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Abstract — Flow control technique is an important research field of aerodynamics. Flow control implies a small change of a configuration 

serving an ideally large engineering benefit .The aim of this paper is to study various flow control techniques. In this paper we will go through 

the developments in the flow control technology over last few decades and then study some modern flow control techniques which will give us a 

whole new viewpoint on the science of flow control. A new classification of the techniques is introduced and major contributions under them are 

shown in this paper. A comparative study on active and passive flow control technologies is done and theoretical drag reduction possible using 

these techniques. It can be concluded that active flow control technology has obvious advantages over passive control but passive control is easy 

to implement and practically used. 
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I.  INTRODUCTION  

 Flow control is an important research field of 

aerodynamics. To optimize the flow field distribution, 

increase lift, reduce drag and effectively improve the lift to 

drag ratio are the major topics of research in the 

aerodynamics field. Since there is continuous performance 

improvement in this field of flow control, it has becomes 

more and more important and shows the irreplaceable role. 

The aim of this paper is to study various flow control 

techniques. A review of various models developed in last few 

decades is presented in order to understand the best suitable 

method for flow control. In the literature several approaches 

of fluid flow control have been proposed with the main focus 

on drag reduction and lift enhancement applications. 

Simulating these methods using CFD is difficult because of 

multi physical medium interactions and thus emphasis is 

given on which turbulent model is appropriate to simulate 

various methods. 

 This paper is organized in two sections based on 

different methods of flow control namely active and passive 

flow control. Passive flow control starts earlier and has 

already established wide engineering application. Active 

flow control has late start but because of increasing 

development over the past two decades in the field of science 

and numerical simulation has led to tools like CFD 

simulation with which active flow control has become more 

feasible and systematic. Many attempts have been made to 

summarize the work done in the field of drag reduction, but 

very little (if not none) is done in this paper to review active 

and passive flow control techniques. 

II. HISTORY  

 Active and passive are the two types of flow 

control techniques which are used for achieving a desirable 

change in the flow pattern and the boundary layer. Major 

contribution for development of these techniques goes back 

to the 19th century mainly deemed as the ―five distant eras‖ 

namely, the empirical epoch (prior to 1900), the scientific 

epoch (1900-1940), the World War II epoch (1940-1970), 

the energy crisis epoch (1970-1990) and the post 1990s 

epoch. Apart from this if we go back to the ancient era, there 

are traces of such technologies been developed and used by 

our primitives. After the dawn of civilization, as agriculture 

became an essence of living, it led to innovation and 

implementation of such intriguing flow control methods. 

Prandtl should be credited for his discovery and theory of 

boundary layer which proved as an impetus for the flow 

control methods. A flow separation phenomenon was 

articulately explained by Parndtl through a number of 

experiments. This proved as a stipulating factor for the birth 

of new control technologies. Reynold apart from Prandtl has 

a notable contribution towards active flow control. He 

discovered phenomenon of transition of flow in pipes, 

differentiated between laminar and turbulent flow. Reynolds 

separated instantaneous velocity vector into random 

components. But Reynolds failed to explain the accurate 

nature of turbulent flow and noted it as a non-deterministic 

flow. Reynolds equation had its drawbacks as it was limited 

only for homogenous and isotropic flow only. Corrisn and 

Kistler came up with the concept of ―super layer‖. It is a thin 

and highly contorted boundary separating turbulent flow 

from the irrotational zones. Vorticity is imparted to the 

rotational fluid along the boundary through the action of 

viscosity. Super layer concept aided in measurement of time 
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duration ‗T‘ of the large eddies at outer edge. This was the 

very first time which indicated that turbulence is not as 

random as it was previously believed to be. 

III. FLOW CONTROL 

 Flow control is one the promising fields of fluid dynamics 

which in recent years has caught attention of lot of engineers 

resulting in rapid development in it. The ability of controlling 

the flow field according to the inputs provided has a lot of 

weight in the practical applications. As a technological 

curiosity, flow control is perhaps more avidly pursued by 

scientists and engineers than any other area in fluid 

mechanics. Because of its wide range of potential benefits for 

various sectors including civilian, military this field has 

never failed to attract audacious researchers towards itself. 

A. Need for flow control 

Flow control implies a small change of a configuration 

serving an ideally large engineering benefit. Main aim of 

flow control is to achieve different engineering goals. For 

better understanding of the goals consider a formation of 

fluid layer like the one on wing of an aircraft or on the 

external surface of submarine. The formation of this layer if 

controlled, it is then possible to alter various parameters like 

transition delay, lift enhancement, heat transfer enhancement, 

noise separation, separation postponement, turbulence 

augmentation, drag reduction, skin friction reduction. An 

intriguing factor of the mentioned parameters is that they are 

not mutually exclusive, and have crisp dependency on each 

other. At times, in our efforts on achieving one of the goals, 

the other may undergo through an undesirable change. 

