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Introduction
The low-pressure region at the base of bluff bodies, projectiles, 

and propulsion nozzles is a primary source of aerodynamic drag, often 
contributing more than 50% of the total drag in the supersonic and 
transonic regimes.1

This “base drag” results from flow separation and the formation of 
a turbulent recirculation zone, creating a pressure deficit. Controlling 
this pressure is paramount for enhancing vehicle performance, fuel 
efficiency, and stability.

Control strategies are dichotomized into active and passive 
methods. Active control (e.g., synthetic jets, plasma actuators, 
blowing/suction) offers dynamic adaptability but at the cost of 
complexity, weight, and energy requirements.2 In contrast, passive 
control achieves base pressure modification through fixed geometric 
modifications—such as cavities, ribs, or spoilers—exploiting the 
inherent energy of the flow itself. Its virtues of mechanical simplicity, 
robustness, zero operational energy cost, and ease of fabrication 
make it the preferred choice for many applications in missiles, launch 
vehicles, road vehicles, and internal flows.3

While prior reviews (e.g., Khan et al.4) have cataloged various 
techniques, this paper aims to provide a mechanism-centric review. 
We move beyond listing devices to ask: How do different passive 
devices fundamentally alter the base-flow physics? What are the 
performance ceilings and trade-offs? How can they be integrated 
into practical designs? We synthesize recent findings (2020-2024) 
to present an updated perspective, structuring the discussion around 
the targeted flow structure. The scope encompasses subsonic to 
supersonic flows, covering both external aerodynamics and internal 
suddenly expanded flows.

Fundamental flow physics of the base region
Understanding passive control requires a firm grasp of the 

uncontrolled base flow topology. For an axisymmetric blunt-based 
body, the key features are (Figure 1):

Figure 1 Schematic of the canonical base flow topology behind a blunt body, 
highlighting the shear layer, recirculation zone, and vortex shedding.

Shear Layer: Originates at the separation edge, separating the 
freestream from the reverse flow region. Its growth rate, instability, 
and reattachment point are critical.	

Recirculation Zone: The toroidal vortex structure anchored at the 
base, characterized by low pressure and reverse flow.	

Vortex Shedding: Large-scale, periodic shedding from the shear 
layer, imparting unsteady loads and influencing the time-averaged 
base pressure.	

Reattachment & Wake: The point where the shear layer reattaches 
to the body or a downstream surface, defining the wake’s structure.

The primary goal of passive control is to increase the time-averaged 
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Abstract

Passive control of base pressure remains a critical technology for drag reduction in aerospace 
and automotive applications, offering simplicity and reliability without external energy 
input. While numerous techniques—including cavities, ribs, spikes, and boat-tailing—
have been extensively studied, a synthesis that focuses on the unifying flow physics and 
the practical challenges of design integration is warranted. This review analyzes passive 
control methods through the lens of their interactions with key flow features: shear-layer 
dynamics, recirculation-zone structure, and vortex-shedding mechanisms. We categorize 
techniques based on their primary control mechanism: (1) Shear Layer Manipulation, (2) 
Recirculation Zone Modification, and (3) Wake Stabilization. Recent advances from 2020 
to 2024 are incorporated to update the field’s state-of-the-art. The paper critically evaluates 
the efficacy of each method across different flow regimes (subsonic to supersonic) and 
applications (internal vs. external flows), highlighting performance trade-offs, optimal 
parameter ranges, and synergistic effects. We conclude by identifying persistent gaps in 
knowledge and proposing future research directions focused on hybrid passive systems, 
additive manufacturing for complex geometries, and application in next-generation high-
speed vehicles.
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base pressure (Pb), thereby reducing the pressure drag component: 
C_(D, base) ∝(P_∞-P_b). This is achieved by manipulating one or 
more of the above features.

Taxonomy of passive control mechanisms
We propose a taxonomy that categorizes passive devices by the 

primary flow structure they target. This mechanistic view clarifies the 
underlying physics and guides device selection.

Shear layer manipulation

These devices interact directly with the separating shear layer 
to alter its trajectory, stability, or reattachment dynamics, thereby 
changing the pressure field it induces on the base.

