters of the compressor blade. 

Parameter Value 

Chord (m) 0.127 

Solidity 1.25 

Stagger angle (°) 13 

Aspect ratio 1 

Source: Authors, (2026). 

Once the optimal design and positions were identified in the 2D computational cases, the study was extended to a three–

dimensional (3D) configuration. The 3D simulations served for the assessment of the influence of the MB on corner stall and flow 

structures. 

II.1 PERFORMANCE PARAMETERS 

The aerodynamic performance of the compressor cascade was evaluated using global loss coefficients, and local boundary layer 

integral parameters. The total pressure loss coefficient (TPL) was employed as the primary metric to quantify aerodynamic losses, defined 

as 

𝑇𝑃𝐿 =
𝑃𝑡,1 − 𝑃𝑡,2

𝑃𝑡,1 − 𝑃1

                                                                                                      (1) 

Where 𝑃𝑡,1 and 𝑃𝑡,2 denote the mass-averaged total pressure at the inlet and outlet boundary, respectively, and 𝑃1  is the inlet 

static pressure. To evaluate the improvement (or deterioration), the change in TPL was introduced as: 

∆𝑇𝑃𝐿 = 𝑇𝑃𝐿𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝑇𝑃𝐿𝑚𝑖𝑐𝑟𝑜−𝑏𝑙𝑎𝑑𝑒                                                                                (2) 

Where positive values of ∆𝑇𝑃𝐿 indicate reduced losses, while negative values denote deterioration. The static pressure coefficient 

is defined as: 

𝐶𝑝 =
𝑃 − 𝑃1

𝑃𝑡,1 − 𝑃1

                                                                                                         (3) 

Here, P denotes the local static pressure. The mass-averaged Cp at the outlet boundary (Cp’) is employed to quantify the diffusion 

of the cascade [12]. To investigate boundary layer behavior, the classical integral parameters were extracted along the suction surface of 

the main blade. The displacement thickness 𝛿∗ and momentum thickness 𝜃 are given by: 

 

𝛿∗ = ∫ (1 −
𝑢

𝑢∞

) 𝑑𝑦
∞

0

                                                                                                (4) 
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𝜃 = ∫
𝑢

𝑢∞

∞

0

(1 −
𝑢

𝑢∞

) 𝑑𝑦                                                                                            (5) 

Where 𝑢 and 𝑢∞ are the local and free-stream velocities, respectively. The shape factor is given by: 

𝐻 =
𝛿∗

𝜃
                                                                                                             (6) 

The axial position (X) of the MB is expressed in percentage of the main blade axial chord, given by: 

X =
𝑑𝑥

Cx
× 100                                                                                                       (7) 

Where 𝑑𝑥 represents the axial distance between the leading edges of the main and micro blades, and Cx is the main axial chord length. 
The circumferential position (Y) of the MB is expressed in percentage of pitch; it is given by: 

Y =
𝑑𝑦

𝑠
× 100                                                                                                      (8) 

Where 𝑑𝑦 represents the circumferential distance measured from the leading edge of the MB to the main blade suction side, and s denotes 

the blade spacing length 

II.2 SOLVER SETTINGS AND NUMERICAL VALIDATION 

A single-blade passage of NACA 65(18)10 linear compressor cascade was conducted using the commercial CFD solver Ansys 

Fluent, limited by periodic boundaries to represent the circumferential domain. The simulation employed the steady incompressible 

Reynolds-averaged Navier–Stokes (RANS) equations, closed using the two-equation k-ω shear stress transport (SST) as a turbulence 

model [15], chosen for its robustness in predicting adverse pressure gradient and boundary layer separations. The inlet boundary 

conditions were defined by specifying the free-stream velocity components, along with the corresponding turbulence intensity and 

characteristic length scale. The simulation was conducted under operating conditions corresponding to a chord-based Reynolds number 

of 245000. Constant thermophysical properties of air were assumed. Convergence was considered based on normalized residuals falling 

below 10−5 for continuity, momentum, and turbulence transport equations, with monitoring of TPL, and Cp on the blade surfaces. 

III.2.1 Two-dimensional Cascade 

 
Figure 1: 2D Computational grid. 