Enhancing one parameter, at times may have adverse effect 

on other parameter. Such adverse effects may be inevitable. 

B. Drag  

According to the Newton‘s 3rd law of motion, when a 

solid body moves through a fluid, the fluid exerts an equal 

and opposite reaction force on the body and the component 

of the velocity which tries to resist the motion is called drag. 

Drag forces also adverted as the air resistance force acting 

opposite to the relative motion of any object moving with 

respect to a surrounding fluid. Drag force is a velocity 

dependent factor. To be precise, for a laminar flow, drag 

force is proportional to velocity and that for a turbulent is 

proportional to the square of velocity. Viscous friction is the 

ultimate cause of drag, but if turbulent drag is considered, it 

is independent of viscosity. Two main types of drag are 

parasitic drag and induced or drag due to lift. Parasitic drag 

occurs when an object is moved through a fluid medium. 

Parasitic drag is further classified into form, skin-friction and 

interference drag. Induced drag is the aerodynamic drag 

force resulting when a moving object redirects the airflow 

coming at it. Wings of an airplane or cars in which airfoil 

wings redirects air to cause downforce, are examples of 

induced drag. It basically increases with an increase in the 

angle of attack. 

C. Drag reduction 

Drag reduction is of great importance in the 

transportation field. A major part of the fuel in commercial 

vehicles is spent on overcoming aerodynamic drag-one of 

the main contributors to overall drag. With the recent 

recession, increase in global warming and rapid depletion of 

fossil fuels, researchers are now looking into means to 

minimize the fuel consumption and reduce emissions; such 

as to move towards greener technologies. Heavy vehicles 

due to their large frontal area and bluff shapes are 

aerodynamically inefficient and take up to 65% of fuel to 

overcome drag. However redesigning these vehicles 

altogether is an impractical solution especially in developing 

countries which are already burdened with their poor 

economy.  

Drag reduction techniques are mainly divided into two 

categories: passive, which involves no energy expenditure 

and active, which requires energy and involves a control 

system. Different techniques offered so far include: blowing, 

suction, base cavities, ventilated cavities, vortex generators, 

after body modification, splitter plates, boat tailing, injecting 

additives/droplets or fibers, large eddy breakup devices. 

These techniques basically try to modify the flow around the 

body, prevent separation, reduce wake, mass transfer into 

the boundary layer. 

IV. ACTIVE FLOW CONTROL 

Active flow control aims at alternating/changing a 

natural flow or developing the flow into a more desired path. 

Active flow control basically involves addition of auxiliary 

power into the flow. The theory of active flow control 

(AFC) is of limited scope because of its intrinsic nonlinear 

nature. Even though, significant insight can be obtained 

through linear stability analysis with the help first order 

approximation. Recent years have led to a significant 

progress in control theory for optimal design of closed-loop 

controllers which can be applied to AFC system. A notable 

development in computer capabilities and configurations 

have somewhat resolved the modeling issues of turbulence. 

But even today these results are questionable with the 

veracity of its results. 

AFC can mainly be classified into two categories, Pre-

determined methods and interactive methods. Pre-

determined methods involves introduction of steady or 

unsteady energy inputs without considering the state of flow 

field. Examples of pre-determined methods are jet vectoring 

using different types of actuators, form drag reduction using 

oscillatory blowing. In Interactive methods, the input to say 

an actuator is continuously adjusted based on sensors. 

Interactive method can be a feed forward (open) or feedback 
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(closed). In case of feed forward, sensor is placed upstream 

of the actuator. Another classification of flow control is 

whether the technique is applied at the wall or away from 

the wall. Large-eddy breakup device uses the concept of 

application of technique away from the wall. Before 

inflicting any AFC method, it is mandatory to understand 

the influence of various parameters which would affect the 

flow field. Shape, temperature, porosity, roughness are few 

of the mainstream parameters which influences the flow. 

Heating and cooling of the surface will result into varying 

viscosity and density gradient. Porous walls may lead to 

mass transfer. Suction and injection of fluid may influence 

the flow field resulting into alteration of the velocity profile 

near the wall and the boundary will be vulnerable to 

separation. Main advantage of active flow control which 

cannot be achieved by passive type is that with a small input 

applied, it is possible to control the natural stability of the 

flow for better results. Also active flow techniques can be 

applied to a complex process like in case of turbulence 

production in the flow to reduce the skin friction drag. 