Forward-facing spikes and aero-disks

A spike extends upstream of the blunt nose, creating a system of 
conical and recirculation shocks that dramatically alter the pressure 
field. The flow separates ahead of the blunt face, forming a smaller, 
more stable recirculation zone that shields the primary base. Recent 
high-fidelity simulations by Gopal & Vengadesan5 on a double-
disk spiked body at Mach 3 demonstrated a 45% reduction in drag. 
The mechanism involves replacing a strong, detached bow shock 
with weaker oblique shocks and a region of low-pressure separated 
flow ahead of the main body. However, significant trade-offs exist: 
severe aerothermal heating on the spike tip, potential for unsteady 
“pulsating” flow regimes at certain L/D ratios, and added structural 
mass and complexity.

Splitter plates

Positioned along the wake centreline, a splitter plate physically 
inhibits the bidirectional communication and interaction of vortices 
shed from opposite sides of the body. This weakens vortex-shedding 
coherence, stabilizes the near-wake, and typically elongates the mean 
recirculation bubble. Research by Pavia et al.6 on a square-background 
vehicle demonstrated that a properly tuned splitter plate could reduce 
base drag by 15-25%. Efficacy is highly sensitive to the plate’s length 
relative to the base height and its distance from the base (ground 
clearance for vehicles). An optimal length often corresponds to the 
natural formation length of the wake.

Ribs, strakes, and micro-vortex generators

These are small, strategically placed protrusions near the separation 
edge. They generate streamwise vortices that entrain high-momentum 
fluid into the low-momentum shear layer, effectively “energizing” 
it. This can delay shear layer growth, alter the reattachment point, 
and reduce the intensity of the primary recirculation vortex. In the 
context of internally suddenly expanded flows from a nozzle, Asadi 
et al.7 experimentally showed that arrays of micro-ribs (height ~5% 
of duct diameter) placed downstream of the expansion enhanced near-
wall momentum transport. This reduced the strength and size of the 
recirculation zone, leading to an increase in base pressure of up to 
18% for moderate area ratios (Figure 2).

Figure 2 Schematics of shear layer manipulators near separation edge.

Recirculation zone modification

This category includes devices that directly alter the size, structure, 
or pressure within the recirculation region behind the base.

Base cavities and grooves

A recess or hollow in the base face increases the volume available 
for the recirculating flow. A deeper cavity can weaken the primary 
toroidal vortex by reducing its curvature and the associated centrifugal 
force that sustains low pressure. Importantly, cavities can also trap 
fluid, creating a more stable, but sometimes oscillatory, recirculation 
region. De La Cruz et al.8 investigated a perimetric slit—a shallow 
cavity connected to the freestream by a thin gap around the base 
periphery. This design increased base pressure by ~20% through 
passive bleed, equalizing circumferential pressure asymmetries and 
weakening the vortex. A critical downside is the potential for flow-
acoustic resonance within deep cavities, leading to high-amplitude 
pressure oscillations (tonal noise) that can be structurally damaging.9

Boat-tailing

Boat-tailing involves a gradual aft-body contraction that reduces 
the base diameter and guides the external flow inwards. This 
aerodynamic streamlining of the afterbody reduces the wake cross-
sectional area and the strength of the expansion at the shoulder. The 
result is a weaker recirculation zone and higher base pressure. Modern 
computational optimization studies are refining this classic technique. 
For instance, Chen et al.10 used an adjoint-based method to optimize 
the boat-tail contour of a supersonic cruise vehicle, finding an optimal 
half-angle of 7-10 degrees that yielded drag reductions of 30-40% 
compared to a simple blunt base. The principal design challenge is to 
avoid adverse pressure gradients severe enough to cause premature 
boundary-layer separation on the boat-tail itself, which would 
drastically increase drag.

Static cylinders and posts

Placing a small cylindrical obstruction within the recirculation 
zone can disrupt the coherent vortex structure. The cylinder sheds its 
own vortices, which interact with and break up the larger base vortex. 
This interaction can reduce the suction peak of the primary vortex. 
Experimental studies, such as those by Asadullah et al. (cited in the 
original review), have shown base pressure increases up to 59% at 
specific Nozzle Pressure Ratios (NPRs) in supersonic flow. The 
effectiveness is highly dependent on the cylinder’s diameter, location, 
and the state of the incoming flow (over- vs. under-expanded) (Figure 
3).