Source: Authors, (2026). 

The 2D domain was meshed with a hybrid unstructured grid using Gambit software. Figure 1 shows the 2D computational grid 

of the controlled case. To precisely capture the boundary layer development, a refined clustering with 20 inflation layers was applied to 

all solid walls with 1.25 and 1.15 growth ratios for the main blade and the MB, respectively. 
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In order to guarantee 𝑦+ < 1, the first cell height at the walls was set to 1 × 10−5  m, Figure 2 (right) shows the dimensionless 
first cell height at the blade wall boundary. A grid independence study was carried out by refining the mesh at boundaries and solid walls, 

as illustrated in Figure 2 (left). A final mesh size of about 76000 cells was selected, as further refinement produces negligible variation 

in TPL, with a total of 410 discretization points around the main blade airfoil. 

 
Figure 2: Dimensionless first cell height at the main blade walls (right), grid independence study (left). 

Source: Authors, (2026). 

To guarantee the reliability of the numerical setup, the calculated results of the baseline case (without flow control) were validated 

against the experimental measurements reported in [16]. Figure 3 shows the corresponding validation in terms of Relative Dynamic 𝑆 =
2(𝑝𝑡,1 − 𝑝)/(𝜌𝑊1²)  (where 𝑊1 is the upstream velocity), across the Relative Chord (x/c). The numerical results obtained using the k-ω 

SST turbulence model show excellent agreement with the experimental data. 

 
Figure 3: Comparison of measured and calculated relative dynamic pressure for the baseline configuration. 

Source: Authors, (2026). 

II.2.2 Three-dimensional Cascade 

Following the two-dimensional parametric study, the optimal MB configuration was further investigated in a three-dimensional 

cascade case to capture its effect on corner separation and 3D flow structures. The same airfoil geometry used in the 2D study was retained 

with the addition of an aspect ratio of AR=1 to maintain a representative three-dimensional configuration. 
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Figure 4: Computational 3D domain and boundary conditions. 

Source: Authors, (2026). 

Figure 4 illustrates the corresponding computational 3D domain and boundary conditions. By exploiting the symmetry of the 

geometry and to reduce computational costs, only half of the spanwise domain was modeled with a symmetry boundary condition imposed 

at the mid-span plane. The performance parameters were evaluated at a downstream location corresponding to 1.5 times the blade chord 

from the leading edge. Like the 2D computational case, the domain extends one chord length upstream of the leading edge and two chords 

downstream. The 3D computational grid was generated using Numeca Autogrid 5, employing a fully structured O4H topology (see Figure 

5) to ensure high grid quality and low numerical diffusion. Special attention was given to the near wall region, with a first cell height of 

1 × 10−5 m, resulting in an average dimensionless wall distance 𝑦+ < 1 across all solid boundaries. A similar compressor cascade was 

modeled by Ramzi & AbdErrahmane [17], with full-span configuration using approximately 1 million grid points. However, in the present 

investigation, since only half of the span was considered, a mesh of about 855.000 points was adopted. 

 
Figure 5: 3D Computational grid. 

Source: Authors, (2026). 

Direct numerical data of the NACA 65(18)10 cascade with endwall effects are not available, as the original tests were conducted 

under 2D conditions with endwall boundary layer removal [16]. In order to investigate the effectiveness of the optimal MB flow control 

on the 3D corner separation, it was necessary to adopt an alternative validation approach. Following the approach adopted by Ref. [17], 

the present solver was validated through comparison with the experimental data of Takahashi et al. [18], who investigated the 3D flow 

characteristics of a NACA 65 cascade. The reference cascade was characterized by an aspect ratio of AR=2.3, a solidity of 1.08, with 

30.1° and 32.2°, camber and stagger angles, respectively. The experiments were performed at an inlet flow angle of 47.1° and a Reynolds 

number of 2.2 × 105 based on chord length. 
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The validation of the numerical model was carried out by comparing the circumferentially mass-averaged TPL across half of the 
blade span, at a downstream position of 1.5c from the leading edge, with the available experimental measurements. As shown in Figure 

6, the numerical prediction follows the experimental trend, with only minor deviations, especially in the corner region. In general, the 

comparison shows good agreement, demonstrating the accuracy of the numerical setup in capturing endwall boundary layer development 

and corner separation. Consequently, although the geometry differs from the present cascade, the underlying physical mechanisms were 

validated. This provides confidence in applying the same numerical methodology to the current 3D configuration (NACA 65(18)10) with 

micro-blade flow control. 

