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INSTRUCTIONS FOR STUDENT NAVAL AVIATORS 

 

Objective 
 

Upon completion of this course, the student will possess an understanding of basic helicopter 

fundamentals and aerodynamic principles.  While the student will be required to demonstrate a 

functional knowledge of the material presented through successful completion of an end-of-

course examination with a minimum score of 80%, this course is primarily focused on preparing 

the student for practical application of that knowledge in future helicopter flight and flight 

planning. 

 

Assumptions 
 

1. An engineering background is not required for mastery of the basic concepts of this course. 

 

2. Recent completion of the Fundamentals of Aerodynamics course offered in Aviation 

Preflight Indoctrination (or an equivalent course).  Review the material if an extended period of 

time has passed or the material was not previously mastered. 

 

3. Concurrent completion of interactive courseware (ICWs) augmented by the availability of 

knowledgeable instructors and a formal review session prior to testing. 

 

4. This document is an introductory text that serves as an adequate, stand-alone, ready 

reference for the military helicopter pilots.  A comprehensive helicopter engineering text is not 

intended or necessary.  A recommended reading list provides options for those with greater 

curiosity. 

 

Instructional Approach of this edition 
 

1. This edition was reorganized to be more user friendly.  The concepts to be mastered for the 

end-of-course exam are described in the corresponding enabling objectives in the basic text. 

 

2. This edition includes the Table of Contents and appendices with a reference/recommended 

reading list, Glossary and an Index. 

 

Recommendations for Students 

 

1. Review the enabling objectives before completing ICW’s, study the text and the class 

presentation. 

 

2. The utility of this course depends primarily upon the conscientious accomplishment of your 

reading and study assignments. 

 

3. Participation in a study group is highly recommended.  A study group of four is optimum. 
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AVIATOR AND INSTRUCTOR GUIDANCE 

 

Every aviator has a “toolbox” with tools they have collected and mastered over the years.  

Among other things, that toolbox probably contains emergency procedures, operating 

limitations, regulations, or instructions, and an assortment of lessons learned. 

 

A mastery of basic aerodynamic principles is an important tool for the professional aviator, 

especially when it comes to the challenging rigors of rotary wing flight in military aviation.  

Aerodynamics can save your life.  Time after time, mishap reports attribute either a lack of 

understanding or the inappropriate misapplication of aerodynamic principles as a causal factor of 

the mishap. 

 

The exposure in flight training to these principles and their application is only the first step in the 

mastery of the essential concepts.  Every profession requires continuing education.  As iron 

sharpens iron, we learn from one another.  It is the responsibility of every naval aviator to 

continually sharpen the skills necessary to maintain the “edge” that may one day make the 

difference in the accomplishment of the mission and/or your crew’s survival. 

 

Periodic review of both systems and aerodynamic course material will provide for the greatest 

retention and immediate recall.  Each time an aviator re-reads the text, they will glean some new 

fact or relationship to improve their overall understanding, including those who have yet to set 

foot in a new aircraft. 

 

A survey of pilots of the Aviation Safety Officer Course reveals that few of the aerodynamic 

principles necessary to investigate a mishap were retained from flight training.  Each ASO 

completes twenty lecture hours of rotary wing aerodynamics in the course.  It is clear from this 

course that every individual is not only capable of, but also highly motivated toward, making 

basic aerodynamic principles an integral part of their toolbox.  Their goal is not to develop 

mishap investigation skills, but rather to develop mishap avoidance skills they can share. 

 

Therefore, the goal of this text is to present the principles of helicopter aerodynamics in a 

straightforward, comprehensible manner, such that both the newest student naval aviator and the 

crustiest old instructor pilot may have at their disposal a concise, accurate reference.  The best 

available tool, however, is only of use to the craftsman who develops and maintains a level of 

expertise to make its use second nature. 
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CHAPTER ONE 

INTRODUCTION TO THE HELICOPTER 

 

100. INTRODUCTION 

 

A helicopter is an aircraft lifted and propelled by one or more horizontal rotors.  Each rotor 

consists of two or more rotor blades.  Helicopters are classified as rotorcraft or rotary-wing 

aircraft to distinguish them from fixed-wing aircraft because the helicopter derives its source of 

lift from the rotor blades rotating around a mast.  The word “helicopter” is adapted from the 

French hélicoptère, coined by Gustave de Ponton d’Amécourt in 1861, and linked to the Greek 

words helix/helikos (“spiral” or “turning”) and pteron (“wing”). 

 

As an aircraft, the primary advantages of the helicopter are due to the rotor blades that revolve 

through the air, providing lift without requiring the aircraft to move forward.  This lift allows the 

helicopter to hover in one area and to take off and land vertically without the need for runways.  

For this reason, helicopters are often used in congested or isolated areas where fixed-wing 

aircraft are not able to take off or land. 

 

Piloting a helicopter requires adequate, focused, and safety-orientated training.  It also requires 

continuous attention to the machine and the operating environment.  The pilot must work in three 

dimensions and use both arms and both legs constantly to keep the helicopter in a desired state.  

Coordination, timing, and control touch are employed when flying a helicopter. 

 

Although helicopters were developed and built during the first half-century of flight, some even 

reaching limited production, it was not until 1942 that a helicopter designed by Igor Sikorsky 

reached full-scale production, with 131 aircraft built.  Even though most previous designs used 

more than one main rotor, it was the single main rotor with an anti-torque tail rotor configuration 

that was recognized worldwide as the helicopter. 

 

101. HELICOPTER AERODYNAMICS COURSE LEARNING OBJECTIVES 

 

1. Identify the basic physics principles needed to support helicopter flight 

 

2. Identify the basic aerodynamic factors that are vital to helicopter performance 

 

3. Identify airfoil design considerations 

 

4. Identify the three types of rotor systems 

 

5. Identify rotor system dynamics 

 

6. Identify rotorcraft configurations and airfoil design considerations 

 

7. Identify the basic aerodynamic characteristics of the airframe 

 

8. Identify factors that affect helicopter stability and control 
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9. Identify factors that affect helicopter power required and power available for flight 

 

10. Identify aerodynamic terms, concepts, and diagrams vital to helicopter aerodynamics 

 

11. Explain the aerodynamics of flight 

 

12. Identify factors that lead to undesirable helicopter phenomena 

 

13. Identify actions that prevent undesirable helicopter phenomena 

 

14. Explain undesirable helicopter phenomena 

 

102. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective: 

 

Upon completion of this unit of instruction the student will demonstrate familiarity with main 

parts and types of helicopter rotor systems and controls. 

 

2. Enabling Objectives: 

 

a. Describe the types and advantages/disadvantages of helicopter rotor systems 

 

b. Recall the four primary flight controls of a helicopter and their function 

 

c. Describe the Tip Path Plane and it’s relation to the cyclic 

 

d. Explain how changes in cyclic and collective position affect a helicopter in flight 

 

103. ROTOR SYSTEM 

 

The helicopter rotor system is the rotating part of a helicopter that generates lift.  A rotor system 

may be mounted horizontally, as main rotors are, providing lift vertically; and it may be mounted 

vertically, such as a tail rotor, to provide lift horizontally as thrust to counteract torque effect.  In 

the case of tilt rotors, the rotor mounts on a nacelle that rotates at the edge of the wing to 

transition the rotor from a horizontal mounted position, providing lift horizontally as thrust, to a 

vertical mounted position providing lift exactly as a helicopter. 

 

The rotor consists of a mast, hub, and rotor blades.  The mast is a hollow cylindrical metal shaft 

extending upwards from and driven by the transmission.  At the top of the mast is the hub.  The 

hub is the attachment point for the rotor blades.  The rotor blades attach to the hub by several 

different methods.  Main rotor systems are classified according to how the main rotor blades are 

attached and move relative to the main rotor hub.  There are three basic classifications:  semi 

rigid, rigid, and fully articulated, although some modern rotor systems use an engineered 

combination of these types. 
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With a single main rotor helicopter, a torque effect generates as the engine turns the rotor.  This 

torque causes the body of the helicopter to turn in the opposite direction of the rotor (Newton’s 

Third Law:  Every action has an equal and opposite reaction).  To eliminate this effect, some sort 

of anti-torque control must be used with a sufficient margin of power available to allow the 

helicopter to maintain its heading and prevent the aircraft from moving unsteadily. 

 

The helicopter rotor system is the rotating part of a helicopter that generates lift.  A rotor system 

may be mounted horizontally, as main rotors are, providing lift vertically; and it may be mounted 

vertically, such as a tail rotor, to provide lift horizontally as thrust to counteract torque effect.  In 

the case of tilt rotors, the rotor mounts on a nacelle that rotates at the edge of the wing to 

transition the rotor from a horizontal mounted position, providing lift horizontally as thrust, to a 

vertical mounted position providing lift exactly as a helicopter. 

 

The rotor consists of a mast, hub, and rotor blades.  The mast is a hollow cylindrical metal shaft 

extending upwards from and driven by the transmission.  At the top of the mast is the hub.  The 

hub is the attachment point for the rotor blades.  The rotor blades attach to the hub by several 

different methods.  Main rotor systems are classified according to how the main rotor blades are 

attached and move relative to the main rotor hub.  There are three basic classifications:  semi 

rigid, rigid, or fully articulated, although some modern rotor systems use an engineered 

combination of these types. 

 

With a single main rotor helicopter, a torque effect generates as the engine turns the rotor.  This 

torque causes the body of the helicopter to turn in the opposite direction of the rotor (Newton’s 

Third Law:  Every action has an equal and opposite reaction.  To eliminate this effect, some sort 

of anti-torque control must be used with a sufficient margin of power available to allow the 

helicopter to maintain its heading and prevent the aircraft from moving unsteadily. 

 

 
 

Figure 1-1  Basic Components of the rotor system 



CHAPTER ONE HELICOPTER AERODYNAMICS WORKBOOK 

1-4    INTRODUCTION TO THE HELICOPTER 

104. ROTOR CONFIGURATIONS 

 

Most helicopters have a single main rotor but require a separate rotor to overcome torque, which 

is a turning or twisting force.  This occurs through a variable pitch, anti-torque rotor, or tail rotor.  

This is the design that Igor Sikorsky settled on for his VS-300 helicopter.  It has become the 

recognized convention for helicopter design, although designs do vary.  Helicopter main rotor 

designs from different manufacturers rotate in one of two different directions (clockwise or 

counter-clockwise when viewed from above).  This can make it confusing when discussing 

aerodynamic effects on the main rotor between different designs, since the effects may manifest 

on opposite sides of each aircraft.  For clarity, throughout this workbook all examples use a 

counter-clockwise rotating (when viewed from above) main rotor system. 

 

1. Tandem Rotor.  Tandem rotor (sometimes referred to as dual rotor) helicopters have two 

large horizontal rotor assemblies, instead of one main assembly and a smaller tail rotor.  Single 

rotor helicopters need a tail rotor to neutralize the twisting moment produced by the single large 

rotor.  Tandem rotor helicopters, however, use counter-rotating rotors, each canceling out the 

other’s torque.  Counter-rotating rotor blades will not collide with and destroy each other if they 

flex into the other rotor’s pathway.  This configuration has the advantage of being able to hold 

more weight with shorter blades, since there are two blade sets.  This configuration allows all of 

the power from the engines available for lift, whereas a single rotor helicopter must use some 

power to counter main rotor torque.  Because of this, tandem helicopters make up some of the 

most powerful and fastest rotor system aircraft. 

 

 
 

Figure 1-2  Tandem Rotor Helicopters 

 

2. Coaxial Rotors.  Coaxial rotors are a pair of rotors turning in opposite directions, but 

mounted on a mast with the same axis of rotation, one above the other.  This configuration is a 

noted feature of helicopters produced by the Russian Kamov helicopter design bureau.  The 

coaxial design eliminates the limits and vulnerabilities associated with a tail rotor, and allows for 
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a shorter fuselage design.  One disadvantage is that there is a loss in efficiency when one rotor is 

driving air through another rotor. 

 

 
 

Figure 1-3  Coaxial rotors 

 

3. Intermeshing Rotors.  Intermeshing rotors on a helicopter are a set of two rotors turning 

in opposite directions, with each rotor mast mounted on the helicopter with a slight angle to the 

other so that the blades intermesh without colliding.  This arrangement allows the helicopter to 

function without the need for a tail rotor.  It has high stability and powerful lifting capability.  

This configuration is sometimes referred to as a synchropter.  The arrangement was developed in 

Germany for a small anti-submarine warfare helicopter, the Flettner Fl 282 Kolibri.  During the 

Cold War, the American Kaman Aircraft company produced the HH-43 Huskie, for USAF 

firefighting purposes.  The latest Kaman K-MAX model is a dedicated sky crane design used for 

construction work. 

 

 
 

Figure 1-4  HH-43 Hiskie with intermeshing rotors 
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4. Tail Rotor.  The tail rotor is a smaller rotor mounted vertically or near-vertically on the tail 

of a traditional single-rotor helicopter.  The tail rotor either pushes or pulls against the tail to 

counter the torque.  The tail rotor drive system consists of a drive shaft, mechanically connected 

to the main transmission, and a gearbox mounted at the end of the tail boom.  The drive shaft 

may consist of one long shaft or a series of shorter shafts connected at both ends with flexible 

couplings.  The flexible couplings allow the drive shaft to flex with the tail boom. 

 

The gearbox at the end of the tail boom provides an angled drive for the tail rotor and may 

include gearing to adjust the output to the optimum rotational speed typically measured in 

revolutions per minute (rpm) for the tail rotor.  On some larger helicopters, one or more 

intermediate gearboxes angle the tail rotor drive shaft from along the tail boom or tail cone to the 

top of the tail rotor pylon.  These also serve as a vertical stabilizing airfoil to alleviate the power 

requirement for the tail rotor in forward flight.  The pylon (or vertical fin) may also provide 

limited anti-torque and/or weathervane effect to assist in heading control within certain airspeed 

ranges if the tail rotor or the tail rotor flight controls fail. 

 

 
 

Figure 1-5  Basic tail rotor components 
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105. CONTROLLING FLIGHT 

 

A helicopter has four primary flight controls:  Cyclic, Collective, Anti-torque pedals, and 

Throttle. 

 

1. Cyclic.  The cyclic control is usually located between the pilot’s legs and is commonly 

called the “cyclic pitch control stick” or simply “the cyclic.”  On most helicopters, the cyclic is 

similar to a joystick.  The control is called the cyclic because it can vary the pitch of the rotor 

blades throughout each revolution of the main rotor system (i.e., through each cycle of rotation) 

to develop unequal lift (thrust).  The cyclic tilts a pair of rings called swashplates, which encircle 

the rotor mast.  Cyclic pitch control inputs change pitch on the rotor blades equally but in 

opposite directions on opposite sides of the rotor disk.  The blades perpendicular to them are 

unchanged.  The result is to tilt the rotor disk in a particular direction, resulting in the helicopter 

moving in that direction.  If the pilot pushes the cyclic forward, the swashplates tilt forward, the 

rotor disk tilts forward, and the rotor produces a thrust in the forward direction.  If the pilot 

pushes the cyclic to the side, the rotor disk tilts to that side and produces thrust in that direction, 

causing the helicopter to slide laterally. 

 

2. Collective.  The collective pitch control, or collective, is located on the left side of the 

pilot’s seat with a pilot-selected variable friction control to prevent inadvertent movement.  The 

collective changes the pitch angle of all the main rotor blades collectively i.e., the same amount 

of change at the same time.  Therefore, if a collective input is made, all the blades change 

equally, increasing, or decreasing total rotor thrust. 

 

3. Anti-torque Pedals.  The anti-torque pedals are located in the same position as the rudder 

pedals in a fixed-wing aircraft and serve a similar purpose, namely to control the yaw attitude of 

the helicopter and maintain balanced flight.  Application of the pedal in a given direction 

changes the pitch of the tail rotor blades, increasing or reducing the thrust produced by the tail 

rotor, causing the nose to yaw in the direction of the applied pedal.  The pedals mechanically 

change the pitch of the tail rotor, altering the amount of thrust produced.  In a hover or taxi, the 

pilot controls heading with yaw via pedal inputs.  In forward flight, heading change is 

accomplished through coordinated banked turns, requiring both cyclic and pedal inputs.   

 

4. Throttle.  All U.S. military helicopters are powered by gas turbine engines.  The power 

turbine of a gas turbine engine operates most efficiently at very high speed in a very narrow 

range.  Exceeding that speed can cause damage or failure, but reducing that speed can cause a 

significant drop in the power they produce.  These engines are therefore controlled by a governor 

in all normal flight conditions.  In single engine models, the throttle control is usually a rotating 

twist grip at the end of the collective stick.  The throttle controls in multi-engine helicopters are 

usually in the form of power levers or mode switches mounted on a lower or overhead console or 

a split twist grip with two or more independently rotating throttle grips.  Regardless of the 

configuration, these controls will all generally provide the pilot, at a minimum, the capability to 

start the engine, idle it, run it up to automatic governing range, manually control engine power 

between idle and full power, and shut the engine down by stopping fuel flow. 
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106. FLIGHT CONDITIONS 

 

Tip Path Plane 

 

The tip path plane (TPP) is the plane inscribed by the tips of a rotor blades at a given instant.  

Rotor thrust acts perpendicular to the tip path plane.  The tip path plane, and therefore rotor 

thrust, is tilted by the action of the cyclic stick.  Control of the helicopter is accomplished 

through manipulation of the thrust vector.  Its magnitude is controlled by collective pitch, and its 

direction is controlled by cyclic pitch.  The tip path plane moves independently of the fuselage.  

The pilot controls the tip path plane, and the fuselage pitches and rolls in response. 

 

There are two basic flight conditions for a helicopter:  hover and forward flight.  Hovering is the 

most challenging part of flying a helicopter.  This is because a helicopter generates its own gusty 

air while in a hover, which acts against the fuselage and flight control surfaces.  The result is the 

need for constant control inputs and corrections by the pilot to keep the helicopter where it is 

required to be.  Despite the complexity of the task, the control inputs in a hover are simple.  The 

cyclic is used to eliminate drift in the horizontal direction:  forward, backward, right and left.  

The collective is used to maintain altitude.  The pedals are used to control heading.  The 

interaction of these controls makes hovering a challenge, since an adjustment in any one control 

requires an adjustment of the other two, creating a cycle of constant correction. 

 

Displacing the cyclic forward initially causes the rotor to pitch down, which causes the fuselage 

to pitch down initially, with a resultant increase in airspeed and loss of altitude.  Aft cyclic 

initially causes the nose to pitch up, slowing the helicopter and causing it to climb; however, as 

the helicopter reaches a state of equilibrium, the horizontal stabilizer helps level the helicopter to 

minimize drag.  Unlike an airplane, the helicopter fuselage maintains a near-level attitude when 

stabilized at any airspeed.  The pilot controls the rotor with the cyclic, and there will be a unique 

cyclic position and corresponding rotor attitude for a given airspeed, but the fuselage will 

stabilize back in a near-level attitude.  The variation from absolutely level attitude depends on 

the particular helicopter and the horizontal stabilizer function. 

 

An increase in collective pitch in forward flight, without any other inputs, will also cause the 

rotor to pitch up and roll slightly to the right.  The increase in torque effect will cause right yaw.  

A decrease in collective pitch has the opposite effect.  Therefore, on a helicopter without 

automatic stabilization, increasing collective causes a climb, plus pitch up, right roll, and right 

yaw while decreasing collective causes a descent, plus pitch down, left roll, and left yaw.  As a 

result, a change in collective pitch requires adjustments to cyclic and pedals in order to maintain 

desired attitude.  On helicopters with automatic flight control systems (like those in the fleet) 

these undesired pitch, roll, and yaw responses are automatically trimmed out so that collective 

inputs cause a climb or descent only. 

 

Collective pitch changes the magnitude of rotor thrust.  Cyclic pitch directs rotor thrust.  In a 

stabilized hover, thrust equals the weight of the helicopter and it is directed vertically, opposite 

the force of gravity.  To move in any direction, the cyclic stick is moved very slightly in the 

desired direction of travel.  From stabilized forward flight, acceleration and deceleration comes 

from moving the cyclic more forward or less forward.  While trimmed in forward flight, an 
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increase in power alone will not result in an increase in airspeed, as it would in a fixed wing 

aircraft.  In fact, in a simple helicopter, an increase in power alone will result in a climb and a 

decrease in airspeed, as the rotor pitches up.  The power increase will result in acceleration, but 

that acceleration is in the direction of the thrust vector, and will be indicated as a rate of climb on 

the VSI, and not an increase in indicated airspeed.  It must be remembered that in order to 

increase airspeed, the cyclic, (and therefore the thrust vector) must be trimmed farther forward. 

 

When the cyclic is trimmed forward, the power may need to be adjusted to maintain constant 

altitude.  The direction of collective movement required is dependent on the speed of the aircraft.  

In normal cruise flight, pitching the nose down will result in acceleration and descent.  The pilot 

will need to add power to maintain constant altitude.  Unlike the fixed wind aircraft, however, 

the helicopter spends a great deal of its flight time in the region of reversed command, where it 

takes more power to fly slower, and less power to fly faster.  Indeed, all hovering and taxiing 

operations, and takeoffs and landings are accomplished in the region of reversed command.  

Therefore, if the pilot wanted to accelerate from 20 kts to 30 kts in level flight, which is in the 

region of reversed command, it would be necessary to trim the cyclic stick slightly forward, and 

actually reduce power to avoid climbing.  The one constant, however, is that to increase forward 

airspeed, the thrust vector needs to be directed farther forward. 

 

107. SUMMARY 

 

1. A rotor system consists of a mast, hub, and rotor blades. 

 

2. The major types helicopter designs are tandem, coaxial, intermeshing, and tail rotor 

(conventional) 

 

3. The four primary flight control are the cyclic, collective, anti-torque pedals, and throttle 

 

4. The Tip Path Plane (TPP) is the plane inscribed by the tips of a rotor blades at a given 

instant.  Rotor thrust acts perpendicular to the tip path plane. 

 

5. There are two basic flight conditions for a helicopter:  hover and forward flight. 

 

6. In a hover, the cyclic is used to eliminate drift in the horizontal direction, the collective is 

used to maintain altitude, the pedals are used to control heading.  

 

7. In forward flight, increasing collective causes a climb, plus pitch up, right roll, and right 

yaw while decreasing collective causes a descent, plus pitch down, left roll, and left yaw. 

 

8. Forward cyclic initially causes the rotor to pitch down, which causes the fuselage to pitch 

down, an increase in airspeed, and a loss of altitude.  Aft cyclic causes the opposite. 

 

9. With cyclic changes, power may need to be adjusted to maintain constant altitude.  The 

direction of collective movement required is dependent on the speed of the aircraft. 
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CHAPTER TWO 

THE ATMOSPHERE 

 

200. INTRODUCTION 

 

The purpose of this chapter is to provide a review of basic physics and atmospherics relevant to 

helicopter aerodynamics.  Review Fundamentals of Aerodynamics Student Guide 

(NAVAVSCOLSCOM-SG-111) from NIFE if necessary. 

 

201. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective: 
 

Upon completion of this unit of instruction the student will demonstrate familiarity with the basic 

properties and principles of the atmosphere critical to helicopter flight 

 

2. Enabling Objectives: 
 

a. Review the basic physics principles needed to support helicopter flight 

 

b. Review properties of the atmosphere 

 

c. Identify the basic aerodynamic factors that are vital to helicopter performance 

 

202. REVIEW OF BASIC PHYSICS AND AERODYNAMICS 

 

Based on the student naval aviator’s recent completion of aviation preflight indoctrination, 

vector analysis, physics and atmospherics is abbreviated and includes only those concepts 

applicable to rotary wing flight.  If necessary, review “Fundamentals of Aerodynamics” 

workbook from NIFE.  A few concepts, such as density altitude (DA) computation, are 

introduced in this section as it relates to the reviewed material. 

 

203. VECTOR ANALYSIS 

 

A scalar is a quantity that describes only magnitude, e.g., time, temperature, or volume.  It is 

expressed as a single number including units.  A vector is a quantity that describes both 

magnitude and direction.  It commonly represents displacement, velocity, acceleration, or force. 

 

Vectors are represented as arrows.  The direction and length of the arrow represent the direction 

and magnitude of the vector.  Vectors may be added by placing the tail of each succeeding vector 

on the head (or tip) of the one preceding it and drawing the resultant vector from the tail of the 

first to the tip of the last, as shown in Figure 2-1.  This new vector is the resulting magnitude and 

direction of all the original vectors working together. 

 

Conversely, a vector may be deconstructed into two or more component vectors that lie in a 

desired plane of motion or direction. 
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Figure 2-1  Resultant by the Tip-to-Tail Method 

 

 
 

Figure 2-2  Force Vectors on Aircraft in Flight 

 

Figures 2-2 shows an example of vectors used to depict the forces acting on an aircraft in flight.  

Note that the total rotor thrust vector may be resolved into perpendicular components, a vertical 

component, and a horizontal component.  The drag and weight can also combine to form a 

resultant of these two forces, which must then be equal and opposite to the total rotor thrust in 

equilibrium flight. 

 

204. ESSENTIAL TERMS AND DEFINITIONS 

 

1. Volume (v) is the amount of space occupied by an object. 

 

2. Density ( or ‘rho’) is mass per unit volume. 
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3. Weight (W) is the force with which a mass is attracted toward the center of the earth by 

gravity. 

 

4. A moment (M) is created when a force is applied at some distance from an axis, and tends 

to produce rotation about that point.  A moment is a vector quantity equal to a force (F) times 

the distance (d) from the point of rotation on a line that is perpendicular to the applied 

force vector.  This perpendicular distance is called the moment arm.  Torque (Q) is another 

word for a moment created by a force. 

 

5. Work (W) is done when a force acts on a body and moves it.  It is a scalar quantity equal 

to the force (F) times the distance of displacement (s). 

 

6. Power (P) is the rate of doing work or work done per unit of time. 

 

7. Energy is a scalar measure of a body’s capacity to do work.  There are two types of 

energy:  potential energy and kinetic energy.  Energy cannot be created or destroyed, but may be 

transformed from one form to another.  This principle is called the law of conservation of energy. 

 

8. Potential energy (P.E.) is the ability of a body to do work because of its position or state 

of being.  It is a function of mass (m), gravity (g), and height (h). 

 

9. Kinetic energy (K.E.) is the ability of a body to do work because of its motion.  It is a 

function of mass (m) and the square of velocity (V). 

 

Work may be performed on a body to change its position and give it potential energy or work 

may give the body motion so that it has kinetic energy.  Under ideal conditions, if no work is 

being done on an object, its total energy will remain constant.  Such an object is considered to be 

in a closed system.  In a closed system, the total energy will remain constant but potential energy 

may be converted to kinetic energy, and vice versa.  For example, the kinetic energy of a glider 

in forward flight may be converted into potential energy by climbing.  As the glider’s altitude 

(P.E.) increases, its velocity (K.E.) will decrease. 

 

205. PROPERTIES OF THE ATMOSPHERE 

 

The atmosphere is composed of approximately 78% nitrogen (N2), 21% oxygen (O2), and 1% 

other gases by volume, which includes argon and carbon dioxide.  Air is considered a uniform 

mixture of these gases and will be examined as a whole rather than as separate gases. 

 

1. Static pressure (PS) is the force each air particle exerts on those around it.  On a more 

macroscopic scale, ambient static pressure (14.7 psi at sea level on standard day) is equal to the 

weight of a column of air over a given area.  The force of static pressure acts perpendicularly to 

any surface with which the air particles collide.  As altitude increases, less air is above you, so 

the weight of the column of air decreases.  Thus atmospheric static pressure decreases with an 

increase in altitude at a rate of approximately 1.0 in-Hg per 1000 feet, near the earth’s surface. 
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2. Air density ( ) is the total mass of air particles per unit of volume.  The distance between 

individual air particles increases with altitude resulting in fewer particles per unit volume.  

Therefore, air density decreases with an increase in altitude. 

 

3. Density Ratio (σ) is the ratio of the density of air at a specific altitude to that of the 

standard altitude (sea level). 

 

4. Temperature (T) is a measure of the average kinetic energy of air particles.  As 

temperature increases, particles begin to move and vibrate faster, increasing their kinetic energy.  

Air temperature decreases linearly with an increase in altitude at a rate of approximately 

2 °C (3.57 F) per 1000 ft. up through 36,000 feet MSL.  This is called the standard, or 

adiabatic lapse rate.  Above 36,000 feet lies the isothermal layer where air is at a constant 

temperature of -56.5 °C. 

 

 
 

Figure 2-3  Molecular Energy and Air Temperature 

 

5. Humidity is the amount of water vapor in the air.  As humidity increases, water molecules 

displace an equal number of air molecules.  Since water molecules have less mass (H2O, 

molecular weight (MW) 18) than air (N2, MW 28; and O2, MW 32) and occupy approximately 

the same volume, the overall mass in a given volume decreases.  Therefore, as humidity 

increases, air density decreases.  Compared to dry air, the density of air at 100% humidity is 

4% less. 

 

6. Viscosity () is a measure of the air's resistance to flow and shearing.  Air viscosity can 

determine its tendency to either stick to a surface or how easily it flows past it.  For liquids, as 

temperature increases, viscosity decreases.  Recall that the oil in your car flows better or “gets 

thinner” when the engine gets hot.  Just the opposite happens with air:  Air viscosity increases 

with an increase in temperature. 
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206. THE STANDARD ATMOSPHERE 

 

The atmospheric layer were most flying is done is an ever-changing environment.  Temperature 

and pressure vary with altitude, season, location, time, and even solar sunspot activity.  It is 

impractical to take all of these into consideration when discussing aircraft performance.  In order 

to disregard these atmospheric changes, an engineering baseline was developed called the 

standard atmosphere.  It is a set of reference conditions giving average values of air properties 

as a function of altitude.  Unless otherwise stated, any discussion of atmospheric properties 

in this course will assume standard atmospheric conditions. 

 

 
 

Figure 2-4  Standard Atmospheric Table 

 

207. ALTITUDE COMPUTATIONS 

 

One of the benefits of a standard atmosphere is the concepts of pressure altitude (PA) and 

density altitude (DA).  PA is that altitude in the standard atmosphere that corresponds to a 

particular static air pressure.  An aircraft altimeter senses pressure through the static portion of 

the pitot-static system, then shows the altitude at which that pressure would be found in the 

standard atmosphere.  Modern altimeters are adjusted to yield accurate altitude at a known point, 

like an airfield, by changing reference sea level pressure to an appropriate value.  Airport 
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meteorologists measure air pressure, determine what pressure at sea level would have to exist to 

yield an accurate altitude reading using standard pressure lapse rate, and report that setting to 

pilots.  After being set properly, an adjustable altimeter reports the altitude at which the 

measured pressure would be found if a standard pressure lapse rate was applied to a sea level 

pressure equal to that set by the pilot.  Standard pressure lapse rate is 1000 feet of PA for 

each one inch of Hg.  To determine PA (in the standard atmosphere) for use in calculations a 

pilot needs only to set 29.92 inches into the altimeter and read the result. 

 

Properly setting the altimeter and periodically checking for changes in the prescribed setting can 

be very important.  To properly set the altimeter, pilots should make sure that they are receiving 

the altimeter setting in inches of mercury for height above sea level.  Three types of settings may 

be encountered overseas:  QNH, QNE, and QFE. 

 

1. QNH is altitude corrected to standard sea level (provided in ATIS in the United States). 

 

2. QNE is PA (altimeter set to 29.92) 

 

3. QFE is a setting at an airfield to read height above ground at that location (the altimeter 

would read zero at the airfield surface). 

 

Outside the U.S., settings are often given in hectopascals (millibars), rather than inches of 

mercury.  To avoid problems, listen for foreign controllers’ statements of what their pressure 

reference is and, if necessary, use the Flight Information Handbook to convert. 

 

REMEMBER:  “HIGH TO LOW LOOK OUT BELOW” OR “HOT TO COLD LOOK 

OUT BELOW.” 
 

 
 

Figure 2-5  Pressure Altitude vs. True Altitude with Varying Local Pressures 
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Checking for changes in altimeter setting during cross country travel or as weather moves in can 

also be important.  When station pressure or temperature drops, an altimeter set at the previous 

condition will read higher than it should.  For example, a flight at 1000 ft. AGL in the standard 

atmosphere would have the aircraft at a pressure of 28.92.  Note that flight into a high pressure 

system would cause the altimeter to read low (actual altitude of 2000 ft. AGL) while flight into a 

low pressure system would cause the altimeter to read higher than actual altitude (0 ft. AGL). 

 

208. ALTITUDE COMPUTATIONS – DENSITY ALTITUDE 

 

A more appropriate term for correlating aerodynamic performance in the nonstandard 

atmosphere is density altitude (DA).  DA is that altitude in the standard atmosphere which 

corresponds to a particular air density.  Changes in air density are caused by variations in 

atmospheric pressure, temperature, and humidity.  DA is the PA corrected for temperature 

and humidity deviations from the standard atmosphere.  If you know the outside air 

temperature and humidity, and you can determine the PA, you can derive the DA.  DA is the 

environmental factor that most significantly affects power required and power available. 

 

Typically, aviators use a chart to determine DA for the ambient PA and temperature.  Using 

Figure 2-6, enter the chart at the bottom at the appropriate outside air temperature (OAT) and 

plot vertically upward to intersect the current PA depicted on the diagonals, determined by 

dialing 29.92 into the aircraft altimeter.  From this point, read laterally to the left to determine the 

DA (not corrected for humidity).  In the example depicted, a temperature of 6 °C and 2400’ PA, 

results in a 2000’ DA. 

 

Another method for estimating DA is to use the ‘rule of thumb’ equation below. 

 

DA = PA + [(TAmbient – TStd@Altitude)] x 120 
 

For PA, dial in 29.92 " Hg.  Temperatures are in °C. 

 

The above ‘rule of thumb’ merely requires an accurate understanding of standard temperature at 

altitude.  Remember that the temperature at sea level for a standard day is 15 °C.  With an 

average lapse rate of 2 °C / 1000’ MSL, the standard temperature at altitude can be easily 

determined; i.e., 5 °C at 5000’ MSL, and -5 °C at 10,000’ MSL.  This estimation of DA still fails 

to correct for humidity, which is discussed below. 

 

As mentioned earlier, changes in the water vapor content, or humidity, can also greatly affect 

the density of the air, in addition to temperature deviations from standard.  To recap, as humidity 

increases, water molecules with less mass and approximately the same volume as air molecules 

displace the more dense air molecules to make the air less dense.  Thus, an increase in humidity 

leads to a decrease in air density, and, therefore, an increase in DA. 

 

With respect to rotor systems, reduced air density decreases the lift produced on the rotor blades.  

For this reason, the overall effect of humidity degrades helicopter performance.  A common 

adjustment is the 10% Rule.  Add 100 feet to your DA (based on PA and OAT), for every 10% 

relative humidity above 0% RH. 
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DA (corrected for RH) = DA (chart) + (100’ x RH/10%) 

 

A more accurate adjustment for humidity correction can be found in Appendix C, Density 

Altitude Calculations.  It is known as the 40% Rule.  While the 10% Rule is less accurate than 

the 40% Rule it is more conservative, and it is the recommended method in most helicopter 

NATOPS manuals.  If a NATOPS manual does not discuss the effects of humidity, be 

conservative, and apply the 10% Rule. 

 

 
 

Figure 2-6  DA Chart 
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209. SUMMARY 

 

1. Vectors describe both magnitude and direction often represented as arrows.  Vectors may 

be added by placing the tail of one vector on the head of the other and drawing the resultant 

vector from the tail of the first to the tip of the last 

 

2. Atmospheric static pressure decreases with an increase in altitude at a rate of approximately 

1.0 in-Hg per 1000 feet 

 

3. The standard adiabatic lapse rate is a decrease in air temperature at a rate of approximately 

2 °C (3.57 F) per 1000 ft. up through 36,000 feet MSL 

 

4. As humidity increases, air density decreases.  Compared to dry air, the density of air at 

100% humidity is 4% less. 

 

5. Air density decreases with an increase in altitude. 

 

6. To determine PA for use in calculations a pilot needs only to set 29.92 inches into the 

altimeter and read the result. 

 

7. When station pressure or temperature drops, an altimeter set at the previous condition will 

read higher than it should.   

 

8. DA is the PA corrected for temperature and humidity deviations from the standard 

atmosphere 

 

9. DA is the environmental factor that most significantly affects power required and power 

available. 

 

10. DA (corrected for RH) = DA (chart) + (100’ x RH/10%) 
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CHAPTER THREE 

HELICOPTER AERODYNAMICS BASICS 

 

300. INTRODUCTION 

 

The purpose of this chapter is to introduce the student to aerodynamic principles and 

fundamentals that apply to helicopters. 

 

301. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will be able to describe basic aerodynamic 

principles and how they apply to helicopter flight. 

 

2. Enabling Objectives:   
 

a. Review basics of fluid dynamics. 

 

b. Review basic aerodynamic principles of lift and drag. 

 

c. Apply basic aerodynamic principles to a helicopter. 

 

d. Establish a frame of reference for discussion of helicopter aerodynamics. 

 

e. Introduce three theories of lift to assist in conceptualizing helicopter 

aerodynamics. 

 

302. BASIC AERODYNAMICS 

 

Bernoulli’s Principle 

 

Bernoulli’s principle describes the relationship between internal fluid pressure and fluid velocity. 

It is a statement of the law of conservation of energy and helps explain why an airfoil develops 

an aerodynamic force.  The concept of conservation of energy states energy cannot be created or 

destroyed and the amount of energy entering a system must also exit.  Specifically, in this case 

the “energy” referred to is the dynamic pressure (the kinetic energy of the air - more velocity, 

more kinetic energy) and static air pressure (potential energy).  These will change among 

themselves, but the total pressure energy remains constant inside the tube. 

 

Venturi Flow 

 

A simple tube with a constricted portion near the center of its length illustrates this principle.  An 

example is running water through a garden hose.  The mass of flow per unit area (cross-sectional 

area of tube) is the mass flow rate.  In Figure 3-1 the flow into the tube is constant, neither 

accelerating nor decelerating; thus, the mass flow rate through the tube must be the same at 



CHAPTER THREE HELICOPTER AERODYNAMICS WORKBOOK 

3-2    HELICOPTER AERODYNAMICS BASICS 

stations 1, 2, and 3.  If the cross-sectional area at any one of these stations, or any given point, in 

the tube is reduced, the fluid velocity must increase to maintain a constant mass flow rate to 

move the same amount of fluid through a smaller area.  The continuity of mass flow causes the 

water to move faster through the venturi.  In other words, fluid speeds up in direct proportion to 

the reduction in area. 

 

 
 

Figure 3-1  Water flow through a tube 

 

Bernoulli (Ptotal = Pdynamic + Pstatic) states that the increase in velocity will increase the stream-wise 

dynamic pressure.  Since the total pressure in the tube must remain constant, the static pressure 

on the sides of the venturi will decrease.  Venturi effect is the term used to describe this 

phenomenon. 

 

Figure 3-2 illustrates a stream of air flowing into a venture tube (point 1) at 100 kts with static 

pressure of 2116 pounds per square foot (psf).  The reduction of the cross-sectional area at point 

2 causes an increase in velocity to 120 kts, with a drop in static pressure to 2109 psf.  The dotted 

line underneath the tube represents an airfoil.  An airfoil in a flow stream causes an increase in 

the flow velocity on the upper curved surface of the airfoil.  The static pressure differential 

between its upper and lower surfaces generates the aerodynamic force. 

 

 
 

Figure 3-2  Venturi effect 
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303. LIFT 

 

Lift is generated when an object changes the direction of flow of a fluid or when the fluid is 

forced to move by the object passing through it.  When the object and fluid move relative to each 

other and the object turns the fluid flow in a direction perpendicular to that flow, the force 

required to do this work creates an equal and opposite force that is lift.  The object may be 

moving through a stationary fluid, or the fluid may be flowing past a stationary object, hence the 

term relative wind. 

 

Relative wind:  The direction of movement of the atmosphere relative to an aircraft or an airfoil. 

 

Angle of incidence (AOI):  Sometimes called the mounting angle, it is the angle between the 

chord line of an airfoil and the reference, usually the longitudinal axis of the fuselage. 

 

Angle of Attack (a):  The angle measured between the relative wind and the chord line.  It is 

abbreviated AOA, and represented in formulas and diagrams by the Greek letter alpha. 

 

The lift generated by an airfoil depends on:   

 

1. Velocity of the relative wind (V) 

 

2. Density of the air (r) 

 

3. Total area of the segment or airfoil (S) 

 

4. Coefficient of Lift, (CL) which is proportional to Angle of attack (AOA) between the air 

and the airfoil. 

 

The relationship between these variables is expressed in the Lift Equation: 

 

L = ½ r V2 S CL 
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Figure 3-3  Airfoil Diagram 
 

Figure 3-3 represents the wind velocity and resulting forces for an infinite wing.  An infinite 

wing has no wingtip, and therefore no wingtip vortex.  One place an infinite wing might be 

found is in a wind tunnel, when the wing spans from wall to wall in the wind tunnel eliminating 

wingtips.  Lift is always perpendicular to the relative wind. 

 

Newton’s Third Law of Motion 

 

Additional lift is provided by the rotor blade’s lower surface as air striking the underside is 

deflected downward.  According to Newton’s Third Law of Motion, “for every action there is an 

equal and opposite reaction,” the air that is deflected downward also produces an upward 

(lifting) reaction. 