Tweaking and manipulation of the Navier-strokes equations 

associated with continuum fluid dynamics led to the concept 

of active flow control. Various developments in the relevant 

field pointed towards the fact that the complete deterministic 

description of the turbulent flow is not attainable. Hence it 

was described in terms of statistics which decomposed the 

velocity and pressure into fluctuating and mean components. 

This created a new set of equations which were not likely to 

be resolved as it created more number of unknowns than the 

available equations. This lead to the development of 

Reynolds averaged Navier-Strokes (RANS) equation. 

A. Components of AFC system 

 Any AFC system comprises of three major 

components: Actuators, Controllers and Sensors. Different 

types of actuators which can be used are fluidic, thermal, 

acoustic, synthetic jet and Micro Electro Mechanical 

Systems (MEMS). Control devices include neural network, 

adaptive, optimal control theory. Conventional, optical and 

MEMS are the types of sensors which can be used. 

B. Actuator technology 

 For the improving various AFC methods, it is 

necessary for optimizing and developing new actuator 

technologies. Basic objectives are low energy consumption, 

low cost, high response time, and high reliability. 

C. Synthetic jet actuator 

 Synthetic jet is a type of jet flow which comprises 

of the surrounding fluid. Formation of such jet is when the 

flow moves back and forth through a small opening. In 

simpler terms a Jet flow is a fluid flow in which one fluid 

mixes with a surrounding medium. Any jet flow device 

comprises of a diaphragm or a membrane which moves up 

and down hundreds of times per second sucking the 

surrounding fluid into say a chamber and the expelling it. 

 For control of AFC, use of synthetic jet actuator is 

of the options. It was first developed by GIT (Georgia 

Institute of Technology). This actuator uses an oscillatory 

surface within a cavity to generate a Jet. During the intake 

stroke, fluid is drawn into the cavity from surrounding area. 

Fluid when driven out of the cavity, a shear layer is formed 

between expelled fluid and the surrounding fluid. This 

results into formation of ―Vortex rings‖. Formation of these 

vortex rings assists us to control the fluid flow in terms of 

separation, mixing enhancement. 

D. Lorentz force actuator 

 Lorentz force can be understood as a combination 

of electric force and magnetic force at a point. If we 

consider a particle of charge ―Q‖, moving with a velocity 

―V‖, in presence of electric and magnetic field ―E‖ and ―B‖ 

respectively, then the force experienced is given by 

F=Q [E+ (V×B)] 

Lorentz force actuator induces a current field density (J) and 

a magnetic field (B) in the vicinity of the wall to provide a 

3D body force. This force denoted by ―L‖ is given by 

L=J×B 

 

 
Figure 1. Lorentz force 

 

Creation of 3D Lorentz force above the actuator takes place. 

Curl of the Lorentz force represents a source of vorticity. 

Use of a specific electromagnetic force, up to 90% drag can 

reduced. 

V. PASSIVE FLOW CONTROL 

 Flow control is a rapidly evolving field of fluid 

dynamics. It implies a small change of a configuration 

serving an ideally large engineering benefit, like drag 

reduction, lift increase, mixing enhancement or noise 

reduction. This change may be accomplished by passive or 

active devices. Passive devices, like turbulators or roughness 

elements, are steady and require no energy by definition. 
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Figure 2. Classification of passive flow control techniques 

The main techniques for passive flow control have been 

divided in the three categories: Retrofits, Control Surfaces 

and Modifications. The basic principle used for passive flow 

control is mixing high momentum fluid to areas of low 

momentum fluid. Hence boundary layers which are on the 

verge of separation are delayed. 

A. Retrofits 

Retrofits are drag reducing aerodynamic devices which 

are of paramount importance because using aerodynamic 

device optimal drag reduction is only possible when vehicle 

travels at high speed and its weight does not contribute for 

drag. However heavy vehicles like trucks utilize of the fuel 

during accelerating and decelerating through urban area and 

in such applications retrofits are suitable. Commonly used 

retrofits are given below: 

 

1. Flaps/Deflectors 

 Lift enhancing tabs (Gurney flaps) are small plates 

located generally at trailing edge of lift generating devices. 

They are placed perpendicular to the direction of fluid flow. 

Introducing Gurney flaps results in the formation of two 

counter rotating vortices which helps in flow separation 

delay.  

 Using these flaps lift enhancement of 11% can be 

obtained. Studies have found that perforated flaps are better 

than solid ones to reduce drag, wake width and unsteadiness. 