 
Figure 6: Comparison of experimental and numerical spanwise distribution of TPL across the half-span. 

Source: Authors, (2026). 

III. RESULTS AND DISCUSSIONS 

III.1 SPATIAL LOCATION EFFECTS 

 
Figure 7: Micro-blade’s spatial positions nomenclature. 

Source: Authors, (2026). 

The first step in the present investigation is to determine the most effective spatial placement of the MB, as mentioned earlier, 

the initial MB is modeled as a DCA airfoil with zero camber angle; the chord length of the MB is expressed as a percentage of the main 

blade chord, ensuring a normalized representation. the primary design parameters of the flow control element are listed in Table 2. 
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Table 2: Initial design parameters of the micro-blade. 

Parameter value 

Chord (%) 5 

𝑇𝑚𝑎𝑥⁄𝑐𝑀𝐵 0.05 

Stagger angle (°) 30 

Camber angle (°) 0 

Source: Authors, (2026). 

The parametric study was performed by varying both axial and circumferential locations of the MB under different inlet flow 

angles, ranging from 40° to 52° with a 2° increment, generating 16 distinct configurations and a total of 112 simulations, ensuring that 

the influence of spatial locations was captured with sufficient resolution. Figure 8 illustrates all the tested locations; the axial position of 

the MB (X) was varied from -5% to 40%, while the circumferential (Y) placement corresponded to 10% and 15%. For each configuration, 

∆𝑇𝑇𝑇 was evaluated. 

 
Figure 8: Schematic representation of axial and circumferential positions of the MB configurations. 

Source: Authors, (2026). 

Figure 9 presents the distribution of ∆𝑇𝑇𝑇 across the whole range of tested inlet flow angles. The Figure shows a high sensitivity 

to the device’s axial placement compared with the circumferential locations. The maximum improvement of ∆𝑇𝑇𝑇 was achieved at 3 

axial locations X=-5%, X=0% and X=+5%, it was also reported by Ma & Sun [13] that the optimal placement is consistently near the 

blade leading edge. The examination of Figure 9 allowed us to delineate an effective range of the MB axial locations (X= -5%, 0%, +5%). 

To provide a clearer comparison, the ∆𝑇𝑇𝑇 associated with these selected configurations were summarized in a bar chart in Figure 10. 

 
Figure 9: Point-cloud distribution of ∆TPL for Y=15% and Y=10%, versus axial MB’s locations in different inlet flow angles. 

Source: Authors, (2026). 
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At inlet flow angles (40° to 48°), the majority of the configurations increase the losses (∆TPL<0), adding the MB at this range 
of incidence tends to generate additional losses, the baseline flow at those operating conditions is already separated, but though not yet in 

a severe way. the extra mixing induced by the MB disturbs the flow, hence, ends up raising the overall losses. At high inlet flow angles 

(50° to 52°), the flow over the baseline blade is strongly separated due to the severe adverse pressure gradient. Under these conditions, 

the MB becomes particularly effective, producing positive ΔTPL values and a net reduction in the global losses. However, the influence 

of the circumferential location is almost identical, with a slight superiority at Y=10%. Regarding axial placement, X=−5% demonstrated 

the largest improvements in ΔTPL, especially at high β, while its sensitivity to operating conditions suggests that additional checks are 

necessary. Based on these observations, the Y=10% circumferential position is retained for subsequent analyses. 

 
Figure 10: Bar chart of ∆TPL at Y=10% (up) and Y=15% (down) for the three axial position X=-5%, X=0% and X=+5%. 

Source: Authors, (2026). 

III.2 CAMBER ANGLE EFFECTS 

 
Figure 11: Bar chart of ΔTPL for flat and cambered MB at X=−5%, X=0% and X=+5% across different off-design β. 

Source: Authors, (2026). 