 

Since air is much like water, the explanation for this source of lift may be compared to the 

planing effect of skis on water.  The lift that supports the water skis (and the skier) is the force 

caused by the impact pressure and the deflection of water from the lower surfaces of the skis. 

 

Under most flying conditions, the impact pressure and the deflection of air from the lower 

surface of the rotor blade provides a comparatively small percentage of the total lift.  The 

majority of lift is the result of decreased pressure above the blade, rather than the 

increased pressure below it. 
 

304. DRAG 

 

The force that resists the movement of an object through the air is known as drag.  Parasite drag 

is parallel to the relative wind.  Aerodynamic force is the vector sum of lift and drag. 
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Figure 3-4  Notional Drag profiles 

 

Parasite Drag 

 

Form drag and friction drag are collectively known as parasite drag.  Non-lifting components of 

the helicopter, such as the cabin, rotor mast, tail, and landing gear, contribute to parasite drag.  

Any loss of momentum by the airstream, due to such things as openings for engine cooling, 

creates additional parasite drag.  The same variables which affect lift also affect parasite drag, 

and like lift, it increases exponentially with velocity.  Because of its rapid increase with 

increasing airspeed, parasite drag is the major cause of drag at higher airspeeds. 

 

D = ½ r V2 S CD 

 

Skin friction is caused by surface roughness.  Even though the surface appears smooth, it may be 

quite rough when viewed under a microscope.  A thin layer of air clings to the rough surface and 

creates small eddies that contribute to drag. 

 

Induced Drag 

 

The airflow around a finite wing is a little more complicated than that of an infinite wing.  When 

a wing ends in a wingtip, the high-pressure air beneath the wing (or rotor blade) flows upward 

around the wingtip to join the low-pressure area above the wing.  This causes a spiral, or vortex, 

(Figure 3-5) which trails behind an aircraft whenever lift is being produced.  These vortices 

deflect the airstream downward in the vicinity of the wingtip, creating a downwash component 

of the relative wind.  Induced drag is the most dominant type of drag at low airspeeds. 
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Downwash – The induced downward flow of air resulting from the passage of an airfoil 

(induced flow). 

 

 
 

Figure 3-5  Wingtip Vortex 

 

 
 

Figure 3-6  Fixed Wing Airfoil Diagram - Finite Wing 

 

The downwash component deflects the free-stream relative wind downward significantly at the 

wing tip, and much less at the wing root, but the average relative wind is directed slightly 

downward as a result.  This has two significant effects: 1) it decreases AOA, and 2) it tilts the lift 

vector slightly aft.  The horizontal component of lift opposing the forward movement is called 

induced drag. 
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As the air pressure differential increases with an increase in AOA, stronger vortices form, and 

induced drag increases.  Since the wing’s AOA is usually lower at higher airspeeds, induced 

drag is the dominant type of drag at low airspeeds.  It decreases as the aircraft accelerates. 

 

In a fixed wing aircraft, total drag is the sum of parasite and induced drag, and it is opposed by 

engine or propeller thrust.  In the helicopter, the spinning rotor incurs drag even while the 

fuselage is motionless, as in a hover.  Therefore, the parasite drag of the rotor must be considered 

separately from the parasite drag of the fuselage.  To distinguish between the two, we consider 

the parasite drag of the rotor alone as a third category of drag, called profile drag. 

 

Profile Drag 

 

We define profile drag as a combination of Form Drag and Skin Friction of the rotor alone, apart 

from the fuselage.  In the case of a rotor blade, it is the drag created by the movement of the rotor 

blade through the air without creating lift.  In a hover, profile drag accounts for 15-45 percent of 

the total power consumption. 

 

Profile drag does not change significantly with the airfoil’s AOA, but increases moderately when 

airspeed increases.  This is because as the forward-moving blade (called the advancing blade) 

gains drag with the square of its velocity through the air, the rearward-moving (retreating) blade 

is losing drag at a similar rate.  Both induced drag and profile drag are associated with the rotor 

blades, and therefore both appear on the blade element diagram. 

 

Total Drag 

 

Total drag for a helicopter is the sum of all three drag forces.  As airspeed increases, parasite 

drag increases, while induced drag decreases.  Profile drag remains relatively constant 

throughout the speed range with some increase at higher airspeeds.  Combining all drag forces 

results in a total drag curve.  The low point on the total drag curve shows the airspeed at which 

drag is minimized.  This airspeed is called Maximum Endurance Airspeed (Vemax).  Since it 

occurs at the lowest point of the curve, pilots often refer to this airspeed as “bucket airspeed.”  

This is an important factor in helicopter performance.  Since it is the airspeed where power 

required is lowest, it is also the airspeed where we would find the maximum excess power, and 

the maximum rate of climb. 

 

 
 

Figure 3-7  Drag Curves 
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305. APPLICATION TO THE HELICOPTER 

 

Frame of Reference 

 

An aircraft's (helicopter or fixed-wing) reference system consists of three mutually perpendicular 

lines (axes) intersecting at a single point.  This point, called the center of gravity (CG), is the 

point at which all weight is concentrated and at which all forces are measured.  Theoretically, the 

aircraft will balance if suspended at the CG.  When in flight, the aircraft will rotate about the CG, 

so all moments will be resolved around it as well.  The CG will move as fuel burns, 

bombs/missiles are expended, or cargo shifts. 

 

The longitudinal axis passes from the nose to the tail of the aircraft.  Rotation on the 

longitudinal axis is roll, or lateral control. 

 

The lateral axis passes from wingtip to wingtip.  Rotation on the lateral axis is pitch, or 

longitudinal control. 

 

The vertical axis passes vertically through the CG.  Rotation on the vertical axis is yaw, or 

directional control. 

 

 
 

Figure 3-8  Aircraft Reference System 

 

As an aircraft moves through the air, the axis system moves with it.  Therefore, the movement of 

the aircraft can be described by the movement of its CG. 

 

306. FORCES ACTING ON THE AIRCRAFT 

 

Once a helicopter leaves the ground, it is acted upon by three aerodynamic forces:  thrust, drag, 

and weight.  Understanding how these forces work and knowing how to control them with the 

use of power and flight controls are essential to flight.  Drag was discussed in depth in paragraph 

304.  The other two forces are defined in the following paragraphs. 
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Figure 3-9  Forces acting on a helicopter in forward flight 

 

307. WEIGHT AND LOAD FACTOR 

 

Weight is the combined load of the aircraft itself, the crew, the fuel, and the cargo or baggage.  

Weight pulls the aircraft downward because of the force of gravity.  It acts vertically downward 

through the aircraft’s center of gravity (CG). 

 

In equilibrium flight, the vertical component of rotor thrust equals the weight of the helicopter.  

The ratio of rotor thrust to weight is the load factor.  It is a dimensionless number, also known as 

G-forces. 

 

When you bank a helicopter while maintaining a constant altitude, or pull up from a dive, the 

“G” load or load factor increases.  Any time a helicopter flies in a constant altitude curved 

flightpath, the load supported by the rotor blades is greater than the total weight of the helicopter.  

The tighter the curved flightpath is, the steeper the bank is; the more rapid the flare or pullout 

from a dive is, the greater the load supported by the rotor.  Therefore, the greater the load factor 

must be. 

 

Each type of helicopter has its own limitations that are based on the aircraft structure, size, rotor 

type, and capabilities.  Regardless of how much weight one can carry or the engine power that it 

may have, they are all susceptible to aerodynamic overloading.  Unfortunately, if the pilot 

attempts to push the performance envelope, the consequences can be fatal.  Aerodynamic forces 

effect every movement in a helicopter, whether it is increasing the collective, or a steep bank 

angle.  Instead, pilots need to truly understand the capabilities of the helicopter under any and all 

circumstances and plan never to exceed the flight envelope for any situation. 
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Figure 3-10  Notional load factor diagram 

 

308. THRUST 

 

Rotor Thrust:  Rotor thrust, sometimes referred to as total rotor thrust, is the force produced by 

the rotor, which acts perpendicular to the tip path plane.  It is the sum of the individual lift 

vectors of each blade element.  It opposes or overcomes the forces of weight and drag.  As the 

rotor tilts, the rotor thrust vector can be resolved into a vertical component (Vtrt) which opposes 

weight, and a horizontal component (Htrt) which opposes the parasite drag of the fuselage.  In 

conversation, rotor thrust is often referred to as lift, but lift is more like the vertical component of 

thrust only. 

 

Thrust, like lift, is generated by the rotation of the main rotor.  In a helicopter, thrust can be 

directed forward, rearward, sideward, or vertical.  The resultant thrust determines the direction of 

movement of the helicopter. 

 

The tail rotor also produces thrust.  The amount of thrust is variable through the use of the anti-

torque pedals and is used to control the helicopter’s yaw. 

 

309. INTRODUCTION TO LIFT THEORIES 

 

Several theories developed during the last two hundred years to attempt to explain the production 

of lift by an airfoil:  Pressure Distribution, Circulation, Momentum, and the Blade Element 

Theory.  One argument says that the pressure differential from the top to bottom of the airfoil 

describes lift.  Another argument says that the wing deflects the air downward, thus pushing 

itself up.  Yet another says that there is a net circulation of air around the wing, which causes it 

to lift.  Each of these ideas is completely legitimate, supported by mathematical proof.  Each also 

has a set of specific constraints and approximations, which limit its applicability.  There will be 

situations where one method is more convenient to use than another and other situations that 

demand one specific method of investigation. 
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310. PRESSURE DISTRIBUTION THEORY 
 

The pressure distribution theory evolves from the principle of continuity, and the principle of 

conservation of energy as applied to fluid dynamics (Bernoulli’s Equation).  To recap, in 

considering continuity, as the area (of a stream-tube, for example) decreases, the velocity 

increases.  Furthermore, from Bernoulli, as the velocity of the air goes up, the static pressure 

goes down.  Therefore, putting the Bernoulli equation together with the continuity 

principle, we have the following:  as the area decreases, the velocity increases, and as the 

velocity increases the static pressure decreases.  If the pressure goes down over the top of a 

wing more so than over the bottom, then the wing will be lifted up as seen in Figure 3-11.  This 
 

 
 

Figure 3-11  Pressure Changes Around a Cambered Airfoil 
 

differential pressure, accounted for by the continuity principle and the Bernoulli equation, is the 

method of choice in describing the mechanics of lift by the pressure distribution theory. 
 

311. MOMENTUM THEORY 
 

The Momentum Theory of lift relies on Newton’s laws of motion with regard to the air as it 

passes over an airfoil and the reaction of the airfoil to the motion of the air.  In a hover, this 

theory states that a certain amount of air above the rotor system is accelerated to a certain 

velocity at a certain distance below the rotor.  Since the amount of air has a finite mass and is 

given a finite acceleration, its force can be determined through Newton’s second law (F=ma). 
 

Specifically, the theory shows that given an initial velocity (v0) of zero well above the rotor 

system, the rotor system accelerates the air downward through the rotor to a particular velocity 

(vi, induced velocity) based on the diameter of the rotor, the density of the air and the weight of 

the helicopter.  The mass of air is further accelerated by the idealized constraints of the flow to 

twice the induced velocity at about the distance of one rotor diameter (Figure 3-12). 
 

Induced power is that portion of total power used to accelerate air downward and create lift.  In 

equilibrium, the thrust or force generated by the rotor must equal aircraft weight, so the induced 

power required to hover is then a function of aircraft weight.  If the helicopter weighs more, to 

maintain equilibrium it requires more torque, higher rotor speed, less induced velocity, or some 

combination of all three.  Momentum Theory loses applicability in autorotative flight. 
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Figure 3-12  Induced Velocity Idealized for Momentum Theory 

 

312. BLADE ELEMENT THEORY 

 

Whereas the Momentum Theory can describe the overall forces on the entire rotor disk, the 

Blade Element Theory allows for a greater fidelity in understanding the action and reaction of 

individual blades within a rotor disk.  The basis of Blade Element Theory is to take very 

infinitesimally thin slices of the rotor blade, called sections, determine the airflow and the 

resulting forces acting on them, and add them all up to determine the total force on the rotor.  It 

helps explain some flight characteristics peculiar to the helicopter. 

 

Calculating the thrust produced by a propeller or a rotor is a complex issue for several reasons.  

First, the velocity at each blade element increases as you move from root to tip of the blade.  

Second, the airflow through the propeller or rotor disk changes the relative wind at each point.  

These factors make the computations complicated.  For our purposes, we will use the blade 

element diagram to help explain phenomenon peculiar to the helicopter, such as dissymmetry of 

lift, transverse flow effect, autorotation, and retreating blade stall.  Before we go more deeply 

into the blade element diagram, we shall review terminology surrounding airfoils in general in 

the next chapter. 
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Figure 3-13  Variables in the Blade Element Theory 

 

For further reading on lift theories, see Appendix D of this FTI, Circulation Theory of Lift. 

 

313. SUMMARY 

 

1. In a flow stream, the sum of static and dynamic pressure is constant. 

 

2. Lift is always perpendicular to the relative wind. 

 

3. The majority of lift is the result of decreased pressure above the blade, rather than the 

increased pressure below it. 

 

4. Downwash results in induced drag. 

 

5. Induced drag is the dominant type of drag at low airspeeds. 

 

6. Parasite drag is the major cause of drag at higher airspeeds. 

 

7. Profile drag is the parasite drag of the rotor alone. 

 

8. Pressure Distribution Theory analyzes the lift on an airfoil as a function of the pressure 

changes around it. 
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9. Momentum Theory analyzes the thrust from the rotor as a whole from the perspective of 

Newton’s Laws of Motion.  It loses applicability in autorotative flight. 

 

10. Blade Element Theory analyzes airflow/forces on sections of the rotor blade to explain the 

aerodynamics of the rotor.  It explains some flight characteristics specific to the helicopter. 
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CHAPTER FOUR  

AIRFOILS 

 

400. INTRODUCTION 

 

The purpose of this chapter is to aid the student in understanding airfoils, terminology, and 

airflow and associated reactions in the rotor disk. 

 

401. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will demonstrate familiarity with airfoils, 

the blade element diagram, and how airflow interacts with airfoils 

 

2. Enabling Objectives:   
 

a. Become familiar with airfoil terminology 

 

b. Understand advantages and disadvantages of cambered vs symmetrical airfoils 

 

c. Identify forces and airflow on a blade element diagram, and understand how these 

relate to each other 

 

402. AIRFOIL 

 

An airfoil is a device whose shape is designed to maximize the production of lift per unit drag 

when placed in an airstream.  Airfoils are most often associated with production of lift.  Airfoils 

are also used for stability (fin), control (elevator), and thrust or propulsion (propeller or rotor).  

Certain airfoils, such as rotor blades, combine some of these functions.  The main and tail rotor 

blades of the helicopter are airfoils, and air is forced to pass around the blades by mechanically 

powered rotation.  In some conditions, parts of the fuselage, such as the vertical and horizontal 

stabilizers, are airfoils.  Airfoils are carefully designed to accommodate a specific set of flight 

characteristics. 

 

403. AIRFOIL TERMINOLOGY AND DEFINITIONS 

 

Chord line:  a straight line intersecting leading and trailing edges of the airfoil. 

 

Chord:  the length of the chord line from leading edge to trailing edge; it is the characteristic 

longitudinal dimension of the airfoil section. 
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Figure 4-1  Aerodynamic terms of an airfoil 

 

Mean camber line:  a line drawn halfway between the upper and lower surfaces of the airfoil.  

The chord line connects the ends of the mean camber line. 

 

Camber:  In layman’s terms, camber is the amount of curvature built into an airfoil, or more 

specifically, the curvature of the mean camber line.  In more technical terms, it is the distance 

between the chord line and the mean camber line.  Using camber improves the lift coefficient of 

an airfoil, which is an expression of its efficiency.  Camber also improves stall characteristics, 

allowing higher angles of attack before stall.  The shape of the mean camber is important for 

determining aerodynamic characteristics of an airfoil section.  Maximum camber (displacement 

of the mean camber line from the chord line) and its location help to define the shape of the 

mean camber line.  The location of maximum camber and its displacement from the chord line 

are expressed as fractions or percentages of the basic chord length.  For example, an airfoil might 

have its maximum camber at 25% of the chord.  That means that the highest point in the curved 

camber line occurs one quarter of the distance from the leading edge of the airfoil.  By varying 

the point of maximum camber, the manufacturer can tailor an airfoil for a specific purpose.  The 

profile thickness and thickness distribution are important properties of an airfoil section. 

 

Leading edge:  the front edge of an airfoil. 

 

Trailing edge:  the rearmost edge of an airfoil. 

 

Aerodynamic Center (AC):  the point along the chord line about which all of the changes in lift 

are considered to take effect. 

 

Center of pressure:  the point along the chord line of an airfoil through which all aerodynamic 

forces are considered to act.  Since pressures vary on the surface of an airfoil, an average 

location of pressure variation is needed.  As the AOA changes, these pressures change, and the 

center of pressure moves along the chord line. 
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404. AIRFOIL TYPES 

 

Symmetrical Airfoil 
 

The symmetrical airfoil (Figure 4-2), is distinguished by having identical upper and lower 

surface designs, with the mean camber line and chord line being coincident.  It produces 

zero lift at zero AOA.  A symmetrical design has advantages and disadvantages.  One 

advantage is that the center-of-pressure travel remains relatively constant under varying 

angles of attack.  Since the center-of-pressure does not move as AOA varies, the airfoil 

does not generate a moment about the aerodynamic center (AC) with increased AOA.  

The absence of moments about the AC minimizes the twisting force exerted on the airfoil.  

The minimal twisting   moments make the airfoil easier to construct and less costly than a 

similar, cambered airfoil.  It should be no surprise, then, that early helicopter rotor designs 

used symmetric airfoils. 

 

 
 

Figure 4-2  Symmetrical Airfoil 

 

The disadvantages are that the symmetrical design produces less lift at a given AOA than a 

nonsymmetrical design does and also exhibits undesirable stall characteristics.  These include 

abruptness of the stall, or stall at comparatively lower AOA. 

 

Nonsymmetrical (Cambered) Airfoil 

 

The nonsymmetrical, or cambered airfoil has different upper and lower surface designs 

(Figure 4-3).  With nonsymmetrical airfoils, there is greater curvature of the airfoil above the 

chord line than below.  In the nonsymmetrical airfoil, the mean camber line and chord line do not 

coincide.  A nonsymmetrical design has advantages and disadvantages.  The advantages are that 

the design produces more lift at a given AOA than a symmetrical design, it has a higher 

coefficient of lift, it produces an improved lift to drag ratio, and  

 

 
 

Figure 4-3  Nonsymmetrical Airfoil 

 

has better stall characteristics.  It also produces lift at zero degrees AOA.  The disadvantage is 

that the center-of-pressure travel can move up to 20% of the chord line.  The movement of the 
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center of pressure generates a nose-down pitching moment on the airfoil with increased airspeed 

or AOA.  The fixed wing aircraft counters this pitching moment with elevator deflection to pitch 

the nose up.  On a rotor blade, however, these pitching moments change as the blade rotates 

through 360 degrees, varying the pitching moments many times per second.  This has the effect 

of taking hold of the tip of a rotor blade, and twisting it back and forth with great force many 

times per second.  The twisting is called torsional loading, and it requires that blades be made 

much stronger at greater cost, or replacement after fewer flight hours. 

 

Modern materials and manufacturing processes have made use of nonsymmetrical airfoils 

practical in rotor blades, so their use is quite common on newer models. 

 

 
 

Figure 4-4  Pitching Moments on a Non-symmetrical Airfoil 

 

 
 

Figure 4-5  Droop Snoot Airfoil 
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Droop Snoot Airfoil 
 

A compromise between the symmetrical and nonsymmetrical airfoils is the dropped nose airfoil, 

also called the “droop snoot” airfoil (Figure 4-5).  It uses a design which is mostly symmetrical, 

with a slight camber added to the first 25% of the chord.  It minimizes the torsional loads on the 

blade along with the vibrations that accompany them, while allowing high rotational velocity and 

improved stall characteristics.  The TH-57 incorporates a droop snoot airfoil. 

 

405. ROTOR BLADE ELEMENT 

 

A rotor blade element is closer to a finite wing than an infinite wing, but several things set a 

blade element diagram apart from an airfoil diagram.  First, the frame of reference for the blade 

element diagram is no longer the longitudinal axis of the fuselage, or the direction of motion of 

the aircraft.  Rather, it is the tip path plane, which tilts relative to the fuselage and the direction of 

motion.  Second, the blade element only describes what is going on at a specific point on the 

rotor disk.  While it may be assumed on a fixed wing that the airflow is similar at the root and at 

the tip, and on both sides of the aircraft, those assumptions are not true for the helicopter.  Third, 

induced velocity is much more significant on a rotor than on a wing.  A rotor blade passes a 

given point many times per second, each time imparting some downward velocity to the air.  As 

a result, the hovering helicopter operates in a vertical column of air, and the velocity of that 

downward moving air directly affects the drag on the blade element.  Fourth, what would be 

called “angle of incidence” on an airfoil diagram is called “pitch angle” or “blade pitch,” and it is 

the sum of the collective and cyclic pitch angles set by the pilot.  Lastly, the parasite drag of the 

blade is called “profile drag,” to distinguish it from the parasite drag of the fuselage. 

 

Relative wind:  The actual wind that the blade element “sees.”  Technically, relative wind refers 

only to the orientation of the airflow to the airfoil.  When including the velocity of the airflow as 

well as its orientation, it is more proper to call it the relative wind vector.  In a blade element 

diagram, it is the vector sum of linear velocity (VLin) and induced velocity (Vi).  Since the 

summation of two or more vectors can be called a resultant vector, the relative wind on a blade 

element is sometimes referred to as “resultant relative wind.”  On the blade element diagram, 

lift is always perpendicular to the relative wind, and profile drag is always parallel to the 

relative wind. 
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Figure 4-6  Blade element diagram 
 

Linear Velocity:  all of the velocity on a blade element which is parallel to the tip path plane.  It 

is the vector sum of rotational velocity and translational velocity.  When a rotor is hovering in no 

wind, all of the linear velocity comes from the rotation of the blades.  The linear velocity 

resulting from rotation is called Rotational Velocity (Vrot).  Rotational velocity is always 

perpendicular to the leading edge of the blade, and it increases along the span from root to 

tip.  Translational velocity is the component of the helicopters airspeed which is perpendicular to 

the leading edge of the blade.  It varies with the azimuth of the blade, and is discussed in greater 

detail in Chapter 5, Rotor System Dynamics. 
 

 
 

Figure 4-7  Linear Velocity 
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An increase in linear velocity with no change in pitch or induced velocity, will cause an increase 

in relative wind velocity as well as an increase in AOA, and therefore an increase in lift and 

profile drag.  A decrease in linear velocity, with no change in pitch or induced velocity, will 

cause a decrease in relative wind velocity, a decrease in AOA, and therefore a decrease in lift 

and profile drag. 
 

 
 

Figure 4-8  Change in Linear Velocity 
 

Induced flow:  The total mass of air which flows perpendicular to the tip path plane.  In 

powered flight, it is the mass of air which is driven downward by action of the rotor.  In 

autorotative flight, it is the mass of air moving upward through the rotor due to the helicopter’s 

descent.  The rate of flow varies from one point on the rotor disk to another.  When describing 

the flow at a point, such as a blade element, it is more precise to call it induced velocity (Vi). 
 

 
 

Figure 4-9  Induced Flow 
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Since induced velocity is normally flowing downward, we consider downward flow to be 

positive induced velocity.  When air flows upward through the rotor disk, it is considered 

negative induced velocity.  Induced velocity on the blade element diagram has the effect of 

angling the relative wind downward.  Since lift is always perpendicular to the relative wind, 

induced velocity has the effect of tilting the lift backward, toward the trailing edge.  The 

horizontal component of the lift vector is called induced drag.  Induced drag is always 

proportional to the induced velocity.  The torque required to turn the rotor is directly proportional 

to the sum of induced drag and profile drag.  Another way to say it is, the power required to turn 

the rotor is the sum of the power required to push the rotor through the air, plus the power 

required to induce airflow downward. 
 

The angle of attack is the angle between the chord line and the relative wind.  An increase in 

induced velocity, with no change in pitch or linear velocity, causes the relative wind to be 

directed more downward.  This causes the angle of attack to decrease. 
 

 
 

Figure 4-10  Change in Induced Velocity 
 

 
 

Figure 4-11  Relationships Between Pitch, Vlin, Vi, AOA, and Lift 



HELICOPTER AERODYNAMICS WORKBOOK CHAPTER FOUR 

AIRFOILS    4-9 

406. SUMMARY 

 

1. A cambered airfoil produces more lift at a given AOA than a symmetrical airfoil. 

 

2. Pitching moments associated with cambered airfoils create undesirable effects in a rotor. 

 

3. The TH-57 incorporates a droop snoot airfoil, which includes the most desirable 

characteristics of the symmetrical and cambered airfoils. 

 

4. Linear velocity is always perpendicular to the leading edge of the blade, and it is the vector 

sum of rotational velocity and translational velocity. 

 

5. Rotational velocity increases along the span from root to tip. 

 

6. Translational velocity is the component of the helicopters airspeed which is perpendicular 

to the leading edge of the blade. 

 

7. Induced velocity is the component of airflow which is perpendicular to the tip path plane. 

 

8. The relative wind vector is the vector sum of linear velocity (VLin) and induced velocity 

(Vi). 

 

9. On the blade element diagram, lift is always perpendicular to the relative wind, and profile 

drag is always parallel to the relative wind. 

 

10. AOA is affected by changes in linear velocity, induced velocity, and blade pitch. 
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CHAPTER FIVE  

ROTOR SYSTEM DYNAMICS 

 

500. INTRODUCTION 

 

The purpose of this chapter is to aid the student in understanding the parts of a rotor, their 

purpose, and how the rotor responds to airflow and aerodynamic forces. 

 

501. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   

 

Upon completion of this unit of instruction the student will demonstrate familiarity with the 

aerodynamic concepts and phenomena associated with rotor blades and the rotor disk. 

 

2. Enabling Objectives:   

 

a. Describe how a rotor blade changes pitch to control rotor thrust. 

 

b. Describe the three axes of rotation. 

 

c. Describe the forces on a rotor blade and how they cause it to move. 

 

d. Explain how airflow across a rotor disk in flight affects the disk. 

 

502. ROTOR BLADE ACTIONS 

 

The forces acting on a blade include gravity, lift, drag, centrifugal force, centripetal force, and 

the driving force of the rotor hub.  The rotor blades are attached to a hub, which allows the pilot 

to change the pitch of the blades in order to control the magnitude and direction of rotor thrust.  

There are three types of rotor blade movement which facilitate control of the rotor, and its thrust. 

 

Feathering 
 

Feathering is the rotation of the blade along its spanwise axis to change the pitch of the blade.  

Feathering is the engineering term for this type of movement.  Pilots and technicians generally 

call it pitch change.  The resulting pitch angle is the sum of the collective pitch angle and the 

cyclic pitch angle.  Collective pitch changes the pitch of the blades the same amount at the same 

time, or collectively.  It changes the magnitude of the thrust vector.  Cyclic pitch control changes 

the direction of the thrust vector.  Cyclic pitch changes pitch of individual rotor blades 

independently of the other blades in the system.  The change is equal and in opposite directions 

on opposite sides of the rotor disk, with no change for the blades perpendicular to them.  For 

example, a pilot may pull up on the collective until the pitch of all of the blades is 10 degrees.  If 

the pilot then moved the cyclic out of the neutral, centered position, it might add 5 degrees of 

pitch to one blade, but subtract 5 degrees from its opposite.  The result would be 5 degrees pitch 

on one blade, 15 degrees on the blade opposite it, and 10 degrees on blades perpendicular to 

them. 
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Flapping 

 

Flapping is the up and down movement of a blade, or more precisely, the rotation of the blade in 

a vertical plane around a real or virtual horizontal hinge.  On a two-bladed rotor, the trunnion is 

the horizontal hinge.  When more than two blades are used, the blades are attached by a hinge at 

their root.  Most rotor hubs in the 20th century used mechanical hinges.  Around the 1970’s, 

advances in materials enabled the design of hingeless rotors, which allow for blade flapping, 

hunting, and pitch change through rotor hubs with flexible joints. 

 

Hunting (Lead/Lag) 

 

Hunting is fore and aft blade movement parallel to the tip path plane around a real or virtual 

vertical hinge.  It is more commonly referred to as Lead/Lag by pilots and maintenance crews.  

Hunting results from both aerodynamic and inertial forces, and is critical to a rotor maintaining 

its natural balance. 

 

503. AXES OF ROTATION 

 

There are three axes of rotation concerning the rotor.  They are:   

 

Mechanical Axis – The extension of the centerline of the rotor mast. 

 

Control Axis – An imaginary axis which extends perpendicular to the swashplates.  It roughly 

reflects the position of the cyclic stick.  That is, when you push the cyclic forward, the control 

axis tilts forward proportionally. 

 

Virtual Axis – The axis of rotation perpendicular to the tip path plane.  As the rotor disk tilts 

with control inputs, the virtual axis separates from the mechanical axis and remains 

perpendicular to the plane of rotation.  Total rotor thrust acts through the virtual axis. 

 

In a no-wind hover, the three axes more or less coincide.  That changes in forward flight. 

 

504. PHASE LAG 

 

Hovering is actually an element of vertical flight.  Increasing the angle of incidence of the rotor 

blades (pitch) while keeping their rotation speed constant generates additional lift and the 

helicopter ascends.  Decreasing the pitch causes the helicopter to descend.  In a no-wind 

condition in which lift and thrust are less than weight and drag, the helicopter descends 

vertically.  If lift and thrust are greater than weight and drag, the helicopter ascends vertically. 

 



HELICOPTER AERODYNAMICS WORKBOOK CHAPTER FIVE 

ROTOR SYSTEM DYNAMICS    5-3 

 
 

Figure 5-1  Deflection in a Linear System 

 

The same thing happens in a rotational system, but rather than achieving maximum displacement 

at some linear distance away, the object achieves maximum displacement at some angle away.  If 

the ball observed in Figure 5-1 was put on a string, rotated, and subjected to an air jet it would 

become displaced.  However, it wouldn't reach maximum displacement immediately.  It would 

begin moving up at the point where the force was applied but reach full displacement at some 

later point. 

 

 
 

Figure 5-2  Deflections in a Rotating System 

 

In Figure 5-2 the maximum displacements are shown to occur 90 degrees after the applied 

force.  This delay in maximum displacement is called phase lag, and is a property of all 

rotating systems acted on by a periodic force.  For a system that is hinged at the axis of 

rotation the phase lag is 90 degrees.  An applied force causes maximum displacement 90 

degrees later in the cycle, in the direction of rotation.  A system that is hinged at some 

distance from the axis of rotation (like a fully articulated rotor head) has a phase lag of 

slightly less. 

 

Phase Lag – The angular difference between the point where a cyclic pitch change is 

made on the rotor disk, and the point where the maximum flapping results from the 

change. 
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It is flapping that tilts the tip path plane, and the thrust vector.  Helicopter controls apply a 

force 90 degrees prior to the desired response.  This is accomplished by including an 

advance angle in the pitch change horn and rod. 
 

Advance Angle – The number of degrees the designer sets the control input (pitch change rod) 

in advance of the reaction point, in order to compensate for the phase lag and ensure the rotor 

disk reacts in the same sense as the cyclic movement. 
 

For example, to pull the rotor disk up at the 12 o'clock position (nose-up pitch) the blade 

pitch (and thus the angle of attack and lift) is increased at about the 3 o'clock position and 

decreased at  the 9 o'clock position.  To tilt the disk to the right, the blade pitch is increased 

at the 12 o'clock position and decreased at the 6 o'clock position. 
 

505. PHASE LAG VERSUS GYROSCOPIC PRECESSION 
 

The rotor system is not a gyro; however it sometimes behaves in a way that may be likened to a 

gyro.  Phase lag in a non-rigid system can be compared to the effects of precession that occur in 

a rigidly mounted gyroscope, but they are not the same thing.  A gyro exhibits gyroscopic 

precession in response to an applied force, while the rotor system responds 'similarly' using the 

principle of phase lag discussed in the previous section.  The phenomenon of precession occurs 

in rigid rotating bodies that manifest an applied force 90 degrees after the application in the 

direction of rotation.  The force is actually described as causing the rigid body to rotate as if acted 

upon by a different force 90 degrees later.  Although precession is not a dominant force in rotary-

wing aerodynamics, aviators must consider it because rotating rigid components may exhibit 

some of  the characteristics of a gyro.  If the rotor blades were surrounded by a solid ring, the 

rotor would behave like a gyro, and it would not be able to roll without a change in pitch.  

Clearly, a helicopter can roll about the longitudinal axis without changing pitch, demonstrating 

that the rotor does not behave exactly like a gyro. 
 

 
 

Figure 5-3  Phase Lag 
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Figure 5-3 illustrates the effects of phase lag on a typical rotor disk when force is applied at a 

given point.  A downward force applied to the disk at point A results in maximum downward 

movement (displacement) of the disk at point B.  The association of a rotor's movement with 

phase lag and precession stems from similarity to the effects of a force on a gyro rather than its 

similarity to an actual gyro.  Both a gyro and a rotor are circular systems and respond to applied    

forces somewhat similarly, but through completely separate mechanisms.  However, numerous 

writings and pilots use the terms interchangeably even though they are not the same thing. 

 

506. DISSYMMETRY OF LIFT 

 

The linear velocity and lift on a helicopter hovering in no wind is symmetrical. 

 

 
 

Figure 5-4  Symmetry of Lift 

 

When the helicopter moves through the air, the blade on one side of the disk is being driven into 

the wind, while its counterpart on the opposite side of the disk is moving with the wind.  We call 

these blades the advancing and retreating blades, respectively.  When the rotor turns 

counterclockwise when viewed from above, the right side is the advancing side, and the left side 

is the retreating side in forward flight.  The airflow across a blade element which results from 

forward flight is called Translational Velocity, or V-translational, abbreviated VTrans.  More 

specifically, translational velocity is the component of forward airspeed which is perpendicular 

to the leading edge of the blade.  The linear velocity of the blades at 12 o’clock and 6 o’clock is 

not affected by forward airspeed, because the translational velocity flows down the span of the 

blade, parallel to the leading edge.  At every other blade position, however, the linear velocity 

(VLin) becomes the vector sum or Rotational and Translational Velocities. 
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VLin = VRot + VTrans 

 

 

 

 
 

Figure 5-5  Advancing and Retreating Blade Element Diagrams 
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Figure 5-6  The Effect of Translational Velocity 
 

On the retreating half of the rotor disk, the translational velocity is subtracted from the rotational 

velocity.  Near the rotor hub, at the root of the blade, the rotational velocity can be less than the 

translational velocity, resulting in reverse flow, where airflow is from the trailing edge to the 

leading edge of the blade.  It can even result in negative lift, so the region of the rotor disk in 

forward flight that is close to the hub on the retreating side is called the Negative Lift and 

Reverse Flow Region.  In forward flight, lift across the rotor disk is asymmetrical.  It generates a 

moment which, if uncorrected, would cause the rotor to roll to the left. 
 

 
 

Figure 5-7  Dissymmetry of Lift 
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To correct for dissymmetry of lift, a rotor blade is connected to its hub by a horizontal hinge.  

The horizontal hinge allows the blade to rotate in a vertical plane, an action called flapping.  The 

flapping hinge prevents the rolling moment caused by dissymmetry of lift.  Furthermore, 

flapping action corrects for dissymmetry of lift as follows.  The increased linear velocity on the 

advancing blade initially increases lift.  The increased lift makes the blade flap up.  The upward 

flapping is against the downward induced velocity, so the blade “sees” an increase in induced 

velocity.  The increase in induced velocity causes the relative wind to be deflected more 

downward, decreasing AOA.  This reduction equalizes the lift between the advancing and 

retreating blade. 

 

 
 

Figure 5-8  Advancing Blade Flapping 

 

The opposite effect occurs on the retreating side.  As the blade flaps downward, it is moving with 

the induced velocity, and it “sees” less induced velocity.  This has the effect of increasing AOA. 

 

 
 

Figure 5-9  Retreating Blade Flapping 
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To summarize, in forward flight, the greater linear velocity on the advancing half of the rotor 

disk compared to the retreating half results in greater lift.  This is known as dissymmetry of lift.  

It causes the advancing blade to flap up, and the retreating blade to flap down, changing the 

relative wind and AOA.  The result is on the advancing side, we have greater linear velocity and 

lesser AOA, and on the retreating side lesser linear velocity and greater AOA. 

 

 
 

Figure 5-10  Flapping Compensates For Dissymmetry of Lift 

 

507. BLOWBACK 

 

The combination of dissymmetry of lift and phase lag causes a peculiar phenomenon called 

blowback.  As the advancing blade’s linear velocity increases, it generates more lift.  The 

greatest increase in lift occurs at the 3 o’clock position, and because of phase lag, the highest 

upward flapping results 90 degrees later at the 12 o’clock position.  This causes the rotor to pitch 

up, which in turn causes the fuselage to pitch up.  The pilot corrects this phenomenon by 

trimming the cyclic forward.  Blowback doesn’t only occur on the transition to forward flight.  It 

occurs anytime airspeed increases.  For that reason, the faster the helicopter goes, the more 

forward the cyclic stick must be trimmed.  It results in a positive stick gradient, which simply 

means that the stick must be trimmed forward as airspeed increases.  The reverse is implied as 

well: as the helicopter slows down, the rotor will pitch down as the effect of blowback is 

decreased. 
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Figure 5-11  Blowback 

 

Blowback doesn’t only result from an increase in forward speed.  It also results from an increase 

in collective pitch in forward flight.  This will be covered in more detail in forward and climbing 

flight. 

 

508. CONING 

 

With the rotor stopped, rotor blades generally sag somewhat under their own weight.  This is 

called static droop.  In a static condition, the rotor blades do not have enough strength built into 

them to support the weight of the helicopter.  If one were to attempt to lift a helicopter with a 

crane by connecting a cable at the mid-span of each blade, the blades would likely snap off at the 

root.  In the same way that a weed whacker can cut through vegetation by spinning a nylon line 

at a very high speed, it is the rotation of the blades and the centrifugal force generated that gives 

them their rigidity to support the weight of the helicopter.  With the rotor at operating rpm, if the 

pilot increases collective pitch, the blades will deflect upward to some degree.  This upward 

deflection is known as coning, and some degree of coning is present in any rotor which is 

producing normal lift.  In a semi-rigid rotor, where the blades do not flap independently of each 

other, the designer may incorporate some degree of pre-coning into the rotor hub to decrease 

bending stresses.  As mentioned in paragraph 502, the forces acting on a rotor blade include 

gravity, lift, drag, centrifugal force, centripetal force, and the driving force of the rotor hub.  Of 

these forces, lift and centrifugal force affect the degree of coning the most.  Centrifugal force is 

directly proportional to the square of rotational speed.  In the formula for centrifugal force, 

rotational speed (rpm) is represented by the lower case Greek letter omega, w. 

 

Fc = mw2/r 

 

That means that the centrifugal force increases or decreases exponentially with rotational speed.  

The degree of coning will increase when lift increases or rotor speed decreases. 
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Figure 5-12  Coning 

 

 
 

Figure 5-13  Sikorsky Prototype Helicopter 

 

The prototype helicopter in Figure 5-13 illustrates a high degree of coning due to low rotational 

velocity.  While coning in a hover doesn’t present any negative consequences, it does cause 

problems when in forward flight.  Tilting a cone-shaped rotor causes the rotor to wobble due to 

geometric imbalance.  In order to understand the significance of this, we must first understand 

the Coriolis Effect. 

 

509. CORIOLIS EFFECT 

 

The Coriolis Effect is also referred to as the law of conservation of angular momentum.  It states 

that the value of angular momentum of a rotating body does not change unless an external force 

is applied.  In other words, a rotating body continues to rotate with the same rotational velocity 

until some external force is applied to change the speed of rotation.  Angular momentum is the 
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moment of inertia (mass (m) times distance from the center of rotation squared (r2)) multiplied 

by the speed of rotation (w). 

 

I = m r2 w 

 

Changes in angular velocity, known as angular acceleration and deceleration, take place as the 

mass of a rotating body is moved closer to or farther away from the axis of rotation.  The speed 

of the rotating mass varies proportionately with the square of the radius. 

 

An excellent example of this principle in action is a figure skater performing a spin on ice skates.  

The skater begins rotation on one foot, with the other leg and both arms extended.  The rotation 

of the skater’s body is relatively slow.  When a skater draws both arms and one leg inward, the 

moment of inertia (mass times radius squared) becomes much smaller and the body is rotating 

almost faster than the eye can follow.  Because the angular momentum must, by law of nature, 

remain the same (no external force applied), the angular velocity must increase. 

 

Another application of conservation of angular momentum, or Coriolis Force, occurs when the 

rotor is tilted with cyclic pitch inputs.  Consider that aerodynamic force causes the rotor blades to 

flap up to form a cone shape.  This raises the CG of the individual blades, and the rotor as a 

whole. 

 

 
 

Figure 5-14  Rotor System CG Shift 

 

When the cone is tilted to move forward, the blade over the nose flaps downward, while the 

blade over the tail moves upward. 
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Figure 5-15  Rotor Disk Tilted 

 

Coriolis force causes the blade which flaps upward to increase angular velocity, or lead.  It 

causes the blade which flaps downward to slow down, or lag.  Without vertical hinges and 

associated lead-lag dampers, tremendous forces are exerted on the rotor hub and blades as they 

tend to speed up and slow down.  Vertical hinges and lead-lag dampers alleviate the bending 

moments from these forces. 