Experimental study was done on a 3-D bluff body called 

Ahmed body, a commonly used 3D bluff body for 

benchmarking purposes, using flaps at all the edges on the 

two rear surfaces and found that the most efficient 

configuration was the two flaps on side edges of rear slant. 

Depending on various configurations, the drag could be 

reduced by 25%. With increasing flap length Cd reduces.  

 
Figure 3. Gurney flap 

 

With the increase in downward angle, there was an increase 

in drag reduction, this happens because the cabin back 

pressure increases with the increase in downward angle, 

which reduces the drag co-efficient. However the 

performance doesn‘t stay constant with increasing flap 

length and downward angle. 

 

2. Splitter Plates (Vortex Generators) 

 

 These are also known as vortex generators. This is 

the most commonly used passive control device. VG are 

small vertical plates positioned at an angle with respect to 

local free stream flow. 

 
Figure 4. Effect of Vortex Generator 

 

Types of Different VGs are: 

1. Counter rotating Vg 

2. Co rotating Vg 

3. Conventional boundary layer vg 

4. Sub boundary layer / micro vg 

 

Studies have found that counter rotating micro vg 

have led to 10% lift enhancement and up to 50% drag 

reduction providing delay in boundary layer separation 

.Micro VG‘s are similar to creation of perturbation in active 

flow control. Wind tunnel testing was carried on Ahmed 

body using splitter plates at the front/rear at different skew 

angles. Drag reduction of 12% was achieved with splitter 
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plates placed downstream and 27%-47% with plates 

positioned upstream. Drag reduction was achieved by 

eliminating longitudinal vortices, reducing wake cross 

section and minimizing pressure loss. The height and 

spacing between the plates were optimized and found to be 

most efficient when the plates were nearest and shortest. 

 
Figure 5.  Counter and Co-rotating Vortex Generator 

 

 The height of the plates was found to be the most prominent 

parameter. Plates with height more than the boundary layer 

thickness caused drag to increase rather decrease. However, 

many aspects such as loading on blades, vibration and 

downstream effect need to be studied before implementing 

this technique. 

 

3. Boat Tails 

 Effectiveness of boat tailing on a tractor/trailer was 

studied by researchers at NASA Research Centre wind 

tunnel. It was concluded that the modified flow due to the 

boat tails increased the pressure over the base area, hence 

reducing the aerodynamic drag. The computational fluid 

dynamics (CFD) simulations were done using both steady 

and unsteady Reynolds-Averaged Navier-Stokes (RANS) 

approach. It was found that the drag coefficient reduced by 

6% for steady and 18% for unsteady CFD simulations; as 

compared to 20% experimentally measured value. Unsteady 

RANS is more valid and useful in studying wake flows. 

B. Control Surfaces 

 A new passive flow control method was developed 

using a porous layer. Due to addition of porous layer 

pressure gradient in the immediate wake region is much 

lower than with other passive flow control techniques. This 

is mainly due to the fact that porous medium has low speed 

for laminar flow which is expelled at the back near the wake 

region. This induces a weak horizontal jet. This jet is 

responsible for changing the shear force. Since velocity at 

the back reduces negative mean pressure increases resulting 

in drag reduction. For such incompressible flows, simulation 

becomes difficult because of solid-porous-fluid mediums 

involved. Simulations can be done by coupling two models 

or either using one unique model. Coupling of Darcy 

equations with Navier-stokes equations can give good 

results of simulation. Researchers have also come up with 

unique models like Brinkman Navier –stokes or the 

Penalization method. These models are used to set up the 

boundary conditions for such flows. These models involve 

addition of non-dimensional permeability coefficient to 

Navier-stokes equations. Brinkman N-S models however are 

valid only for flows where porosity is high i.e. close to 1. 

Various surfaces like dolphin skin, ribelets, wavy or rough 

surfaces can be used to serve this purpose. The main effect 

of using porous layer passive flow control technique is to 

change the shear force. It changes no slip boundary 

condition to quasi slip Fourier type boundary condition 

because of Darcy flow inside porous layer. This method was 

simulated for riser pipe and it was found that vortex induced 

vibrations VIV have been drastically reduced. Also porous 

layer on Ahmed body was simulated and up to 40% drag 

reduction was found depending upon the position of porous 

layer. 

C. Modifying / Optimizing Existing Designs 

 Researchers have done a lot of study on simulating 

flow using various modifications for reducing drag. Some of 

them are described below 

 1. Flow over the backward facing step resulted in 51% 

reduction of reattachment length using rectangular tabs 

located at the edge of the step. A comparative study was 

done on commercial truck with a dome on top and deflector 

at the rear, using CFD and wind tunnel testing. Drag could 

be reduced by about 10%.    