To further investigate the sensitivity of the device to its geometric characteristics, the effect of introducing a camber angle of 40° 

to the MB was examined. Figure 11 presents the corresponding sketch (up), and bar chart (down) of the ΔTPL for the three axial positions 

X=−5%, X=0%, and X=+5%, with and without camber, across off-design inlet flow angles (46° to 52° with 2° increment), the results 

indicate that the addition of a 40° camber angle consistently enhances the effectiveness of the MB, a remarkable improvement in the 

ΔTPL across the whole tested range, amplifying the benefic effect observed with zero camber MB. In addition to the TPL analysis, the 
effect of cambering the MB was further examined through the distribution of the static pressure coefficient (Cp) on the main blade suction 

side. Figure 12 (left) shows the corresponding Cp curves for the three tested locations at β=52°. The presence of camber introduces a 

local peak in the Cp, which originates mainly from the concave curvature of the MB pressure suroussmahachelfiface (see Figure 12, 

right), indicating a local deceleration in the immediate vicinity of the common passage sectional area between the main blade and the 

MB. On the other hand, the flat MB produces a local pressure decrease (depression) in the same region, unlike the cambered case, the flat 

MB produces a local acceleration on the main blade suction surface. This is mainly attributed to the convergent-divergent-like channel 

[19] between the flat MB and the suction side of the main blade. 
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Figure 12: Static pressure coefficient of the main blade suction side (left) and MB (right) at β=52°. 

Source: Authors, (2026). 

The divergent local pressure features imply different local velocity fields and boundary layer behaviors. The corresponding 

boundary layer integral parameters were calculated using a MATLAB code. Figure 13 presents the chordwise evolution of the 

displacement thickness, momentum thickness, and shape factor for the baseline, flat, and cambered MB in two representative inlet flow 

angles of 46° and 52°. 

 
Figure 13: Displacement thickness, momentum thickness, and shape Factor distributions along the suction side main blade at 46° (up) 

and 52° (down) inlet flow angles for baseline, flat, and cambered MB configurations. 

Source: Authors, (2026). 

At 46° inlet flow angle, the baseline configuration exhibits the highest displacement and momentum thickness, and consequently 

a rapidly increasing shape factor at approximately the half-chord station toward the trailing edge. This behavior indicates the beginning 

of separation at nearly 50% of the chord length, extending to the leading edge. Both the flat and cambered configurations reduce 

displacement and momentum thicknesses over the entire suction surface, indicating a global boundary layer delay in separation relative 

to the baseline. This effect is particularly pronounced at 52°, while the baseline configuration experiences a severe boundary layer 

thickening, both MB cases maintain a much thinner boundary layer. When comparing the two MB designs, at both inlet flow angles, the 

cambered case shows higher momentum, displacement thickness, and shape factor, in most of the chord stations. The flat configuration 

demonstrates superior performance; its corresponding shape factor remains consistently lower over a large portion of the chord, indicating 

a much resistant boundary layer over the whole chord stations, and at different inlet flow angles. This is consistent with the depression 

reported in the Cp curve in Figure 12, highlighting the ability of the flat MB to entrain higher momentum freestream fluid and sustain a 

more energized boundary layer. This is further evidenced by the lower shape factor values, which reflect a delayed separation onset and 

improved boundary layer stability 
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Figure 14: TPL contours for flat and cambered MB at 46° and 52° inlet flow angles. 

Source: Authors, (2026). 

In parallel, the flat MB, although generating a thinner boundary layer, shows a slightly higher momentum thickness than the 

cambered case at the trailing edge region, and promotes an early interaction between its wake and the separated boundary layer of the 

main blade near the trailing edge. This behavior is in agreement with the TPL contours shown in Figure 14, where the flat configuration 

exhibits an enlarged wake region that merges with the separated boundary layer of the main blade suction side, whereas the cambered 

case shows a more confined wake due to its aerodynamic shape (Figure 15). Hence, the superior global performance of the cambered MB 

comes not from its immediate effect on the boundary layer, but from its capacity to maintain both boundary layer stability and less wake 

losses. To further refine the optimal MB design, and building on this result, the next section examines the combined effect of camber 

angle and maximum thickness of the MB. 