 

 
 

Figure 5-16  Bending Stress from Coriolis Force 

 

510. LEAD AND LAG 

 

There are three forces which affect in in-plane motion of a rotor blade:   

 

Centrifugal force:  tends to make the blades radiate straight outward from the hub. 

 

Aerodynamic Drag:  tends to make the blades lag aft. 

 

Coriolis or Inertial Forces:  can cause the blade to speed up (lead) or slow down (lag). 
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511. GEOMETRIC IMBALANCE 

 

Geometric imbalance occurs when the CG of the rotor is not centered over the rotor mast.  It 

generates a one-per-revolution lateral vibration similar to the wobble of a ceiling fan that is out 

of balance.  It can occur mechanically if the masses of opposing blades are not equal.  It can 

occur aerodynamically through flapping and hunting.  If the vertical hinges bind, or if the 

dampers associated with them either bind or fail, the result can be geometric imbalance.   

Figure 5-17 illustrates geometric imbalance due to misalignment of rotor blades. 

 

 
 

Figure 5-17  Geometric Imbalance 

 

512. SUMMARY 

 

1. Individual blade actions are called feathering or pitch change, flapping, and hunting, or 

lead and lag. 

 

2. The three axes of motion for the rotor are the mechanical, control, and virtual axes. 

 

3. Phase lag is the angular difference between where a pitch change input is made and where 

the flapping results from it. 

 

4. In forward flight, lift across the rotor disk is asymmetrical. 

 

5. Flapping compensates for dissymmetry of lift. 
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6. Dissymmetry of lift, combined with phase lag, causes blowback. 

 

7. Blowback causes the rotor to pitch up with an increase in airspeed. 

 

8. The pilot compensates for blowback by trimming the cyclic forward. 

 

9. Positive stick gradient means that the faster the helicopter flies, the farther forward the 

cyclic stick will need to be trimmed. 

 

10. Coning results from aerodynamic force deflecting a blade upward, while centrifugal force 

pulls the blades outward. 

 

11. The Coriolis Effect in a rotor means that as a blade flaps up, it tends to speed up. 

 

12. Geometric imbalance can result from aerodynamic or mechanical causes, and is felt as a 

one-per-revolution lateral vibration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER FIVE HELICOPTER AERODYNAMICS WORKBOOK 

5-16    ROTOR SYSTEM DYNAMICS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

THIS PAGE INTENTIONALLY LEFT BLANK 

 

 

 

 

 

 

 



 

ROTOR SYSTEM DESIGN    6-1 

CHAPTER SIX  

ROTOR SYSTEM DESIGN 
 

600. INTRODUCTION 
 

This chapter introduces different types of helicopter rotors and design features. 
 

601. LESSON TOPIC LEARNING OBJECTIVES 
 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will demonstrate familiarity with the types 

and design features of helicopter rotor systems. 
 

2. Enabling Objectives:   
 

a. Describes the three most common types of helicopter rotors and their 

characteristics. 
 

b. Explain geometric imbalance. 
 

c. Explain how the underslung design compensates for geometric imbalance. 
 

d. Explain the benefits and drawbacks from geometric twist. 
 

 
 

Figure 6-1  Three Basic Types of Rotors 
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602. ROTOR TYPES 

 

There are three basic types of rotors:  articulated, semi-rigid, and rigid rotors.  These terms are 

legacy terms, and somewhat deceptive, because a rigid rotor is designed to flex, whereas a semi 

rigid rotor is not!  For those reasons, some more descriptive terms are often used.  A semi-rigid 

rotor is often called a “teetering” rotor, and a rigid rotor is sometimes called a “hingeless” rotor.  

To make matters more complicated there are variants of each type of rotor, which sometimes 

blur the lines between categories.  For example, the “soft-in-plane” rotor shares characteristics of 

both the articulated and rigid rotors.  All helicopters must incorporate some means to feather the 

blades to allow collective and cyclic pitch control.  The differences between them are discussed 

in the next section. 

 

Semi-Rigid (Teetering) Rotor 
 

The semi-rigid rotor is the simplest, and least costly type of rotor.  It includes hinges for 

feathering and flapping, but not hunting.  The rotor flaps as a unit around the trunnion, like a see-

saw, or teeter-totter, hence the term “teetering” rotor. 

 

 
 

Figure 6-2  TH-57 Semi-Rigid Rotor 

 

If the rotor maintained a disk shape in flight, the disk could be tilted with no adverse affects.  A 

problem arises from the fact that the rotor blades deflect upward when producing lift, so that the 

rotor forms a cone shape.  When the cone of the semi-rigid rotor is tilted, the CG of the upward 

flapping blade gets closer to the mast, while the CG of the downward flapping blade gets farther 

from the mast.  This moves the entire CG off center, causing geometric imbalance.  In other 

words, the rotor starts to wobble.  Inertial, or Coriolis forces would also tend to make the upward 

flapping blade lead, and the downward flapping blade lag.  Without vertical hinges, these forces 

would place large bending stress on the rotor hub and blades. 
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Figure 6-3  Semi-Rigid Rotor Without Underslinging 

 

 
 

Figure 6-4  Semi-Rigid Rotor With and Without Underslinging 

 

To correct for the geometric imbalance, the blades are mounted so that when they are coned 

upward, the CG of each blade is in line with the trunnion.  This design feature is known as 

underslinging. 

 

 
 

Figure 6-5  Semi-Rigid Rotor With Underslinging 
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When the underslung rotor flaps, the CG’s of the blades remain equidistant from the mast, so that 

the overall CG of the rotor remains over the mast, and Coriolis forces are mostly eliminated.  

Any remaining Coriolis forces are dealt with by making the blade grips relatively robust.  The 

underslung design eliminates geometric imbalance in the semi-rigid rotor. 

 

The semi-rigid rotor is relatively low-tech and highly reliable, with minimal maintenance cost.  

While it is the rotor of choice for low-cost helicopters, it has also been used in high-performance 

aircraft like Bell’s Huey and Cobra models for decades.  Some disadvantages of the semi-rigid 

rotor are that it produces no mast moment, it is susceptible to a dangerous phenomenon known as 

“mast bumping,” and it only works with two blades.  Mast bumping is easily avoided with proper 

training and good airmanship.  The lack of a mast moment means that the rotor will only cause 

the aircraft to pitch or roll while it is producing thrust, which is normally not a problem.  It also 

means that there is a slight delay in aircraft response to pitch and roll inputs.  The slight delay 

just takes a little getting used to.  But, if more than two blades are desired, then one of the other 

rotor designs is required. 

 

Articulated Rotor 
 

The articulated rotor was conceived in the 1920’s, when Juan de la Cierva needed a solution to 

the rotor flapping which destroyed his prototype autogyro.  An articulated rotor uses mechanical 

hinges to allow the blade to feather, flap, and hunt, illustrated in Figure 6-6.  Rotor hinges, like 

the hinges on a door, have a central axis, or pin, around which the hinge rotates.  The plane of 

rotation is perpendicular to the orientation of the pin.  So, as in a door hinge, the hinge pin is 

vertical, and the door rotates in a horizontal plane to open and close the door. 

 

 
 

Figure 6-6  Articulated Rotor 

 

The horizontal hinge, sometimes called the “flapping hinge,” connects the blade to the hub.  The 

blades flap and hunt independently of each other.  When the horizontal hinge is moved outward 

from the mast, the result is that the flapping of the blades produces a mast moment which 
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contributes to maneuverability.  Outboard of the horizontal hinge is the vertical hinge, sometimes 

called a “drag hinge,” to facilitate hunting, or lead and lag.  It is accompanied by a shock 

absorber called a lead-lag damper (not depicted in Fig 6-6).  All of these mechanical components 

require lubrication in the form of grease or oil.  The blade grip is then mounted on a spindle, 

which allows change in pitch.  In the articulated rotor, the geometric imbalance which would be 

caused by tilting the rotor cone is eliminated by allowing the blades to “hunt.”  That is, they 

“seek” their natural balance by being permitted to lead and lag.  When this hunting motion is 

inhibited by lack of lubrication or mechanical failure, geometric imbalance can result. 

 

Rigid (Hingeless) Rotor 
 

The rigid rotor allows the pilot to change pitch as with the other types of rotors, and it allows the 

blades to flap and hunt independently like the articulated rotor.  It does so, however, without the 

use of conventional hinges.  The hub of a rigid rotor includes flexible joints which allow the 

rotor blade to flap and hunt.  These require materials which will not readily crack through 

fatigue.  These rotors were not developed until the 1960’s and 70’s.  The increased cost of the 

materials is generally offset by the decreased maintenance costs, as there are fewer hinges to 

routinely lubricate.  Some rigid rotors incorporate a spindle which allows pitch change.  Others 

accomplish pitch change completely through the twisting of components of the rotor hub.  Since 

the flexible hub offers more resistance than the hinges on the articulated rotor, the aircraft 

response to control inputs is more immediate.  That means maneuvering performance is 

increased.  In order to take advantage of the performance benefits, modern Huey and Cobra 

helicopters have been upgraded to rigid rotors. 

 

 
 

Figure 6-7  Four-Bladed Rigid Rotor for the Huey and Cobra 

 

603. GEOMETRIC TWIST 

 

Airfoils work most efficiently when a relative wind velocity is matched to angle of attack for that 

specific airfoil shape.  On a rotating airfoil, like a propeller, rotor, or even a wind turbine, the 
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relative wind velocity increases along the span from root to tip.  To achieve maximum 

efficiency, the pitch of the airfoil should be adjusted along the span, so that the combination of 

pitch and relative wind will result in the best AOA at each point along the span.  Another point to 

consider, however, is that the lift on a wing or a blade generates a bending moment at its root.  

Linear velocity along the blade is greatest at the blade tip, but lift increases with the square of 

velocity.  That means that if the pitch is the same from root to tip, the lift increases exponentially 

from root to tip.  When all of the lift is generated at the blade tip, it increases the bending 

moment across the blade. 
 

 
 

Figure 6-8  With and Without Blade Twist 
 

Blade twist provides higher pitch angles at the root where velocity is low and lower pitch angles 

nearer the tip where velocity is higher.  This increases the induced air velocity and blade loading 

near the inboard section of the blade.  It makes the rotor or prop more efficient, i.e., more thrust 

per unit drag. 
 

 
 

Figure 6-9  Ideal vs. Linear Twist 
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If a rotor were designed only for hovering flight, then a high degree of twist, like that of an 

airplane propeller, would be best.  Unlike a propeller, however, a rotor must also be able to move 

edgewise through the air.  A high degree of pitch at the root of the blade would be a liability on 

the retreating side.  It would generate a much larger negative lift and reverse flow area.  A 

compromise design to accommodate both hovering and forward flight is the linear twist.  A 

comparison of linear twist vs. ideal twist is depicted in Figure 6-9.  A linear twist approximates 

the ideal twist for the outer two thirds of the blade span.  The inner one-third is nowhere close to 

the ideal twist, but it avoids the negative consequences that would occur from a high degree of 

twist in cruise flight.  It is also less costly to manufacture.  With a linear twist, the airfoil is the 

same at each point along the span, but its pitch decreases at a linear rate from root to tip.  The 

TH-57’s blade incorporates a 5 degree nose down geometric twist. 
 

 
 

Figure 6-10  Blade Twist 

 

604. SUMMARY 

 

1. The three most common types of rotors are teetering (or semi-rigid), articulated, and rigid 

rotors. 

 

2. On a teetering rotor, the trunnion is the flapping hinge. 

 

3. The underslung design eliminates geometric imbalance which would be caused by the 

flapping of the rotor. 

 

4. Geometric twist improves rotor blade efficiency by adjusting blade pitch to account for the 

increase in linear velocity from root to tip. 

 

5. The TH-57’s main rotor blade incorporates a 5 degree nose down geometric twist. 
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CHAPTER SEVEN 

STABILITY AND CONTROL 

 

700. INTRODUCTION 

 

This chapter introduces the concepts of stability and control and how they apply to a helicopter 

in flight. 

 

701. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:  Partially supported by this lesson topic:   

 

Upon completion of this unit of instruction the student will demonstrate familiarity with the 

concepts of stability and controllability and related helicopter design features and considerations 

 

2. Enabling Objectives:  Completely supported by this lesson topic:   

 

a. Recall the definition of static stability and dynamic stability. 

 

b. Recall the definition of control, controllability, and control authority. 

 

c. Recall the definition of and state the relationships between CG, mechanical 

axis, and virtual axis. 

 

d. Describe the contributions of the vertical fin to stability. 

 

e. Describe the contributions of the horizontal stabilizer to stability. 

 

f. Describe how the effect of the location of a helicopter's CG affects control. 

 

g. Identify causes for departure from controlled flight. 

 

h. Describe how changes in power and airspeed affect helicopter attitude. 

 

i. Recall the definition of aircraft trim and explain its importance 

 

702. STABILITY AND CONTROL 

 

Some aspects of helicopter stability and control are similar to that of a fixed wing aircraft, but 

others are quite different.  This chapter defines stability and describes how the helicopter is 

controlled by the pilot. 
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703. STABILITY 

 

1. General 
 

Static stability refers to the tendency of an object to return to its original conditions following a 

disturbance.  Dynamic stability refers to the response to a disturbance over time.  The classic 

example of static and dynamic stability is a marble or ball bearing in the bottom of a bowl.  If a 

force is used to move the ball up the side of the bowl (Fig 7-1, A), and the force is removed, the 

ball starts moving back toward the bottom of the bowl where it started, exhibiting positive static 

stability.  Momentum will cause the ball to overshoot its original position, but friction and 

gravity will eventually cause the ball to come to rest where it started, exhibiting positive dynamic 

stability as well.  If the sides of the bowl are made steeper, as in Fig. 7-1 B, the force returning 

the ball will be greater, and response time will be less.  A ball on a flat surface, Fig 7-1 C, if 

pushed, exhibits no tendency to return back to where it started, nor does it accelerate away from 

where it started.  This demonstrates neutral static stability.  If the ball were balanced atop a 

domed surface, Fig 7-1 D, and then nudged off the top, it would accelerate away from its original 

position, never to return on its own.  This demonstrates negative static and dynamic stability.  

Applying this knowledge to real life, we know that when pulling a trailer behind a vehicle, the 

trailer exhibits positive static and dynamic stability as long as we are pulling it forward.  It 

requires no attention or control inputs to keep the trailer behind the tow vehicle.  Backing the 

trailer, however, is a different story.  While backing, the driver needs to make constant 

corrections to push the trailer in the desired direction.  Failure to do so results in the trailer “jack 

knifing,” and a lot of frustration.  This is an example of negative static and dynamic stability. 

 

 
 

Figure 7-1  Examples of Stability 
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Figure 7-2  Static vs. Dynamic Stability 

 

When an aircraft is not accelerated by any moments or forces it is in a state of equilibrium.  By 

Newton's first law, an aircraft in equilibrium will continue in its established condition of flight 

until it is acted upon by an unbalanced force.  Note that the equilibrium state can be a hover, 

straight and level flight, a steady-state turn, or even a descent.  It is easiest to consider the 

equilibrium cases of hover or straight and level flight.  Stability is the tendency to return to a 

given state of equilibrium when disturbed. 
 

Helicopters are designed to be as close as possible to positive static stability in as many axes as 

possible.  Thus, in roll, pitch, yaw, airspeed, sideslip, and other potential flight parameters 

designers seek to approach positive static stability.  The few parameters that cannot be made 

statically stable are made as close to neutral stability as possible, and are adjusted to act slowly 

enough for pilots to comfortably control them.  Two stability characteristics of the main rotor 

that helicopters tend to exhibit involve speed and AOA changes, discussed later. 

 

704. CENTER OF GRAVITY 

 

An object’s center of gravity (CG) is the point around which all mass appears to be 

concentrated.  Outside of a gravity field, as in space, it is the point around which an object would 

rotate, without any other forces present.  Inside a gravity field, it is the balance point, or the point 

within a body through which all the forces of gravity are considered to act.  If you were to lift an 

object from a point directly at or over its CG it will lift without rotating.  If you were to lift from 

a point away from the CG, the object will rotate as it is being lifted until the CG is directly below 

the lifting force. 

 

In aerodynamics, the CG is defined as the point about which the sum of the moments is equal to 

zero.  Its location is determined by summing moments about a datum and dividing by the weight.  

The datum could be the nose of the aircraft, or any arbitrary point.  The resulting quotient is the 

distance of the CG from the datum.  The three axes of motion pass through, or close to, the CG.  

There is more in depth discussion of CG limits of travel later in this chapter. 
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Sometimes, a helicopter is compared to a pendulum, because its CG hangs below the thrust of 

the rotor.  A pendulum hung from a fixed point exhibits positive static stability.  As long as the 

string or cable suspending the pendulum can bear its weight, and the CG is directly below the 

 

 
 

Figure 7-3  Pendulum Model 

 

point of suspension, the pendulum is in equilibrium.  Any lateral disturbance of the pendulum 

moves the CG out from under the point of suspension.  This generates a stabilizing moment 

which causes the pendulum to return to its original position. 

 

The pendulum model is, however, an oversimplification of the helicopter.  A pendulum is 

suspended from a fixed point, where a helicopter is not.  Therefore, the slightest pitch or roll of 

the helicopter would move the mechanical axis, and as a result, the thrust axis.  If the thrust axis 

is not corrected by the pilot or some type of control system, the result is acceleration. 

 

 
 

Figure 7-4  Limits of Pendulum Analogy 
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705. CENTER OF PRESSURE 

 

In addition to the center of gravity, another important characteristic of an object in a flow stream 

is its center of pressure (CP).  The CP is the point on a body where the sum total of the 

aerodynamic pressure field acts, causing a force and no moment about that point.  Consider a 

weathervane or a wind sock.  If the pivot point for a weathervane was located at the CP, the 

pressure of the wind would not generate a moment to cause the weathervane to pivot into the 

wind.  By locating the pivot point some distance from the CP, the force of the wind on the CP 

will generate a moment to cause the weathervane or wind sock to indicate the wind direction. 

 

Now consider an object moving through the air, such as an arrow in flight.  One can find the CG 

by hanging the arrow from a string.  The point where it hangs parallel to the ground is the CG.  

The fins (called “fletches”) on an arrow move the CP away from the arrowhead.  When the arrow 

is shot from a bow, the arrow may initially wobble and tumble slightly, but as long as the CP is 

behind the CG, momentum will carry the CG forward, the aerodynamic force will cause the CP 

to remain behind the CG, and the arrow will fly a straight path.  If one were to put fins forward 

near the arrowhead, it would not make the arrow more stable.  Rather, moving the CP forward of 

the CG would cause the arrow to tumble in flight. 

 

 
 

Figure 7-5  Arrow in Flight 

 

706. AERODYNAMIC CENTER 

 

The lift and drag forces can be applied at a single point, the center of pressure, about which they 

exert zero torque.  However, the location of the center of pressure moves significantly with a 

change in angle of attack and is thus impractical for aerodynamic analysis.  Instead the 

aerodynamic center is used, and as a result the incremental lift and drag due to change in angle 

of attack acting at this point is sufficient to describe the aerodynamic forces acting on the given 

body. 

 

Aerodynamic Center (AC) - The point along the chord line where changes in angle of attack do 

not change the moment on the airfoil.  The aerodynamic center on subsonic airfoils is typically at 

the ¼ chord position. 
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707. MANEUVERABILITY 

 

A helicopter's maneuverability is the ease with which it will move out of its equilibrium 

position.  Maneuverability and stability are opposites.  A stable aircraft tends to stay in 

equilibrium and is difficult for the pilot to move out of equilibrium.  The more maneuverable an 

aircraft is, the easier it departs from equilibrium, and the less likely it is to return to equilibrium.  

If an aircraft needs to move quickly from its trimmed equilibrium attitude, it will have weak 

stability.  Of course, this means the aircraft will be more difficult to fly in equilibrium and will 

require more of the pilot's attention.  The mission of a specific aircraft dictates the compromises 

between stability and maneuverability the designer will have to make.  With a basic 

understanding of static stability, it is possible to discuss each aircraft component and its 

individual contribution to static stability. 
 

708. CONTROL 
 

Control is the ability to apply forces and moments to a vehicle to get it travel and maneuver in 

the manner in which the operator desires.  If one were to ignore the forces of gravity and friction, 

as in the vacuum of space, a force applied directly through an object’s CG will cause it to move 

in a straight line, or “translate.”  If the force is applied away from the CG, the result will be both 

translation and rotation.  An aircraft, however, is influenced by the force of gravity, aerodynamic 

forces and, when on the ground, friction.   

 

When a helicopter is on the ground with the collective full down, the blades are at or very close 

to zero degrees, or flat pitch.  If the blades have camber they can produce lift at flat pitch, but the 

lift is insignificant compared to the weight of the helicopter.  If the rotor is a semi-rigid rotor, it 

 

 
 

Figure 7-6  Helicopter on the Ground, Blades at Flat Pitch 

 

does not produce any mast moment.  Therefore, the cyclic can be used to tilt the tip path plane, 

but the minimal thrust being produced will not result in noticeable pitch or roll of the helicopter 

on its skids.  However, the pilot still needs to be cognizant of cyclic position.  Excessive cyclic 

displacement can result in mast bumping, severing the tail boom, or injury to personnel under the 

tip of the rotor arc. 

 

The weight of the helicopter on its landing gear creates static friction between the landing gear 

and the ground.  Engine torque will cause a yaw tendency, but static friction on the landing gear 
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will prevent the yaw.  Likewise, the rotor thrust may not be positioned straight up, but ground 

friction prevents the helicopter from drifting fore and aft or laterally. 

 

If the collective is raised so that rotor thrust is close to the helicopter’s weight, the aircraft 

becomes light on its landing gear.  At this point, unlike flat pitch, the slightest movement of the 

cyclic stick will change the attitude of the aircraft on its landing gear.  The reduction in ground 

friction may cause the aircraft to yaw on the ground until the pedals are adjusted.  Likewise, the 

fuselage may begin to lean in one direction, alerting the pilot that the controls need to be adjusted 

to prevent rollover or drift.  Continuing to raise the collective pitch will cause the helicopter to 

leave the ground.  Once clear of the ground the pilot should increase hover height to a point 

where slight pitch-up control inputs to prevent forward drift will not cause the tail rotor to strike 

the ground. 

 

709. PENDULAR ACTION 

 

In hovering flight, the CG of the helicopter will align itself under the rotor thrust, much like a 

pendulum. 

 

 
 

Figure 7-7  Helicopter in Hover 

 

In order to make the helicopter move forward, ideally it would be beneficial to apply a horizontal 

force directly through the CG, as does a single-engine fixed-wing aircraft.  Since rotor thrust is 

applied at the trunnion, however, this is not possible.  Pushing the cyclic stick forward tilts the 

tip path plane, and therefore, the rotor thrust forward.  Rotor thrust can be resolved into a vertical 

component Vtrt which opposes the weight of the helicopter, and a horizontal component Htrt 

which accelerates the helicopter laterally.  Since some of the thrust is being used for forward 

motion, less is available to oppose the weight of the aircraft, and the aircraft may settle slightly 

toward the ground.  It may be necessary to increase total thrust to prevent settling. 
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Figure 7-8  Weight Slightly Greater than Vertical Component of Thrust 

 

From Figure 7-9, note that the horizontal component of thrust is located some distance (d) from 

the CG and lateral axis.  This force times the distance results in a pitch-down moment.  Unlike a 

fixed wing aircraft, which climbs out in a nose-high attitude, the helicopter maintains a nose-low 

attitude while it accelerates to climbout airspeed.  Since the thrust is applied at the top of the  

 

 
 

Figure 7-9  Pitch-Down Moment 
 

rotor mast, and the CG hangs well below it, the helicopter behaves somewhat like a pendulum, or 

it exhibits pendular action.  The more the helicopter tends to pitch down, the greater the 

separation between the vertical component of thrust, and the CG.  This results in a pitch-up 

moment.  When the pitch-up moment equals the pitch-down moment, the aircraft reaches 

equilibrium in the pitch channel. 
 

 
 

Figure 7-10  Pitch-Up Moment 
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710. HORIZONTAL STABILIZER 

 

In forward flight, the horizontal stabilizer of the TH-57 produces negative lift to provide a pitch-

up moment that is proportional to the square of velocity.  It results in a near level attitude from 

hover up to normal cruise airspeed.  It increases static stability in the pitch channel in forward 

flight.  In helicopter aerodynamics, however, one must consider flight regimes other than 

forward flight, namely, hovering flight, sideward and rearward flight, and the complex 

transitions to and from forward flight. 

 

Horizontal Stabilizer in a Hover 

 

In a hover, the horizontal stabilizer is stalled.  It doesn’t provide any useful purpose in a stall, 

and in some cases it can be a liability.  In some aircraft, if it is too large, it can induce an 

excessive nose-high attitude in hover.  For that reason, some fleet aircraft have a moveable 

“stabilator” which can change its angle of incidence to optimize fuselage attitude.  For the  

TH-57, the attitude of the horizontal stabilizer is fixed.  When passing the tail through the wind 

in a hovering turn, wind will lift the horizontal stabilizer, causing the nose to pitch down. 

 

Horizontal Stabilizer in Rearward Flight 

 

While a gust from the rear of the TH-57 will cause the tail to lift, it will also cause the aircraft to 

drift forward with the wind.  Aft cyclic will allow the pilot to hold position in a hover, but flying 

rearward at too high a speed is hazardous.  At some point, the aft cyclic input will cause the nose 

to pitch up.  When that happens, the horizontal stabilizer can transition from pushing the tail 

upward to pushing it downward.  If close to the ground, it can result in striking the tail rotor on 

the ground with catastrophic results.  Observing rearward flight limits published in the aircraft’s 

operating manual will avoid this hazard. 

 

Horizontal Stabilizer in the Transition to Forward Flight 

 

To transition to forward flight, the pilot trims the cyclic stick forward of the neutral hover 

position, causing the nose of the helicopter to pitch down.  As the helicopter gains forward 

speed, blowback from the rotor causes the nose to pitch up.  During the transition, downward lift 

from the horizontal stabilizer would also cause the nose to pitch up, making the transition to 

forward flight clumsy.  To smooth out the transition, the designers of the TH-57 incorporated a 

stall strip at the leading edge of the horizontal stabilizer.  It keeps the horizontal stabilizer stalled 

at low forward speed.  It allows a smooth transition to forward flight. 

 

Horizontal Stabilizer in Forward Flight 
 

The horizontal stabilizer stabilizes the helicopter in pitch, around the lateral axis.  It causes 

the CP to move aft of the CG, enhancing longitudinal stability.  The pitching moment can be 

increased by increasing the distance between the aircraft's CG and the stabilizer's AC, or by 

enlarging the horizontal stabilizer. 
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Figure 7-11  Effect of Horizontal Stabilizer 

 

Longitudinal trim can be a problem at high forward speed.  Since a large forward horizontal 

force is required to overcome parasite drag, the rotor disk is tilted forward appreciably.  This 

creates a pitch-down moment about the CG.  The aircraft assumes excessive nose-down attitudes 

at high speed unless some other restoring moment is provided.  Fixed horizontal stabilizers do 

this by providing an aerodynamic downforce proportional to fuselage AOA and the square of 

velocity.  Thus, as speed is increased, the nose-down tendency caused by forward rotor tilt is 

partially compensated for by nose-up moments created by the horizontal surfaces.  The 

horizontal stabilizer gives the helicopter a more level attitude at cruise flight.  In addition to 

crew comfort, it has the effect of giving the helicopter a greater range of fore and aft CG travel. 

 

711. VERTICAL FIN 

 

The vertical stabilizer, or fin, is an airfoil mounted far behind the aircraft’s CG.  It moves the CP 

aft to increase yaw attitude stability in forward flight.  It can be built integral to the tail 

boom, bolted to the side of it, or attached as a pair at the wingtips on the horizontal stabilizer.  

When it is an extension of the tail boom, angled upward to serve as a mounting point for the tail 

rotor, it is called a tail pylon.  Like the horizontal stabilizer, its contribution to stability must be 

considered for all flight regimes, not just forward flight. 

 

Vertical Fin in Forward Flight 

 

In forward flight, the vertical stabilizer keeps the tail tracking behind the nose of the aircraft.  

It is the greatest positive contributor to the directional static stability of a conventionally 

designed helicopter.  It also aids in turning flight.  As the helicopter banks, the sideslip 

generated from lateral thrust acts on the vertical stabilizer and tends to make the aircraft yaw in 

the direction of the turn.  The bigger the vertical fin, the more it aids in turning flight, but the 

bigger liability it presents when hovering and taxiing in crosswind. 

 

The vertical fin can be designed to assist the tail rotor in providing anti-torque.  This has the 

effect of unloading the tail rotor in forward flight, leaving more power available to the main 

rotor.  In can also stabilize yaw attitude in forward flight in the event of a loss of tail rotor 

thrust. 
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If the vertical fin is installed with an angle of incidence with respect to the longitudinal axis of 

the helicopter, it can provide anti-torque which is proportional to the square of velocity.  In 

cruise flight, an increase in airspeed requires more torque, and this additional torque is 

countered by the increased anti-torque of the vertical fin.  At times, however, the helicopter will 

increase airspeed without addition of torque.  For example, the aircraft may climb out at its best 

rate of climb airspeed, then pitch over to accelerate and level off without adding power.  In such 

a case, the aircraft would yaw left as it accelerates, and the pilot would need to trim in right 

pedal to maintain balanced flight.  Conversely, in a constant power climb, the pilot in cruise 

flight would pitch the nose up to decelerate to climb airspeed, using the excess power gained 

from deceleration for the climb.  In this case, the aircraft would yaw to the right with the loss of 

anti-torque moment from the vertical fin, and left pedal would need to be applied to maintain 

balanced flight. 
 

Vertical Fin in a Hover 
 

In a no-wind hover, the vertical fin adds nothing to stability.  If mounted directly opposed to the 

tail rotor, it can have a negative effect of blocking airflow to or from the tail rotor. 
 

Vertical Fin in Sideward and Rearward Flight 
 

By moving the CP aft of the CG, the vertical fin tends to make the helicopter weathercock into 

the wind, in a phenomenon called weathercock stability.  While this is beneficial when 

hovering directly into the wind, it becomes less so when hovering in a crosswind or tailwind.  

In a crosswind or tailwind, the vertical fin gives the helicopter negative static stability with 

respect to yaw (Figure 7-11).  It requires additional pilot workload to maintain a crosswind 

hover.  Of particular note, hovering in a tailwind, or passing the tail through the wind line in a 

hovering turn requires particular care.  The negative static stability in a tailwind means that the 

tailwind will accelerate yaw rates.  Uncompensated, the engine’s torque effect combined with a 

crosswind on the vertical fin can lead to excessive yaw rates, and even an uncontrolled spin.  A 

helicopter pilot must always be aware of wind direction, especially in takeoff and landing, 

hovering, and taxiing operations.  This phenomenon is discussed in the next chapter, Tail 

Rotors.  The name weathercock stability can be confusing, because the combination of wind and 

vertical fin which makes the helicopter more stable in forward flight destabilizes it in rearward 

flight. 
 

 
 

Figure 7-12  Effect of Vertical Fin 
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712. MANEUVERING FLIGHT 

 

It should be no surprise that the helicopter handles differently in a hover compared to forward 

flight.  In forward flight, the helicopter handles somewhat like a fixed wing aircraft, but there 

are some fundamental differences.  Particularly when transitioning from flying fixed wing 

aircraft to rotorcraft, it can be helpful to point out the similarities and contrasts between the two. 

 

Maneuvering Faster/Slower, Higher/Lower 

 

Among the most important concepts to remember for the pilot transitioning from fixed-wing to 

rotary-wing, is that pitch attitude controls airspeed, and power controls altitude.  In the simplest 

terms, the pilot’s right hand on the cyclic makes the helicopter go faster or slower.  The left 

hand makes the helicopter go higher or lower. 

 

It makes sense that in cruise flight, to make the helicopter go faster, one needs to angle the 

thrust vector farther forward, and then increase power by raising the collective to maintain 

altitude.  It should also be remembered, however, that a helicopter spends a significant amount 

of time in the region of reversed command, where slower flight requires more power.  If the 

region of reversed command spanned from zero to 50 kts, for example, then a pilot who wanted 

to accelerate from 30 kts to 40 kts in level flight would need to move the cyclic forward, and 

decrease collective pitch to maintain level attitude.  And, while autorotative flight will be 

discussed in a later chapter, suffice to say that if a pilot was autorotating at 60 kts airspeed, and 

wanted to accelerate to 70 kts at constant rotor speed (Nr), they would need to push the cyclic 

forward, and decrease collective to maintain constant Nr.  The common thread, however, is that 

whether the aircraft is in normal cruise or the region of reversed command, or whether it is 

powered or unpowered flight, the way to control airspeed is with the cyclic. 

 

Maneuvering in a Hover 
 

In a hover, a stable pitch, or roll attitude results from the absence of any pitch or roll 

moment, and a stable yaw attitude is the balance between yaw moments.  Gusting from 

natural wind or rotor downwash will invariably cause pitch and roll deviations, which result in 

drift.  Whether the aircraft drifts forward or aft, or from side to side, the pilot must use a pitch 

or roll attitude input with the cyclic to stop the drift, and then quickly remove the control 

moment before it results in drift in the opposite direction.  The trick to hovering lies in the 

ability to detect deviations in attitude and altitude, knowing how much to move the controls, 

how fast to move then, and coordinating cyclic, collective, and pedals. 

 

Maneuvering in Forward Flight 

 

In forward flight, roll and yaw attitude control work just like they do in a hover.  That is, in 

forward flight, a stable roll attitude is the absence of a rolling moment, and a stable yaw 

attitude depends on a balance between yaw moments.  The same cannot be said, however, 

for pitch attitude control.  Unlike hovering flight, a stable pitch attitude in forward flight 

depends on the balance between the pitch-down and pitch-up moments. 
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The pitch-down moment results from forward cyclic, and the pitch-up moment results from the 

weight of the aircraft aligning under the thrust vector, blowback from the rotor, and the 

downward lift which is generated by the horizontal stabilizer.  Forward and aft movement of the 

cyclic will create an imbalance between the pitch moments, and as the aircraft stabilizes at a 

new airspeed, the nose attitude will return roughly to the horizon as the pitch-up and pitch-down 

moments equalize.  That is to say, the helicopter returns to roughly the same fuselage 

attitude regardless of airspeed.  This phenomenon makes instrument flight in a helicopter 

more challenging than in fixed wing aircraft, because the helicopter pilot cannot merely set a 

pre-determined pitch attitude and power setting, and expect to get desired performance.  The 

higher the airspeed, the more blowback there is, and the more downward lift there is on the 

horizontal stabilizer.  That means that the higher the airspeed, the farther forward the stick must 

be trimmed.  This phenomenon is referred to as a positive stick gradient.  It also means that 

there is a unique cyclic position for every airspeed (assuming CG does not move). 
 

Acceleration 
 

Thrust in a fixed wing aircraft is unidirectional.  In a single-engine aircraft, the thrust axis is 

aligned closely with the longitudinal axis of the aircraft.  To accelerate in level flight, the pilot 

adds thrust.  When thrust is greater than drag, the aircraft accelerates.  The additional velocity 

adds lift, and the pilot will need to reduce AOA to maintain altitude.  We remember, “Power, 

attitude, and trim.” 
 

The addition of power, or rotor thrust alone, will make a helicopter in forward flight accelerate 

as well, but it will accelerate in the direction of the rotor thrust.  The acceleration will be 

evident on the vertical speed indicator (VSI) as a climb, but the helicopter will not gain 

airspeed.  In fact, absent any other control inputs, an increase in collective pitch alone will 

cause indicated airspeed to decrease, not increase.  This is because an increase in collective 

pitch in forward flight causes the nose to pitch up as a result of blowback.  The only way to 

increase airspeed in level flight is to angle the thrust vector forward with cyclic pitch 

(faster/slower, higher/lower).  In cruise flight, this will also cause the aircraft to descend, so if 

the pilot wants to prevent descent, collective pitch will need to be added.  It is important to note, 

however, that the increase in airspeed results from moving the thrust vector more forward, and 

not from the power increase.  In fact, if the pilot needed to increase indicated airspeed with 

power alone, they would need to reduce collective, and not increase it.  Reduction of the 

collective causes the nose to drop as the pitch-up moment from blowback is decreased. 
 

Combining the discussion of the vertical fin with the discussion of blowback, we find that 

acceleration of the TH-57 results in a two-axis attitude change.  As the helicopter speeds up, 

it pitches up and yaws left.  As it slows, it pitches down and yaws right.  It is particularly useful 

to remember this concept in instrument flight.  It is also critical to remember that once the pilot 

accelerates or decelerates to desired airspeed, the nose must be trimmed back to the horizon.  

Doing so will leave the cyclic in position to sustain the new airspeed.  Another way to say this, 

is that there is not a unique fuselage attitude for 40 kts, 60 kts, or 80 kts, but there is a 

unique cyclic position.  The fuselage attitude for the TH-57 is the same at any airspeed up 

to about 90 kts, beyond which it takes on a slightly nose-lower attitude.  This is because at 100 

kts and higher the horizontal stabilizer cannot produce enough downward force to completely 

level the fuselage. 
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Constant Airspeed Climb 
 

Recalling “faster/slower, higher/lower,” if the pilot desires to climb while holding airspeed 

constant, they would need to increase collective pitch.  The additional torque will cause the 

aircraft to yaw to the right, so left pedal needs to be coordinated with up collective.  Blowback 

will make the aircraft pitch up and roll to the right, requiring cyclic forward and left.  

Therefore, an increase in power results in a three-axis attitude change. 

 

Turns in Forward Flight 

 

In a hover, all turns are accomplished through yaw.  Imagine a high-performance aircraft banked 

at 90 degrees.  At that attitude, heading change would be accomplished by pitch alone, 

essentially flying a loop on its side.  So, if heading change at zero degrees is accomplished solely 

by yaw, and heading change at 90 degrees is accomplished solely by pitch, it stands to reason 

that heading change at bank angles between 0 and 90 degrees requires a combination of both 

pitch and yaw. 

 

Here is another way to look at the same condition.  Suppose you were to roll your aircraft to the 

right to a bank angle of 30 degrees.  Once banked at 30 degrees, you would need to neutralize the 

control stick laterally to stop the roll.  Otherwise, your aircraft would continue to roll until it 

inverted.  If no pedal inputs were made, the turn and slip indicator would show the balance ball 

out to the right, or the low side.  To maintain balanced flight, you would push on the right pedal, 

or “step on the ball.”  Right pedal would yaw the aircraft to the right, but in a 30-degree bank the 

yaw would pull the nose downward.  You would need to pitch the nose up to maintain constant 

airspeed, and also add power to prevent descent.  Therefore, once established in the turn, your 

control stick would be centered laterally, but pulled slightly aft, with right pedal applied.  Your 

aircraft would have a pitch rate and a yaw rate, but your roll rate would be zero.  If you then 

wanted to roll your aircraft from a right 30-degree bank into a left 30-degree bank, you would 

start with a left stick input.  As the bank decreased, you would need less right pedal input.  If you 

didn’t take out the back-stick for the turn, as you rolled through wings-level, the nose would 

pitch up.  As you continued to roll to the left, you would add left pedal, with commensurate 

back-stick to keep the nose at the same pitch attitude. 

 

At altitude, the helicopter executes coordinated, banked turns as does a fixed wing aircraft.  

Lateral cyclic tilts the rotor disk, which generates a lateral component of the rotor thrust.  The 

lateral thrust force, is applied at the rotor hub, some vertical distance from the longitudinal axis 

of the fuselage.  This generates a rolling moment which will persist until the pilot neutralizes the 

cyclic laterally. 
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Figure 7-13  Turning Flight 

 

As the angle of bank increases, the total rotor thrust is tilted more toward the horizontal, thus 

causing the rate of turn to increase because more lift is acting horizontally.  Since the resultant 

rotor thrust acts more horizontally, the effect of thrust acting vertically is decreased.  To 

compensate for this decreased vertical thrust, the total rotor thrust must be increased in order to 

maintain altitude.  The steeper the angle of bank is, the greater the rotor thrust required to 

maintain altitude.  Simply put, collective pitch must be increased in order to maintain altitude 

and airspeed while turning. 

 

 
 

Figure 7-14  Vertical Fin Aids in Turning Flight 

 

The lateral component of rotor thrust causes sideslip.  Since the vertical fin moves the CP behind 

the rotor mast, the sideslip generates a yaw moment to aid in turning the helicopter.  The bigger 

the vertical fin, the less pedal the pilot must apply to coordinate the turn.  Making the vertical fin 

too large, however, brings the negative consequences in hovering flight discussed in paragraph 

7-11.  In the TH-57, the pilot must use the pedals to coordinate turns. 
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713. MAST MOMENTS 
 

Rotor blades flap, sometimes incidentally as with blowback, and other times intentionally, in 

response to cyclic inputs.  The blades on Juan de la Cierva’s autogyro were rigidly attached to 

the hub, and as a result, the autogyro rolled over as it taxied for takeoff.  Cierva invented the 

flapping hinge to eliminate the rolling moment that destroyed his prototype.  His flapping hinges 

were attached essentially to the rotor mast, eliminating the dangerous mast moment.  Rotorcraft 

designers who followed Cierva, however, realized that the mast moment wasn’t altogether a bad 

thing.  By building a rotor hub that was bolted to the top of the mast, and moving the flapping 

hinges outboard the rotor generated a mast moment which made the aircraft more responsive to 

control inputs.  A rotor with a mast moment can generate a pitch or roll moment even at flat 

pitch, with no rotor thrust being produced. 
 