Figure 3 Schematics of recirculation zone modifiers in recirculation zone.

Wake stabilization and vortex control

These methods impose large-scale, organized structures on the 
wake to make it more steady, symmetrical, and less dissipative.

Passive venting and bleed systems

This technique involves creating a deliberate flow path from a 
region of high pressure (often on the forebody or sides) to the low-
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pressure region at the base. The resulting steady mass injection 
into the wake increases the base pressure and can damp large-scale 
unsteady motions in the shear layer. Falchi et al.11 provided a classic 
demonstration on a bluff body, where a duct connecting the front 
stagnation region to the base achieved a net 7-8% drag reduction. The 
benefit is a more stable flow field, but the net gain must overcome the 
pressure losses in the duct and any added skin friction.

Geometric boat-tailing with lobes and chines

Moving beyond simple axisymmetric contraction, this approach 
adds non-axisymmetric features, such as lobes or longitudinal chines, 
to the base periphery. These features generate streamwise vortices that 
enhance mixing between the slow wake fluid and the fast external 
stream. This accelerated mixing promotes faster wake filling and a 
shorter, more pressure-recovered wake. Research on generic space 
launcher configurations by Statnikov et al.12 showed that adding 
semicircular lobes at the base shoulder could reduce the time-
averaged reattachment length by approximately 75%, significantly 
stabilizing the base flow and altering its spectral content. The trade-off 
can result in high-frequency pressure fluctuations due to smaller-scale 
turbulence generated by the lobes.

Tabs and deflectors

Small tabs mounted at the trailing edge (like those on aircraft 
wingtips or some truck trailers) introduce counter-rotating vortex pairs 

that diffuse the shear layer and weaken the core of trailing vortices. 
For two-dimensional bluff bodies, Park et al. demonstrated that 
optimally configured tabs could increase the base pressure by more 
than 30%.13 In automotive applications, simple vertical deflectors 
(e.g., on the sides of a pickup truck bed) help manage the cross-flow 
and vortex shedding, reducing drag by mitigating the wake’s lateral 
spread (Figure 4).14

Figure 4 Schematics of wake stabilizers.

Comparative efficacy and design guidelines 
across flow regimes

The performance of any passive device is not absolute but 
is strongly conditioned by the flow regime (subsonic, transonic, 
supersonic) and the application context (external vehicle body vs. 
internal nozzle/duct flow) (Table 1).

Table 1 Comparative analysis of passive base pressure control techniques

Technique Primary 
mechanism

Typical drag 
reduction range

Optimal flow 
regime Key advantages Key disadvantages/

trade-offs

Forward 
Spikes

Shear Layer Alteration 
/ Shock Manipulation 40-60% Supersonic/

Hypersonic
Extremely effective at 
high Mach.

High heating, structural loads, 
unsteady regimes, added length.

Boat-Tailing
Recirc. Zone 
Reshaping / Wake 
Area Reduction

30-50%
Transonic/
Supersonic

Fundamentally 
streamlined, high 
payoff.

Added length, risk of separation at 
high contraction angles.

Base Cavities
Recirc. Zone 
Enlargement / Passive 
Bleed

15-25%
Subsonic/
Transonic

Simple to implement, 
can reduce asymmetry.

Can induce resonance, may increase 
unsteadiness in certain designs.

Splitter Plates Wake Stabilization / 
Vortex Suppression

15-30%
Subsonic 
(External), Wide 
(Internal)

Very effective for 
2D/3D bluff bodies.

Sensitive to length & position; added 
weight and complexity.

Micro-Ribs/
Strakes Shear Layer Energizing 10-20%

Internal Flows, 
Subsonic

Low profile, can 
be integrated into 
surfaces.

May increase skin friction; optimal 
pattern is complex.

Passive Venting Mass Injection / Wake 
Pressurization 5-15%

Wide Range 
(Subsonic-
Supersonic)

Can stabilize flow; no 
external moving parts.