 
Figure 15: Velocity streamlines for Flat (left), and cambered (right) micro-blades. 

Source: Authors, (2026). 

III.3 MAXIMUM THICKNESS AND CAMBER ANGLE COMBINATION EFFECTS 

The influence of MB camber and maximum thickness on the cascade losses was evaluated for three element thicknesses: thin 
=2.5%𝑇𝑇𝑇, medium =5%𝑇𝑇𝑇, and thick =10%𝑇𝑇𝑇 at four representative off-design inlet flow angles (𝑇= 46°, 48°, 50°, 52°). As 

illustrated in Figure 16, thinner elements produce lower TPL while thicker elements give the largest losses. In parallel, increasing camber 

generally reduces TPL, with the effect becoming more pronounced at higher incidence (largest reductions at β =50°, 52°). At moderate 

incidence (46° to 48°), the TPL–camber curves show a shared minimum corresponding to 30° and 40° camber angles, except for the 

medium thickness MB reaches the lower minimum with 50° camber angle at β=48°, whereas at high incidence (50° to 52°) the curves 

decline more sharply and larger camber continues to be beneficial. Although the thin MB attains the best minima in most cases, it exhibits 

greater sensitivity to camber angle, especially at β=48°. While the medium thickness MB yields TPL values close to the thin case, the 

thick MB configuration is systematically inferior. 
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Figure 16: TPL versus camber Angle for Three Micro-Blade Thicknesses (thin, medium, and thick) at Different Inlet Flow Angles. 

Source: Authors, (2026). 

The results of the camber sweep highlighted two configurations of particular interest: the thin MB with 40° camber, which 

demonstrated the lowest TPL considering the whole tested β range, and the medium with 50° camber, which achieved comparable 

reductions in global losses while maintaining a more stable response over the tested incidences. Figure 17 shows the static pressure rise 

coefficient (Cp’) for the two cases; the medium configuration provided a modest but clear advantage; the additional MB loading provided 

by the higher camber angle within the medium MB case has contributed to the improvement of the overall Cp’. Considering this 

complementary improvement in static pressure rise and both aerodynamic efficiency and practical considerations (mechanical resistance), 

the medium configuration with 50° camber angle was selected for further optimizations. 

 
Figure 17: Static pressure rise coefficient versus inlet flow angle for thin and medium micro blades with 40° and 50° camber angle, 

respectively. 

Source: Authors, (2026). 
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III.4 STAGGER ANGLE EFFECTS 

Following the analysis of thickness and camber effects, attention is now directed to the stagger angle. This parameter plays a 

critical role in governing flow turning and pressure rise characteristics. Figure 18 illustrates, for different inlet flow angles (β = 46°, 48°, 

50°, 52°), how the Cp’ and TPL vary with the MB stagger angle. for most of the tested β, Cp′ attains a maximum in the mid-stagger range 

(40° to 45°); at the same time, TPL exhibits a broad minimum in a similar stagger angle range. Beyond this band, the performance 

parameters deteriorate markedly, especially at β = 52°. The mid-stagger positions appear to best align the MB with the local flow, 

enhancing useful pressure rise while wake and mixing losses are minimized. A very large stagger produces boundary layer separation on 

the MB pressure side, causing adverse wake and blockage effects that increase TPL and reduce Cp’. 

 
Figure 18: Variation of TPL (left) and Cp’ (right) with MB’s stagger angle for different β. 

Source: Authors, (2026). 

Using the selection criteria of maximizing static pressure rise Cp′, minimizing TPL, and preserving robustness across tested 

incidence angles, the mid-stagger band (40° to 45°) is the clear candidate. Between 40° and 45°, the plots show only small differences: 

40° tends to produce slightly lower TPL and gives marginally higher Cp’ across the majority of studied β. Therefore, as a conservative 

and robust choice, we select stagger = 40° as the preferred setting. 

III.5 CHORD LENGTH EFFECTS 

The influence of MB chord length on cascade losses is examined by comparing the TPL across different inlet flow angles. As 

shown in Figure 19, the chord is expressed as a percentage of the main blade chord. For all studied incidences, TPL decreases with 

increasing MB chord up to an intermediate size, where the TPL attains its minimum value observed in the range of 20% to 25% of the 

main blade chord, with the 20% case providing the lowest TPL across all incidence angles except for 𝑇 = 52°. 