 
 

Figure 7-15  Mast Moment in Articulated Rotor 
 

A semi-rigid rotor produces no mast moment, because the rotor is mounted on a hinge, called the 

trunnion.  That means that at flat pitch, the semi-rigid rotor produces no control moments.  This 

fact has several implications for the pilot.  For one, if the helicopter starts to roll over while on 

the ground, full cyclic in the opposite direction will have no effect at flat pitch, and adding 

collective pitch will make the situation even worse.  Also, in zero-G flight, the pilot can tilt the 

rotor disk with the cyclic, but it will not cause the fuselage to pitch or roll because it produces no 

control moment at flat pitch.  The result can be a catastrophic condition called mast bumping.  

See the discussions on Dynamic Rollover and Mast Bumping later in this text for more 

information. 
 

 
 

Figure 7-16  Semi-Rigid Rotor Without Mast Moment 



HELICOPTER AERODYNAMICS WORKBOOK CHAPTER SEVEN 

STABILITY AND CONTROL    7-17 

714. TRIMMING PITCH AND ROLL 

 

Trimming, from a pilot’s perspective, means adjusting flight controls so that the aircraft will hold 

a desired attitude with little or no further input from the pilot.  It decreases pilot workload so that 

the pilot can focus on other tasks, such as navigation, mission accomplishment, or tactics.  In a 

fixed wing aircraft, trim tabs on ailerons, elevator, or rudder can be adjusted so that the desired 

control surface remains in a desired position in the airstream without the pilot having to hold it 

there.  Without such a trim system the pilot is required to hold the control surface in its deflected 

position.  The more the control surface is deflected, the more force is required to hold it there. 

 

In a helicopter, pitch and roll trim is accomplished using magnetic brakes which hold the cyclic 

in a desired position.  The brakes are released when the trim button is depressed, and they engage 

when the trim button is released.  When the cyclic is trimmed in a given position, the pilot can 

push against spring pressure to move the cyclic, but when pressure is released, the spring 

pressure returns the cyclic stick to the trimmed position.  The farther the stick is moved from the 

trimmed position, the more force is required.  This is called a force gradient.  It gives the pilot 

feedback as to how far the cyclic stick is displaced from its trimmed position. 

 

All helicopters in the Department of Defense inventory incorporate a force trim system.  A force 

trim system incorporates a force trim release button on the cyclic stick.  Depressing the button 

releases the magnetic brakes which hold the cyclic stick. 

 

The force trim button is similar to a “dead man’s switch,” in that when the button is IN, the stick 

is loose, and when the button is RELEASED, it is held firmly in place.  In some aircraft, the 

force trim release button is augmented with a conical trim switch which allows the pilot to drive 

the stick fore and aft, and side to side.  The TH-57 series aircraft use a force trim button on each 

cyclic stick, but no trim switch.  The pilot can make pitch and roll inputs by either depressing the 

force trim button and moving the cyclic, or simply pushing the cyclic against spring pressure.  

Pushing against the stick pressure without re-trimming the stick is sometimes referred to as  

“fly-through.” 

 

Recall that a positive stick gradient means that the faster the airspeed, the farther forward the 

cyclic needs to be trimmed.  If an aircraft were trimmed for a given airspeed, say 70 kts, at 

altitude, it will generally hold the airspeed with only minor adjustments required by the pilot.  If 

the pilot were then to push the cyclic forward against spring pressure, without re-trimming, the 

aircraft would pitch down until the forward pressure is released.  In this example, let’s say that 

the pilot pushed the cyclic forward until the attitude was 5 degrees nose down, then let the cyclic 

spring back to its trimmed position.  The aircraft would initially retain the new 5 degree nose 

down attitude.  The new attitude would cause the helicopter to both descend and accelerate.  The 

increase in airspeed would cause the helicopter to pitch up due to blowback and the increased 

pitch-up moment from the horizontal stabilizer.  After descending and accelerating, the pitch-up 

moments would cause the helicopter to climb and decelerate.  Since the helicopter was originally 

trimmed for 70 kts, it would eventually stabilize close to 70 kts.  A faster airspeed would need to 

be re-trimmed. 
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Recall as well that when entering a banked turn in forward flight, the cyclic is displaced only 

while the aircraft is rolling to the new attitude.  Once the bank attitude is reached, the cyclic is 

centered laterally to hold the bank attitude.  That means that pitch attitude control works 

differently than roll attitude control, and the two can be trimmed differently.  Since there is 

a unique cyclic position required to hold a given airspeed, every airspeed change needs to be 

re-trimmed.  Minor bank attitude changes, however, do not need to be re-trimmed.  It is 

very easy to put minor lateral pressure on the cyclic until desired bank attitude is reached, and 

then release pressure to allow the cyclic to return to its trimmed position.  Remember, however, 

that higher bank angles require yaw and pitch to coordinate the turn.  At such bank angles, it is 

usually easier to re-trim the cyclic.  Fly-through works well for minor bank attitude 

adjustments, or minor heading changes. 
 

715. ALTERNATE FRAME OF REFERENCE 

 

Up to this point, the frame of reference used when examining forces and moments on the 

helicopter has been the fuselage or the earth.  As we tilted the rotor disk, we resolved rotor thrust 

into a vertical component which opposed weight, and a horizontal component which generated a 

pitch or roll moment.  Another way of examining these forces and moments is using the tip path 

plane as a reference, as shown in Figure 7-16.  Rotor thrust is always perpendicular to the tip 

path plane.  This frame of reference is particularly useful when examining limits of CG travel.  

By extending the axis of the thrust vector, we can see how it generates a moment to pitch or roll 

the helicopter.  Additionally, by extending the thrust vector we can visualize the limits of CG 

travel, as seen in Figure 7-17.  Variable loads in the helicopter include crew and passengers, 

ordnance, internal cargo, external cargo on a hook, and fuel.  These loads can move the location 

of the CG.  In a single-rotor helicopter, if the CG migrates outside of the cone described by the 

extended thrust axis, the helicopter can depart controlled flight. 

 

 
 

Figure 7-17  Alternate Frame of Reference for Control Moments 

 

The CG will tend to hang under the rotor thrust in a hover like a pendulum, so that if it moves to 

the right of center, the helicopter will roll slightly to the right.  If the CG moves forward or aft, 

the pitch attitude will change down or up accordingly. 
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Figure 7-18  Limits of CG Travel 

 

If the CG moves too far forward, in can inhibit the pilot’s ability to flare for landing.  If it 

moves too far aft, it can limit the forward speed of the helicopter. 

 

It should be no surprise that an external cargo hook on a helicopter with a single main rotor will 

have the cargo hook mounted directly below the rotor mast, so that in a hover, it will center 

directly below the thrust axis, and not cause a pitch or roll moment.  A helicopter’s weapons 

racks and external fuel tanks will also be mounted abeam the rotor mast, so that expending 

ordnance or fuel will not dramatically change the location of the CG. 

 

In the TH-57, the passenger seat is located almost directly below the transmission/rotor mast, so 

that embarkation and debarkation of passengers does not move the CG.  The fuel bladder is 

located underneath the passengers’ seat.  In fact, its shape conforms to a bench seat, 

incorporating a lower bladder section and an upper bladder.  As close as the fuel bladder is to the 

axis of the rotor mast, it is still slightly aft.  For that reason, the CG in the TH-57 will migrate 

slightly forward as fuel is consumed. 

 

With a heavy crew in the cockpit of a TH-57, the aircraft can lift off with a full bag of gas and 

the CG in limits, but fuel burn can move the CG out of forward limits at low fuel.  It is therefore 

incumbent on the crew to ensure that the CG is in limit at both takeoff and landing weight.  If the 

CG exceeds the forward limit at minimum fuel, weight can be added to the baggage 

compartment of the TH-57 to ensure that the CG remains in limits at maximum and minimum 

fuel. 

 

716. SUMMARY 

 

For proper control of the helicopter, remember these maxims:   

 

1. Faster/Slower, Higher/Lower. 

 

2. Positive stick gradient means that the faster you fly, the farther forward the cyclic stick will 

be trimmed. 
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3. In forward flight there is a unique cyclic position for every airspeed (assuming constant CG 

position). 

 

4. To accelerate, trim the nose down, and to decelerate, trim the nose up, but once on speed, 

stabilize by trimming the nose back to the stable attitude. 

 

5. The TH-57 fuselage sits on its skids at approximately 4 degrees nose up, but assumes a 

near-level attitude from hover up to about 90 kts.  Beyond 90 kts, the stable attitude will get 

slightly nose-lower with increase in airspeed. 

 

6. Blowback affects every power and attitude change. 

 

7. Effects of the horizontal and vertical stabilizers vary with airspeed. 

 

8. Power changes result in three-axis attitude changes. 

 

9. Airspeed changes result in two-axis attitude changes. 

 

10. Pitch and roll work the same as each other in a hover. 

 

11. In forward flight, pitch attitude control works different from roll attitude control.  The two 

axes are trimmed differently. 

 

12. If the CG moves too far forward, in can inhibit the pilot’s ability to flare for landing.  If it 

moves too far aft, it can limit the forward speed of the helicopter. 

 

13. The CG in the TH-57 will migrate slightly forward as fuel is consumed. 
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CHAPTER EIGHT  

TAIL ROTORS 

 

800. INTRODUCTION 

 

The purpose of this chapter is to introduce the student to the function and limitations of the tail 

rotor and vertical fin. 

 

801. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will demonstrate familiarity with the 

functions and limitations of anti-torque devices in conventional helicopters. 

 

2. Enabling Objectives:   
 

a. Describe torque effect and its results on a helicopter. 

 

b. State the means by which an aircraft with more than one main rotor 

maintains directional control. 

 

c. State the purposes of a tail rotor. 

 

d. Describe translating tendency and how the pilot corrects for it. 

 

e. Explain how the vertical fin interacts with the tail rotor. 

 

f. Describe design features peculiar to the tail rotor. 

 

g. Discuss limits of and failure modes of the tail rotor. 

 

802. TORQUE EFFECT 

 

From Newton’s Laws of Motion, we know that a force applied to an object causes an equal force 

in the opposite direction.  Applying Newton’s Laws to a rotating system, a torque applied to a 

helicopter’s single main rotor from the engine causes an equal and opposite torque on the 

fuselage.  In helicopter aerodynamics, this phenomenon is called torque reaction.  When the 

main rotor rotates counter-clockwise when viewed from above, the torque reaction causes the 

fuselage to tend to rotate clockwise, or yaw to the right. 

 

The torque required to turn the main rotor is the sum of the torque required to overcome the 

rotor’s profile drag and induced drag, and the friction inside the transmission, known as 

transmission drag.  In powered flight, transmission drag manifests as heat, indicated on the 

transmission oil temperature gauge.  That heat is some of the energy which is lost between the 

engine and the rotor, and when our engine produces lots of excess power, we don’t give it much 
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thought.  During autorotative flight, however, transmission drag must be considered, especially 

upon landing.  It is important to consider this effect in discussion of tail rotors, because if the tail 

rotor should fail, the landing will generally be executed without engine power.  In a power-off 

landing, transmission drag generates a torque which tends to make the fuselage yaw in the same 

direction as the rotor turns. 

 

The earliest successful helicopters all used two main rotors to produce thrust.  Configurations 

included tandem rotor, coaxial rotor, and side-by-side intermeshing rotors.  With these 

configurations, the designers had the rotors turning in opposite directions to cancel the effect of 

engine torque.  Igor Sikorsky designed the first practical helicopter to use a single main rotor.  

His design was the first to use a vertical anti-torque device powered by the same engine which 

powered the main rotor.  It gained efficiency over previous designs by eliminating the weight of 

a second transmission and rotor, eliminating a separate power source for the tail rotor, and by 

eliminating the induced velocity of one rotor from another located above it.  It became the most 

dominant design in the helicopter industry.  For that reason, the single main rotor with tail rotor 

design has become known as the “conventional” helicopter design. 

 

Another convention adopted by the helicopter industry is direction of the rotation of the main 

rotor.  American, British, Italian, and German helicopter designers decided on counterclockwise 

rotation as the standard for their single main rotor helicopters.  French and Russian designers 

adopted the opposite convention.  There is no performance advantage to either.  A “conventional 

U.S. helicopter” is therefore one with a single main rotor which turns counter-clockwise when 

viewed from above.  In a conventional U.S. helicopter the result of torque effect is right yaw.  

When adding collective pitch, the pilot needs to push on the left pedal to prevent yaw from 

torque effect.  For that reason, in a helicopter with counter-clockwise rotor rotation, the left pedal 

is sometimes referred to as the “power pedal.”  Not only is it pushed forward with an addition of 

power, but pushing on the left pedal also requires more power from the engine, as the pitch of the 

tail rotor blades is increased.  In this training instruction, discussion will concern a 

conventional U.S. helicopter unless otherwise specified. 
 

803. TRANSLATING TENDENCY 

 

The right-yaw tendency from torque effect requires that the tail rotor provide thrust to the right to 

provide a left-yaw moment.  In equilibrium, the sum of the moments and the sum of the forces 

acting on the aircraft must equal zero.  The tail rotor thrust effectively counters the engine 

torque, but it also causes the aircraft in a hover to drift to the right in a phenomenon called the 

translating tendency.  The pilot eliminates the right drift with a little bit of cyclic deflection to 
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Figure 8-1  Translating Tendency 

 

the left.  This angles the main rotor thrust slightly to the left.  When the leftward horizontal 

component of main rotor thrust equals the tail rotor thrust, the helicopter returns to equilibrium.  

In a helicopter with an articulated or rigid main rotor, the mast moment generated by the left 

cyclic will cause a left rolling moment, resulting a left wing-down hover attitude.  The teetering 

rotor generates no mast moment, so the left cyclic alone would not cause a rolling moment.  Yet 

many helicopter with teetering rotors, including the TH-57, assume a left wing-down attitude in a 

hover.  This is because the main rotor and tail rotor are separated by a vertical distance.  The two 

forces in opposition separated by a distance generate a left rolling moment, which is countered 

by the CG moving out from under the main rotor thrust.  When the moment generated by the 

horizontal component of main rotor thrust and tail rotor thrust, separated by a vertical distance, is 

balanced by moment generated by the vertical component of main rotor thrust and aircraft 

weight, separated by a lateral distance, the aircraft is in equilibrium. 

 

 
 

Figure 8-2  Hover Attitude With Translating Tendency 
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804. ANTI-TORQUE FROM VERTICAL FIN 

 

If the vertical fin is mounted with an angle of incidence relative to the longitudinal axis, it can 

provide a sideward lift force which is proportional to the square of airspeed.  By multiplying the 

lift force by the distance from the rotor shaft to the aerodynamic center of the vertical fin, we get 

the anti-torque moment provided by the vertical fin.  This exponential curve is depicted in Figure 

8-3.  When the torque required is plotted on the same graph, we find that at some airspeed, the 

two curves intersect.  The airspeed at which the intersection occurs is the airspeed at which the 

vertical fin is providing all of the anti-torque required to balance engine torque for equilibrium 

flight.  Beyond this airspeed, the vertical fin would be providing more anti-torque than required.  

The excess anti-torque from the vertical fin would need to be balanced by negative pitch from 

the tail rotor. 

 

Bear in mind that the torque curves are based on a number of assumptions (discussed in the next 

chapter, “Power and Performance”), one of which is level flight.  In descending flight, less 

torque would be required, and the vertical fin would provide all anti-torque required for balanced 

flight at an even lower airspeed.  The value of this capability becomes apparent in the case of a 

loss of tail rotor thrust in flight.  If proper airspeed can be maintained, a helicopter can maintain 

controlled flight in the event of a complete loss of tail rotor thrust. 

 

 
 

Figure 8-3  Torque and Anti-Torque as a Function of Airspeed, Level Flight 
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Figure 8-4  Torque and Anti-Torque as a Function of Airspeed, Descending Flight 

 

Notice also the significant difference between the torque required at low speed, and the anti-

torque provided by the vertical fin at the same speed.  This shows us that while a helicopter in 

flight might be able to continue to maintain controlled flight as long as it maintains airspeed, 

slowing down to a slow taxi or a hover without anti-torque from the tail rotor would be 

impossible. 

 

805. INHERENT SIDESLIP 

 

In forward flight, the sideward force of the tail rotor and/or vertical fin results in inherent 

sideslip.  In order to maintain balanced flight while tracking on course, the pilot will typically 

need to apply a slight crab angle to the aircraft’s heading opposite the direction of tail rotor 

thrust, typically no more than a few degrees. 

 

806. CONFIGURATIONS 

 

The tail rotor can be mounted on either side of the tail boom.  If it is on the left side, it is called a 

“pusher,” and if on the right side, it is called a “puller” or “tractor” type tail rotor.  The major 

difference between the two concerns airflow around the vertical fin in a hover.  A pusher type 

tail rotor in a hover is operating in turbulent air flowing around the vertical fin, which reduces 

efficiency to some degree.  The tractor type tail rotor is operating in airflow which is undisturbed 

by the vertical fin, but it is blowing onto the vertical fin, which also can cause loss of efficiency 

in a hover.  In the end, one configuration is not appreciably more efficient than the other.  One 

advantage of the tractor type, however, is that when its plane of rotation is canted, its clearance 

from the tail pylon is increased.  This is important because tail rotor blades flap similarly to main 

rotor blades.  Tail rotors experience dissymmetry of lift as main rotors do, and this causes the 

blades to flap.  Canting the tail rotor plane also has the effect of contributing to total lift in a 

hover. 
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Figure 8-5  Pusher vs. Puller Tail Rotor Configuration 

 

Since the pusher type tail rotor cannot benefit from tilting its tip path plane, some other design 

feature must be included to increase clearance between its tip path plane and the tail boom or tail 

pylon.  One method is to include an offset distance between the tail rotor and the pylon as shown 

in Figure 8-5.  This method can also improve airflow through the tail rotor disk. 

 

807. DELTA-3 FLAPPING HINGE 

 

The tail rotor blade is often installed with a flapping hinge which, unlike a main rotor blade, is 

not perpendicular to the span of the blade.  This angle is referred to as “delta-three” angle, and it 

provides mechanical coupling between flapping and blade pitch.  As the tail rotor blade flaps, its 

pitch is decreased, reducing extremes of flapping.  The TH-57 uses a delta-three angle in its tail 

rotor design. 

 

 
 

Figure 8-6  Tail Rotor Flapping Hinge with Delta-Three Angle 
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808. COUPLING/MIXING 

 

While a delta-three angle provides some mechanical coupling, other types of coupling can be 

incorporated into helicopter flight controls.  For example, in some larger or more sophisticated 

helicopters, mechanical linkages can be incorporated to increase tail rotor pitch as the collective 

pitch is increased.  They could also be rigged to cause to main rotor to pitch down with collective 

increase, to counter blowback in forward flight.  In the TH-57, there is no coupling between the 

collective, cyclic, or tail rotor.  That means that the TH-57 pilot must coordinate inputs between 

the collective, cyclic, and tail rotor.  While it makes the TH-57 more challenging to fly than a 

more sophisticated fleet helicopter, it also gives the flight student an understanding of, and 

appreciation for, concepts such as blowback, torque effect, and the need for control mixing. 

 

809. FENESTRON 

 

A special type of tail rotor is the fan-in-fin design, better known as a “fenestron.”  Some 

advantages to the fenestron are that it can be smaller than a conventional tail rotor, its airflow is 

not blocked by the vertical fin, and it increases safety for ground personnel.  Its efficiency is 

increased by the elimination of the blade tip, and therefore the tip vortex.  Aerodynamically 

shaping the surrounding duct can provide even more lateral force than the fan alone can generate. 

 

 
 

Figure 8-7  Fenestron on HH-65 

 

One trade-off of the fenestron is that the surrounding duct needs to have a certain depth to make 

the fan efficient, but that requires a thicker tail pylon and fin than would otherwise be required.  

The deeper duct reduces the fan’s efficiency in forward flight, so the fenestron is usually 

accompanied by a much larger vertical fin than a conventional tail rotor.  The larger vertical fin 

helps to counter torque effect in forward flight.  The fenestron therefore has advantages and 

disadvantages when compared to the conventional tail rotor.  Neither has completely captured 

the helicopter industry. 
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810. TAIL-ROTOR VULNERABILITY 
 

While the development of the tail rotor revolutionized the helicopter industry, the tail rotor 

makes the helicopter vulnerable to loss of control due to mechanical failure, bringing the tail 

rotor into contact with an object, wind effects on the tail rotor and vertical fin, or operating the 

aircraft outside its normal limits. 
 

811. MECHANICAL FAILURE 
 

Mechanical failure of the tail rotor can include loss of tail rotor drive due to coupling failure or 

tail rotor gearbox failure, or it can include inability to control tail rotor pitch.  The latter 

condition is known as both “fixed pitch” and “stuck pedals.”  When the power pedal is stuck 

forward, the condition is sometimes referred to as “fixed pitch, high power,” or “stuck left.”  

Conversely, when the power pedal is stuck aft, it is referred to as “fixed pitch, low power,” or 

“stuck right.”  Since hovering flight requires relatively high power, fixed pitch, high power can 

be handled by an experienced pilot with relative ease.  Fixed-pitch, low power, on the other 

hand, and at its extreme, complete loss of tail rotor thrust, require much more training, skill, and 

finesse, for positive outcome. 
 

812. LOSS OF TAIL ROTOR AUTHORITY (LTA) 
 

LTA occurs when torque being produced by the engine(s) is greater than the anti-torque 

capability of the tail rotor, and results in uncommanded right yaw.  It is not a malfunction of the 

tail rotor, but rather it occurs when the helicopter is being operated beyond design limits.  It 

typically accompanies the condition known as “Power Required Exceeds Power Available,” 

covered in more detail later in this instruction. 
 

The key to understanding LTA lies in understanding two relationships:  1) the relationship 

between power, torque, and rotor speed, and 2) the relationship between main rotor speed (Nr) 

and tail rotor speed. 
 

Power is the product of torque and rotational speed, or P = Q * W.  Consider that if you are 

riding a bicycle with multiple gears, the amount of torque you can produce is equal to the force 

applied to the pedals times the length of the crankshaft.  If the length of the crankshaft were six 

inches, or half of a foot, then if you pushed on the pedals with 50 lbs of force, you would be 

generating 25 ft-lb of torque with each push on a pedal.  The power you provide is the product of 

the force applied to each pedal times how fast you pedal.  If you want to ride up a hill, that 50 lbs 

of force may not be enough to maintain your speed on the bicycle.  If, however, you downshift to 

a lower gear you can climb the incline with the same 50 lbs of force, but you will need to pedal 

faster.  On the other hand, if you wanted to ride up the hill without downshifting, you would 

need to apply more force, and therefore more torque, to pedal at a constant speed. 
 

In a helicopter, rotor speed is proportional to engine speed in powered flight.  In the TH-57, that 

means that 100% Nf (33,700 rpm) is equal to 100% Nr (394 rpm).  The power turbine governor 

keeps the Nf at a relatively constant speed, usually 100%.  Torque varies with the drag 

encountered by the main rotor and tail rotor.  Recalling that  

 

P = Q * W, 
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if engine/rotor speed (W) remains constant, then power (P) varies directly with torque (Q).  So, if 

torque goes up, then power goes up.  Torque can be increased by pulling up on the collective, 

and pushing the left pedal forward, and the engine will increase power output to keep rotor speed 

constant.  Once the engine has reached its maximum power output, the pilot may be able to 

increase torque further by raising the collective or pushing on the left pedal, but the increase in 

torque will now come at the expense of rotor speed.  Loss of rotor speed (Nr) is referred to as 

rotor droop.  When Nr droops too much, rotor thrust starts to drop off rapidly. 

 

 
 

Figure 8-8  Relationship Between Power, Torque, and Rotor Speed 

 

The second important relationship is the one between main rotor speed and tail rotor speed.  Like 

Nf and Nr, the tail rotor and Nr operate at the same relative speed.  The tail rotor is connected to 

the main transmission, so that if the engine quits, the tail rotor will be driven by the main rotor 

through the main transmission.  In the TH-57, Nr is 394 rpm, and the tail rotor speed is 2554 

rpm, but 100% Nr = 100% tail rotor speed. 
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When the engine is at full power, increasing collective pitch even further will cause the main 

rotor and tail rotor to slow down.  As the tail rotor slows down with the main rotor, its thrust 

decreases with the square of its rotational speed.  Therefore, if Nr droops at high torque, the 

consequent loss of anti-torque will cause the aircraft to yaw uncontrollably to the right.  This is 

called LTA.  For more on causes of LTA and recovery procedures, see Ground and In-Flight 

Hazards. 

 

813. LOSS OF TAIL ROTOR EFFECTIVENESS (LTE) 

 

LTE is quite different from LTA, and it is caused by wind effects.  It is a sudden reduction in tail 

rotor efficiency that occurs in hovering or low speed flight when wind interacts with aircraft 

from certain angles, and it can result in uncommanded right yaw.  It results from one of four 

specific phenomena: main rotor disk vortex interference, tail rotor Vortex Ring State, 

weathercock stability, or tail rotor angle of attack reduction. 

The helicopter can be operated safely in these relative wind regions if proper attention is 

given to controlling the aircraft, but if a right yaw rate is initiated for some reason, the yaw 

rate may increase at a dangerous rate.  The wind azimuth regions (relative to the nose of the 

aircraft) of concern are shown in Figure 8-9, and explained in subsequent sections:   

 

a. Main rotor disk vortex interference (285 - 315 degrees) 

 

b. Tail rotor vortex ring state (VRS) (210 - 330 degrees) 

 

c. Weathercock stability (120 - 240 degrees) 

 

d. AOA reduction (060-120 degrees) 

 

 
 

Figure 8-9  Loss of Tail Rotor Effectiveness (LTE) 
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Main Rotor Disk Vortex Interference (285 - 315 degrees) 
 

Winds within this region can cause the main rotor vortex to be directed onto the tail rotor.  

The effect of this main rotor disk vortex is to change the tail rotor AOA.  Initially, as the 

tail rotor comes into the area of the main rotor disk vortex during a right turn, the AOA of 

the tail rotor is increased.  This increase in AOA requires the pilot to add right pedal 

(reduce thrust) to maintain the same rate of turn.  As the main rotor vortex passes the tail 

rotor, the tail rotor AOA is reduced.  The reduction in AOA causes a reduction in thrust and 

a right yaw acceleration begins.  This acceleration can be surprising, since the pilot was 

previously adding right pedal to maintain the right turn rate.  Analysis of flight test data 

during this time verifies that the tail rotor does not stall but the helicopter will exhibit a 

tendency to make a sudden, uncommanded right yaw. 
 

 
 

Figure 8-10  Main Rotor Disk Vortex Interference 
 

Tail Rotor Vortex Ring State (210 – 330 degrees) 
 

Winds within this region will cause the tip vortices generated by the tail rotor blades to be 

recirculated through the rotor, in the same way that main rotor re-ingests wake vortices in 

an improperly executed descent.  The resultant VRS of the tail rotor causes tail rotor 

thrust variations that result in unsteady yaw moments.  If a right yaw rate is allowed to 

build, the helicopter can rotate into the wind azimuth region where weathercock 

instability will then accelerate the right turn rate.  Pilot workload during VRS will be 

high; therefore, the pilot must concentrate fully on flying the aircraft and not allow a right 

yaw rate to build. 
 

Weathercock Stability (120 – 240 degrees) 
 

Winds within this region will attempt to weathervane the nose of the aircraft into the 

relative wind.  This characteristic comes from the fuselage and vertical fin.  The helicopter 

will make an uncommanded turn either to the right or left depending upon the exact wind 

direction unless a resisting pedal input is made.  If a yaw rate has been established in either 

direction, it will be accelerated in the same direction when the relative winds enter the  

120 - 240 degrees area without corrective pedal inputs. 
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AOA Reduction (060 – 120 degrees) 

 

In a right crosswind, the relative wind shifts toward the tail rotor blades' chord line 

because of effectively increased induced velocity through the tail rotor.  The shifted 

relative wind impacts at a lower AOA, which develops lower lift and results in less 

thrust.  The pilot will automatically compensate by adding more left pedal, but in some 

cases can reach pedal travel limits before adequate thrust can be generated. 

 

814. SUMMARY 

 

1. A “conventional helicopter” refers to one with a single main rotor and a tail rotor. 

 

2. Conventional U.S. helicopters use a main rotor which rotates counter-clockwise when 

viewed from above. 

 

3. In equilibrium flight, indicated torque is the sum of the torques required to overcome the 

rotor’s profile drag and induced drag, plus transmission drag.  

 

4. The tail rotor counters the torque applied to a single main rotor. 

 

5. “Power pedal” refers to the pedal used to increase anti-torque from the tail rotor. 

 

6. In a hover, tail rotor thrust tends to make the helicopter drift laterally.  This is called 

translating tendency.  We counter translating tendency with opposite cyclic. 

 

7. In forward flight, the translating tendency causes inherent sideslip.  We counter inherent 

sideslip with a slight crab angle. 

 

8. In forward flight, a vertical fin can provide an anti-torque moment proportional to the 

square of airspeed. 

 

9. Mechanical failures of the tail rotor include stuck pedals and failure of the tail rotor drive 

system. 

 

10. LTA occurs when torque being produced by the engine(s) is greater than the anti-torque 

capability of the tail rotor, and results in uncommanded right yaw. 

 

11. LTE is a sudden reduction in tail rotor efficiency that occurs in hovering or low speed 

flight when wind interacts with aircraft from certain angles, and it can result in uncommanded 

right yaw. 
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CHAPTER NINE  

POWER AND PERFORMANCE 

 

900. INTRODUCTION 

 

The purpose of this chapter is to aid the student in understanding power required and power 

available for rotary wing flight. 

 

901. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will understand the factors that 

determine and affect power required and power available for flight. 

 

2. Enabling Objectives:   
 

a. Describe the drag forces on the helicopter, and understand the flight 

regime where each is most dominant. 

 

b. Become familiar with the information provided in an aircraft’s torque vs. 

airspeed curves. 

 

c. Describe the assumptions on which the torque vs. airspeed curves are based. 

 

d. Describe the physical properties that limit the power available for a helicopter. 

 

e. Define power ratings for helicopter engines and drive systems and their use. 

 

f. Define excess power, and understand what it is used for. 

 

g. Understand the relationship between torque and fuel flow. 

 

h. Understand how flight control inputs affect torque. 

 

902. DRAG AND POWER REQUIRED 

 

Recall from Chapter 3 that there are two types of drag on a rotor blade.  As the rotor rotates, the 

blades and rotor head encounter parasite drag, which is proportional to the square of velocity.  To 

distinguish it from the parasite drag on the fuselage, it is called profile drag.  As the helicopter 

moves forward through the air, the profile drag on the advancing blade is increasing with the 

square of velocity, but the profile drag on the retreating blade is decreasing at the same rate.  The 

result is that the profile drag of the rotor as a whole increases with airspeed, but not nearly as 

much as the parasite drag on the fuselage which increases with the square of airspeed. 
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Figure 9-1  Blade Element Diagram 
 

As the rotor induces air downward to generate thrust, the induced velocity changes the direction 

of the relative wind from parallel to the tip path plane to a more downward direction.  This has 

the effect of diminishing the angle of attack, and angling the lift vector toward the trailing edge 

of the airfoil.  The horizontal component of the lift is called induced drag, and it is proportional 

to the induced velocity.  Induced velocity is highest when the helicopter is hovering, as the rotor 

is in a vertical column of air.  It diminishes rapidly with the forward airspeed of the helicopter.  

Therefore, induced drag is highest in hovering flight, and decreases significantly with forward 

airspeed. 
 

Parasite drag on the helicopter fuselage increases with the square of velocity, as it does on a 

fixed wing aircraft.  When the three different types of drag are compiled for the entire 

airspeed range of the helicopter, we are left with the total drag curve for the helicopter. 
 

 
 

Figure 9-2  Drag Curves for a Helicopter 
 

Engine power is used to overcome drag.  Therefore, the power required curve resembles the total 

drag curve.  Power required is highest at hovering flight and maximum forward speed, with 

moderate airspeed requiring less power than either extreme. 
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903. POWER AVAILABLE 
 

The power available from a fixed wing turboprop aircraft’s engine will increase somewhat with 

airspeed due to ram air effect.  It will begin to taper off at maximum airspeed, however, as the 

propeller loses efficiency.  The lower airspeeds at which most helicopters fly do not generate 

significant ram air effect, and so the power available is the same regardless of airspeed.  On a 

torque vs. airspeed diagram, it is therefore represented as a straight line, as shown in Figure 9-3. 

 

 
 

Figure 9-3  Helicopter Torque vs. Airspeed Curves 

 

Power available may be limited by the maximum power output of the engine, or the maximum 

power that the transmission or other drive system components can withstand.  If the pilot of a 

turbine engine helicopter reaches a limit on gas generator speed, or gas temperature, or if the 

rotor speed begins to droop, the power is limited by the engine.  If, on the other hand, the pilot 

reaches maximum torque before reaching one of the other limits, the power is limited by the 

drive system.  Whether or not the aircraft is limited by engine or the drive system may depend on 

the DA.  Maximum engine power will vary with DA, while drive system limits do not.  The  

TH-57 is typically limited by the drive system below 4000’ PA.  Above 4000’, in some 

temperature ranges the TH-57 is limited by engine temperature.  That means that under some 

conditions the TOT gauge will reach the peak of continuous gas temperature before the torque 

gauges reaches 85% torque.  There are no control systems in the TH-57 which limit the 

amount of torque or TOT the TH-57’s engine will produce.  Those limits are maintained by 

the pilot. 
 

Helicopter engines and drive systems usually have a power rating at which they can deliver 

power to the rotor continuously, and then one or more higher ratings for shorter durations.  
In military aircraft, the next higher rating over continuous power is usually called “military 

power,” but the terminology is not standardized across the helicopter industry.  In some cases, it 

is called “intermediate power,” or simply “5-minute power.”  Beyond that, the highest power 

rating is usually for much shorter duration or for transient duration only.  It may be termed 

“emergency power,” “contingency power,” or “transient power.”  The TH-57’s drive system is 

rated for 85% continuous torque, with 85-100% allowable for up to five minutes.  Minor 
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excursions over 100%, not to exceed 110%, are allowable for up to 5 seconds, but intentional use 

of power above 100% is prohibited, except in an emergency.  The TH-57 NATOPS Manual 

notes that overtorque is preferable to hard landing.  A prudent pilot, however, can avoid both.  

When approaching torque limits, it is critical to monitor TOT as well to avoid exceedance. 

 

When using intermediate or military power, it is important not only to monitor the time in that 

power range, but also to ensure that power is reduced to continuous power for a duration that is 

long enough to reduce the stress on the engine or drive system.  Unless otherwise specified, the 

power needs to remain below maximum continuous for the amount of time that it was above it. 

 

Density altitude (DA) affects both power required and power available, so a torque vs. airspeed 

diagram is only valid for a given DA.  In addition to DA, the power required curve is also 

dependent on the helicopter’s weight, whether it is climbing, descending or in level flight, 

whether the helicopter is in or out of ground effect, and the speed of the rotor.  Therefore, the 

torque vs. airspeed curves are based on five assumptions:   

 

1. A given temperature and pressure altitude. 

 

2. A given gross weight. 

 

3. Level flight 

 

4. Out of ground effect flight 

 

5. 100% rotor speed. 

 

Engine power above that which is required for a given airspeed is known as excess power.  

Excess power allows the pilot to climb, accelerate, maneuver, or take on more weight in the 

form of fuel, cargo, ordnance, or passengers. 
 

 
 

Figure 9-4  Torque vs. Airspeed with Contingency Power and Vne Limits 

 

The point where total drag is least is also the point where power required is least.  Since drag is 
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lowest there, it is the airspeed to be flown for maximum endurance, and is known as Vemax.  As it 

is also the airspeed for maximum excess power, it yields the maximum rate of climb as well.  On 

some charts it is labeled “MAX ROC” or “MAX R/C.”  Helicopter pilots refer to the lowest 

point on the power required curve as “bucket airspeed.” 

 

904. TORQUE VS. AIRSPEED CURVES 

 

A plot of torque vs. airspeed is alternatively called a power vs. airspeed chart, or power required 

vs. power available diagram.  It is valid only for the temperature and pressure altitude indicated. 

 

 
 

Figure 9-5  Torque vs. Airspeed, MH-60R 

 

An example is found in Figure 9-5 for the MH-60R Seahawk.  The PA and temperature are 

specified on the chart, and it assumes level flight, out of ground effect, at 100% rotor speed.  

Since power required is also dependent on gross weight, multiple gross weight curves are plotted 

in increments of 2000 lbs.  This chart provided by the manufacturer, Sikorsky Aircraft, uses the 

most common convention, with airspeed on the x-axis, increasing from left to right, and torque 

on the y-axis, increasing from the bottom up.  As with most helicopter curves, the minimum 

torque is not zero.  A certain amount of torque is required simply to turn the rotor at flat pitch. 

 

There are a few features of this chart worth noting.  First note how the torque required to hover is 

very high.  It drops off with increasing airspeed to a minimum at “bucket airspeed,” around 60-

75 kts, then climbs again up to maximum airspeed.  It also has two different transmission limits, 

one for airspeed below 80 KIAS, and another for airspeed above it.  If we look at one gross 

weight curve, for example, 20,000 lbs, we find that it takes two engines each at 95% torque to 

hover out of ground effect (HOGE).  Increasing airspeed to 70 KIAS, however, drops the power 

required to 50%, just over half of the HOGE torque.  The same 95% torque required for HOGE 

is enough power for level cruise flight at 135 KIAS. 
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Notice also that an increase in gross weight has more impact in hovering flight than at cruise 

airspeed.  Comparing two difference gross weight curves, we can see that increasing gross 

weight from 18,000 lbs to 20,000 lbs will require an increase of 12% torque per engine to hover, 

but only an increase of 3% to cruise at 130 KIAS.  The reason for this is that induced drag is 

the most dominant type of drag in a hover, and induced drag increases as gross weight 

increases.  From Momentum Theory, the hovering helicopter must accelerate a mass of air 

downward to produce upward thrust.  Since thrust equals weight in a hover, the heavier 

helicopter must accelerate more mass downward to produce higher thrust.  The pilot increases 

thrust by increasing collective pitch.  Higher collective pitch means more induced velocity, and 

therefore more induced drag. 

 

If the increased weight is internal to the helicopter, it does not increase the parasite drag of the 

fuselage.  Parasite drag is the most dominant type of drag at high airspeed, and it is independent 

of gross weight.  Therefore an increase in internal weight increases the HOGE power 

significantly, but it increases power required for cruise flight much less. 

 

The torque vs. airspeed curves for the TH-57 are formatted differently, as seen in Figure 9-6.  

They are called Cruise Charts in the TH-57 NATOPS Manual.  Bell’s format has torque on the  

x-axis, and airspeed on the y-axis.  These charts also include curves at the bottom to adjust hover 

torque for hovering in ground effect (HIGE). 

 

Both formats include a fuel flow scale opposite the torque scale.  For a given DA, fuel flow rate 

corresponds directly to a torque setting. 

 

On the torque vs. airspeed curves, any line that is perpendicular to the torque scale is a power 

limit, caused by either the engine or drive system.  Any line that is perpendicular to the airspeed 

scale is an airspeed limit, called Never Exceed Airspeed, abbreviated VNE.  It is defined as the 

maximum allowable indicated airspeed based on aircraft structural limits.  Exceeding VNE can 

cause damage to the dynamic flight control components. 
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Figure 9-6  Torque vs. Airspeed, TH-57 

 

By looking at Figure 9-6, we can see that VNE varies with gross weight and DA.  There is a 

different VNE for aircraft over 3000 lbs, compared to those below 3000 lbs.  Furthermore, VNE 

for a 3200 lb aircraft at 4000’ PA is 112 KIAS, while the same aircraft at 6000’ PA is limited to 

99 KIAS.  So, is the top speed of the TH-57 limited by the engine, the transmission, or structural 

limits?  It depends on gross weight and DA.  The four H’s, high, hot, humid, and heavy are 

always relevant to discussions of power.  The answer is in the charts. 

 

905. POWER REQUIRED 

 

On the ground, the power required to turn the rotor is the power required to overcome the profile 

drag on the rotor, plus the power to drive the tail rotor, accessories such as pumps and cooling 

fans, and finally the friction in the transmission.  For the TH-57, that equates to about 13-17% 



CHAPTER NINE HELICOPTER AERODYNAMICS WORKBOOK 

9-8    POWER AND PROFORMANCE 

torque to turn the rotor at idle, and around 26-30% to drive it at 100% Nf/Nr.  Trimming in left 

pedal will increase torque, and right pedal will decrease it.  In flight, the power required to  
 

 
 

Figure 9-7  Helicopter Power Consumption 
 

induce airflow downward is added.  As the helicopter transitions from a hover to forward flight, 

the decrease in induced velocity and induced drag will cause the indicated torque to decrease.  