2. For wake flow of Ahmed body with overhead supporting 

struts, the overhead supporting struts reduced the strength of 

the trailing counter rotating vortices, which in turn lead to 

the separation of flow earlier than the critical back angle. 

VI. TURBULENCE AND TURBULENCE CONTROL 

 Turbulence or Turbulent flow is a flow regime 

characterized by rapid property changes. When there is 

increase in velocity or fluid is less viscous, the fluid 

particles do not move in straight paths. The fluid particles 

move in random manner resulting in general mixing of the 

particles. This behavior leads to turbulence or turbulent 

flow. Reynolds was first to demonstrate the transition of 

layer to turbulent and gave a quantity named ―Reynolds 

number‖ Re. The properties of fluid which change with 

respect to space and time are momentum diffusion, high 

momentum convection, and rapid variation of pressure and 

flow velocity.  

 Turbulence is directly related to eddy formations. 

Formation of large eddy will lead to loss of mechanical 

energy. This loss will further lead to larger heat dissipation. 

Turbulence itself has lot of ambiguity. Control of turbulence 
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is much more difficult as compared to laminar flow. Even 

when controlled by various means, it should be with 

minimum penalty. Some factors which bring difficulties in 

controlling turbulence are its instantaneous and nonlinear 

equations as they have no known analytical solutions, 

nonlinear dynamically equivalent systems having infinite 

degrees of freedom. For turbulence control, one‘s prior duty 

must be to identify turbulence models and turbulence cycles. 

Main aim of turbulence control is to reduce drag. Reduction 

in drag is advantageous in numbers of means like it will 

result into reduction in operational cost for commercial 

aircrafts, marine vehicles or supercars. In turbulent 

boundary layers, near wall stream wise vortices are 

responsible for high friction drag. So in order to control this 

skin friction drag it forces us to control the interactions 

between vortices and the walls. One of the control methods 

is bowing and suction at the wall, equal and opposite to wall 

normal component of velocity. Currently used tech for 

achieving this is ―neural network implementation for drag 

reduction‖. Apart from this, predetermined and reactive type 

actives methods are also leading methods for turbulence 

control. 

VII. FLOW SEPARATION 

 A mobile solid object when passes through any 

fluid or a moving fluid is made to pass over a stationary 

object, a layer of fluid (boundary layer) is formed around the 

periphery of the object. Viscous forces are induced in the 

fluid layer which is close to the solid surface. It becomes 

essential to identify the type of the layer formed. The 

assessment can be analyzing the flow conditions and 

identifying Reynolds number to check whether the formed 

layer is laminar or turbulent. Flow separation occurs when 

the boundary layer formed on the surface of the object( 

mobile or immobile), starts to separate from the surface of 

the object because of opposing pressure, its velocity relative 

to the object goes on reducing and finally attains a null 

value. This is the point when flow separation occurs. Fluid 

detaches from the surface and takes form of eddies and 

vortices leading to flow separation. In aerodynamics, flow 

separation often results in increase in drag, which further 

results into lift reduction. So recent research aims towards 

either delaying flow separation by keeping the boundary 

layer attached with the object as long as possible or to 

enhance separation. Active methods are vividly used for 

flow separation delay by creating vortices and forcing them 

against the boundary layer. This works of the principle of 

adding/removing momentum to/from the boundary layer. 

One of the major concerns of flow/boundary layer 

separation is when separation of the boundary occurs, its 

displacement thickness notably and sharply modifies outside 

potential flow and pressure field. If same situation is 

replicated on an airfoil, then it will lead to an increase in 

pressure drag and if the modification of the pressure field is 

intense, then it may be even result into loss of lift and stall 

which is undesirable. Shedding vortices is another vicious 

effect of flow separation. The vortices separate from the 

surface of an object at a certain frequency. If this shedding 

off frequency matches with the natural frequency of the 

object, phenomenon of resonance will occur. This will cause 

some serious damage to the system or object. 

VIII. CONCLUSION 

 The above content emphasizes on flow control, its 

need and extensive review on the flow control methods. It 

also includes the evolution of flow control techniques over 

past few decades. We have also scrutinized what drag is, 

drag reduction, turbulence and turbulence control. In order 

to simulate the flow in CFD software a thorough knowledge 

about the turbulence models used in computational science 

is essential.  Simulating multi-physical medium model is 

difficult and hence researchers have come up with unique 

models like Penalization method to solve such problems. 

Active methods will yield much better results in drag 

reduction and control than the passive. But active flow 

control has its limitations because of complications in sensor 

technology and algorithm development. Passive techniques 

are easy to implement and free from any kind of external 

energy requirement. 
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