 
Figure 19: TPL versus micro-blade chord length with different off-design β. 

Source: Authors, (2026). 
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To better understand these trends, it is necessary to consider the balance between the interaction area, boundary layer 
energization, and blockage related to the MB size effects. At low chord lengths (5%c to 10%c), the MB offers a limited interaction area, 

which proves insufficient boundary layer-MB interactions resulting in relatively high TPL values. Increasing the chord to intermediate 

values (15%c to 25%c) enhances the exchange of momentum between the freestream and near-wall flow, which contributes to the 

boundary layer energization without providing excessive blockage and wake losses. This compromise explains the observed minimum in 

TPL. Beyond this optimum range, larger chords (>25%) act as geometric obstacles, intensifying the local pressure gradients, the associated 

blockage and wake thickening outweigh the benefits of momentum exchange, leading to TPL rise. The evaluation of the velocity contour 

distributions with and without MB provides further insight into the mechanisms by which the MB enhances aerodynamic performance. 

As illustrated in Figure 21, it is evident that the suction side boundary layer for the baseline case experiences progressive thickening with 

increasing inflow angle (see Figure 20), ultimately leading to extended flow separation and the development of large low momentum 

regions. This effect is particularly pronounced for β = 50° and β = 52°, where massive separation occupies a significant portion of the 

suction surface, and the downstream wake region exhibits a large momentum deficit. 

 
Figure 20: Displacement thickness, momentum thickness, and shape factor for Baseline and optimal flow control configuration: top β = 

46°, bottom β = 52°. 

Source: Authors, (2026). 

 
Figure 21: Velocity contours for the baseline (left) and controlled (right) cases at different inlet flow angles. 

Source: Authors, (2026). 
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The controlled cases with the MB reveal a substantially modified flow field; the acceleration region near the main blade leading 
edge separates into two parts, allowing the high momentum fluid to develop and entrain into the boundary layer, building an air jet barrier 

preventing the boundary layer growth and separation [12]. The beneficial effect of this mechanism is manifested in the delayed separation 

onset. At high inlet flow angles (50° and 52°), where the baseline configurations exhibit massive separation, the MB cases maintain 

attached flow over a much longer chord extent, with thinner wakes and reduced low velocity regions downstream. 

 
Figure 22: TPL for the baseline and optimal MB under design and off-design inlet flow angles. 

Source: Authors, (2026). 

Figure 22 compares the TPL variation with inlet flow angles from 30° to 52° for both baseline and optimal MB configurations. 

At low inlet angles (below 44°), both configurations exhibit relatively small loss coefficients, indicating attached and stable flow 

conditions. However, the MB case shows slightly higher TPL values in this range. This penalty is attributed to additional losses generated 

near the micro-blade pressure side, where its boundary layer is largely separated due to the relatively high stagger angle. As the incidence 

increases beyond 44°, the performance difference between the two configurations becomes beneficial. While the baseline configuration 

experiences a sharp rise in TPL, indicating stall onset, the MB configuration maintains much lower losses. This behavior demonstrates 

the device’s strong capability to delay separation and stabilize the flow under near-stall conditions. Notably, the largest improvement is 

observed at the stall condition when β=52°, the optimized micro-blade achieves a 55.56% reduction in TPL compared to the baseline. 

This confirms that the optimized geometry and placement effectively mitigate boundary layer separation at critical operating points. 

Overall, the trend highlights the incidence sensitivity of the device; while it may introduce penalties at nominal conditions, it provides 

aerodynamic benefits under off-design regimes, thereby extending the compressor’s stable operating range. 

III.6 OPTIMAL MB EFFECTS ON 3D FLOW STRUCTURES 

Figure 23 compares the pitchwise mass-averaged TPL distribution across the half-span at a plane located 1.5 chords downstream 

of the main blade leading edge at different inlet flow angles. At the nominal design angle (𝑇 = 32°), the configuration produces a slight 

increase in losses. This behavior is consistent with the optimization basis; the MB geometry was designed to counteract flow degradation 

occurring under off-design conditions, where the effects of separation and secondary flows are more significant. 