Climbing requires excess torque and the amount of torque required for a given rate of climb can 

be found from the NATOPS Climb/Descent chart.  This chart gives the torque change which 

must be applied to the level flight torque found on the torque vs. airspeed chart.  If the helicopter 

is trimmed in a climb, indicated torque will decrease as altitude increases.  That is because the air 

gets thinner at altitude, and profile drag decreases.  The rate of climb will also decrease.  To 

maintain a steady rate of climb, collective pitch will need to be increased to maintain constant 

torque as the air density decreases.  Maintaining constant torque as the aircraft climbs will show 
 

 
 

Figure 9-8  TH-57 Climb-Descent Chart 
 

an increase in turbine temperature as the engine works harder in thinner air. 
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The pilot should be aware any control inputs which combine to increase torque.  Maneuvering 

with the cyclic will also have an effect on indicated torque.  Torque will spike with rapid cyclic 

movement forward or to the left, as blade pitch is increased at a rotor azimuth where induced 

velocity is greatest.  Transient torque will decrease with rapid cyclic movement back or to the 

right.  Maneuvering at high bank angles required that the total thrust, and therefore torque, be 

increased to maintain altitude when the total thrust is angled for the turn.  Combining these 

concepts together, a right turn at a high angle of bank will require high torque to maintain 

altitude, and a sharp left cyclic input to roll out of the turn can spike torque over limits. 

 

Another scenario where combined inputs can spike torque occurs when attempting to make a left 

pedal turn, or stop a right pedal turn, while simultaneously arresting a rate of descent. 

 

Lastly, the pilot must be aware of the drag on the rotor while bringing the twist grip from idle to 

full open in flight following a power-off maneuver.  When the rotor speed is above 100%, as in 

an autorotative flare, the twist grip can be opened quickly without the risk of spiking the torque.  

However, when rotor speed is below 100% in flight, the pilot must judiciously open the twist 

grip to prevent torque spikes. 

 

906. REVIEW OF OPTIMUM AIRSPEEDS 

 

Optimum Airspeeds.  Choosing appropriate level-flight airspeed is an important part of 

obtaining the most appropriate performance for a mission.  Airspeeds for maximum speed, 

maximum range, and maximum endurance are distinct, and vary with aircraft loading and 

environment.  In a given set of conditions, one performance parameter may be more crucial than 

others, so flight at the airspeed that would maximize that potential makes sense.  For example, if 

holding while awaiting deck landing space is important, the pilot should fly at the airspeed that 

gives the best endurance.  In a long over-water mission, best range may be appropriate.  

Maximum speed is required in a time critical situation.  Fortunately, the required airspeed for 

any of these situations is easily found on a power required versus airspeed chart. 

 

Speeds for endurance and range.  As a previous lesson pointed out, power required varies with 

weight, altitude, and airspeed.  The chart section of a NATOPS manual contains power required 

curves that are divided up typically by PA (pressure altitude).  They depict power requirements 

at a variety of aircraft weights in a format similar to that used here.  The shape of this curve has 

been likened, by some, to be just like a collective position curve; the collective is highest in a no-

wind hover, decreases with increasing forward airspeed to the "bucket," and increases again as 

airspeed approaches VNE. 

 

The power required curve also depicts fuel flow required at various airspeeds because power has 

a direct relationship to the amount of fuel introduced into a gas turbine.  In a no-wind hover, 

power required is the highest, so fuel flow is also the highest.  Power and fuel flow decrease as 

forward velocity is increased toward the "bucket,” and then increase again as airspeed 

approaches VNE.  Thus, a relationship between fuel flow and forward speed can be visualized. 

 

Minimum fuel flow occurs at the bucket airspeed, so the bucket airspeed is identified as the point 

of maximum endurance. 
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Figure 9-9  Optimum Airspeeds 

 

The airspeed for maximum range is determined by drawing a tangent line from the origin to the 

fuel flow/power required curve.  The slope, or the change in the vertical direction with respect to 

the change in the horizontal direction, is fuel flow/airspeed.  Units of the slope are lb. /hr divided 

by NM/hr.  When the hours are cancelled in the slope, the units of slope are pounds of fuel used 

per nautical mile traveled.  Minimizing the slope translates to finding the point at which the least 

fuel is burned for each nautical mile of travel (pound/NM).  The least fuel per nautical mile is the 

same as the most distance covered for the least amount of fuel used, or maximum range. 

 

So how do winds factor into this situation?  Winds do not affect endurance airspeed because 

distance over the ground is not important in endurance calculations.  Endurance solely deals with 

time aloft at minimum power, minimum amount of fuel burned, and airspeed felt at the rotor is 

the same whether wind is present or not. 

 

Maximum range, however, is affected by winds because it involves maximizing movement over 

the ground with minimal fuel flow.  Speed over the ground is faster with a tailwind and slower 

with a headwind, so the origin (zero point) of the airspeed axis must be shifted by the amount of 

the headwind.  Thought of another way, with a headwind the aircraft does not go as far and with 

a tailwind it goes further. 

 

Repeated use of the above system of determining wind correction has given results at typical 

maximum range airspeeds that are predictable even without chart work.  A good rule of thumb, 

based upon consistently close approximations, is to add 1/4 of the headwind component on to no-
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wind maximum range airspeed and to subtract 1/6 of the tailwind component.  It should be noted 

that these percentages will change with gross weight, ambient air conditions, and aircraft T/M/S.  

The aviator is recommended to thoroughly sift through his own power and airspeed charts in 

order to validate these trends.  The difference between the two adjustments has to do with the 

shape of the curve and the effect of shifting the origin and the resulting point of intersection of 

the tangent line. 

 

 
 

Figure 9-10  Fuel Flow vs. TAS 

 

Maximum rate of climb and minimum rate of descent.  The airspeed to fly for maximum 

endurance (the bucket airspeed) is also suitable for maximizing performance in two other 

regimes:  maximum rate of climb and minimum rate of descent with power off.  Maximum rate 

of climb occurs at the bucket because minimum power required subtracted from a fairly constant 

power available yields the largest amount of excess power available.  If airspeed is maintained 

constant, excess power can be used to climb or maneuver.  Likewise, in a descent, the point of 

minimum power required for flight is the point at which power deficit, which relates directly to 

sink rate, would occur in a power-off situation.  Note that max endurance and max rate of climb 

are found at the bucket of a power chart, while minimum rate of descent is found at the bucket of 

an autorotation chart. 

 

Effect of rotor speed on range and endurance.  In some situations, a helicopter may consume 

less fuel at a rotor speed below 100%.  This benefit only occurs when profile power is a major 

contributor to power required, so it only applies to a certain extent.  When the rotor speed gets 

too slow the increase in AOA required to generate lift at a slower rotational speed generates 

excessive drag forces. 

 

In addition to possible drag increases, decreasing Nr for fuel efficiency can present other 

problems.  Decreased main rotor speed produces lower tail rotor speed, so loss of tail rotor 

efficiency can increase power demands and, in the most extreme case, make LTA more likely.  
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Additionally, in the event of an engine failure, rotor RPM will decay to dangerous levels more 

quickly.  One hundred percent Nr is established by designers for good reasons, and is the best 

rotor speed for most operations.  Nonetheless, it is true that in some cases a decrease in Nr can 

yield a decreased fuel flow that will increase range and endurance. 

 

Effect of altitude on Range.  Because helicopters use turboshaft engines, the fuel efficiency of 

the aircraft is determined by the efficiency of both the engine and the rotor system.  An increase 

in DA requires more work by the rotor system for the same flight profile.  Engine efficiency 

gains at altitude are balanced by rotor efficiency losses.  Actual fuel efficiency obtained at 

altitude thus depends upon rotor system efficiency, installed aircraft engine characteristics, work 

output requirement, and total fuel load.  In general, at low gross weights one gets better range at 

higher altitude while at high gross weights a better range is achieved at sea level.  However, 

varying shapes of the power required curve for some helicopters make the trend of best range 

airspeeds and altitudes unpredictable.  A survey of several fleet helicopters reveals that 

maximum range airspeed shifts depend upon the aircraft and operating environment.  Ultimately, 

pilots should refer to aircraft specific performance charts and bingo fuel charts in order to 

determine max range airspeeds and altitudes for given conditions, configurations, and weights. 

 

Best Angle of Climb.  Excess power in a HOGE means that the best angle of climb is straight 

up.  If power is not sufficient for a vertical climb, then the best angle of climb occurs at an 

airspeed that involves maximum vertical velocity per unit of horizontal velocity.  That airspeed 

is obtained by drawing a tangent line from the power available line at zero airspeed to the power 

required curve.  The tangent yields the best rate of climb for the least velocity or the most 

vertical distance traveled for the least horizontal distance traveled, because it identifies the point 

at which the most excess power occurs relative to the true airspeed.  Typically, best rate of climb 

is denoted by VY and best angle of climb by VX.  Both are affected by altitude and gross weight 

variations due to their association with the power required curve.  An increase in weight shifts 

the power required curve up and to the right so that the VX airspeed increases as the aircraft gets 

heavier.  It also happens that VX tends to be about 3/4 of VY. 

 

 
 

Figure 9-11  Best Angle of Climb 
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Figure 9-12  Rate of Climb vs. Best Angle of Climb 

 

907. SUMMARY 

 

1. Therefore, the torque vs. airspeed curves are based on five assumptions: 

 

a. A given temperature and pressure altitude. 

 

b. A given gross weight. 

 

c. Level flight 

 

d. Out of ground effect flight 

 

e. 100% rotor speed. 

 

2. The total drag curve for the helicopter is the sum of induced, profile, and parasite drag. 

 

3. The power required curve is derived from the total drag curve. 

 

4. The power available for a helicopter is independent of airspeed, and is represented by a 

straight line on the torque vs. airspeed curve. 

 

5. Engines and transmissions are often rated for continuous power and higher power ratings 

for limited duration. 
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6. There are no control systems in the TH-57 which limit the amount of torque or TOT the 

TH-57’s engine will produce.  Those limits are maintained by the pilot. 

 

7. Induced drag is the most dominant type of drag in a hover and induced drag increases as 

gross weight increases. 

 

8. Power required is highest at hovering flight and maximum forward speed, with moderate 

airspeed requiring less power than either extreme. 

 

9. Helicopter pilots refer to the lowest point on the power required curve as “bucket airspeed.” 

 

10. Power available minus power required equals excess power. 

 

11. Excess power allows the pilot to climb, accelerate, maneuver, or take on more weight in the 

form of fuel, cargo, ordnance, or passengers. 

 

12. For a given DA, fuel flow rate corresponds directly to a torque setting. 

 

13. Torque spikes can result from inputs from the collective, twist grip, left pedal, and in some 

cases, even cyclic. 

 

14. The four H’s, high, hot, humid, and heavy, are always relevant to discussions of power. 
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CHAPTER TEN  

HOVER PERFORMANCE 

 

1000.  INTRODUCTION 

 

The purpose of this chapter is to aid the student in understanding the basic aerodynamics of 

hovering flight by relating previously introduced topics in order to understand their effects 

on hover power required and stability. 

 

1001.  LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will analyze the aerodynamics 

associated with hovering flight. 

 

2. Enabling Objectives:   
 

a. Define hovering flight. 

 

b. Describe causes and effect of ground effect. 

 

c. Discuss the effect of wind on hover power required and hover stability. 

 

d. Discuss the effect of wind in hovering turns. 

 

e. Understand factors which affect hover attitude. 

 

1002.  MOMENTUM THEORY APPLIED TO A HOVER 

 

Hovering is defined as nearly motionless flight over a reference point with constant 

heading and altitude.  The Momentum Theory of Lift tells us that by accelerating a mass of 

air downward through the rotor disk, the rotor generates upward force.  When the force is 

equal to the weight of the helicopter, the helicopter can hover. 
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Figure 10-1  Hover Out of Ground Effect 

 

In this model, the air well above rotor disk has no velocity.  The rotor disk, with an area of 

A1, forces air downward at a velocity of v1.  V1 is also called induced velocity, abbreviated 

vi.  Since the air density remains constant, this generates an area of low pressure above the 

disk, which draws air into it from all directions.  It also generates an area of higher pressure 

below the disk, which accelerates the air downward.  At a distance below the disk equal to 

the rotor diameter, the velocity is twice the velocity at the disk.  The Continuity Principle 

tells us that in a flow stream with incompressible flow, the product of area and velocity is 

the same at any point in the flow stream.  If the velocity doubles below the rotor disk, then 

the area is reduced to half.  That means the diameter of the flow stream is reduced by about 

one quarter.  Another way to view this is through Bernoulli’s Principle.  If the velocity in 

the flow stream is doubled, then the dynamic pressure is quadrupled, but the static pressure 

in the flow stream is reduced.  With lower static pressure in the stream tube, the ambient air 

pressure around the stream tube pushes in on it and causes it to constrict. 

 

1003.  GROUND EFFECT 

 

By hovering closer to the ground the airflow under the rotor spreads out radially.  This causes a 

decrease in induced velocity throughout the stream tube, up to the disk itself.  With less induced 

velocity at the rotor disk, there is less induced drag.  Decreased drag means decreased power 

required in a phenomenon called ground effect.  Ground effect is defined as the increased 

efficiency (decreasing power requirement) of the rotor beginning at approximately one rotor 

diameter above the surface and increasing exponentially as the helicopter approaches the ground.  

The aerodynamic effect can be largely attributed to the reduction of the velocity of the induced 

flow because the ground interrupts the airflow beneath the helicopter.  Additionally, the ground 

interrupts the formation of tip vortices, reducing their contribution to induced flow.  The 

decrease in induced flow increases AOA, providing an increase in lift with a reduction in blade 

pitch setting. 
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Figure 10-2  Hover In Ground Effect 

 

Ground effect causes the airflow to spread out radially in all directions.  When the airflow 

has a spanwise component, the induced velocity and induced drag is reduced. 

 

 
 

Figure 10-3  Increased Spanwise Airflow 

 

Each rotor blade generates a tip vortex, similar to a fixed wing aircraft.  These vortices are 

carried downward in a spiral by rotor downwash.  The tip vortices are somewhat 

diminished in ground effect. 
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Figure 10-4  Rotor Tip Vortex Illustration 

 

 
 

Figure 10-5  Spiraling Tip Vapor Trails 

 

Viewing ground effect from the perspective of the blade element, AOA would be the same 

whether hovering in or out of ground effect, but where the induced velocity is higher, the 

pilot would need a higher collective pitch setting to maintain altitude.  The higher induced 

velocity would generate more induced drag, and therefore higher power required out of 

ground effect. 
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Figure 10-6  Tip Vortices HOGE vs. HIGE 

 

 
 

Figure 10-7  HIGE Altitudes for Various Helicopters 

 

1004.  POWER REQUIRED FOR HIGE/HOGE 

 

While ground effect is said to occur within one rotor diameter of the ground, the distance is 

measured from the rotor to the ground.  The helicopter’s radar altimeter gives the pilot distance 

from the landing gear to the ground, so when altitude on the radar altimeter equals the aircraft’s 

rotor diameter, the aircraft is still above the theoretical edge of ground effect.  The pilot must 

account for the distance from the tip path plane to the landing gear.  For the TH-57, with its 33’ 

rotor diameter, the efficiency gained from ground effect will not be observed above 25’.  The 

TH-57’s performance charts confirm this.  Figure 10-8 is a reproduction of the lower portion of 

the Cruise Chart for a standard day at sea level.  This portion of the chart gives power required  
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Figure 10-8  HIGE Torque for TH-57 

 

to hover in ground effect as a function of gross weight and skid height.  The shaded area between 

85-100% torque represents military power, limited to 5 minutes.  The scale on the right gives 

skid height in feet, from zero to 34 feet.  Notice that the curves bend to the left from top to 

bottom, resembling the letter ‘j’.  The curve farthest to the right represents a TH-57 at 3200 lbs.  

This curve shows that 94% torque is required to hover out of ground effect at 34’, and that 

number does not change significantly until the aircraft descends below 20’.  Clearly, the real 

benefits of ground effect take place when the helicopter is hovering much lower.  Descending 

from 20’ to a normal 5’ hover drops the torque required by 9%, reducing the power required 

from military power back down to the upper limit of continuous torque.  Lowering the skid 

height by another three feet, down to 2’, lowers it by another 5%!  The consequences of this 

effect are evident when executing a vertical takeoff.  When the helicopter leaves the ground, the 

pilot must continue to increase power with collective pitch until reaching a 5’ hover.  When 

executing a vertical landing from a 5’ hover, the pilot will lower the collective to begin a slow 

rate of descent, but the rate of descent will diminish as the helicopter nears the ground, requiring 

further reduction of collective to complete the landing. 
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Figure 10-9  HIGE and HOGE Power Required 

 

There are 32 different Cruise Charts in the TH-57 to encompass temperatures from -15 degrees C 

to warmer than 30 degrees C, and altitudes from seal level to 10,000’.  Selecting the proper chart 

is the first challenge when using them.  To make the task easier, the TH-57 NATOPS uses a 

format common in the helicopter industry for computing power required for HIGE and HOGE.  

It is provided in NATOPS Figure 24-1, and reproduced here as Figure 10-9. 

 

There are two ways to enter this chart.  If DA is known, then enter at the DA scale at the bottom 

right corner of the chart.  Follow DA vertically until reaching the helicopter’s weight.  From that 

point, move to the left until reaching the scale labeled “OGE-%.”  That gives the torque required 

to HOGE.  Continuing on the same line until reaching desired hover height, then moving straight 

down gives the torque required to HIGE.  If DA is not known, then the combination of PA and 

temperature found in the upper section of the chart would need to be used.  This method would 

result in a slightly lower torque required, as it neglects the contribution of humidity to DA. 
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1005.  EFFECT OF DA ON HOVER POWER 

 

 
 

Figure 10-10  HIGE Power Required at 2000’ DA 

 

Since hover thrust is dependent upon accelerating a certain mass downward through the rotor, 

where the DA is higher and the air is thinner the induced velocity must be higher to generate the 

same thrust generated at lower DA.  That means it takes more power to generate the same thrust 

at higher DA.  Looking at the HIGE/HOGE chart for the TH-57 in Figure 10-10, a DA of 2000’ 

requires that a TH-57 at max gross weight of 3200 lbs hovers at max continuous torque.  If the 

DA exceeds 2000’, the aircraft will be limited to no more than 5 minutes of hovering at 5’ or 

higher.  To avoid exceeding limits in these conditions, the helicopter is sometimes hovered and 

taxied lower than 5’. 
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Figure 10-11  Comparison of Torque Curves for Increasing DA 

 

A comparison of hover torque at sea level, 4000’, and 8000’ for a TH-57 at 3000 lbs. shows that 

HIGE torque increases a little more than 1% for every increase of 1000’ PA.  The same torque 

would allow the aircraft to fly at 104 KIAS.  For the TH-57, therefore, 5’ HIGE torque 

roughly equals cruise torque.  That relationship can be useful if the pilot, in cruise flight, needs 

to estimate HIGE torque due to an increase in altitude at the landing zone, or a degradation of 

power.  Note also that minimum torque, at Vemax remains constant despite the altitude changes. 

 

1006.  HOVER ATTITUDE 

 

Effect of CG on Hover Attitude 
 

Recall from Chapter 8, Tail Rotors, that compensating for translating tendency typically results 

in a left-skid-down hover attitude.  The two other factors which affect hover attitude are CG 

position and wind direction.  In Chapter 7, Stability and Control, we recognized that CG 

movement away from directly under the rotor mast will cause a pitch or roll moment which will 

cause the CG to align with the thrust vector.  Since the TH-57 typically hovers left skid down in 

no wind, moving the CG to the left will exaggerate the left skid down attitude, while moving the 

CG to the right will tend to level the attitude.  When a passenger or third crew member occupies 

the rear seat, it is usually preferable to locate them on the right side of the passenger cabin. 
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Effect of Wind on Hover Attitude 
 

Wind will tend to blow a hovering helicopter downwind, and therefore maintaining hover 

position in wind requires main rotor thrust into the wind to maintain position.  Hovering in 

relatively low wind is much the same as low-speed flight in no wind.  It would not be true to say, 

for example, that hovering in 50 or 60 knots of wind is the same as flying at the same speed, 

because high velocity wind over the ground will tend to be turbulent.  It is fair to say, however, 

that hovering in a headwind or crosswind of 20 knots of wind is much like flying forward or 

sliding laterally at the same speed. 

 

 
 

Figure 10-12  Hovering in a Crosswind 

 

The helicopter pilot trims the cyclic in the direction of intended motion.  When hovering in wind, 

the pilot trims the cyclic into the wind to prevent downwind drift.  The wind acts on the center of 

pressure of the fuselage, which is the geometric center of area facing the wind.  Since the rotor 

thrust applied to eliminate drift is applied higher than the center of pressure, a moment is 

generated which pitches or rolls the aircraft into the wind.  As the pilot executes a hovering turn, 

the cyclic must be moved so that it is always pointing into the wind.  The fuselage will pitch or 

roll as the wind flows around the fuselage from different azimuths. 

 

Passing the tail through the wind in a hovering turn can produce a counterintuitive response.  

While a right crosswind will cause the helicopter to roll slightly to the right, and a left crosswind 

will make it roll slightly to the left, a tailwind in some helicopters will not cause the aircraft to 

pitch up, as one might expect.  This effect is a result of wind on the horizontal stabilizer.  In 

many helicopters, including the TH-57, a tail wind will initially lift the tail as the tail passes the 

wind line.  If the tailwind is out of limits, however, the aft cyclic required to prevent forward 

drift can cause a sudden change from pitch down to pitch up.  If this happens in a high tailwind, 

it can cause a sudden change in AOA on the horizontal stabilizer which drives it downward.  

This effect increases the possibility of striking the tail rotor on the ground.  The helicopter pilot 

must always know the wind’s direction and speed, and maneuver accordingly. 
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Effect of Wind on Hover Power Required 
 

A headwind will decrease hover power required.  A crosswind will decrease hover power to a 

lesser extent, because of the additional parasite drag incurred from flying sideward.  The 

crosswind will also tend to make the helicopter weathercock into the wind, demonstrating 

weathercock stability.  The right yaw tendency of a right crosswind requires left pedal, or “power 

pedal,” to maintain heading, causing torque to increase.  A left crosswind assists with anti-

torque, causing a decrease in torque.  If the left crosswind increases to within the range of 10-20 

knots, however, it can place the tail rotor into Tail Rotor Vortex Ring State.  See Chapter 8, LTE 

for a complete discussion of wind effects on the tail rotor in hovering turns. 
 

Effect of Blowback with a Crosswind 
 

With a crosswind, the advancing blade is no longer the one at the 3 o’clock position.  With a 

right crosswind, the advancing blade is at the 6 o’clock position.  Dissymmetry of lift combined 

with phase lag (blowback) will make the blade flap up at the 3 o’clock position, tilting the rotor 

disk to the left.  Without a corrective input from the pilot, this effect makes the helicopter tend to 

accelerate in the direction of the wind.  A similar effect occurs with wind from the left side.  It 

causes the disk to tilt to the right and accelerate away from its trimmed position.  It results from a 

phenomenon called airspeed stability, which will be covered in the next chapter, Forward and 

Climbing Flight.  Ironically, airspeed stability makes the helicopter less stable with respect to 

gusts in a hover. 
 

 
 

Figure 10-13  Blowback in a Crosswind 
 

1007.  AOA INSTABILITY 
 

A rotor is said to have AOA instability with respect to vertical gusts.  An upward gust will 

oppose the downward induced velocity, increasing AOA.  This effect causes acceleration away 

from the trimmed altitude.  A downward gust would increase induced velocity and decrease 

AOA. 
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Figure 10-14  AOA Instability With Respect to Vertical Gusts 

 

1008.  SUMMARY 

 

1. Induced drag is the most dominant drag in a hover. 

 

2. Power required varies with hover height. 

 

3. Hover power roughly equals cruise power. 

 

4. Wind affects both power required and stability. 

 

5. A helicopter has negative static stability in a hover with respect to wind gusts. 

 

6. C.G. changes affect hover attitude. 
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CHAPTER ELEVEN  

FORWARD AND HIGH SPEED FLIGHT 

 

1100. INTRODUCTION 
 

The purpose of this chapter is to aid the student in understanding the basic aerodynamics of 

forward flight and hazards associated with high speed flight by relating previously 

introduced topics in order to understand their effects on aircraft attitude and performance. 

 

1101. LESSON TOPIC LEARNING OBJECTIVES 
 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will analyze the aerodynamics 

associated with forward and high speed flight. 

 

2. Enabling Objectives:   
 

a. Identify on a rotor disk the areas of high AOA and low AOA. 

 

b. Recall the definition of translational lift, state the phenomena which cause 

it, and describe its effect on power required. 

 

c. State the effect of dissymmetry of lift on a rotor system and explain how the 

effect is overcome. 

 

d. Describe the effect of phase lag on helicopter control. 

 

e. Describe pendulum effect and know when a pilot will encounter it. 

 

f. Describe transverse flow effect and its cause. 

 

g. Recall the definition of blowback, and describe its effect on helicopter 

attitude, and airspeed. 

 

h. Plot on a rotor disk the typical velocity distribution for a rotor system in 

forward flight. 

 

i. Recall the definition of retreating blade stall, its cause, contributing factors, 

effects on flight, and corrective action. 

 

j. Recall the definition of compressibility, its cause, and the effects on 

flight, and corrective action. 
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1102.  TRANSLATIONAL LIFT 
 

Improved rotor efficiency resulting from directional flight is called translational lift.  The 

efficiency of the hovering rotor disk is greatly improved with each knot of incoming wind gained 

by horizontal movement of the aircraft or surface wind.  As the incoming wind produced by 

aircraft movement or surface wind enters the rotor disk, turbulence and vortices are left behind 

and the flow of air becomes more horizontal.  In addition, the tail rotor becomes more 

aerodynamically efficient during the transition from hover to forward flight, and the horizontal 

and vertical stabilizers begin to produce lift and moments on the airframe. 
 

 
 

Figure 11-1  Airflow with minimal headwind 

 

 
 

Figure 11-2  Airflow just prior to ETL 

 

The airspeed range between hover and Vemax is known as the region of reversed command.  In 

fixed wing flight, we characterize this region as one in which it takes more power to fly slower, 

and it is not a flight regime in which we routinely dwell.  In the helicopter, we often think of it in 

opposite terms.  It is a region in which it takes less power to fly faster, and we spend a much 

greater percentage of our flight time in this region. 
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Effective Translational Lift (ETL) 

 

While transitioning to forward flight at about 13 to 24 knots, the helicopter goes through 

effective translational lift (ETL).  In this airspeed range, the rotor disk completely outruns the 

recirculation of old vortices and begins to work in relatively undisturbed air.  The flow of air 

through the rotor disk is more horizontal, which reduces induced flow and drag with a 

corresponding increase in angle of attack and lift.  This increased efficiency continues with 

increased airspeed until the best climb airspeed is reached, and total drag is at its lowest point.  

ETL is the point where the efficiency is first noticed, and translational lift refers to increase in 

efficiency gained from ETL up to bucket airspeed.  From the perspective of Blade Element 

Theory, it can be explained as the result of a reduction in induced velocity and induced drag.  

From Momentum Theory, it can be explained as resulting from an increase in mass flow through 

the rotor due to forward flight. 

 

Translational Tail Rotor Thrust 

 

Translational thrust occurs when the tail rotor becomes more aerodynamically efficient during 

the transition from hover to forward flight.  As the tail rotor works in progressively less turbulent 

air, this improved efficiency produces more anti-torque thrust, causing the nose of the aircraft to 

yaw left and forces the pilot to apply right pedal (decreasing the AOA in the tail rotor blades) in 

response.  In addition, a vertical fin can begin to provide anti-torque, leaving more power 

available to the main rotor. 

 

1103.  TRANSVERSE FLOW EFFECT 

 

In a hover, the rotor is operating in a vertical column of air, and the induced velocity is relatively 

uniform across the rotor disk.  In forward flight, however, the blade at the 12 o’clock position is 

operating in undisturbed air, and driving air downward.  The induced velocity increases from 

front to back of the disk. 

 

 
 

Figure 11-3  Induced Velocity Profile in Forward Flight 
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The difference in induced velocity between the forward half and rearward half of the rotor disk is 

exaggerated on the transitions to and from forward flight.  When the forward half of the rotor is 

clear of the vertical column of air, and the rearward half is still in it, there is a significant 

difference in the induced velocity between the two halves.  The drop in induced velocity on the 

12 o’clock blade causes it to flap up, which in turn causes the 6 o’clock blade to flap down.  

Phase lag causes the maximum up-flap to occur at the 9 o’clock position, and maximum down-

flap at the 3 o’clock position.  This causes the helicopter to roll slightly to the right.  This roll is  

 

 
 

Figure 11-4  Transverse Flow Effect 
 

accompanied by a shudder through the airframe, which is caused by the difference in induced 

drag between the forward and rearward blades.  The rotor vibration and right roll occur between 

10-20 kts, and the effect is known as the transverse flow effect.  The pilot should correct the 

slight right roll with left cyclic to maintain a wings-level attitude.  When the rearward half of the 

disk is out of the vertical column of air, the vibration ceases, and the left cyclic used to eliminate 

the right roll will cause a slight roll to the left.  At this point the pilot returns the cyclic back to 

lateral center. 

 

 
 

Figure 11-5  Transverse Flow Effect 
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A second reason for the increase in induced velocity in the aft rotor disk section is coning.  

As the rotor disk is tilted forward, the 12 o’clock blade becomes more parallel to the air 

flow, and the aft blade is more inclined to the airflow, increasing the difference in induced 

velocity between the forward and aft blades. 

 

 
 

Figure 11-6  Transverse Flow Effect Due to Coning 
 

The effect also occurs when the helicopter is transitioning from forward flight to hovering flight.  

During steep approaches, when descending near ETL, the vibration will also be apparent.  

Helicopter pilots have various colorful phrases to describe flying the approach in this airspeed 

range, such as “riding the burble” or “the Sikorsky shuffle.”  This vibration happens at an 

airspeed just below ETL on takeoff and after passing through ETL during landing.  The vibration 

happens close to the same airspeed as ETL because that is when the greatest lift differential 

exists between the front and rear portions of the rotor system.  As such, many pilots confuse the 

vibration felt by transverse flow effect with passing through ETL. 

 

1104.  TRANSITION TO FORWARD FLIGHT 

 

In Chapter 7, Stability and Control, we introduced the concept of the mast moment which is 

inherent in articulated and rigid rotors.  With these rotors, the centrifugal force pulling out on the 

blades is transferred to the fuselage, and the fuselage tends to follow the rotor attitude.  The semi 

rigid system is a true pendulum, with thrust required to create a moment around the fuselage CG 

to allow for control of the fuselage.  Regardless, when transitioning to forward flight, the 

helicopter will pitch down to some degree.  When rotor thrust is tilted forward, and a component 

of it is being used to accelerate the aircraft, less is available to counter the weight of the aircraft.  

At this point some settling may occur.  As the aircraft enters ETL, however, the rotor gets more 

efficient, and the aircraft will start to climb.  If the helicopter is hovering in wind which places 

the aircraft in or close to ETL, the transition to forward flight can often be accomplished with no 

increase in power at all, but simply gentle forward motion. 

 

In Chapter 9, we learned that indicated torque is essentially a measure of the drag on the main 

rotor and tail rotor, plus the power required to turn the transmission and other equipment.  In a 

hover, the highest drag is induced drag, and as the helicopter passes ETL, the induced drag is 

substantially reduced.  The pilot will notice that once past ETL, indicated torque will drop with 

no change in collective pitch setting. 
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In Chapter 5, Rotor System Dynamics, we introduced two concepts associated with forward 

flight: dissymmetry of lift, and blowback.  Blowback is the pitch up of the rotor with an increase 

in forward airspeed as a result of dissymmetry of lift combined with phase lag.  We first notice 

blowback with ETL.  The transition to forward flight is therefore an aerodynamically complex 

flight regime, where the following effects are all taking place at some point:   

 

1. Pendular action 

 

2. Transverse flow effect 

 

3. ETL 

 

4. Blowback 

 

5. Translational tail rotor thrust 

 

6. Beginning of effectiveness of the horizontal and vertical stabilizers. 

 

While the transition is aerodynamically complex, it is procedurally simple in contact flight.  

Regardless of what moments are causing the helicopter to pitch, roll, and yaw, the pilot’s job is 

to keep the wings level with lateral cyclic, keep the nose pointed in the direction of travel with 

the pedals, and use enough forward cyclic to get the aircraft moving forward, but not so much as 

to drive it into the ground.  As the aircraft accelerates and keeps tending to pitch up due to 

blowback, the pilot trims the cyclic stick forward until reaching desired airspeed.  When desired 

airspeed is reached, the nose attitude is trimmed up to terminate the acceleration and maintain 

airspeed. 

 

1105.  POSITIVE STICK GRADIENT 

 

As the helicopter tends to pitch up with an increase in airspeed, progressive forward cyclic is 

required to trim the aircraft.  This phenomenon is called a “positive stick gradient.”  It also 

means that there is a unique cyclic position for each airspeed, assuming a constant CG position.  

Recall from Stability and Control that the horizontal stabilizer keeps the TH-57 fuselage in a 

nearly level attitude from hover up to normal cruise airspeed.  That phenomenon can make flying 

the TH-57 in instrument conditions challenging.  For example, Figure 11-4 shows that at 2000’ 

PA, 15oC, a TH-57 could maintain level flight at both 26 KTAS, or 85 KTAS, and the fuselage 

attitude at both airspeeds would be zero degrees pitch, or nose on the horizon.  How can the same 

power and attitude result in level flight at two different airspeeds?  What is it that determines at 

which airspeed the helicopter will stabilize?  The answer is that the rotor attitude, not the 

fuselage attitude, determines the airspeed, and the rotor attitude is determined by the cyclic 

position.  At that same torque setting, the helicopter could also be stabilized at 50 KTAS in a 

climb, or 90 KTAS in a descent, but in every case, the attitude, and torque would be the same. 
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Figure 11-7  TH-57 Cruise Chart for 2000’ PA and 15 C 

 

1106.  DOWNWIND TAKEOFF 

 

Taking off into the wind gets the helicopter into ETL earlier than taking off with no wind, or a 

tailwind.  Sometimes, however, a downwind takeoff may be advisable or even required.  

Situations that might preclude takeoff into the wind include obstacles in the flight path, upward 

sloping terrain, threat from enemy fire, or an impatient Air Boss who needs to get the duty SAR 

helicopter off the flight deck before the ship turns into the wind to launch jets.  In any case, 

whether or not a downwind takeoff can be executed safely depends mainly on power required 

and power available.  Hovering with a tailwind that exceeds ETL airspeed will generally require 

less power than hovering in no wind at all.  As the helicopter moves forward, the increased 

groundspeed will decrease the relative wind over the rotor until the groundspeed equals the 

surface wind velocity.  At this point, even though the helicopter is moving, the rotor is in a 

hovering flight condition.  It will require additional groundspeed before the rotor passes through 

ETL in forward flight.  As long as the power available is greater than power required to hover, 

the downwind takeoff can be executed safely.  The problem occurs when the helicopter in a 

tailwind is hovering at or near the limit of its power available.  Under those conditions, the loss 

of ETL from forward motion can cause power required to exceed power available, and the result 

will be uncommanded descent.  Another consideration on downwind takeoffs is the loss of safety 

margin in the event of power loss.  For a multi-engine helicopter, loss of one engine in a 

downwind takeoff usually means that the operating engine(s) will need to be operated at 

contingency power, and some altitude will need to be traded off in order to gain airspeed for 

level or climbing flight.  For the single engine helicopter, it requires executing an autorotative 

landing with a tailwind.  The bottom line is that if executing a takeoff with a tailwind, the pilot 

needs to weigh the risks first.  Gaining altitude with a vertical climb before the transition, power 

permitting, can provide a margin of safety in the event of engine failure during the transition. 
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1107.  CLIMBING FLIGHT 

 

To initiate a vertical climb from a hover, the pilot increases collective pitch with a commensurate 

power pedal input to maintain heading.  The increased blade pitch initially causes an increase in 

AOA, and the rotor thrust is increased.  The increase in rotor thrust causes vertical acceleration, 

and the relative wind from upward motion increases the induced velocity through the rotor.  The 

increased induced velocity is equal to the rate of climb.  The increased induced velocity 

decreases AOA and increases induced drag.  The increased drag shows up as higher torque 

required to keep the rotor turning.  The helicopter then reaches equilibrium with a steady state 

rate of climb, and higher pitch and torque compared to that required for hover. 

 

 
 

Figure 11-8  Climbing flight 

 

Increasing collective pitch to initiate a climb in forward flight will require left pedal to maintain 

heading as it does in a vertical climb, but it will affect pitch and roll as well. 

 

 
 

Figure 11-9  Rotor Blade Effectiveness 
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The reason for this is that collective pitch changes the pitch on all of the blades to the same 

degree simultaneously, but the blades react differently to that increase based on their azimuth, 

and the local airflow there.  The 3 o’clock blade has higher linear velocity compared to the 9 

o’clock blade, and when pitch is increased on both blades simultaneously, the 3 o’clock blade 

generates more incremental lift than the 9 o’clock blade.  Because of the 90-degree phase lag, 

this has the effect of causing the rotor disk to pitch up, known as blowback.  Therefore, 

blowback can result not only from an increase in forward airspeed, but an increase in collective 

pitch at constant airspeed as well. 

 

The 12 o’clock blade is operating in minimum induced velocity, while its counterpart at 6 

o’clock has the highest induced velocity.  An increase in collective pitch generates more 

incremental lift on the 12 o’clock blade than the 6 o’clock blade, causing the rotor disk to roll 

slightly to the right.  Therefore, without mechanical control mixing, a stabilization system, or 

corrective inputs from the pilot, an increase in collective pitch in forward flight will cause the 

helicopter to pitch up, roll right, and yaw right.  A decrease in collective pitch has the opposite 

effects.  These effects are proportional to the amount of collective pitch change.  Large, abrupt 

changes in collective pitch, such as when practicing autorotation, or waving off an autorotation, 

can cause fuselage pitch attitude changes of 10 degrees or more. 

 

One implication for this phenomenon is that in cruise flight, the helicopter pilot cannot increase 

airspeed by increasing power alone.  Novice helicopter pilots, particularly those with previous 

fixed wing flight experience, tend to try to increase airspeed by increasing power, as is required 

in a fixed wing aircraft.  In the helicopter, a collective increase alone will cause acceleration, but 

the acceleration is in the direction of the thrust vector, upward and forward.  The helicopter will 

react by pitching up, climbing, and decreasing airspeed.  Level flight acceleration in the 

helicopter requires tilting the thrust vector farther forward with cyclic, and using the collective as 

required for altitude control. 

 

The horizontal stabilizer also makes a contribution to pitch attitude change in climbing and 

descending flight.  Its contribution is affected by the relationship between forward airspeed and 

the vertical speed.  With high rates of climb at low airspeed, the downward flow of air over the 

horizontal stabilizer will cause a pitch-up moment.  High rates of descent at low airspeed will lift 

the horizontal stabilizer and cause a pitch-down moment.  For the TH-57, rates of climb or 

descent at cruise airspeed will cause little pitch attitude change, but higher rates of climb or 

descent, particularly at lower airspeeds will change pitch attitude by a few degrees, causing 

airspeed to change as well. 

 

1108.  INSTRUMENT FLIGHT 

 

The phenomena described in the preceding paragraphs, plus a few more, make flying a helicopter 

in instrument flight more challenging than a fixed wing aircraft.  To summarize them for the  

TH-57:   

 

1. There is not a unique fuselage attitude for a given airspeed. 
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2. The helicopter returns to the same fuselage attitude at any airspeed from hover up to about 

90 KIAS.  Airspeeds faster than 90 KIAS will require a progressively nose lower pitch attitude. 

 

3. A change in airspeed results in a change in pitch attitude from blowback, and a change in 

yaw attitude due to airflow across the vertical fin. 

 

4. Collective pitch changes result in a three-axis attitude change. 

 

For these reasons, a helicopter must have a stabilization system incorporated into the flight 

controls in order to be certified by the FAA for instrument flight.  These automated systems 

make instrument flight fairly easy in complex fleet aircraft.  The TH-57’s stabilization system, 

called FCS, is rudimentary.  It doesn’t do nearly as much as a fleet helicopter’s stabilization 

systems does.  While it makes controlling the TH-57 in IMC challenging, it also teaches the pilot 

about the aerodynamics of the helicopter. 

 

It is also useful to remember that pitch attitude control works different from roll attitude control 

in forward flight, and it works different from pitch attitude control in a hover.  In hovering flight, 

pitch and roll attitude control work the same.  A stable pitch or roll attitude in hover results from 

the absence of any control moments, and a stable yaw attitude results from the balance of the 

torque and anti-torque moments.  In a hover, small pitch and roll inputs are quickly neutralized to 

prevent lateral motion in any direction.  The pilot makes a small pitch or roll input, and quickly 

removes it.  It doesn’t work that way in forward flight. 

 

Because of blowback in forward flight, there is a unique cyclic position for each airspeed.  A 

stable pitch attitude results when the pitch down moment from forward cyclic is balanced by the 

pitch up moments from blowback and the horizontal stabilizer.  Roll control, on the other hand, 

works similarly to the way it does in a hover.  The aircraft is only rolling while the pilot moves 

the cyclic out of the laterally centered position.  The bottom line is that airspeed adjustments 

need to be re-trimmed, but minor bank attitude changes do not.  Understanding this phenomenon 

can decrease pilot workload and frustration. 