Modest benefits; requires internal 
ducting; risk of foreign object 
damage.

Tabs/
Deflectors

Vortex Control / 
Shear Layer Diffusion 10-30% Subsonic 

(External)
Very simple, low cost, 
modular.

Can be visually obtrusive; optimal 
design is application-specific.

Internal vs. external flow considerations

Internal Flows (e.g., suddenly expanded nozzles): The presence 
of a confining duct wall fundamentally changes the control problem. 
The reattachment point is fixed on the wall, and the “base” is the 
central recirculation zone. Devices like ribs and cavities are highly 
effective here, as they interact with a constrained shear layer. The 
key parameters are the Length-to-Diameter ratio (L/D), the Nozzle 
Pressure Ratio (NPR), and the area ratio.

External Flows (e.g., vehicle aft-bodies): The wake is unbounded. 
Control devices must manage a free shear layer and a wake that 
interacts with the ground (for vehicles) or other bodies. Boat-tailing, 
splitter plates, and base cavities are more common. The Reynolds 
number, ground clearance, and yaw angle become critical parameters.

The principle of diminishing returns and synergy

A universal finding is the “Goldilocks Zone” for device 
parameters: an optimal spike length, cavity depth, boat-tail angle, 
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or splitter plate distance. Performance peaks and then degrades. 
Furthermore, recent research points to the promise of hybrid systems. 
For example, combining a moderate boat-tail with a shallow, vented 
cavity or adding micro-vortex generators to a boat-tail surface to 
prevent separation.15 These synergistic approaches aim to combine 
the strengths of different mechanisms to achieve higher total drag 
reduction and greater operational robustness.

Future research directions and conclusion
Emerging and future research directions

Hybrid Passive-Active and Multi-Mechanism Systems: Integrating 
simple passive geometries with minimal active elements (e.g., shape-
memory alloys to slightly adjust flap angle, or micro-jets at cavities) 
to create adaptive, low-power systems.

Additive Manufacturing (AM) Enabled Designs: Leveraging 
AM to fabricate optimized, complex internal lattice structures for 
lightweight, integrated ventilation systems or hierarchical surface 
textures that manipulate the boundary layer upstream of separation.

Application to New Domains: Extending principles to hypersonic 
vehicle afterbodies (with real-gas effects), underwater vehicles 
(with cavitation considerations), and large-scale renewable energy 
structures (e.g., drag reduction on wind turbine towers and pods).

Data-Driven and AI-Enhanced Design: Utilizing machine learning, 
genetic algorithms, and adjoint methods coupled with high-fidelity 
CFD or experimental data to perform global optimization of complex, 
multi-parameter passive control geometries, moving beyond trial-
and-error.16

Co-Design for Multiple Objectives: Explicitly designing devices 
that simultaneously reduce mean drag, minimize unsteady pressure 
loads (for structural fatigue and vibration), and control aero-optical 
distortion or thermal signatures.

Conclusion

Passive control of base pressure is a mature field with a rich 
history, yet it continues to evolve with new insights and technologies. 
This review has reframed the discussion of fundamental control 
mechanisms—Shear Layer Manipulation, Recirculation Zone 
Modification, and Wake Stabilization—providing a clearer lens for 
evaluating and selecting techniques. While significant drag reduction 
(from 10% to over 60%) is demonstrably achievable, the optimal 
solution is intensely context-dependent, requiring careful balancing 
of the flow regime, mission constraints, and integration challenges.

The future of passive control lies not merely in discovering new 
device shapes, but in the intelligent integration and optimization 
of known concepts. This will be powered by new tools like 
additive manufacturing for unprecedented geometries and artificial 
intelligence for navigating vast design spaces. Furthermore, a shift 
towards designing for multiple objectives—mean drag, unsteadiness, 
and heat transfer—will be crucial for next-generation aerospace 
and automotive systems. The passive approach, with its inherent 
virtues of simplicity, reliability, and zero operational power, will 
undoubtedly remain a cornerstone technology in the perpetual pursuit 
of aerodynamic efficiency.
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