 
Figure 23: Pitchwise mass-averaged TPL across half-span of the MB and baseline cases for different 𝛽. 

Source: Authors, (2026). 
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The observed behavior confirms that the device’s effectiveness is very sensitive to the inlet flow angle. Figure 24 shows the TPL 
contours at the measurement plan. The MB configuration at nominal inlet flow angle produces a broader wake region and slightly higher 

overall losses compared with the baseline (BSL) case. The relatively high stagger and camber angles promote a pressure side boundary 

layer separation that forms on the MB itself, generating a large wake extent. Nevertheless, the losses near the endwall suction side corner 

remain marginally greater than those obtained of the baseline configuration, indicating that the control device does not significantly affect 

the corner separation at this operating point. At β = 46°, the TPL contours show that, once the MB is introduced, the region of highest 

loss becomes concentrated much closer to the endwall, while losses decrease above roughly 20% span (see Figure 23), the net benefit 

peaks toward mid-span, and the wake related to the MB is significantly reduced. The corresponding limiting streamlines and axial velocity 

iso-surfaces at the same incidence are shown in Figure 25; the suction-side topology directly supports the early observation; the MB case 

displays a more compact corner separation compared with the baseline, indicating that the MB reduces the corner separation spanwise 

extent. At β = 52°, the baseline case shows a very large separation (Figure 25); the MB case still exhibits a large separation region, but it 

appears more compact, and the surrounding streamlines show a different topology than the baseline. The relative improvement produced 

by the MB is largest at high incidences; the MB reduces the separated area most visibly under those conditions. At the highest incidence 

(52°), the MB still alters the topology but does not eliminate the dominant separation seen in the baseline. 

 
Figure 24: TPL contours at the measurement plane of MB and baseline cases under both nominal (up) and off-design (down) inlet flow 

angles. 

Source: Authors, (2026). 

 
Figure 25: Limiting streamlines, TPL contours, and axial velocity iso-surfaces at -0.001 m/s of MB and baseline cases under different 

𝛽. 

Source: Authors, (2026). 
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IV. CONCLUSIONS 

This work combined an extensive two-dimensional parametric study with targeted three-dimensional calculations to evaluate 

micro-blade passive control in a NACA 65(18)10 linear compressor cascade. The influence of the MB’s spatial positioning on the cascade 

performance is strongly affected by its axial position, whereas the circumferential location has a comparatively minor influence. The 2D 

optimization study on camber angle highlights a critical balance between boundary layer energization and wake losses. Local diagnostics 
show that the flat MB modifies the static pressure distribution near the main blade LE, causing a local acceleration, a fuller near-wall 

profile, and reduced momentum thickness compared with both the baseline and cambered MB. Crucially, Cases that appear favorable by 

locally thinning the boundary layer may still produce stronger wakes, ultimately raising the TPL. Small elements fail to provide sufficient 

momentum exchange, while large elements act as obstacles, causing strong wake losses. A micro-blade staggered at 40°, a chord length 

of 20%c with a medium maximum thickness (5%𝑇𝑇𝑇) and 50° camber, has delivered the best balance between energizing the suction 

side boundary layer and avoiding excessive blockage 

The controlled cases with the MB reveal a substantially modified flow field. The acceleration region near the main blade leading 

edge separates into two parts, allowing the development and entrainment of high momentum fluid into the main blade suction side 

boundary layer. The 3D cascade simulations reinforced the conclusions of the 2D analysis, revealing a penalty in losses at the nominal 

design incidence, and the beneficial effects of the device become pronounced at off-design incidences, indicating a strong sensitivity of 

the MB’s performance to the inlet flow angle. Under off-design conditions, the MB weakens the corner separation and reduces its spanwise 

extent. The residual high losses are shifted to the endwall region. Future investigations should focus on a more detailed three-dimensional 

analysis to better capture the complex secondary flow interactions and endwall effects. In particular, determining the optimal spanwise 

distribution of the MB will be essential to fully exploit their potential for corner flow control and overall loss reduction. 
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