 

1109.  HIGH SPEED FLIGHT PHENOMENA 

 

The top speed of a helicopter may be limited by engine power, drive system limits, structural 

limits, or aerodynamic limits.  Engine and drive system limits are discussed in Chapter 9, Power 

and Performance.  Structural limits include pressure on the windscreen, and stress on dynamic 

flight controls.  Ultimately, however, even if a helicopter was designed with engines, a drive 

system, and dynamic flight controls which could handle all loads, the forward speed of a 

helicopter is still subject to the aerodynamic limits of retreating blade stall and compressibility. 

 

1110.  RETREATING BLADE STALL 

 

Retreating blade stall is a case of dissymmetry of lift taken to the extreme.  In normal cruise 

flight, a portion of the rotor disk on the retreating side is normally in a stalled condition.  

Because of the stall and reverse flow area on the retreating half, the reduced outer span of the 

blade must make up for all of the lift being generated by the entire advancing blade.  As the 
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helicopter’s airspeed increases, the blades flap to change the AOA of the blades so that on the 

advancing half of the rotor, the high linear velocity is paired with low AOA, and on the 

retreating side, the lower linear velocity is augmented by higher AOA.  When AOA exceeds the 

critical AOA, the airfoil stalls.  There are three factors that contribute to the stall.  They are:   

 

1. High cyclic pitch.  In order to fly fast, the thrust vector must be tilted well forward.  

Pushing the cyclic stick forward increases cyclic pitch the most at the 9 o’clock position, the 

retreating side. 

 

2. High collective pitch.  High speed flight incurs high parasite drag, and that drag is 

overcome with high collective pitch, and corresponding high torque. 

 

3. High degree of flapping.  The vertical speed of the downward flapping blade is highest at 

the tip of the blade at the 9 o’clock position. 

 

 
 

Figure 11-10  High AOA Prior to Retreating Blade Stall 

 

The combination of high cyclic and collective pitch, combined with downward blade flapping 

causes the AOA on the retreating blade to exceed critical AOA and stall.  As retreating blade 

stall begins, the pilot will experience a rotor vibration which corresponds to the number of blades  
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Figure 11-11  Retreating Blade Stall 

 

in the rotor.  So, an H-60 with four rotor blades will experience a 4-per-revoluion vibration with 

the onset of blade stall.  The TH-57 would generate a 2-per-rev vibration with blade stall.  As the 

stall progresses, loss of lift at the 9 o’clock position will cause the blade to flap downward, 

reaching its lowest travel at the 6 o’clock position.  This causes the rotor to pitch up, which in 

turn causes the fuselage to pitch up.  In some helicopters, the pitch up may be accompanied by a 

left roll. 

 

Conditions which require higher collective pitch will cause retreating blade stall to occur at a 

lower airspeed than it would otherwise occur.  For example, in thinner air, higher pitch angles 

are required to produce lift.  Likewise, a heavy helicopter will require higher collective pitch 

than a lighter one for the same airspeed.  Therefore, the “four H’s” apply to blade stall.  The 

higher the DA, the lower the airspeed at which it will occur.  The heavier the aircraft is, the 

lower the airspeed would be for entry into blade stall.  Maneuvering at high AOB requires more 

power than level flight, and so it requires higher collective pitch.  G-loading is therefore a factor 

in determining the airspeed at which blade stall will occur. 

 

Since blade stall results from an extreme case of dissymmetry of lift, rotor speed is a factor in 

determining stall airspeed.  The lower the rotor speed, the lower the airspeed at which the stall 

will occur. 

 

The danger from blade stall stems from the high dynamic loading on the rotor and associated 

controls.  In particular, the stalling blade causes what is known as an “out of track” condition, 

where one blade is not following in the same track as the blade which preceded it.  This leads to 

severe vibrations which can shorten fatigue life of the dynamic components.  The high drag 

caused by the stall also increases structural loads.  Lastly, the stalling airfoil can generate nose-

down pitching moments, which twist the rotor blade.  These torsional loads can exceed the limit 

loads on swashplates, pitch change rods, and other dynamic flight controls.  For this reason, 

entry into blade stall is a prohibited maneuver. 
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When a pilot encounters unexpected pitch up, the natural reflex would be to push the cyclic 

forward to pitch the nose back down.  Doing so in blade stall will only aggravate the situation, as 

forward cyclic increases blade pitch where the stall is occurring.  If encountering a rotor 

vibration and sudden pitch up in high speed flight, the pilot should recognize it as blade stall, and 

use the following recovery procedures:   

 

1. Decrease the severity of the maneuver. 

 

2. Decrease collective pitch. 

 

3. Reduce airspeed. 

 

4. Descend to a lower altitude, terrain permitting. 

 

5. Increase rotor rpm. 

 

The higher blade pitch angles required to operate in high DA conditions means that the rotor will 

reach retreating blade stall at lower airspeeds up at altitude, and it is not very common down at 

sea level.  Pilots can avoid retreating blade stall by not exceeding the never-exceed speed.  This 

speed is designated VNE and is indicated on a placard and marked on the airspeed indicator by a 

red line. 

 

Since rotor speed is a factor in determining how fast a helicopter can go before entering blade 

stall, it might seem to make sense that the solution to avoiding blade stall is merely increasing 

the rotor speed.  Unfortunately higher rotor tip speeds combined with high forward airspeed lead 

to the other phenomenon which limits the top speed of the helicopter: compressibility effects. 

 

1111.  COMPRESSIBILITY EFFECTS 

 

Compressibility effects occur when the tip of the advancing blade approaches the speed of 

sound, also called Mach 1.  The speed of sound is proportional to the air’s local temperature.  

Since air temperature generally decreases with altitude in the troposphere, the true airspeed for 

Mach 1 generally decreases with altitude.  Therefore, a helicopter is more susceptible to 

compressibility effects at high altitude or in extremely cold conditions.  When an object is 

approaching Mach 1, there are local regions around it where flow exceeds Mach 1.  On a wing, 

this typically occurs on the upper surface before the lower surface.  In this transonic region, 

formation of a shock wave between the upper and lower surfaces usually occurs at different 

points on the chord line.  This leads to nose-down pitching moments on the airfoil.  On a rotor  
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Figure 11-12  Compressibility Effect 

 

blade, this has the effect of taking the blade tip and twisting it with great force.  It is 

accompanied by an increase in noise.  Once out of the transonic region, the twist force, called 

“torsional load,” is relieved.  Since the blade tip is in the transonic region for only microseconds, 

these torsional loads are applied and relieved many times per second.  They can decrease 

component life due to fatigue failure, but, if severe, enough, can exceed load limits and cause 

immediate failure.  They are avoided by slowing down. 

 

Two design features can be incorporated to increase blade tip speed before compressibility 

becomes a factor, and therefore increase the VNE.  One is sweeping the blade tip back.  This has 

the same effect as wing sweep on a supersonic fighter aircraft.  Another method is to change the 

airfoil at the tip to by reducing the ratio of thickness to chord. 

 

1112.  NEVER EXCEED VELOCITY 

 

In Chapter 9, Power and Performance, we defined VNE as the maximum indicated airspeed based 

on aircraft structural limits.  As with most performance parameters, it varies with DA and gross 

weight.  As those parameters increase, it puts more strain on dynamic components, and VNE gets 

lower, more restrictive. 
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Figure 11-13  VNE Comparison for Increasing PA 

 

The TH-57 Cruise Charts in Figure 11-10 indicate that the break point in gross weight occurs at 

3000 lbs.  Above 4000’ PA there are separate VNE values for aircraft heavier than 3000 lbs, and 

lighter than 3000 lbs.  At 6000’ PA, the difference is 19 KIAS.  To make it easier to determine  

 

 
 

Figure 11-14  TH-57 VNE Placard 

 

VNE in flight, the TH-57 includes a placard mounted on the center canopy rail with the 

information shown in Figure 11-11.  The table is also included in Chapter 4, Limits, of the TH-

57 NATOPS Manual.  Note that the values are predicated on PA and temperature, with a 

separate table for aircraft lighter and heavier than 3000 lbs.  Therefore, as part of preflight 

planning, the crew must determine at what fuel state will place the aircraft at 3000 lbs.  When 
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using the placard to determine VNE in flight, the crew will need to adjust the altimeter setting to 

29.92 to get PA, and refer to the OAT gauge and fuel gauge as well. 

 

1113.  SUMMARY 

 

1. Improved rotor efficiency resulting from directional flight is called translational lift. 

 

2. ETL occurs while transitioning to forward flight at about 13 to 24 knots, when the rotor 

disk completely outruns the recirculation of old vortices and begins to work in relatively 

undisturbed air. 

 

3. Translational thrust occurs when the tail rotor becomes more aerodynamically efficient 

during the transition from hover to forward flight. 

 

4. Transverse flow effect is the rotor vibration and right roll which occurs between 10-20 kts. 

 

5. The transition to forward flight is therefore an aerodynamically complex flight regime, 

where the following effects are all taking place at some point:   

 

a. Pendular action 

 

b. Transverse flow effect 

 

c. ETL 

 

d. Blowback 

 

e. Translational tail rotor thrust 

 

f. Beginning of effectiveness of the horizontal and vertical stabilizers. 

 

6. Positive stick gradient means that there is a unique cyclic position for each airspeed, 

assuming a constant CG position. 

 

7. If executing a takeoff with a tailwind, the pilot needs to weigh the risks first. 

 

8. Collective pitch changes the pitch on all of the blades to the same degree simultaneously, 

but the blades react differently to that increase based on their azimuth, and the local airflow 

there. 

 

9. The helicopter pilot cannot increase airspeed by increasing power alone. 

 

10. Pitch attitude control works different from roll attitude control in forward flight, and it 

works different from pitch attitude control in a hover. 
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11. The top speed of a helicopter may be limited by engine power, drive system limits, 

structural limits, or aerodynamic limits. 

 

12. Retreating blade stall is a case of dissymmetry of lift taken to the extreme. 

 

13. Compressibility effects occur when the tip of the advancing blade approaches the speed of 

sound, also called Mach 1. 

 

14. As DA and gross weight increase, it puts more strain on dynamic components, and VNE 

gets lower, more restrictive. 
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CHAPTER TWELVE  

DESCENDING FLIGHT AND AUTOROTATION 

 

1200. INTRODUCTION 

 

The purpose of this chapter is to aid the student in understanding the aerodynamics of 

descending flight.  This lesson topic will introduce the concepts of the normal approach, 

transition to hover, VRS, autorotation, and the height-velocity diagram. 

 

1201. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will analyze aerodynamics 

associated with power-on and power-off descending flight. 

 

2. Enabling Objectives:   
 

a. List the four flow states of a rotor system in a descent. 

 

b. Recall the definition of Pendulum Effect and describe when and how it occurs. 

 

c. Recall the definition of VRS, conditions for occurrence, and recovery procedures. 

 

d. Recall the definition of rotation, pro-autorotative force, and 

anti-autorotative  force. 

 

e. Draw and label a blade element diagram for autorotation. 

 

f. State the three phases required to transition from powered to unpowered flight. 

 

g. State the effects of a flare in autorotation. 

 

h. State the variables that affect autorotative descent. 

 

i. Identify maximum glide airspeed on a power vs. airspeed chart. 

 

j. List the four flow regions along a rotor blade in autorotative flight. 

 

k. State the purpose of the height-velocity diagram. 

 

l. Identify safe and unsafe areas of an H-V diagram, describing reasons for 

operation in safe areas, and effects of gross weight, DA, and rotor speed (Nr) 

on it. 
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1202.  GENERAL 

 

Analyzing a fixed wing aircraft in a wind tunnel usually requires a stationary model, with 

a horizontal airstream which is parallel to the ground.  To analyze vertical flight, the wind 

tunnel needs to be rotated to a vertical position.  To analyze the aerodynamics of hovering 

flight in the vertical wind tunnel, only the helicopter model’s rotor is moving the air 

through the wind tunnel.  To analyze a vertical climb or descent, a fan would be used to 

move air downward or upward through the rotor to simulate the model’s rate of climb or 

descent. 

 

1203.  FLOW STATES AND DESCENDING FLIGHT 

 

The aerodynamics of a vertical climb or a low to moderate rate of descent are much the 

same as that for hovering flight.  When vertical rates of descent get higher, the flow state 

changes dramatically.  Traditionally, four different flow states have been identified for 

descending flight: normal thrusting descent, vortex ring state (VRS), autorotative state, 

and windmill brake state.  These are depicted in Figure 12-1.  All of the flow states are 

referenced to the rotor’s induced velocity in a hover.  For simplicity, the following brief 

analysis is conducted under the assumption of zero forward velocity. 

 

 
 

Figure 12-1  Flow States of Vertical Flight 

 

There are three possibilities of normal thrust - hover, climb, and slow descent.  To model 

hovering flight, the only thing moving the air through the wind tunnel is the helicopter 

model’s rotor.  To model climbing flight, a fan must be used to cause the downward 

airflow to simulate the rate of climb.  For a slow descent, the airflow is reversed to 

simulate the helicopter’s rate of descent. 

 

If the upward airflow from the fan is increased to the point where the upward flow is 

roughly equal to the downwash, rotor tip vortices are not allowed to move from the 

vicinity of the rotor, enveloping the outer rim of the rotor in a bubble of air.  Thrust 

developed by the rotor becomes essentially negligible, and the helicopter descent rate 



HELICOPTER AERODYNAMICS WORKBOOK CHAPTER TWELVE 

DESCENDING FLIGHT AND AUTOROTATION    12-3 

increases dramatically.  This is known as VRS.  The onset of VRS varies by helicopter 

type, and is linked to its hover induced velocity.  VRS will be discussed in much greater 

detail later in the chapter. 

 

As the upward velocity of airflow is increased, the net flow becomes upward through 

the rotor.  This is representative of both the autorotative and the windmill brake states.  

The rotor actually takes some energy from the passing wind and slows it down, 

providing lift. 

 

 
 

Figure 12-2  Descent Rates for Flow States 

 

1204.  NORMAL APPROACH 

 

In a normal approach, the helicopter is established on final approach at 150’ and 50 KIAS 

with 600’-800’ of straightaway.  The glideslope used is an angle between 10o and 20o.  

Rate of descent typically begins around 500 fpm, but as forward speed is decreased, 

vertical speed is decreased at a commensurate rate to maintain a constant glide path.  The 

descending, decelerating profile is maintained until reaching a 5-foot hover.  The rotor is 

in the normal thrusting state, because the downward induced velocity through the disk 

exceeds the rate of descent.  The resulting induced velocity profile is similar to that shown 

in Figure 12-3.  Rotor thrust is quite steady, and a constant requirement for power from 

the engine is  

 

 
 

Figure 12-3  Normal Thrusting State 
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required to maintain rpm.  This condition exists from hover to descent rates up to 

approximately 70% of the helicopter’s induced velocity in a hover. 

 

In Chapter 9, Power and Performance, we learned that after accelerating through ETL, a 

helicopter’s power required decreases with increasing airspeed up to Vemax, or bucket 

airspeed.  It follows, then, that as the helicopter decelerates through bucket airspeed for 

landing, power required increases up to hover power.  Blowback also works in reverse.  

As the airspeed decreases, the rotor pitches down, and because of the positive stick 

gradient, the pilot is gradually and continuously trimming the cyclic back toward the 

neutral hover position to keep the nose from dipping.  Parasite drag slows the helicopter 

toward hover airspeed over the span of 600’-800,’ and therefore a significant flare is not 

required for landing. 

 

1205.  TRANSITION TO HOVER 

 

As airspeed decreases, parasite drag decreases with the square of airspeed, so that 

bringing the helicopter into a hover usually requires some aft cyclic when arriving over 

the pad.  When the aircraft loses translational lift, an increase in collective is often 

required to prevent settling.  If a significant collective pull occurs when the virtual axis is 

tilted significantly to the rear, the aircraft will pitch up in a phenomenon known as the 

pendulum effect. 
 

 
 

Figure 12-4  Pendulum Effect 

 

Smooth control inputs, as well as transitioning into ground effect to compensate for the 

loss of translational lift, will minimize the magnitude of pendulum effect.  During 

termination of the approach once in ground effect, a nearly continuous decrease of 

collective pitch will be necessary to maintain the approach path to the surface due to the 

increased efficiency of the rotor system very near the ground. 

 

1206.  STEEP APPROACH 

 

In a steep approach, the pilot maneuvers the helicopter to a final approach profile levelled off 

at 300’ with less than 50 KIAS, to intercept a glide path from 30o-45o.  Rather than a 

descending, decelerating approach, airspeed is often decreased to near ETL, and held relatively 
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constant through the descent.  The limiting factor is usually descent rate.  Rate of descent 

greater than 800 fpm on a steep glide path can place the aircraft at risk of VRS.  Approach 

angle is determined by the combination of forward speed and vertical speed.  Therefore, the 

steeper the approach angle, the slower the forward speed will need to be in order to limit 

vertical speed.  The slow forward speed, combined with wind gusts can cause variations in 

power required, requiring pilot finesse to maintain constant glide path and heading.  If the 

descent is executed near ETL, the aircraft may produce the vibrations associated with 

transverse flow effect. 

 

1207.  VORTEX RING STATE (VRS) 

 

VRS is a powered flight phenomenon which occurs in a steep descent or downwind approach 

when the helicopter settles into its own downwash.  It results in a sudden and uncommanded 

increase in descent rate and loss of control effectiveness.  Demonstrated at altitude, the 

phenomenon itself will not damage the aircraft.  If it occurs at low altitude, however, recovery 

must be effected immediately to avoid catastrophic results. 

 

Every finite wing, including a rotor blade, generates a tip vortex when it is producing lift.  In a 

rotor system, each blade tip vortex is carried downward by the induced velocity of the rotor.  In 

forward flight, or when hovering in wind, the vortices are also blown downwind from the rotor.  

While rotor airflow is in reality very complex because of interaction with the fuselage, tail 

rotor, wind, and numerous other variables, in hovering flight the rotor tip vortex may be 

visualized as a helix emanating from each blade tip, spiraling downward.  The vapor trails 

produced by the tips of the AH-1 launching from USS TARAWA in Figure 12-5 help to 

visualize the flow of the tip vortices. 

 

 
 

Figure 12-5  AH-1 Cobra Departing USS TARAWA 

 

When the helicopter is in a near-vertical descent, such that its rate of descent is equal to its 

downwash, the rotor tip vortices remain attached to the rotor and amplify in magnitude.  Rather 

than a helix flowing downward, the rotor becomes surrounded by a doughnut-shaped vortex 

ring, which accelerates the induced velocity through the rotor, as depicted in Figure 12-6.  This 
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high induced velocity effectively negates the angle of attack on the rotor blade.  Increasing 

collective pitch in this condition accelerates the vortex, and will not generate additional rotor 

thrust.  Most of the power developed by the engine is wasted in circulating the air in the 

toroidal pattern around the rotor.  In addition, the helicopter may descend at a rate that exceeds 

the normal downward induced-flow rate of the inner blade sections.  As a result, the airflow of 

the inner blade sections is upward relative to the disk.  This puts the inner blade sections in a 

stalled condition, and produces a secondary inner vortex ring in addition to the normal tip 

vortices.  The secondary vortex ring is generated about the point on the blade where the airflow 

changes from up to down.  The result is an unsteady turbulent flow over a large area of the 

disk.  Rotor efficiency is lost even though power is still being supplied from the engine. 

 

The pilot experiences a rapid increase in rate of descent, accompanied by rotor and airframe 

vibration, and loss of control effectiveness.  The loss of control effectiveness applies to both 

cyclic and collective.  For that reason, forward cyclic alone will generally be ineffective in 

attempting to fly out of VRS.  It is important to note, however, that tail rotor performance is 

unaffected by VRS, as the rapid descent causes airflow parallel to the plane of the tail rotor.  

Recall from Chapter 8, Tail Rotors, that Tail Rotor VRS is a distinct phenomenon where the 

wind is flowing from the 9 o’clock position, perpendicular to the plane of the tail rotor. 

 

 
 

Figure 12-6  Conceptualization of Airflow in VRS on Comanche Helicopter 

 

VRS is a powered flight phenomenon, where the hazard starts with 20% - 40% torque in a 

steep descent.  Once in VRS, torque can be increased to maximum with no decrease in descent 

rate.  In most cases, it is entered from level flight when the pilot initiates a steep descent and 

fails to prevent rate of descent from getting too high.  It can, however, result from other 

phenomena, such as sudden loss of wind or convective currents.  Since it is a powered flight 

phenomena, one recovery technique is to enter unpowered flight, i.e., autorotation.  In 

autorotative flight, the induced velocity is reversed, and the tip vortices are carried upward 

away from the blade tips.  It is possible, however, to enter VRS on a transition from 

autorotation to powered flight, particularly if the recovery is near-vertical.  For that reason, 

practicing an autorotation to land at zero knots groundspeed with no headwind can put the 

helicopter at risk of entering VRS when cushioning the landing. 

 

 



HELICOPTER AERODYNAMICS WORKBOOK CHAPTER TWELVE 

DESCENDING FLIGHT AND AUTOROTATION    12-7 

For the first sixty years of helicopter flight, the procedure for recovery from VRS required 

collective reduction and forward cyclic.  In VRS, forward cyclic alone is usually ineffective in 

changing the aircraft’s pitch attitude, and must be combined with collective reduction if this 

technique is to be effective in shedding the vortex.  The problem with this technique is that it 

requires a substantial amount of altitude to recover, and, when clear of the vortex ring, the 

helicopter is at low power in a nose-down attitude. 

 

In 1987, an experienced helicopter pilot in Switzerland performing longline logging operations 

found himself in VRS and counted himself lucky to have survived it.  Claude Vuichard 

eventually became a check airman for the Federal Office for Civil Aviation (FOCA), the Swiss 

equivalent of the FAA in the United States.  He was determined to devise a safer recovery 

procedure for VRS.  Recognizing that tail rotor thrust is not affected by the VRS of the main 

rotor, he theorized that increasing collective and power pedal simultaneously will increase tail 

rotor thrust without causing the helicopter to spin.  Combining this horizontal tail rotor thrust 

vector with about 10o-20o of roll from cyclic in the direction of the tail rotor thrust pushed the 

helicopter laterally enough to get the edge of the down-wing side of the rotor out of the vortex.  

This led to disruption of the vortex, and immediate recovery of cyclic and collective authority, 

with immediate termination of descent.  He was able to recover from VRS with loss of altitude 

on the order of 50 feet or less, leaving the nose attitude level, and the aircraft engine at climb 

power. 

 

The procedure was taught and used successfully in Switzerland for more than 20 years, but did 

not gain popularity outside the country.  Then, in July 2011, Vuichard as a trainee introduced 

the technique to the Chief Flight Instructor for Robinson Helicopters, Tim Tucker.  Tucker was 

in Switzerland to train Swiss pilots to fly in Robinson aircraft.  After successfully reproducing 

the results of the technique in multiple types of tail rotor helicopters, Tucker became convinced 

that the new technique would save lives.  With his credibility and extensive experience, he was 

able to get articles published in several trade magazines to popularize the technique.  Tucker 

also 

 

 
 

Figure 12-7  SA135 Lama Demonstrates Airflow in VRS 
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obtained permission from the inventor of the procedure to name it after him, the Vuichard 

Recovery Procedure.  By filming the recovery procedure on an SA135 Lama fitted with a spray 

bar, Tucker and Vuichard were able to allow pilots to see how VRS develops and how the 

Vuichard Recovery Procedure works to fly out of the hazard safely.  The 2012 edition of the 

FAA Helicopter Flying Handbook notes that “In many helicopters, lateral cyclic combined 

with lateral tail rotor thrust will produce the quickest exit from the hazard.”  In 2019 the FAA 

became the first civil aviation authority to officially recognize the maneuver as the Vuichard 

Recovery Procedure.  That year’s edition of the Helicopter Flying Handbook included 

“Traditional” and “Vuichard” recovery procedures for VRS. 

 

The most important things to know about any hazard are, 1) how to avoid it, 2) how to 

recognize it when in it, and 3) how to recover from it. 

 

Avoidance.  To avoid VRS, one needs to know the conditions for entry.  “Vortex ring state 

occurs when a helicopter is drawn into its own downwash, and requires certain flight 

conditions.  These include low forward speed (up to 10 knots for a low disk loading helicopter 

and up to 30 knots for a high disc loading helicopter); a relatively rapid rate of descent (at least 

500 feet per minute for a low disk loading helicopter and up to 1,500 feet per minute for a high 

disk loading helicopter); and up to 40 percent torque (power setting).  As soon as a pilot in 

slow forward flight and/or hover out of ground effect feels lightness in the seat — normally 0.3 

to 0.8 G — they should immediately and reflexively apply my recovery technique to prevent 

an accident.”  (Tucker and Vuichard, Vertical Magazine, April 2021). 

 

Disk loading is pounds of thrust per square foot of rotor disk area, and it relates to a 

helicopter’s induced velocity in a hover.  With high disk loading there is high induced velocity, 

so the helicopter would need to be descending at a higher rate to get into VRS.  Low disk 

loading is generally a good feature in a helicopter, but it does mean that the aircraft can get into 

VRS at lower rates of descent. 

 

 
 

Figure 12-8  TH-57 B/C 
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Figure 12-8 depicts the combinations of horizontal speed vs. vertical speed and its effect on the 

TH-57B/C series aircraft.  Theory tells us that VRS occurs when rate of descent equals induced 

velocity, plus 25% and minus 30%.  For a vertical descent in the TH-57, the chart tells us that 

we should expect VRS at descent rates of 1075 to 2040 fpm.  With induced velocity for HOGE 

at 1630 fpm, test data shows that the TH-57 will be in VRS when rate of descent equals 

induced velocity for HOGE plus 25%, minus 34%.  Note also that with 10 knots of horizontal 

speed, the TH-57 can get into VRS with rate of descent as low as 722 fpm.  It also shows us 

that as long as the rotor has at least 14 knots of airflow across it, there is no potential for VRS.  

It should be noted that the airspeed indicator for the TH-57 is inaccurate below 40 KIAS.  

Also, if using groundspeed to estimate airspeed at low speed flight, the wind direction must be 

considered.  For example, with a 10-knot tailwind, a TH-57 could be moving across the ground 

at 20 knots, while at the same time there would be only 10 knots across the rotor disk, placing 

it in the avoid area for VRS.  The TH-57 NATOPS directs crews to avoid descent rates of 800 

fpm or greater when airspeed is less than 40 KIAS. 
 

Recognition.  When in VRS, rotor and airframe vibrations will increase.  Descent rate rapidly 

increases, as indicated on the vertical speed indicator (VSI), and felt as “lightness in the seat,” 

meaning a drop in G-loading to 0.8-0.3 G’s.  It may be accompanied by pitch and roll 

oscillations.  Indications which are not present include rotor droop, nor LTA, because VRS is 

not a power problem. 

 

Recovery.  The traditional recovery procedure has been reduce collective, and use forward 

cyclic.  This procedure works, but will result in loss of altitude greater than 100,’ with the 

potential to lose several hundred feet.  The Vuichard Recovery Procedure uses a combination 

of all three controls together to reduce altitude loss and recover more quickly: apply cyclic in 

the direction of tail rotor thrust, increase the collective to climb power, and coordinate with the 

power pedal to maintain heading (cross controls).  Recovery is complete when the rotor disc 

reaches the upwind part of the vortex. 

 

1208.  AUTOROTATION 

 

General.  Autorotational capability is one of the chief safety features of a helicopter.  If all 

engine power is lost in flight and a suitable landing site is within reach, a capable helicopter 

pilot can land the aircraft without damaging it.  Autorotation is defined as a steady state 

condition in which the rotor is rotated by aerodynamic force resulting from airflow from under 

the tip path plane flowing upward through the tip path plane.  If indicated torque is zero in 

flight, whether or not the engine is running, the rotor is in autorotation.  Autorotation also 

refers to a helicopter maneuver in which the pilot flies a controlled descent to a landing without 

engine power.  In the TH-57, a simulated engine failure from a hover or a taxi is referred to as 

a “cut gun.” 
 

Autorotation Theory.  A pilot does not need to be a mathematician to be able to autorotate, 

and yet there are some peculiarities regarding autorotation which can only be explained 

satisfactorily with some basic mathematical relationships.  The following explanation is 

provided for the curious.  It helps to understand the procedures used in autorotation.  For those 

not interested in the mathematical relationships, be assured that procedural knowledge and 

dedicated practice will suffice to master autorotation. 
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The power to drive the rotor in flight is equal to the power to overcome profile drag (profile 

power) plus the power to accelerate air downward (induced power). 

 

PTOT = Pp + Pi 

 

Recall that power is the amount of work per unit time. 

 

P = (ft*lb)/sec = lb*(ft/sec) 

 

Induced power can be expressed as either the amount of torque (ft*lb) produced per second, or 

the thrust produced by the rotor (lbs.) times the induced velocity (ft/sec) through the rotor.  In 

equilibrium flight, thrust is equal to weight.  Therefore, the induced power is equal to the 

weight of the helicopter times the induced velocity through the rotor. 

 

Pi = T(vi) 

 

Substituting this relationship for induced power gives us:   

 

PTOT = Pp + T(vi) 

 

 

When the engine fails:   

0 = Pp + T(vi) 
 

By moving the induced power to the opposite side of the equal sign makes it a negative 

quantity:   

 

T(-vi) = Pp 
 

In autorotation, the negative (upward) induced velocity drives the rotor, and the profile drag 

slows the rotor down.  When the induced power is equal to the power required to overcome 

profile drag, the rotor is in equilibrium, i.e., a steady rotor speed (Nr). 

 

The negative induced velocity, or upward flow through the rotor, comes from the descent of 

the helicopter.  Changes in rate of descent therefore affect induced velocity through the rotor.  

Rate of descent in autorotation is controllable by the pilot within defined limits.  The other 

variable in the equation is the helicopter’s weight.  Profile power, Pp is a constant, not a 

variable.  Changes in the weight and rate of descent will therefore affect rotor speed (Nr). 

 

When T(-vi) > Pp, the rotor speeds, up, and when  T(-vi) < Pp, the rotor slows down. 
 

Autorotation in Practice.  The autorotation consists of three distinct phases:  entry, 

descent, and landing.  At the instant of engine failure, the main rotor blades are producing lift 
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and thrust from their angle of attack (AOA) and velocity.  By lowering the collective (which 

must be done immediately in case of an engine failure), rotor thrust and drag are reduced, and 

the helicopter begins an immediate descent, thus producing an upward flow of air through the 

rotor disk.  This upward flow of air through the rotor disk provides sufficient aerodynamic 

force to maintain rotor RPM throughout the descent.  The tail rotor is driven by the main rotor 

transmission during autorotation, so heading control is maintained with the anti-torque pedals 

as in normal flight. 

 

In normal, powered flight, air is drawn into the main rotor disk from above and exhausted 

downward, but during autorotation, air moves up into the rotor disk from below as the 

helicopter descends.  Autorotation is permitted mechanically by a freewheeling unit:  a 

unidirectional clutch that allows the main rotor to continue turning even if the engine is not 

running.  If the engine fails, the freewheeling unit automatically disengages the engine from 

the main rotor allowing the main rotor to rotate freely.  It is the means by which a helicopter 

can be landed safely in the event of an engine failure. 

 

 
 

Figure 12-9  Airflow in an autorotation 

 

1209.  VERTICAL AUTOROTATION 

 

For simplicity, the following aerodynamic explanation describes a vertical autorotative descent 

(no forward speed) in still air.  Under these conditions, the forces that cause the blades to turn 

are similar for all blades regardless of their position in the plane of rotation.  Therefore, 

dissymmetry of lift resulting from helicopter airspeed is not a factor. 
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Figure 12-10  Rotor disk regions in vertical autorotation 

 

During vertical autorotation, the rotor disk is divided into three regions:  stall, autorotation 

(auto), and propeller (prop) regions.  Force vectors are different in each region because 

rotational relative wind is slower near the blade root and increases continually toward the blade 

tip.  Also, blade twist gives a more positive AOA in the auto region than in the prop region.  

The combination of the inflow up through the rotor with rotational relative wind produces 

different combinations of aerodynamic force at every point along the blade.  In forward flight, 

a fourth region called the reverse flow region is added to the rotor disk.  It is at the root of the 

retreating blade.  Because most autorotations involve forward flight at some point in the 

maneuver, our discussion will focus on the forward flight autorotation. 

 

1210.  FORWARD FLIGHT AUTOROTATION 

 

 
 

Figure 12-11  Rotor disk regions in autorotation forward speed 
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Figure 12-12  Rotor blade elements in autorotation 

 

There are four regions of flow states on the rotor disk in a forward flight autorotation depicted 

in Figure 12-11.  They are from root to tip, the reverse flow, stall, auto, and prop regions.  

The auto region is the only driving region, as the net forces on the blade element there are pro-

autorotative.  In the other three regions, the net forces at the blade element are anti-

autorotative, and all three regions are driven by the auto region.  It should be noted that the 

prop and reverse flow regions, while driven regions, produce usable lift on the rotor.  The stall 

region does not. 

 

Recall that lift is always perpendicular to relative wind.  The upward induced velocity means 

that the relative wind is flowing from under the tip path plane.  If the relative wind is not 

flowing upward from underneath the tip path plane, then that blade element is not in an 

autorotative state.  Since lift is perpendicular to relative wind, the lift in autorotation is forward 

of the vertical axis.  It is the orientation of the aerodynamic force vector, however, that 

determines whether the net force on the blade element will be pro-autorotative or anti-

autorotative.  Since the aerodynamic force vector is the vector sum of lift and profile drag, the 

higher the profile drag, the more the aerodynamic force vector will be tilted backward. 

 

Total aerodynamic force in the auto region is inclined slightly forward of the axis of rotation, 

producing a continual acceleration force.  It normally lies between 25 to 70 percent of the blade 

radius. 

 

The prop region is nearest the blade tips.  Normally, it consists of about 30 percent of the 

radius.  In the prop region, Figure 12-12, the aerodynamic force acts behind the axis of 

rotation, resulting in an overall drag force and deceleration of the blade.  The relative size of 

the auto and prop regions is dependent on blade pitch, airspeed, and rotor speed.  Find more 

detail about that in the discussion of the autorotative descent, later in this chapter. 

 

There are two points of equilibrium on the blade, one between the driven region and the 

driving region, and one between the driving region and the stall region.  At points of 
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equilibrium, the forward component of lift equals the profile drag, and the aerodynamic force 

is vertical, aligned with the axis of rotation.  Lift and drag are produced, but the total effect 

produces neither acceleration nor deceleration. 

 

The inner 25 percent of the rotor blade includes the stall and reverse flow regions.  Both are 

driven regions.  The stall region produces drag but no lift.  A small section near the root 

experiences a reversed flow and can provide some contribution to lift. 

 

1211.  AUTOROTATION ENTRY 

 

The pilot’s chief responsibilities at the moment of power loss are:   

 

1. Reverse the airflow to enter autorotation. 

 

2. Reduce in-plane drag on the rotor. 

 

3. Regain balanced flight. 

 

4. Turn to landing site. 

 

The initial response to power loss depends on the flight regime that the aircraft is in.  Suffice to 

say that if the engine were to fail in a hover, bottoming the collective would be a bad idea.  

Likewise, the control inputs required for engine failure at maximum airspeed are different from 

inputs required at landing pattern airspeed.  Those special cases will be covered in more detail 

later in this chapter with discussion of the Height-Velocity Diagram.  For now, let’s assume we 

are considering engine failure between landing pattern airspeed to normal cruise, 70-100 

KIAS. 

 

With a power loss between pattern airspeed and normal cruise, reversing the airflow for auto 

entry means lowering the collective.  In powered flight, engine torque is balanced by anti-

torque from either the tail rotor, vertical fin, or some combination of both.  In forward flight, 

airspeed and collective pitch cause blowback, which requires forward cyclic to counter it.  

When engine torque is lost, the anti-torque will cause the helicopter to yaw to the left, and rotor 

speed will rapidly diminish.  Pilot response should be immediate reduction of collective pitch 

with right pedal to counter the yaw.  The reduction of collective pitch will cause the nose to 

pitch down from loss of blowback.  Recall the concept of positive stick gradient.  The higher 

the airspeed, the farther forward the cyclic will be to counter blowback.  Therefore, the higher 

the airspeed at the instant of power loss, the more the nose will pitch down in response to 

collective reduction. 
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Figure 12-13  Comparison of Rotor Droop for High and Low Inertia Rotors 

 

In the transition from powered flight to autorotation, rotor inertia initially keeps the rotor 

spinning to sustain flight.  The rate of rpm decay will depend on four factors:  1) torque in use 

at the moment of power loss, 2) the amount of inertia designed into the rotor, and 3) rate of aft 

cyclic application, and 4) pilot reaction time.  Torque is proportional to drag from the main 

rotor and tail rotor.  Higher collective pitch means more drag, and more left pedal means more 

drag.  When torque is low, rotor speed bleeds off quickly.  When torque is high, rotor speed 

bleeds off immediately.  In either case, however, pilot response with decreased collective needs 

to be prompt.  Figure 12-13 shows that a high inertia rotor will hold speed a little longer than a 

low inertia rotor.  High rotor inertia also makes is easier to prevent overspeed upon auto entry, 

g-loading in turns, and flaring for landing. 

 

The third factor in determining rate of rpm decay on entry is rate of aft cyclic upon entry.  

Maximum autorotational airspeed in the TH-57 is 100 KIAS.  That means that if the aircraft is 

at 100 KIAS at the moment of power loss, the aircraft will pitch down in response to collective 

reduction, and without corrective action the aircraft will accelerate outside airspeed limits for 

autorotation.  The faster the helicopter’s airspeed at the moment of power loss, the more 

critical it is to pitch the nose up to control airspeed.  Flaring too rapidly at 100 KIAS or faster 

combined with rapid collective reduction can cause rotor overspeed.  In the initial seconds of 

transition to autorotation at airspeeds faster than normal cruise, the pilot’s main focus should 

be pitching the rotor up to assure reversal of airflow up through the rotor. 
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The turn to the landing site is part of the entry procedures, because autorotational glide 

distance is not very far compared to a fixed wing aircraft.  It is important to get headed in the 

right direction as early as possible to maximize your chances to reach the desired spot. 

 

The procedures for autorotation entry from the TH-57B/C Familiarization FTI are:   

 

1. Down – Smoothly lower the collective to the full down position. 

 

2. Right – Use right pedal to center the ball and maintain balanced flight. 

 

3. Transition – Use cyclic to transition to a 50-72 KIAS descending attitude. 

 

4. Turn – Turn into the wind or toward best landing area. 

 

A mnemonic often used for engine failure is “down, right, transition, turn.” 

 

1212.  AUTOROTATIVE DESCENT 

 

The mnemonic for auto entry is followed by another to aid in the autorotative descent: 

“attitude, Nr, ball.”  Aside from jettisoning unnecessary weight, such as external cargo or fuel 

tanks, the most significant variable that the pilot can control is the induced velocity through the 

rotor.  This is accomplished with both cyclic and collective, or “attitude and Nr,” as explained 

in the following paragraphs. 

 

Attitude.  Aircraft attitude, or more precisely, rotor attitude, determines airspeed.  Airspeed, 

rate of descent, and rotor speed (Nr) are all forms of kinetic energy which must be managed by 

the pilot in the autorotative descent.  A change to one of these parameters affects both of the 

others.  Pitching the nose down will increase both indicated airspeed and rate of descent, but 

with no collective change it will cause Nr to decrease.  The reason for this is that in a forward 

flight autorotation, pitching the rotor down decreases the upward induced velocity.  Recall that 

induced velocity is the component of airflow which is perpendicular to the tip path plane.  The 

nose-low attitude makes relative wind on the rotor more parallel to the tip path plane, and less 

perpendicular, as shown in Figure 12-14.  The maximum autorotational airspeed is limited by 

the requirement to retain enough induced velocity perpendicular to the tip path plane to keep 

the rotor turning.  It will be at a lower airspeed than VNE in powered flight. 

 

 
 

Figure 12-14  Effect of Pitch Attitude Change on Rotor RPM in Autorotation 
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Nr.  A decrease in collective pitch increases the induced velocity through the rotor, generating 

a larger auto area and causing Nr to increase.  Raising collective shrinks the auto area, causing 

Nr to decrease.  This relationship is illustrated in Figure 12-15.  A constant rotor RPM is 

achieved by adjusting the collective pitch so blade acceleration forces from the driving region 

are balanced with the deceleration forces from the driven regions. 

 

 
 

Figure 12-15  Effect of Collective Pitch Changes on Rotor RPM in Autorotation 

 

In autorotation, the rotor has rpm stability in that a change in airflow which would increase 

rpm will generate a larger prop area and slow the rotor back down, and a change which would 

decrease rpm would generate a larger auto area and speed the rotor back up.  It is only if the 

rpm gets so slow that the stall area overtakes the auto area that rotor speed is no longer stable. 

 

 
 

Figure 12-16  Rotor RPM Stability 
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RPM also varies in descent with altitude (both PA and DA).  Higher DA requires higher blade 

pitch to maintain a given RPM but, due to the lower air density, a higher rate of descent will 

still occur. 

 

RPM tradeoffs.  RPM is adjusted by varying rotor attitude and collective.  Adjusting RPM in 

an autorotation affects rate of descent and energy stored in the rotor.  Selection of a good 

autorotation rotor speed depends upon desired performance.  High RPM stores energy well and 

but involves a higher descent rate.  Low RPM provides a slower descent and longer glide, but 

provides less stored power for use in the flare.  Taken to an extreme, low RPM can stall an 

excessive portion of the rotor and make recovery extremely difficult.  Specific considerations 

follow:   

 

High RPM 

 

1. Centrifugal loads on hub. 

 

2. Excessive propeller region results in higher rate of descent. 

 

3. Rotational energy to trade off in a flare. 

 

4. Good for high inertia systems which would have difficulty building RPM rapidly in a 

flare. 

 

Low RPM 

 

1. Higher AOA therefore a slower rate of descent. 

 

2. Excessive stall region if RPM gets too low resulting in an increase in rate of descent. 

 

3. Less rotational energy to trade off in a flare. 

 

4. Good for low inertia systems which can build RPM rapidly in a flare. 

 

5. Rotor blades lose centrifugal stiffness and cone upwards reducing the effective disk area, 

increases material stresses, and increases the rate of descent. 

 

Ball.  To minimize rate of descent or maximize glide distance, the autorotating helicopter must 

be trimmed for balanced flight.  Slipping or skidding the aircraft into an out-of-balanced 

condition increases parasite drag and rate of descent.  In powered flight, yaw is trimmed and 

balanced when the engine torque is balanced by the anti-torque from the tail rotor and/or 

vertical fin.  At the moment of engine failure, when torque is lost, the anti-torque causes left 

yaw.  Right pedal is required to restore trimmed and balanced flight. 
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Figure 12-17  CH-53E Autorotational Rate of Descent vs. Airspeed 

 

Gross Weight.  Aircraft weight will also affect rate of descent, but the relationship is 

counterintuitive.  Figure 12-17 shows the rate of descent as a function of airspeed for the  

CH-53E at various gross weights.  Note that the minimum rate of descent for the heaviest 

weight shown, 70,000 lbs, is about 2400 fpm, while the minimum rate of descent for the 

lightest configuration, 40,000 lbs is 3700 fpm.  In other words, the heavier aircraft descends at 

a lower rate.  To understand this, recall the relationship between gross weight and rate of 

descent, where thrust (T) equals weight. 

 

T(-vi) = Pp 

 

Profile drag (Pp) is a constant, so as weight goes down, induced velocity must go up, and vice 

versa. 
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Figure 12-18  TH-57 Autorotational Glide Chart 

 

Figure 12-18 displays curves for autorotative rate of descent and glide ratio as a function of 

airspeed.  Note that a single curve is depicted for the TH-57, where the CH-53E depicts 6 

curves in increments of 5000 lb.  That is because the TH-57’s empty and max gross weight do 

not have nearly the range of the Sea Stallion.  Looking at the upper curve in Figure 12-18, we 

see that the minimum rate of descent for the TH-57 occurs at 50 KIAS, with a corresponding 

rate of descent of 1560 fpm.  The same airspeed using the lower curve would give a glide ratio 

of 3.3:1.  To maximize the glide ratio, find the peak of the glide ratio curve, at 72 KIAS.  It 

gives a glide ratio of 4.1:1, with a corresponding rate of descent of 1780 fpm.  Therefore, if the 

TH-57 were to autorotate from 1000’ at 50 KIAS, it could glide 3,300’ to touchdown.  If the 

pilot needed to extend the glide, 72 KIAS would allow the TH-57 to extend the glide to 4100’, 

a difference of 800’.  Note also that descent rate increases dramatically when autorotative 

airspeed decreases below 40 KIAS. 

 

1213.  LANDING PHASE OF AUTOROTATION 

 

Flare.  Prior to landing from an autorotative descent, the pilot must flare the helicopter in order 

to decelerate.  The objective is to convert the kinetic energy of forward speed into rotational 

kinetic energy which will be used to cushion the landing.  The pilot initiates the flare by 
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applying aft cyclic, typically initiated between 100’ and 75’.  Just as in the autorotative 

descent, pitching up of the rotor decreases forward speed and rate of descent while increasing 

rotor speed, but in the flare, the pilot is committed to the landing, and airspeed is moving in 

one direction only: down.  The goal is to slow forward speed to safe touchdown speed.  In the 

flare, airflow through the rotor becomes more perpendicular to the tip path plane, and less 

parallel, causing the RPM to increase.  In some helicopters, the pilot must adjust the collective 

as necessary to keep the RPM within operating limits.  With a low-inertia rotor, Nr will build 

significantly, and the pilot will need to increase collective to keep Nr within safe limits.  With a 

high-inertia rotor, the rate of increase will be easier to control.  The TH-57 has a high-inertia 

rotor system, and collective increase is usually not required when flaring the TH-57 for 

autorotative landing. 

 

 
 

Figure 12-19  Blade Element and Thrust during Steady State Auto and Flare 

 

The flare is adjusted to achieve the desired groundspeed prior to touchdown.  Touching down 

with zero groundspeed requires some finesse, because even a little groundspeed or natural 

wind across the rotor will make it more efficient and result in a greater margin of safety upon 

landing.  Touching down with zero forward speed and rate of descent near zero is referred to as 

a “zero-zero auto,” and is typically proscribed for landing in trees or water.  The decreased 

margin of safety makes it highly undesirable for training purposes.  The flare must be 

terminated while the tail rotor is at a safe distance from the ground. 

 

Flaring too early or too much presents another hazard.  If the helicopter gets too slow with 

significant height above the ground, the benefits of the flare are lost.  The remaining descent 

becomes nearly vertical, and results in very high rates of descent prior to touchdown.  Pulling 

collective pitch in a vertical descent can place the rotor into VRS, so that the increase in 

collective does not cushion the landing.  For these reasons the pilot adjusts the flare so that the 

pull to cushion the landing is made in a nose-high attitude while the helicopter still has forward 

motion.  Getting “too vertical” on landing can result in hard landing. 
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The Pull to Decelerate.  As the ground approaches, the range of safe airspeed/rotor RPM 

combinations narrow, and precise management of kinetic energy is necessary.  The objective is 

to touch down at low, controllable, (but not zero) forward speed.  Control inputs trade off the 

stored kinetic energy in rotor RPM for thrust to cushion the landing before the blades reach a 

stalled condition.  The initial collective pull is made in a nose-high attitude, and it serves to 

further decrease forward speed and rate of descent.  At this point, the rotor returns to a powered 

flight flow state, even though no power is applied to the rotor.  The induced velocity transitions 

from upward back to downward flow to cushion the landing.  Rotor RPM typically dips below 

minimum while the helicopter is still in the air, so the ROTOR LOW RPM warning tone will 

be audible thenceforth until the landing is complete.  The pilot must use judgement in the 

application of the collective pull.  Pulling too much can cause the flaring aircraft to climb while 

simultaneously bleeding off rotor energy.  The pilot must reserve some rotor energy after the 

initial pull for the final cushion.  The pull is followed by a pause to allow deceleration of 

forward and vertical speed. 

 

Pause and Level.  After the initial collective pull and pause, the fuselage attitude is leveled to 

prevent ground contact with the tail rotor, and to allow the aircraft weight to settle onto the 

landing gear.  The mnemonic is “Pull, pause, level, settle, and cushion.”  Prior to touchdown, 

the collective is pulled further up to cushion the touchdown.  At this point, a helicopter with 

wheels on a hard surface will roll, while a helicopter with skids will slide.  The pilot must 

avoid rapid reduction of collective pitch to avoid downward flexing of the rotor blades, which 

could cause contact with the tail boom.  On a skid-configured helicopter in particular, it is 

important to effect a gradual transition of weight from rotor to skids.  Since the weight of the 

engine and transmission place the CG high in the fuselage, coming to a rapid stop will cause 

the CG to carry forward, causing the nose to pitch down as the helicopter rocks forward on its 

skids.  The subsequent pitch up, as the helicopter rocks backward, can cause the tail rotor to 

strike the ground.  In the TH-57, the slide following autorotative landing is made with the 

collective full up.  The collective is gently lowered once the helicopter slides to a stop. 

 

Touchdown and Sliding Landing.  Most practice and actual autorotative landings are made to 

a ground roll or sliding landing.  In undergraduate Advanced Helicopter Training, autorotations 

are practiced to a runway or a lane at an OLF, never to a spot.  Skids slide remarkably well 

across both prepared and unprepared surfaces, provided they are aligned with the direction of 

travel.  The softer the surface, the more important the alignment is.  The TH-57 will accept 

some yaw when sliding on a paved surface without rollover, but yaw when sliding on turf 

poses a very high risk of aircraft rollover.  The softer the surface, the more important it is to 

control the yaw.  With a high CG, even a moderate turn during the slide can cause rollover.  

Since there is no torque from the engine, drivetrain drag may cause the fuselage to “follow” the 

rotor system when collective is pulled, causing the nose to yaw to the left and requiring some 

right rudder, the opposite of powered flight.  The key is to maintain heading control throughout 

the autorotation using the rudder pedals as necessary. 
 

1214.  WINDMILL BRAKE STATE 
 

Windmill Brake State.  If the rotor somehow entered a descent at a rate in excess of 

approximately 180% of induced velocity, too much potential energy would be diverted to 

powering the rotor.  Excessive rotor speed would create a very dangerous condition.  In the 
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windmill brake state virtually all flow is “up” relative to the rotor, and energy may be extracted 

from the system.  This is the condition in which windmills extract energy from the passing air, 

but it is not a normal operating state for any helicopter.  The one time that a rotorcraft is put 

into a descending flow state that approaches windmill brake is during the cyclic flare of an 

autorotation.  During that transient phase, kinetic energy is increased in the rotor by increasing 

up-flow in order to make it available for use in the landing.  However, RPM must be 

monitored and controlled to prevent excessive buildup and overspeeding of the rotor 

head. 
 

1215.  HEIGHT-VELOCITY DIAGRAM 
 

No matter how well the pilot can execute an autorotation, there remain some combinations of 

initial altitudes and airspeeds from which a safe autorotational landing will be extremely 

difficult to perform.  In fact, at some combinations of altitude and forward speed, it is almost 

impossible to demonstrate safe autorotative landings at a vertical touchdown speed within the 

design limits of the landing gear.  The boundaries of these combinations define the height-

velocity diagram or "The Deadman's Curve," depicted in Figure 12-20. 
 

The purpose of an H–V diagram is to identify the portions of the flight envelope from which a 

safe landing can be made in the event of a sudden engine failure.  The H–V diagram also 

generally depicts two areas to be avoided:  The low-airspeed/high-hover altitude (low flight 

altitude) region and the high-airspeed/low-altitude region.  These are named with respect to 

takeoff from the IGE Hover.  At a hover, 200 – 300’ is considered a high altitude.  Above 

60 KIAS, flight below 20’ is considered low altitude. 
 

There are H-V diagrams for each type of helicopter.  They are found in their respective 

NATOPS manuals.  Helicopter pilots should be familiar with these diagrams. 
 

Taking a closer look at the H-V diagram, we see several definite points define the curve, the 

first being the low hover height.  Up to this height, a pilot can handle a power failure by 

coming straight down, using collective increase to cushion the landing.  Above that altitude in 

combination with low speed, the rotor blades will slow down and stall if collective setting 

remains constant, or the helicopter will impact the ground too hard if collective is lowered.  

Enough altitude does not exist to acquire enough forward airspeed by the time flare altitude is 

reached to successfully execute a flare.  This height is a function of the power required to 

hover, rotor inertia, blade area and stall characteristics, and the capability of the landing gear to 

absorb the landing forces without sustaining damage. 

The unsafe hover area runs from the low hover height to the high hover height.  Above this 

altitude, there is enough altitude to make a diving transition into forward flight autorotation and 

execute a normal flare. 

 

Beyond the knee of the curve, a power failure is survivable at any altitude above the high-

airspeed/low-altitude region.  The three problems associated with the high-airspeed/low-

altitude region are pilot reaction time, lack of time and altitude for the induced flow to reverse 

before ground impact, and possibility of tail rotor stinger strike in response to cyclic flare to 

trade altitude for airspeed. 
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Figure 12-20  Generic Height Velocity Diagram 

 

Skilled test pilots, who try to make their reactions simulate those of the average reaction time 

of a pilot, establish H-V diagrams.  This is done by specifying a definite delay time following 

the engine failure before initiating control input.  The military assumes their pilots may be 

distracted during an engine failure due to focused attention to assigned missions, allowing a 

two-second delay before response during any flight condition. 

 

A few regions of operation are apparent on the H-V diagram. 

 

1. Low-speed region.  The largest region noticed on the diagram occurs where potential 

energy is not sufficient to offset low aircraft kinetic energy state for transition to an 

autorotative glide path.  In other words, not enough altitude is available to establish a steady-

state glide and minimum flare airspeed.  When the engine fails in this sector a rapid rate of 

descent will occur, but with little or no forward airspeed a flare will not be capable of arresting 

the descent prior to landing.  Application of collective will cause the RPM to decay excessively 

resulting in a hard landing (limited rotor rotational kinetic energy available). 

 

2. Low-altitude/high-speed region.  At low altitude and high speed, a quick cyclic flare 

can transfer kinetic energy to the rotor, provided time is sufficient to initiate the maneuver 

before ground impact.  In the low-altitude/high-speed region, velocity is too great for a safe 

taxiing auto, but altitude is too low for flare initiation without striking the tail rotor.  

Depending on the entry airspeed and rapidity of the flare, the pilot may need to increase 

collective pitch, not decrease it, to control rotor speed.  By the time the pilot reacts (using 

typical reaction time) with a flare or zoom climb, the tail sinks enough to impact the ground. 
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3. High hover height.  At altitudes above the low airspeed avoid region, the pilot can enter 

autorotation by making a diving transition to forward flight, reaching the desired autorotation 

airspeed and then executing a normal flare. 

 

4. Low hover height.  Below the low airspeed avoid region the helicopter can simply be 

landed straight down with no forward airspeed and cushioned with collective and/or landing 

gear.  Rotor stored kinetic energy is traded in the cushion. 

 

The size of the avoid region is affected by several variables.  Pilot response time varies, but 

charts are drawn on the basis of average pilot response times.  Airspeed affects the ability to 

establish an autorotation at an acceptable rate of descent.  Rotor inertia determines how quickly 

the rotor loses speed.  A low-inertia system would be more likely to lose valuable RPM before 

establishment of autorotation, so it would have a larger avoid area than a helicopter with high 

rotor inertia.  Increased gross weight increases power required for flight, which in turn 

increases rate of descent and thus increases the size of the avoid area.  DA decreases rotor 

efficiency and increases power required, so it has the same effect as increased gross weight on 

size of the avoid area. 

 

The variables that directly affect the size of the height-velocity diagram avoid area are:   

 

1. Rotor Inertia.  High inertia reduces shaded region because RPM does not decay as fast 

as a low-inertia system.  High inertia moves the “knee” left. 

 

2. Gross Weight.  Power requirements increase.  High gross weight moves the “knee” 

right. 

 

3. DA.  Same effect as gross weight.  High DA moves the “knee” right. 

 

H-V Guidelines in the TH-57.  During normal takeoff, airspeed should be 40 KIAS by 20’ 

AGL and 65 KIAS by 50’ AGL to minimize the risk near the H-V diagram avoid areas, 

transitioning through the caution area into the green area as quickly as possible.  In Chapter 

Four of NATOPS, protracted operations in the AVOID and CAUTION areas of the height-

velocity diagram are prohibited.  Realize that mission operations such as rescue hoisting, 

externals, etc., all require “high” altitude hovers.  One just needs to realize that if an engine 

failure occurs during those operations, options may be limited! 

 

1216.  SUMMARY 

 

1. The flow states in powered descent are: normal thrusting state, VRS, autorotation, and 

windmill brake state. 

2. The flow states in descent are all relative to the aircraft’s induced velocity in hover, 

which is also directly related to its disk loading. 

 

3. The flow characteristics of normal descent are very similar to those of hovering or 

climbing flight. 
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4. The pendulum effect refers to the pitch up of the nose that can occur when the helicopter 

transitions from forward flight to a hover. 

 

5. VRS is an uncommanded descent which occurs when a helicopter settles into it own 

downwash. 

 

6. The four regions of the rotor in a forward flight autorotation are: stall, reverse flow, 

autorotative, and propeller. 

 

7. When a blade element is in autorotation, the relative wind flows upward through the tip 

path plane, causing the lift vector to be tilted forward.  The orientation of the aerodynamic 

force vector determines whether the blade element is driving or driven. 

 

8. The three phases of autorotation are entry, descent, and landing phases. 

 

9. In autorotation the pilot uses potential energy to manage kinetic energy in the form of 

forward speed, rate of descent, and rotor speed. 

 

10. Rate of descent in autorotation is affected by DA, gross weight, airspeed, collective pitch, 

and yaw trim. 

 

11. The autorotative flare is used to reduce groundspeed and rate of descent, and convert 

forward speed into rotational speed to be used to cushion the landing. 

 

12. The H-V Diagram outlines combinations of height and velocity from which a safe 

landing can be made following engine failure. 
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CHAPTER THIRTEEN  

FLIGHT PHENOMENA 

 

1300. INTRODUCTION 

 

This lesson introduces various phenomena associated with helicopter flight. 

 

1301. LESSON TOPIC LEARNING OBJECTIVES 

 

1. Terminal Objective:   
 

Upon completion of this unit of instruction the student will understand the factors that 

determine and affect power required and power available for flight. 

 

2. Enabling Objectives:   
 

a. Identify factors that lead to undesirable helicopter phenomena. 

 

b. Identify actions that prevent undesirable helicopter phenomena. 

 

c. Explain undesirable helicopter phenomena. 

 

1302. GENERAL 

 

Maneuvering flight can place both the aircraft and the pilot under stress.  Knowing the 

maneuvering limitations is critical.  In combat, the aircraft may be flown on the edge of the 

envelope, as dictated by the mission or to save lives.  In training, the student will be introduced 

to the envelope gradually.  Develop a comfort zone.  Learning the dangers associated with flight 

discussed in this chapter, as well as the methods for their avoidance/recovery, are critical to a 

career in aviation. 

 

1303.  POWER REQUIRED EXCEEDS POWER AVAILABLE 

 

If the power required for a helicopter to fly exceeds the power available from its engine(s) it will 

not leave the ground.  Therefore, this condition refers to aerodynamic parameters which change 

after the helicopter leaves the ground.  Once airborne, if power required exceeds power 

available, the pilot will observe:   

 

1. Aircraft settling, or uncommanded descent. 

 

2. Rotor RPM decay (“rotor droop”). 

 

3. Engine at high/maximum power. 

 

4. Loss of tail rotor authority (LTA), i.e., uncommanded and uncontrollable right yaw. 
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This phenomenon usually occurs when gross weight is at or near maximum.  Other aggravating 

factors are:   

 

1. High G-loading/maneuvering. 

 

2. Increase in DA. 

 

3. Loss of ground effect. 

 

4. Loss of wind effect/change in wind direction. 

 

5. Engine spool-up time. 

 

G-Loading.  Maneuvering flight requires more power than straight and level flight.  Figure 13-1 

illustrates in a banked turn, the total thrust is resolved into a horizontal component which results 

in lateral acceleration, and a vertical component which opposes gravity.  The magnitude of the 

vertical component of thrust is the thrust times the cosine of the bank angle.  In equilibrium flight 

thrust equals weight, so we can express the aircraft weight as  

 

W = T cos (AOB) 

 

 
 

Figure 13-1  Thrust Vector in a Banked Turn 

 

Load factor (n) is the ratio of lift (or rotor thrust) to weight.  Figure 13-2 demonstrates that load 

factor is a dimensionless number derived as a function of angle of bank, and applies to all 

aircraft.  From the table in Figure 13-2 we can see that an aircraft at a 60-degree angle of bank 

experiences a load factor of 2.  In other words, its apparent weight doubles in a 60-degree AOB 

turn. 
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Figure 13-2  Load Factor Derivation and Table 

 

When a helicopter enters a 60-degree AOB turn, its rotor thrust must double in order to sustain 

airspeed and altitude.  Not all engine torque is converted into rotor thrust, but suffice to say that 

torque will need to increase significantly in a high banked turn if the helicopter is to emerge from 

the turn with the same energy it carried into the turn.  If the torque is not available to complete 

the turn at that angle of bank, the pilot will need to decelerate, accept a descent, accept a droop in 

rotor speed, ease the angle of bank, or some combination of the above.  If the maneuver is 

initiated at cruise airspeed, as depicted in Figure 13-3, then the pilot can maintain altitude by 

trading off airspeed.  On the other hand, if the maneuver is initiated at airspeed below Vemax, 

then trading off airspeed for altitude makes the problem worse, because in that flight regime 

power required increases as the airspeed decreases. 

 

 
 

Figure 13-3  Power Required in Maneuvering Flight 
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Increase in DA.  An increase in DA not only affects power required, but it affects power 

available as well.  From Figure 13-4, we can see the power available curves for the MH-60R’s 

T700 engine.  Note that each curve represents a pressure altitude for even-numbered thousands 

of feet.  The higher the altitude, the lower the torque available.  We can also see that for a given 

PA, torque degrades as temperature increases above 0oC. 

 

While power available decreases with an increase in DA, the relationship between power 

required and DA is not as simple.  Since parasite drag is the dominant type of drag at high 

airspeed, and since parasite drag is directly proportional to air density, then power required for 

high speed flight decreases as DA increases.  The opposite is true for power required to hover.  

Hover power is inversely proportional to air density, because when the air is thinner, the rotor 

must generate higher induced velocity to generate the mass flow required for hovering.  The 

increased induced velocity leads to increased induced drag and higher torque required.  That  

 

 
 

Figure 13-4  Power Available Chart for MH-60R T700 Engine 

 

means that as a helicopter climbs, the change in cruise torque is not a good indicator of the 

torque required to hover.  At or near sea level, cruise torque roughly equals HIGE torque.  At 

altitude, HIGE torque can be much higher than cruise torque. 

 

Localized DA.  A helicopter can also fly into a condition where power required exceeds power 

available due localized spike in DA.  This can result from flying through superheated air from 
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the exhaust stack of a ship, or from flying through the plume of a large fire.  Pilots should be 

aware of this when approaching a ship, performing bucket operations in firefighting, or when 

attempting to hoist personnel off a burning structure. 

 

Ground effect.  Pilots should be conscious of the loss of ground effect when departing ships, 

pinnacles, oil platforms, and helipads located on tall buildings. 

 

Loss of wind effect/change in wind direction.  When executing steep approaches, any object 

which blocks the wind on final approach can result in sudden increase in power required.  

Examples include Confined Area Landing (CAL) Zones, and ship’s flight decks.  Also, since at 

least part of the wind over a ship’s flight deck comes from the motion of the ship through the 

water, the wind over deck will shift as the ship changes course or speed. 

 

Engine spool up time.  When a helicopter needs to dissipate a lot of airspeed in a short distance 

before landing, it executes a maneuver called a “quick stop.”  In this maneuver, the pilot 

coordinates reduced collective with aft cyclic to slow the aircraft’s speed while holding constant 

altitude.  When executed aggressively, the rotor can go into autorotation during the deceleration.  

That, in itself, is not hazardous.  It must be remembered, however, that if the pilot executes the 

deceleration aggressively enough to reduce torque to zero, the gas generator section of the engine 

reduces speed to near idle.  The pilot needs to begin demanding power from the engine(s) by 

adding collective pitch early enough to allow the gas generator to spool up to full power when it 

is needed to arrest the descent.  Holding the deceleration flare until the very last second, and then 

attempting to level the fuselage and add power simultaneously can result in rotor droop while the 

gas generator spools up to speed.  The sudden, late surge in torque can cause uncommanded right 

yaw from torque effect upon touchdown, with aircraft rollover resulting. 
 

1304. VIBRATION ANALYSIS 
 

Everything from your eyeballs to your aircraft has a natural frequency.  This natural frequency is 

determined by the components' mass and stiffness and is normally modeled as a spring mass 

system in various modes of bending and torsion. 
 

Nodes are points where no motion occurs.  As such, a node is a good place to suspend the rotor 

system or locate crew or passenger seats for maximum comfort and minimum vibration. 
 

The main source of vibrations for helicopters comes from the main rotor system.  The frequency 

of rotor vibrations can be expressed relative to some unit of time, or relative to a single 

revolution of the rotor.  Rotor speed is usually expressed in revolutions per minute, or RPM.  

Dividing RPM by 60 seconds per minute gives revolutions (cycles) per second.  Cycles per 

second, called “hertz,” (Hz) is a standard for expressing frequency.  When expressed as relative 

to the rotation of the rotor, vibrations are classified as one-per-revolution, two-per-rev, three-per-

rev, etc.  These are abbreviated 1:1, 2:1, 3:1, etc.  A rotor with two blades typically produces 

either a 1:1 or 2:1 vibration, where a rotor with four blades produces a 1:1 or a 4:1 vibration. 
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CATEGORY INDICATIONS CAUSE 

LOW FREQUENCY (most 

common) 

1:1 LATERAL 

1:1 VERTICAL 

MRB out of balance 

MRB out of track 

2:1  Inherent in two-bladed helicopter.  

Increase indicates worn rotating 

control part of rotor hub part. 

MEDIUM FREQUENCY 4:1 TO 6:1 Change in A/C ability to absorb 

normal vibrations.  Loose 

component (landing gear most 

common), loose cargo etc. 

HIGH FREQUENCY High pitched whine  

Tingling sensation in the 

airframe 

Anything that rotates or vibrates at 

the speed of the tail rotor 

(transmission, engine, driveshaft). 
 

Figure 13-5  Vibration Analysis 
 

The TH-57’s main rotor at 100% Nr spins at 394 RPM, or 6.56 Hz.  Therefore, a one-per-rev 

vibration vibrates at about six and a half beats per second, while a two-per vibe beats at about 13 

beats per second.  Therefore, any adverse phenomenon which includes a two-per-rev vibrations, 

such as retreating blade stall or mast bumping, will be felt not as two beats per second, but rather 

13 beats per second.  While 13 beats per second might seem fast, in terms of frequency it is very 

slow.  Main rotor vibrations are considered low frequency vibrations. 

 

Figure 13-5, Vibration Analysis, provides a quick reference for basic analysis of vibrations 

typically felt in the cockpit while flying.  The number or beats per revolution can vary depending 

on the number of rotor blades installed.  For example, on a CH-53E with seven blades, several 

blades could be out of track rather than just one. 

 

Tail shake.  A problem that is usually worse in autorotation than in other flight conditions is 

“tail shake.”  This has been a significant problem on the prototypes of a number of helicopter 

designs during their first test flights. 

 

It is usually traced to unsteady airflow that arises at the main-rotor pylon or at the rotor hub, and 

reaches the position of the tail rotor or empennage surfaces with high turbulence.  If the 

frequency of the turbulence happens to match one of the empennage’s natural frequencies, the 

resulting resonance causes vibrations that can be felt throughout the entire helicopter. 

 

The usual cure for this is to install special pylon fairings that act as low aspect ratio wings.  

These produce tip vortices that tend to organize the flow and lower the turbulence downstream.  

The unsteady flow from the hub can be suppressed by the installation of a round cap or “beanie” 

that also produces vortices.  Neither of these fixes should be done unless flight test results show 

that they are necessary, since both add weight and drag to the helicopter. 

 

Sometimes even these changes are not sufficient and it is necessary to avoid resonance by adding 

weights which lower the natural frequencies of the vertical or horizontal stabilizer structure, or 

raise the natural frequency with structural stiffening. 
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Other sources of vibrations due to external loads or airflows through the rotor system can also 

cause excitement of component natural frequencies.  The vibration caused by an oscillating 

external load has at numerous times forced aircrew to pickle the load or, in a worse case, caused 

the crash of an Israeli CH-53D that killed several personnel on board. 

 

1305.  GROUND VORTEX 

 

Occasionally during a discussion of takeoff operations, pilots will hear the term “ground vortex” 

mentioned.  As previously discussed, in a hover the rotor downwash travels outward from the 

aircraft after impacting the ground.  The height of this outward traveling airflow is 

approximately equal to 1/3 the rotor diameter and has a curling tendency.  This is called the 

Ground Vortex.  The speed of the vortex as it moves further from the aircraft slows due to 

friction from the ground.  As the helicopter moves forward, it catches up with the ground vortex, 

and the rotor downwash mixes with increased relative wind to create a rotating vortex, which 

eventually causes an increased downwash through the rotor system.  This simulates a climbing 

situation, increasing power required.  Eventually this vortex is overrun at a higher speed. 

 

 
 

Figure 13-6  Ground Vortex 

 

1306. GROUND RESONANCE 
 

Helicopters with articulating rotors (usually designs with three or more main rotor blades) are 

subject to ground resonance, a destructive vibration phenomenon that occurs at certain rotor 

speeds when the helicopter is on the ground.  Ground resonance is a mechanical design issue that 

results from the helicopter’s airframe having a natural frequency that can be intensified by an 



CHAPTER THIRTEEN HELICOPTER AERODYNAMICS WORKBOOK 

13-8    FLIGHT PHENOMENA 

out-of-balance rotor.  The unbalanced rotor disk vibrates at the same frequency (or multiple 

thereof) of the airframe’s resonant frequency, and the harmonic oscillation increases because the 

engine is adding power to the system, increasing the magnitude (amplitude) of the vibrations 

until the structure or structures fail.  This condition can cause a helicopter to self-destruct in a 

matter of seconds.  Ground resonance requires three things:   

 

1. Ground contact 

 

2. A rotor out of balance 

 

3. Improper damping from the landing gear 

 

Hard contact with the ground on one corner (and usually with wheel-type landing gear) can send 

a shockwave to the main rotor head, resulting in the blades of a three-blade rotor disk moving 

from their normal 120° relationship to each other.  This movement occurs along the drag hinge 

and could result in something like 122°, 122°, and 116° between blades.  When another part of 

the landing gear strikes the surface, the unbalanced condition could be further aggravated. 
 

Situations which could induce ground resonance include:   
 

1. Rotor runup 
 

2. Light or hard landing 
 

3. Bouncing in landing gear 
 

4. Taxiing over rough terrain 
 

5. Shipboard oscillations 
 

6. Cargo movement 
 

7. Excessive rotor blade flapping 
 

8. Rotor contact with an object 
 

In 2013, an MH-60S was chained to the flight deck of a DDG, when the ship maneuvered, 

sending a wave over the flight deck which contacted the helicopter’s main rotor.  The rotor 

subsequently was knocked out of balance, and the aircraft entered ground resonance.  The 

helicopter’s tiedown chains failed, and the helicopter was lost at sea. 
 

Conditions of the helicopter which could lead to ground resonance include:   
 

Improper landing gear servicing.  The oleo struts on the helicopter must be able to attenuate rotor 

vibrations.  The oleo struts include a cylinder of compressed nitrogen, which gives the strut its 

springiness.  If the strut is overserviced or underserviced, it will not perform its function. 
 

Improper lead-lag damper servicing.  Lead and lag allows the rotor to maintain balance.  When 
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the blades are inhibited from normal lead and lag, imbalance can result. 
 

Defective Automatic Flight Control System (AFCS) – An AFCS includes computers and 

electrical or hydraulic actuators which make inputs to the flight controls to make flying easier for 

the pilot.  If these components should fail, or if they receive spurious inputs do to short-circuiting 

or other malfunctions, they can induce resonant vibrations  
 

Improper tiedown of the helicopter.  Since the landing gear must be able to absorb and attenuate 

rotor vibrations, the fuselage cannot be chained directly to the flight deck as long as the rotor is 

turning.  Instead, each wheel axel has a steel ring to which the tiedown chain is connected.  In 

that manner, the wheels are chained to the deck, and the fuselage can move on its landing gear.  

Chaining the fuselage directly to the deck with the rotor turning disables the landing gear’s 

ability to attenuate vibrations, and if the rotor becomes imbalanced, it can lead to resonance. 

Fuselage not on the landing gear.  If the helicopter lands with a strut off the flight deck so that 

the fuselage in resting on the deck, or if the fuselage lands on an object on the flight deck, such 

as cargo, it can disable the function of the landing gear similarly to the situation mentioned in the 

preceding paragraph. 
 

Should the helicopter enter ground resonance, proper recovery procedure is;  
 

Conditions permitting:   
 

1. Become airborne immediately. 
 

If unable:   
 

2. Reduce Collective 
 

3. Shut down engines 
 

4. Apply rotor brake 
 

If a pilot lifts off and allows the helicopter to firmly re-contact the surface before the blades are 

realigned, a second shock could move the blades again and aggravate the already unbalanced 

condition.  This could lead to a violent, uncontrollable oscillation. 
 

This situation does not occur in a teetering rotor system because the blades do not lead and lag as 

they do in an articulated or rigid rotor system.  In addition, skid-type landing gear is not as prone 

to ground resonance as wheel-type landing gear, since the rubber tires' resonant frequency 

typically can match that of the spinning rotor, unlike the condition of a rigid landing gear. 
 

1307.  MAST BUMPING 
 

Helicopters with teetering rotors rely on positive G-loading to provide response to cyclic control 

inputs.  The underslung design feature eliminates geometric imbalance on a teetering rotor, but it 

presents a hazards which does not affect the articulated or rigid rotor: mast bumping. 
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Figure 13-7  Mast Bumping 

 

Mast bumping results from excessive flapping when the static stops of the rotor hub contact the 

rotor mast.  Indications of mast bumping are a sharp two-per-revolution knocking sound.  It can 

lead to failure of the rotor mast and departure of the rotor.  The rotor hub of an articulated or 

rigid rotor does not move with respect to the rotor mast, so there is no potential for mast 

bumping with those type of rotors. 

 

Mast bumping results from improper pilot technique, and is entirely avoidable.  It was initially 

encountered during nap-of-the-earth flying, a very low-altitude tactical flight technique used by 

the military where the aircraft flies following the contours of the geographical terrain.  As pilots 

crested ridges and used forward cyclic to follow downward sloping terrain, the low-G conditions 

resulted in mast bumping.  The accident sequence may be extremely rapid, and the energy and 

inertia in the rotor system can sever the mast or allow rotor blades to strike the tail or other 

portions of the helicopter. 

 

Under normal flight conditions, the control moments which result from rotor thrust cause the 

fuselage to pitch and roll in response to cyclic pitch inputs.  Under low-G conditions, the rotor 

can pitch and roll in response to pilot inputs, but the lack of rotor thrust means that the cyclic 

movement does not generate a control moment on the fuselage.  The result is that the rotor 

changes attitude, but the fuselage does not.  The excessive angle between the rotor and the mast 

results in mast bumping. 

 

On the ground, the most likely cause of mast bumping is excessive cyclic movement or high 

wind or gusts while the rotor is at low RPM.  If encountered, the pilot should move the cyclic to 

stop the bumping and execute emergency engine shutdown. 

 

Most likely causes of mast bumping in flight are:   

 

1. Low G maneuvers, less than +0.5G. 

 

2. Rapid, large cyclic motion, especially forward cyclic. 

 

3. Flight near longitudinal or lateral CG limits. 
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4. High-slope landings. 

 

Less likely causes are:   

 

1. Maximum sideward or rearward flight. 

 

2. Excessive sideslip. 

 

3. Blade stall. 

 

Should the pilot enter any of the above conditions and experience a sharp, two-per-rev knocking 

sound, corrective action is to establish positive G-loading and/or regain balanced flight, and then 

land immediately. 

 

Turbulence, especially severe downdrafts, can also cause a low-G condition and, when combined 

with high airspeed, may lead to mast bumping.  Typically, helicopters handle turbulence better 

than a light airplane due to smaller surface area and flexibility of the rotor blades.  During flight 

in turbulence, momentary excursions in airspeed, altitude, attitude, and rotor speed are to be 

expected.  Pilots should respond with smooth, gentle control inputs and avoid over controlling.  

Most importantly, pilots should slow down, as mast bumping is less likely at lower airspeeds. 

 

Multi-bladed rotors may experience a phenomenon similar to mast bumping known as droop 

stop pounding if flapping clearances are exceeded, but because they retain some control authority 

at low G, occurrences are less common than for teetering rotors. 

 

1308. DYNAMIC ROLLOVER 

 

A helicopter is susceptible to a lateral rolling tendency, called dynamic rollover, when it is in 

contact with the surface during takeoffs or landings.  For dynamic rollover to occur, some factor 

must first cause the helicopter to roll or pivot around a skid or landing gear wheel, until its 

critical rollover angle is reached.  The angle at which dynamic rollover occurs will vary based on 

helicopter type.  Then, beyond this point, main rotor thrust continues the roll and recovery is 

impossible.  After this angle is achieved, the cyclic does not have sufficient range of control to 

eliminate the thrust component and convert it to lift.  If the critical rollover angle is exceeded, the 

helicopter rolls on its side regardless of the cyclic corrections made. 

 

Dynamic rollover begins when the helicopter starts to pivot laterally around its skid or wheel.   

For dynamic rollover to occur the following three factors must be present:   

 

1. A rolling moment 

 

2. A pivot point other than the helicopter’s normal CG 

 

3. Thrust greater than weight 
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This can occur for a variety of reasons, including the failure to remove a tie down or skid-

securing device, or if the skid or wheel contacts a fixed object while hovering sideward, or if the 

gear is stuck in ice, soft asphalt, soil or mud.  Dynamic rollover may also occur if you use an 

improper landing or takeoff technique or while performing slope operations.  Whatever the 

cause, dynamic rollover is possible if not using the proper corrective technique. 

 

Once started, dynamic rollover cannot be stopped by application of opposite cyclic control alone.  

For example, the right skid contacts an object and becomes the pivot point while the helicopter 

starts rolling to the right.  Even with full left cyclic applied, the main rotor thrust vector and its 

moment follows the aircraft as it continues rolling to the right, as depicted in Figure 13-9.  

Quickly reducing collective pitch is the most effective way to stop dynamic rollover from 

developing.  Dynamic rollover can occur with any type of landing gear and all types of rotor 

disks. 

 

 
 

Figure 13-8  Dynamic Rollover, One Skid Constrained 

 

It is important to remember rotor blades have a limited range of movement.  If the tilt or roll of 

the helicopter exceeds that range (5–8°), the controls (cyclic) can no longer command a vertical 

lift component, and the thrust or lift becomes a lateral force that rolls the helicopter over.  When 

limited rotor blade movement is coupled with the fact that most of a helicopter’s weight is high 

in the airframe, another element of risk is added to an already slightly unstable center of gravity.  

Pilots must remember that in order to remove thrust, the collective must be lowered as this is the 

only recovery technique available. 

 

Critical Conditions 

 

Certain conditions reduce the critical rollover angle, thus increasing the possibility for dynamic 

rollover and reducing the chance for recovery.  The rate of rolling motion is also a consideration 

because, as the roll rate increases, there is a reduction of the critical rollover angle at which 

recovery is still possible.  Other critical conditions include operating at high gross weights with 

thrust (lift) approximately equal to the weight. 
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The following conditions are most critical for helicopters with counterclockwise rotor rotation:   
 

1. Right side skid or landing wheel down, since translating tendency adds to the rollover 

force. 
 

2. Right lateral center of gravity (CG). 
 

3. Crosswinds from the left. 
 

4. Left yaw inputs. 
 

For helicopters with clockwise rotor rotation, the opposite conditions would be true. 
 

Cyclic Trim 
 

When maneuvering with one skid or wheel on the ground, care must be taken to keep the 

helicopter cyclic control carefully adjusted.  For example, if a slow takeoff is attempted and the 

cyclic is not positioned and adjusted to account for translating tendency, the critical recovery 

angle may be exceeded in less than two seconds.  Control can be maintained if the pilot 

maintains proper cyclic position and does not allow the helicopter’s roll and pitch rates to 

become too great.  Fly the helicopter into the air smoothly while keeping movements of pitch, 

roll, and yaw small; do not allow any abrupt cyclic pressures. 
 

Normal Takeoffs and Landings 
 

Dynamic rollover is possible even during normal takeoffs and landings on relatively level 

ground, if one wheel or skid is on the ground and thrust (lift) is approximately equal to the 

weight of the helicopter.  If the takeoff or landing is not performed properly, a roll rate could 

develop around the wheel or skid that is on the ground.  When taking off or landing, perform the 

maneuver smoothly and carefully adjust the cyclic so that no pitch or roll movement rates build 

up, especially the roll rate.  If the bank angle starts to increase to an angle of approximately 5–8°, 

and full corrective cyclic does not reduce the angle, the collective should be reduced to diminish 

the unstable rolling condition.  Excessive bank angles can also be caused by landing gear caught 

in a tie down strap, or a tie down strap still attached to one side of the helicopter.  Lateral loading 

imbalance (usually outside published limits) is another contributing factor. 
 

Slope Takeoffs and Landings 
 

During slope operations, excessive application of cyclic control into the slope, together with 

excessive collective pitch control, can result in the downslope skid or landing wheel rising 

sufficiently to exceed lateral cyclic control limits, and an upslope rolling motion can occur. 
 

When performing slope takeoff and landing maneuvers, follow the published procedures and 

keep the roll rates small.  Slowly raise the downslope skid or wheel to bring the helicopter level, 

and then lift off.  During landing, first touchdown on the upslope skid or wheel, then slowly 

lower the downslope skid or wheel using combined movements of cyclic and collective. If the 

helicopter rolls approximately 5–8° to the upslope side, decrease collective to correct the bank 

angle and return to level attitude, then start the landing procedure again. 
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Use of Collective 

 

The collective is more effective in controlling the rolling motion than lateral cyclic, because it 

reduces the main rotor thrust (lift).  A smooth, moderate collective reduction, at a rate of less 

than approximately full up to full down in two seconds, may be adequate to stop the rolling 

motion.  Take care not to dump collective at an excessively high rate, as this may cause a main 

rotor blade to strike the fuselage.  Additionally, if the helicopter is on a slope and the roll starts 

toward the upslope side, reducing collective too fast may create a high roll rate in the opposite 

direction.  When the upslope skid or wheel hits the ground, the dynamics of the motion can cause 

the helicopter to bounce off the upslope skid or wheel, and the inertia can cause the helicopter to 

roll about the downslope ground contact point and over on its side. 

Under normal conditions on a slope, the collective should not be pulled suddenly to get airborne 

because a large and abrupt rolling moment in the opposite direction could occur.  Excessive 

application of collective can result in the upslope skid or wheel rising sufficiently to exceed 

lateral cyclic control limits.  This movement may be uncontrollable.  If the helicopter develops a 

roll rate with one skid or wheel on the ground, the helicopter can roll over on its side. 
 

Precautions 
 

To help avoid dynamic rollover:  
 

1. Always practice hovering autorotations or “cut guns” into the wind, and be wary when the 

wind is gusty or greater than 10 knots. 
 

2. Use extreme caution when hovering close to fences, sprinklers, bushes, runway/taxi lights, 

tie-down cables, deck nets, or other obstacles that could catch a skid or wheel.  Aircraft parked 

on hot asphalt overnight might find the landing gear sunk in and stuck as the ramp cooled during 

the evening. 
 

3. Always use a two-step lift-off.  Pull in just enough collective pitch control to be light on the 

skids or landing wheels and feel for equilibrium, then gently lift the helicopter into the air. 
 

4. Hover high enough to have adequate skid or landing wheel clearance from any obstacles 

when practicing hovering maneuvers close to the ground, especially when practicing sideways or 

rearward flight. 
 

5. Remember that when the wind is coming from the upslope direction, less lateral cyclic 

control is available. 
 

6. Avoid tailwind conditions when conducting slope operations. 

 

7. Remember that less lateral cyclic control is available due to the translating tendency of the 

tail rotor when the left skid or landing wheel is upslope.  (This is true for counterclockwise rotor 

disks.) 

 

8. Keep in mind that the lateral cyclic requirement changes when passengers or cargo are 

loaded or unloaded. 
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9. Be aware that if the helicopter utilizes interconnecting fuel lines that allow fuel to 

automatically transfer from one side of the helicopter to the other, the gravitational flow of fuel 

to the downslope tank could change the CG, resulting in a different amount of cyclic control 

application to obtain the same lateral result. 

 

10. Do not allow the cyclic limits to be reached.  If the cyclic control limit is reached, further 

lowering of the collective may cause mast bumping.  If this occurs, return to a hover and select a 

landing point with a lesser degree of slope. 

 

11. During a takeoff from a slope, begin by leveling the main rotor disk with the horizon or 

very slightly into the slope to ensure vertical lift and only enough lateral thrust to prevent sliding 

on the slope.  If the upslope skid or wheel starts to leave the ground before the downslope skid or 

wheel, smoothly and gently lower the collective and check to see if the downslope skid or wheel 

is caught on something.  Under these conditions, vertical ascent is the only acceptable method of 

lift-off. 

 

12. Be aware that dynamic rollover can be experienced during flight operations on a floating 

platform if the platform is pitching/rolling while attempting to land or takeoff.  Generally, the 

pilot operating on floating platforms (barges, ships, etc.) observes a cycle of seven during which 

the waves increase and then decrease to a minimum.  It is that time of minimum wave motion 

that the pilot needs to use for the moment of landing or takeoff on floating platforms.  Pilots 

operating from floating platforms should also exercise great caution concerning cranes, masts, 

nearby boats (tugs) and nets. 

 

1309.  LOW ROTOR RPM AND ROTOR STALL 

 

Rotor RPM is a critically important parameter for all helicopter operations.  Just as airplanes will 

not fly below a certain airspeed, helicopters will not fly below a certain rotor RPM.  Safe rotor 

RPM ranges are marked on the helicopter’s tachometer and specified in the Rotorcraft Flight 

Manual (RFM).  If the pilot allows the rotor RPM to fall below the safe operating range, the 

helicopter is in a low RPM situation.  If the rotor RPM continues to fall, the rotor will eventually 

stall. 

 

Rotor stall should not be confused with retreating blade stall, which occurs at high forward 

speeds and over a small portion of the retreating blade tip.  Retreating blade stall causes vibration 

and control problems, but the rotor is still very capable of providing sufficient lift to support the 

weight of the helicopter.  Rotor stall, however, can occur at any airspeed, and the rotor quickly 

stops producing enough lift to support the helicopter, causing it to lose lift and descend rapidly. 

 

Rotor stall is very similar to the stall of an airplane wing at low airspeeds.  The airplane wing 

relies on airspeed to produce the required airflow over the wing, whereas the helicopter relies on 

rotor RPM.  As the airspeed of the airplane decreases or the speed of the helicopter rotor slows 

down, the AOA of the wing/rotor blade must be increased to support the weight of the aircraft.  

At a critical angle (about 15°), the airflow over the wing or the rotor blade will separate and stall, 

causing a sudden loss of lift and increase in drag.  An airplane pilot recovers from a stall by 

lowering the nose to reduce the AOA and adding power to restore normal airflow over the wing.  
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However, the falling helicopter is experiencing upward airflow through the rotor disk, and the 

resulting AOA is so high that even full down collective will not restore normal airflow.  In the 

helicopter when the rotor stalls, it does not do so symmetrically because any forward airspeed 

will produce a higher airflow on the advancing side than on the retreating side.  This causes the 

retreating blade to stall first, and its weight makes it descend as it moves aft while the advancing 

blade is climbing as it goes forward.  The resulting low aft blade and high forward blade become 

a rapid aft tilting of the rotor disc sometimes referred to as rotor “blow back” or “flap back.”  As 

the helicopter begins to descend, the upward flow of air acting on the bottom surfaces of the tail 

boom and any horizontal stabilizers tend to pitch the aircraft nose down.  These two effects, 

combined with any aft cyclic by the pilot attempting to keep the aircraft level, allow the rotor 

blades to blow back and contact the tail boom, in some cases actually severing the tail boom.  

Since the tail rotor is geared to the main rotor, in many helicopters the loss of main rotor RPM 

also causes a significant loss of tail rotor thrust and a corresponding loss of directional control. 

 

Rotor stalls in helicopters are not recoverable.  At low altitude, rotor stall will result in an 

accident with significant damage to the helicopter, and at altitudes above approximately 50 feet 

the accident will likely be fatal.  Consequently, early recognition of the low rotor RPM condition 

and proper recovery technique is imperative. 

 

Low rotor RPM can occur during power-off and power-on operations.  During power-off flight, a 

low RPM situation can be caused by the failure to quickly lower the collective after an engine 

failure or by raising the collective at too great a height above ground at the bottom of an 

autorotation.  However, more common are power-on rotor stall accidents.  These occur when the 

engine is operating normally but the pilot demands more power than is available by pulling up 

too much on the collective.  Known as “overpitching,” this can easily occur at higher density 

altitudes where the engine is already producing its maximum horsepower and the pilot raises the 

collective.  The corresponding increased AOA of the blades requires more engine horsepower to 

maintain the speed of the blades; however, the engine cannot produce any additional horsepower, 

so the speed of the blades decreases.  A similar situation can occur with a heavily loaded 

helicopter taking off from a confined area.  Other causes of a power-on low rotor RPM condition 

include the pilot rolling the throttle the wrong way in helicopters not equipped with a governor or 

a governor failure in helicopters so equipped. 

 

As the RPM decreases, the amount of horsepower the engine can produce also decreases.  

Engine horsepower is directly proportional to its RPM, so a 10 percent loss in RPM due to 

overpitching, or one of the other scenarios above, will result in a 10 percent loss in the engine’s 

ability to produce horsepower, making recovery even slower and more difficult than it would 

otherwise be.  With less power from the engine and less lift from the decaying rotor RPM, the 

helicopter will start to settle.  If the pilot raises the collective to stop the settling, the situation 

will feed upon itself rapidly leading to rotor stall. 

 

There are a number of ways the pilot can recognize the low rotor RPM situation.  Visually, the 

pilot can not only see the rotor RPM indicator decrease but also the change in torque will 

produce a yaw; there will also be a noticeable decrease in engine noise, and at higher airspeeds 

or in turns, an increase in vibration.  Many helicopters have a low RPM warning system that 

alerts the pilot to the low rotor RPM condition. 
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To recover from the low rotor RPM condition the pilot must simultaneously lower the collective, 

increase throttle if available and apply aft cyclic to maintain a level attitude.  At higher airspeeds, 

additional aft cyclic may be used to help recover lost RPM.  Recovery should be accomplished 

immediately before investigating the problem and must be practiced to become a conditioned 

reflex. 

 

1310.  SUMMARY 

 

1. Power Required Exceeds Power available is indicated by aircraft settling, rotor droop, 

engine at high power, and uncommanded right yaw and aggravated by high G-loading or 

maneuvering, increase in DA, loss of ground effect, loss of wind, or engine spool-up time. 

 

2. 1:1 vibrations are associated with main rotor track and balance issues, medium frequency 

vibrations indicate a change in the aircrafts ability to absorb normal vibrations (i.e., loose 

component or cargo), and high frequency vibrations are associated with anything that rotates at 

or faster than the speed of the tail rotor.  

 

3. Ground Vortex, encountered in the transition to forward flight, causes an increased 

downwash through the rotor system, increasing power required.  Eventually this vortex is 

overrun at a higher speed. 

 

4. Ground Resonance, which can shake a helicopter apart through violent vibration, requires 

ground contact, a rotor out of balance, and improper dampening from the landing gear. 

 

5. Mast bumping, unique to underslung rotor designs, results from excessive flapping when 

the static stops of the rotor hub contact the rotor mast.  Indications of mast bumping are a sharp 

two-per-revolution knocking sound.  It can result in the catastrophic failure on the mast. 

 

6. Dynamic rollover requires a rolling moment, a pivot point other than the helicopter’s 

normal CG, and thrust greater than weight and is recovered from by smoothly lowering the 

collective and neutralizing the cyclic. 

 

7. Sufficiently low rotor RPM can cause the rotor to stall.  Rotor stalls in helicopters are not 

recoverable. 
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APPENDIX A 

GLOSSARY 
 

Acceleration:  The rate of change of velocity per unit of time. 
 

Advance Angle:  The number of degrees the designer sets the control input in advance of the 

reaction point, in order to compensate for the phase lag and ensure the rotor disk reacts in the 

same sense as the cyclic movement. 
 

Advancing Blade:  The blade moving in the same direction as the helicopter.  In a conventional 

U.S. helicopter, the advancing blade is on the right side of the rotor disk. 
 

Aerodynamics:  1The science that treats the motion of air and other gaseous fluids and the forces 

acting on bodies when the bodies move through such fluids or when such fluids move against or 

around the bodies.  2aThe actions and forces resulting from the movement or flow of gaseous 

fluids against or around bodies.  2bThe properties of a body or bodies with respect to these 

actions or forces.  3The application of the principles of gaseous fluid flows and their actions 

against and around bodies to the design and construction of bodies intended to move through 

such fluids. 
 

Aerodynamic Center:  Point along the chord line about which all of the changes in lift are 

considered to take effect. 
 

Aerodynamic Force:  The resultant sum of lift and drag vectors on an airfoil diagram or blade 

element diagram. 
 

Aerodynamic Twist:  A decrease in rotor blade lift coefficient moving from root to tip that is 

accomplished by changing the airfoil shape.  Examples include changing the length of chord, 

changing airfoil thickness, or camber. 
 

Air Density:  Usually represented by the lower-case Greek letter rho, it is the mass of air per unit 

volume (r = m/vol).  It is the single most important atmospheric variable with regards to aircraft 

performance. 
 

Airfoil:  a device whose shape is designed to maximize the production of lift per unit drag when 

placed in an airstream. 
 

Airfoil Characteristics:  1Any aerodynamic quality peculiar to a particular airfoil, especially to 

an airfoil section or profile, usually a specified AOA.  Airfoil characteristics are expressed 

variously as the coefficients of lift or drag, the pitching moment, the zero-lift angle, the lift-drag 

ratio, and so on.  2A feature of any particular airfoil or airfoil section such as the actual or 

relative amount of span, taper, or thickness. 
 

Airfoil Section:  1A section of an airfoil, especially a cross section, taken at right angles to the 

span axis or some other specified axis of the airfoil.  2The form or shape of an airfoil section; an 

airfoil profile or the area defined by the profile. 
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Altimeter Setting:  The value of the atmospheric pressure used to adjust the sub-scale of a 

pressure altimeter so that it indicates the height of an aircraft above a known reference surface.  

Practically it is the current reported altimeter setting of an airport along the route and within 100 

NM of the aircraft. 
 

Angle-of-Attack (AOA):  The angle between the chord line of the blade and the relative wind 

vector.  This angle is independent of the pitch angle.  Depending on the flight regime and the 

position of the blade in relation to the direction of flight, it may be less than, the same as, or 

greater than the pitch angle. 
 

Angle of Incidence:  Fixed airfoils (wings, horizontal and vertical fins, stabilizers):  the acute 

angle between the chord line of the airfoil and a selected reference plane, usually the longitudinal 

axis of the aircraft.  Rotating airfoils (helicopters’ main and tail rotors, propellers):  the acute 

angle between the chord line of the airfoil and the tip path plane.  Angle of incidence is normally 

called pitch angle for main rotor, tail rotor, and propeller blades. 
 

Angular Acceleration:  In a rotating object it is the rate at which the angular velocity changes 

with respect to time, calculated by dividing the change in angular velocity by the change in time. 
 

Anti-autorotative Force:  In autorotational flight, the decelerating horizontal component of the 

aerodynamic force along the driven and no-lift regions. 
 

Anti-torque Device:  A method used to counteract torque reaction, for example a tail rotor, 

Fenestron, NOTAR to name a few. 
 

Articulated Rotor System:  A rotor system in which the hub is mounted rigidly to the mast and 

the individual blades are mounted on hinge pins, allowing them to flap up and down and move 

forward and backward (lead and lag).  Individual blades are allowed to feather by rotating about 

the blade grip retainer bearing. 
 

Aspect Ratio:  Length of a blade divided by its width. 
 

Attitude:  The position of a body as determined by the inclination of its axes to some frame of 

reference.  See “Pitch,” “Roll,” and “Yaw.”  The frame of reference is usually relative to the 

operator facing forward.  The longitudinal axis, or roll axis, is generally aligned with the 

intended direction of travel, with the vertical, or yaw axis aligned with the force of gravity in 

straight and level flight.  The lateral, or pitch axis, is perpendicular to the other two. 
 

Autorotation:  1. A steady state condition in which the rotor is rotated by aerodynamic force 

resulting from airflow from under the tip path plane flowing upward through the tip path plane.  

2. A helicopter maneuver in which the pilot flies a controlled descent to a landing without engine 

power. 
 

Axis:  Depending on the context, an axis can be (a) A line passing through a body about which 

the body rotates or may be assumed to rotate, (b) Any arbitrary line of reference such as a line 

about which the parts of a body or system are symmetrically distributed (c) A line along which a 

force is directed; for example, an axis of thrust. 
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Axis, Control:  See Control Axis. 
 

Axis, Longitudinal:  See Longitudinal Axis. 
 

Axis, Mechanical:  See Mechanical Axis. 
 

Axis, Spanwise:  See Spanwise Axis. 
 

Axis, Thrust:  See Thrust Axis and Virtual Axis. 
 

Axis, Virtual:  See Virtual Axis. 
 

Blade Element:  a ‘section’, or infinitesimally thin slice of a rotor blade, analogous to an airfoil 

section for a fixed wing aircraft.  It is used to define the airflow velocity experienced at a specific 

point on the rotor, and the forces that result from the velocity.  While the horizontal reference for 

an airfoil diagram is the direction of motion of the aircraft fuselage, a rotor tilts independently of 

the fuselage.  For that reason, the horizontal reference for the blade element is the tip path plane. 
 

Blade Element Theory:  a mathematical process of determining the forces on a rotor or 

propeller by considering the rotor or propeller as consisting of multiple blade elements, 

calculating the forces generated by each, and then mathematically integrating these forces across 

the entire blade as it rotates.  It is useful in design when attempting to determine the optimal 

shape of a rotor or propeller. 
 

Blade Pitch:  The angle between the chord line and the tip path planes.  It is controllable by the 

pilot through collective and cyclic feathering.  Pitch angle for a blade element is the sum of the 

collective pitch angle plus or minus the cyclic pitch angle.  See Angle of Incidence. 
 

Blowback:  The tendency of the rotor to pitch up with an increase in forward speed due to 

dissymmetry of lift combined with phase lag. 
 

Bucket Airspeed:  A slang term for Ve max, which occurs at the lowest point of a dip in the 

Power Required curve. 
 

Calibrated Airspeed (CAS):  Indicated airspeed (IAS) corrected for instrument and position 

error. 
 

Camber:  The distance between the chord line and the mean camber line. 
 

Camber Line:  Line equidistant from the upper and lower surface of the airfoil; same as chord 

line for a symmetrical airfoil. 
 

Center of Gravity (CG):  The balance point for a body, or the point within a body through 

which all the forces of gravity are considered to act.  For an aircraft, the three axes of motion 

pass through, or close to, the CG. 
 

Center of Pressure:  1.  The point where the total sum of a pressure field acts on a body, causing 

a force to act on the body but no moment.  2.  For an airfoil, the point on the chord line where the 

sum of all aerodynamic forces (distributed lift on upper lower surfaces plus drag) are considered 
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to act. 
 

Center-of-Pressure Travel:  The movement of the center of pressure of an airfoil along the 

chord with changing AOA; the amount of this movement is expressed in percentages of the 

chord length from the leading edge. 
 

Centrifugal Force:  The outward force created by the rotation of the main rotor and opposed by 

centripetal force.  The large centrifugal force is what allows the weight of the helicopter to be 

distributed across otherwise flexible rotor blades.  Centrifugal force is proportional to the square 

of Nr and increases dynamic blade rigidity. 
 

Centripetal Force:  The accelerative force acting on a body moving in a curved path.  It is the 

component of force that is directed toward the center of curvature or axis of rotation.  Centripetal 

force causes a change in the direction of the linear velocity vector of a body in motion, resulting 

in an acceleration of the body.  Centripetal force is the out-of-balance force that causes an 

aircraft to turn.  During a turn it is the horizontal component of lift that is directed toward the 

center of the turn. 
 

Chord:  The distance between the leading and trailing edges of an airfoil along the chord line. 
 

Chord line:  An imaginary straight line that passes through the center of the leading edge and 

trailing edge of an airfoil. 
 

Coefficient of Drag (CD):  A dimensionless number indicating the inefficiency of an airfoil 

which is determined by AOA and airfoil design.  It is derived from wind tunnel testing. 
 

Coefficient of Lift (CL):  A dimensionless number indicating the efficiency of the airfoil which 

is determined by AOA and airfoil design.  It is derived from wind tunnel testing. 
 

Collective Feathering:  The equal and simultaneous mechanical change of blade pitch (the angle 

of incidence) of all rotor blades in a rotor system. 
 

Compressibility:  At high forward airspeeds, the advancing rotor blade creates large pressure 

changes, which result in significant air density changes.  As the blade’s velocity approaches the 

speed of sound, the blade becomes less efficient because of a nose-down pitching moment and a 

significant increase in drag. 
 

Compressible Flow:  Flow at speeds high enough that density changes in the fluid can no longer 

be neglected. 
 

Coning:  The upward displacement of the main rotor blades due to increased lift and balanced 

somewhat by centrifugal force. 
 

Coning Angle:  The angle between the rotor blade and the tip path plane. 
 

Control Axis:  An imaginary axis which extends perpendicular to the swashplates.  It roughly 

reflects the position of the cyclic stick.  That is, when you push the cyclic forward, the control 

axis tilts forward proportionally. 
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Control Surface:  A movable airfoil designed to be rotated or otherwise moved to change the 

speed or direction of an aircraft. 
 

Conventional Helicopter:  A helicopter design which uses a single main rotor and a tail rotor as 

an anti-torque device.  A conventional U.S. helicopter has the main rotor turning counter-

clockwise when viewed from above, or the blade moves from right to left when viewed from the 

cockpit. 
 

Coriolis Effect:  The tendency for a rotating body to increase its rotational speed when its 

distributed mass moves closer to its axis of rotation.  An example is an ice skater executing a 

spinning maneuver.  As the skater pulls his or her arms inward, the speed of rotation increases, 

and as they extend their arms outward, the speed of rotation decreases.  In a helicopter’s rotor, 

the result is the blade will speed up (lead) when it flaps up, and slow down (lag) when it flaps 

down. 
 

Critical Mach Number:  The free-stream Mach number at which a local Mach number of 1.0 is 

attained at any point on the body under consideration. 
 

Cyclic Feathering:  The mechanical change of blade pitch (the angle of incidence) of individual 

rotor blades independently of the other blades in the system.  The change is equal and in opposite 

directions on opposite sides of the rotor disk, with no change for the blades perpendicular to 

them. 
 

Density altitude (DA):  Pressure altitude corrected for local temperature and humidity, or the 

altitude in the standard atmosphere which corresponds to a particular air density.  Density 

altitude is inversely proportional to atmospheric density and directly proportional to temperature 

and relative humidity. 
 

Disk Area:  The area contained within the tip path plane.  The size of this area is affected by the 

coning angle and therefore varies in flight. 
 

Disk Loading:  The weight (thrust) of the helicopter divided by the rotor disk area (lb./sq.in). 
 

Dissymmetry of Lift:  The asymmetric lift between the advancing and retreating halves of the 

rotor disk due to airflow across the entire rotor disk.  The advancing blade sees higher linear 

velocity and therefore higher lift, while the retreating blade sees lower linear velocity and lower 

lift.  Compensated for primarily by flapping. 
 

Downwash:  The induced downward flow of air resulting from the passage of an airfoil (induced 

flow). 
 

Drag:  The aerodynamic force in a direction opposite that of flight and caused by the resistance 

to movement brought to bear on an aircraft by the atmosphere through which it passes. 

Dragging:  An alternate term to lag.  See lead-lag. 
 

Drag Hinge:  An alternate term for a vertical hinge on a rotor head. 
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Droop:  ‘Rotor droop’ refers to decay of rotor speed in flight, colloquially referred to as 

“drooping turns.”  ‘Static droop’ refers to the sagging of a rotor blade under its own weight. 
 

Droop Snoot Airfoil:  Nonsymmetrical airfoil design used by the TH-57.  The droop snoot 

design incorporates a symmetrical blade design with a nonsymmetrical nose.  A droop snoot 

design provides good stall characteristics at high angles of attack and produces very low pitching 

moments. 
 

Dynamic Pressure:  The pressure of a fluid resulting from its motion; it is equal to one-half the 

fluid density times the fluid velocity squared (q = 1/2V2).  In incompressible flow, dynamic 

pressure is the difference between total pressure and static pressure. 
 

Dynamic Rollover:  The lateral rolling of the helicopter onto its side due to exceeding the 

critical rollover angle for a critical roll rate, regardless of cyclic corrections.  For dynamic 

rollover to occur the helicopter must have (a) a ground pivot point, (b) thrust approximately 

equal to weight, (c) a rolling moment/lateral drift. 
 

Dynamic Stability:  The property that causes a body to dampen the oscillations set up by 

restoring moments and to return gradually to its original state when disturbed from the original 

state of steady flight or motion. 
 

Effective Translational Lift:  The pronounced increase in translational lift during transition to 

forward flight (approximately 13-24 knots) due to the rotor disk experiencing a significantly 

decreased induced airflow. 
 

Empennage:  The assembly of stabilizing and control surfaces at the tail of an aircraft. 
 

Endurance:  The time an aircraft can continue flying under given conditions without refueling. 
 

Equivalent airspeed:  Calibrated airspeed of an aircraft corrected for adiabatic compressible 

flow for the particular altitude.  Equivalent airspeed is equal to calibrated airspeed in standard 

atmosphere at sea level. 
 

Feathering:  A change in rotor blade pitch; rotation of a rotor blade about its spanwise axis from 

a combination of collective and cyclic pitch control inputs. 
 

Flapping:  Vertical blade movement about a real or virtual horizontal hinge which allows the 

rotor disk to tilt and helps to compensate for dissymmetry of lift. 
 

Flight Path:  The line connecting the continuous positions occupied or to be occupied by an 

aircraft as it moves with reference to the vertical or horizontal planes. 

 

Flow Separation/Boundary Layer Separation:  The breakaway of flow from a surface; the 

condition of a flow separated from the surface of a body and no longer following its contours. 

 

Form Drag:  Drag due to size and shape of an object. 
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Four H’s:  A mnemonic to remember four characteristics which affect an aircraft’s performance: 

High, hot, humid, and heavy.  It is important to remember that conditions of the atmosphere and 

aircraft loading affect power available, power required, or other aerodynamic phenomena such as 

retreating blade stall. 

 

Geometric Imbalance:  A shift of the rotor CG away from the mechanical axis due to 

aerodynamic effects of excessive flapping or hunting, or mechanical failure (binding) of rotor 

hinges or dampers.  Can result in moderate to severe one-to-one lateral vibrations from the rotor. 

 

Geometric Twist:  An engineered design of the rotor blade span-wise, that incorporates a twist 

beginning with an increased angle of incidence at the root of the rotor blade which decreases 

from the root to the tip.  Geometric twist helps to distribute lift more equally across the rotor 

blade. 

 

Gross Weight:  The total weight of an aircraft and its contents. 

 

Ground Effect:  The increased efficiency (decreasing power requirement) of the rotor system of 

the helicopter beginning at approximately one rotor diameter above the surface and increasing as 

the helicopter approaches the ground.  The aerodynamic effect can be largely attributed to the 

reduction of the velocity of the induced flow because the ground interrupts the airflow beneath 

the helicopter.  Additionally, the ground interrupts the formation of tip vortices, reducing their 

contribution to induced flow.  The decrease in induced flow increases AOA, providing an 

increase in lift with a reduction in blade pitch setting/power setting. 

 

Ground Resonance:  A destructive, high-amplitude lateral rotor vibration that occurs on the 

ground when the rotor develops a geometric imbalance, and the rotor head and landing gear are 

unable to attenuate it. 

 

Ground Speed:  It is the horizontal speed of an aircraft relative to the ground.  In no wind 

condition it is equal to the true airspeed (TAS). 

 

Gyroscopic Precession:  Phenomenon in gyroscopes and certain rotating systems that results in 

all forces applied perpendicular to the plane of rotation being manifested 90° later from the point 

of force in the direction of rotation.  Due to several factors such as the effects of aerodynamic 

forces and the distance of horizontal (flapping) hinges from the axis of rotation, helicopters do 

not behave perfectly like gyros and the point of maximum displacement may occur at a point less 

than 90° from the point of force application.  This separate but related phenomenon in 

helicopters is more accurately referred to as phase lag.” 
 

Harmonic Vibration:  See Sympathetic Resonance. 
 

Hinge Offset:  The distance between the flapping hinge (or effective flapping hinge on a rigid 

rotor) and the center of the rotor hub. 
 

Horizontal Component of Total Rotor Thrust (Htrt):  In order to avoid confusion with other 

uses of the terms lift and thrust, in helicopter aerodynamics the Total Rotor Thrust vector is 

resolved into two perpendicular vectors.  The vertical component opposes gravity, and is called 
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Vtrt, while the horizontal component opposes drag and provides movement over the ground.  It is 

called Htrt. 
 

Horsepower:  A unit of power equal to the power necessary to raise 550 pounds one foot in one 

second.  Thus a 1000-horsepower engine develops 1000 times 550 foot-pounds of work per 

second.  It is common to represent this power in terms of minutes instead of seconds.  Thus, 

equations routinely have conversion factors of 33,000. 
 

Hunting:  See Lead-Lag. 
 

Induced Drag:  The drag created by the production of lift.  It is caused by the downward 

induced velocity, and it is proportional to the induced velocity.  Induced drag is parallel to the tip 

path plane, and is one of the two sources of in-plane drag.  Induced drag decreases as the aircraft 

increases airspeed.  See In-plane Drag. 
 

Induced Flow:  The total mass of air which is flows perpendicular to the tip path plane.  In 

powered flight, it is the mass of air which is driven downward by action of the rotor.  In 

autorotative flight, it is the mass of air moving upward through the rotor due to the helicopter’s 

descent.  The rate of flow varies from one point on the rotor disk to another.  When describing 

the flow at a point, such as a blade element, it is more precise to call it induced velocity (Vi). 
 

Induced Velocity:  The component of the relative wind on a blade element that is perpendicular 

to the tip path plane. 
 

In-plane Drag:  The summation of all decelerating forces in the plane of rotation (induced drag 

+ horizontal component of profile drag). 
 

International Standard Atmosphere:  A static atmospheric model of how the pressure, 

temperature, density, speed of sound, and viscosity of the Earth’s atmosphere change over a wide 

range of altitudes or elevations. 
 

Kinetic Energy:  The energy of a system because of motion.  Defined as K.E. = ½ M x V2 

 

Lag:  A momentary decrease in rotational velocity of a rotor blade around a vertical axis, caused 

by aerodynamic drag and/or Coriolis Force. 
 

Laminar Flow:  A smooth flow in which no cross flow of fluid particles occurs, hence a flow 

conceived as made up of layers. 
 

Laminar Separation:  The separation of a laminar-flow boundary layer from a body. 
 

Lateral Axis:  An axis going from side to side of an aircraft passing through the CG and 

perpendicular to the longitudinal and vertical axes.  The axis about which pitching action occurs.  

Sometimes called a Transverse axis. 
 

Lateral Stability:  The tendency of a body, such as an aircraft, to resist rolling or, sometimes, 

lateral displacement; the tendency of an aircraft to remain wings-level, either in flight or at rest. 
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Lead:  Opposite of lag, or, a momentary increase in the rotational velocity in a rotating system 

due to Coriolis Force. 

 

Leading Edge:  The forward edge of an airfoil/blade.  The edge which normally meets the air or 

fluid first. 

 

Lead-Lag:  Rotation of a rotor blade in a horizontal plane around a real or virtual vertical hinge.  

It keeps a rotor in balance as the blade flaps up and down. 

 

Lift:  The component of Aerodynamic Force on a blade element that is perpendicular to the 

relative wind.  The sum of the individual lift vectors from every blade element is rotor thrust. 

 

Lift Component:  A force acting on an airfoil perpendicular to the direction of its motion 

through the air. 

 

Lift/Drag Ratio:  A measure of the efficiency of an airfoil determined by dividing the 

coefficient of lift (CL) by the coefficient of drag (CD). 

 

Linear Flow:  The component of airflow through a rotor disk that is parallel to the tip path 

plane.  When describing the flow at a point, such as a blade element, it is more precise to call it 

linear velocity. 

 

Linear Velocity:  On a blade element diagram, the component of relative wind that is parallel to 

the tip path plane.  It is the vector sum of rotational velocity (Vrot) and translational velocity 

(Vtrans). 

 

Limit Airspeed:  The vertical line on the right side of the V-n diagram.  It is the highest airspeed 

that an aircraft is allowed to fly due to structural limits.  It is also known as redline airspeed, or 

Never-Exceed Velocity (VNE).  See also Never-Exceed Airspeed, VNE. 

 

Limit Load Factor:  The greatest load factor an aircraft can sustain without any risk of 

permanent deformation.  If the limit load is exceeded, some structural damage or permanent 

deformation may occur.  It is represented by the upper and lower horizontal lines on the V-n 

diagram. 

 

Load:  The forces acting on a structure.  These may be static (as with gravity), dynamic (as with 

centrifugal force), or a combination of the two.  Alternatively, it can mean an aircraft’s cargo, a 

shortened version of “payload.” 

Load Factor:  The ratio of lift (for an airplane) or thrust (for a helicopter) to its weight 

commonly expressed in units of g (pulling a 3 g turn). 
 

Longitudinal Axis:  A straight line through the CG of an aircraft fore and aft in the plane of 

symmetry.  It is the axis about which rolling action occurs. 

 

Loss of Tail Rotor Effectiveness (LTE):  A sudden reduction in tail rotor efficiency that occurs 

in hovering or low speed flight when wind interacts with the aircraft from certain angles.  In a 

conventional U.S. helicopter, it can result in uncommanded right yaw.  It results from one of four 
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specific phenomena: main rotor disk vortex interference, tail rotor Vortex Ring State, 

weathercock instability, or tail rotor angle of attack reduction. 
 

Mach Number:  The ratio of the velocity of a body to that of sound in the surrounding medium.  

Thus a Mach number of 1.0 indicates a speed equal to the speed of sound; 0.5, a speed one-half 

the speed of sound; 5.0, a speed five times the speed of sound, and so on. 
 

Mach Wave:  A pressure wave traveling with the speed of sound caused by a slight change of 

pressure added to a compressible flow. 
 

Maneuver:  Any planned motion of an aircraft in the air or on the ground. 
 

Maneuverability:  The ease with which an aircraft will move out of its equilibrium position.  

Maneuverability and stability are opposites. 

 

Maximum Climb Angle/Obstacle Clearance Airspeed (Vx):  Airspeed used when the 

helicopter is unable to climb vertically due to power limitations.  It is determined by drawing a 

line on the Torque vs. Airspeed chart from maximum power at zero knots, down and to the right 

until it is tangent to the Power Required curve.  The airspeed at that intersection gives airspeed 

for best angle of climb. 

 

Maximum Endurance Airspeed (Ve max):  Airspeed required to achieve maximum flight time.  

It is defined as the lowest point on the power curve where the ratio of lift versus drag is 

maximized.  It also provides maximum excess power and maximum rate of climb.  In pilot slang, 

it is referred to as “bucket airspeed.” 

 

Maximum Range Airspeed (Vr max):  Airspeed required to achieve the maximum range.  It is 

identified by the point where a line drawn from the origin (corrected for winds) is tangent to the 

power required curve.  It provides maximum flying distance or maximum range. 

 

Maximum Rate of Climb Airspeed:  The airspeed which yields the highest rate of climb.  It 

occurs at the airspeed at which excess power is maximum.  See Maximum Endurance Airspeed, 

Bucket Airspeed. 

 

Mean Aerodynamic Chord:  The chord of an imaginary rectangular airfoil that would have 

pitching moments throughout the flight range the same as those of an actual airfoil or 

combination of airfoils under consideration, calculated to make equations of aerodynamic forces 

applicable. 

 

Mean Camber Line:  A curved line drawn halfway between the upper and lower surfaces of an 

airfoil.  The curvature of the mean camber line in relation to the chord line is very important in 

determining the aerodynamic characteristics of an airfoil section.  On symmetrical airfoils, the 

mean camber line and the chord line are the same. 

 

Mechanical Axis:  The extension of the centerline of the rotor mast (the actual axis of the rotor 

head). 
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Momentum Theory:  Theory that helps explain rotary wing lift production, primarily based on 

Isaac Newton’s three Laws of Motion.  The action of accelerating a mass of air downward 

produces a reaction that lifts the helicopter.  Momentum theory is most applicable in hovering 

and forward flight. 

 

Neutral Stability:  The stability of a body such that after it is disturbed, it tends neither to return 

to its original state nor to move further from it; that is, its motions or oscillations neither increase 

nor decrease in magnitude. 

 

Never-Exceed Airspeed:  See Limit Airspeed. 

 

Nonsymmetrical Airfoil:  An airfoil with a different shape or size above and below the chord 

line. 

 

Parasite Drag:  Drag incurred from components of an aircraft not contributing to lift (i.e. 

fuselage, rotor heads, skids, etc.) 

 

Pendulum Effect:  Uncommanded nose-up tendency during deceleration that occurs in response 

to an increase in collective pitch before mechanical and virtual axes are realigned.  Compensated 

for by pilot-induced feathering through forward cyclic. 
 

Phase Lag:  The angular difference between the point where a cyclic pitch change is made on 

the rotor disk, and the point where the maximum flapping results from the change.  The angle is 

90 degrees for the underslung rotor, and somewhat less for other types of rotors.  In practice, it 

means if you want to make the rotor blade flap up at the 6 o’clock position, you need to increase 

the blade pitch at the 9 o’clock position, which is 90 degrees prior to the 6 o’clock position. 

 

Pitch Angle:  The angle between the chord line and the tip path plane.  A blade’s pitch angle is 

the sum of the collective pitch angle plus or minus the cyclic pitch angle. 

 

Pitch Attitude Control:  Sometimes called ‘pitching’, it refers to aircraft rotation around its 

lateral axis, or up and down movement of the nose. 

 

Pitching Moment:  A flight control moment which causes rotation around the lateral axis, and 

therefore a change in pitch attitude.  Positive pitch refers to nose up, negative pitch refers to nose 

down. 

 

Positive Lift:  Lift acting in an upward direction. 

 

Potential Energy:  The energy of a system derived from position.  Potential energy is part of 

helicopter’s total energy and it is due to the height above a surface; Helicopter Altitude.  It is 

defined as P.E = mgh (mass x gravity x height). 

 

Power:  The rate of doing work; often expressed in units of horsepower.  For an engine, 

horsepower can be calculated as torque (ft-lbs.) times rotational speed (rpm) divided by 5,252. 
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Power Available:  The maximum amount of power the pilot can use, as limited by either the 

engine or the drive system.  It can vary with duration, as continuous power available, time-

limited power available (as in five-minute power or Military Power), and contingency power 

available (short duration for emergency use only).  As DA increases, engine power available 

decreases. 
 

Power Excess/Excess Power:  Can be expressed as a ratio of power available to the power 

required, or the difference between power available and power required for a specific airspeed.  

If the ratio is less than 1, or the difference is a negative number, then power required exceeds the 

power available.  In this case, power available refers to maximum time-limited power, and not 

including contingency power. 
 

Power Required:  The amount of power necessary to keep the rotor turning within normal limits 

while achieving specified performance, such as level flight, climbing flight, hovering out of 

ground effect, etc.  When found on Torque vs. Airspeed Performance Chart, power required is 

based on at least five assumptions:  1) A specific density altitude, 2) a specified gross weight, 3) 

level flight, 4) 100% rotor speed, and 5) operating out of ground effect. 
 

Power Required Exceeds Power Available (Pr > Pa):  A condition which occurs after a 

helicopter has become airborne which either increases the power required for flight, decreases 

the power available for flight, or a combination of the two, to the point where the engine(s) are 

no longer able to maintain the rotor speed within normal limits while maintaining altitude.  It is 

characterized by uncommanded descent (settling) with engine(s) at maximum output, 

deceleration of the rotor (rotor droop, “drooping turns”) and, for tail rotor aircraft, uncommanded 

right yaw due to loss of tail rotor authority (LTA).  A legacy term for this phenomenon is 

“settling with power,” but this term is out of favor due to its ambiguity. 
 

Power Settling:  A term often used interchangeably with “settling with power” by different 

services and texts.  See “Vortex Ring State” and “power required exceeds power available” for 

preferred terminology. 
 

Preconing:  The engineered design used to reduce stress associated with flexing on the root of 

the rotor blades, the yoke, and the blade grips.  See coning. 
 

Pressure Altitude (PA):  The altitude of a given pressure in the standard atmosphere with 

respect to Mean Sea Level (MSL).  See International Standard Atmosphere.  PA can be easily 

determined by setting an altimeter to 29.92 in Hg and reading PA directly from the altimeter. 
 

Pro-autorotative Force:  In unpowered flight, the accelerating horizontal component of the total 

aerodynamic force vector in the driving region.  In this region the horizontal component of the 

total aerodynamic force is tilted forward of vertical/axial and drives the blade forward. 

 

Profile Drag:  This is a combination of Form Drag and Skin Friction Drag.  In the case of a rotor 

blade, it is the drag created by the movement of the rotor blade through the air without creating 

lift.  In a hover, profile drag accounts for 15-45 percent of total power consumption. 

 

Relative Velocity:  Velocity of the resultant relative wind. 
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Relative Wind:  the direction of movement of the atmosphere relative to an aircraft or an airfoil.  

It is opposite to the direction of movement of the aircraft or airfoil.  Technically, relative wind 

refers only to the orientation of the airflow to the airfoil.  When including the velocity of the 

airflow as well as its orientation, it is more proper to call it the relative wind vector.  In a blade 

element diagram, it is the vector sum of rotational velocity (Vr) and translational velocity (Vt).  

Since the summation of two or more vectors can be called a resultant vector, the relative wind on 

a blade element is sometimes referred to as “resultant relative wind.” 

 

Retreating Blade:  The blade moving in the opposite direction to the helicopter.  The rotor blade 

experiences a decrease in relative wind.  In the USN fleet and in most helicopter designs the 

retreating blade is on the left side of the helicopter. 

 

Retreating Blade Stall:  A high-speed flight phenomenon in which the AOA on the retreating 

blade stalls at the tip, progressing inward and to the rear of the rotor disk.  It results from:  1) the 

high collective pitch required to fly at high airspeed, 2) high cyclic pitch at the 9 o’clock position 

due to cyclic well forward of neutral, and 3) the increased AOA that results from the downward 

flapping blade compensating for dissymmetry of lift.  It causes uncommanded pitch up and left 

roll of aircraft with counter clockwise rotation, and can damage dynamic components. 
 

Rigid Rotor System:  Sometimes referred to as “hingeless” since the rotor blades are fixed 

rigidly to the hub without mechanical hinges for flapping, lead and lag (hunting), and on some 

systems pitch change (feathering).  Flapping and hunting occur through the flexing and bending 

of the composite hub or “flextures.”  Some systems also allow for pitch change through the 

twisting of the materials rather than a pitch-change hub. 

 

Roll:  The rotation of the aircraft about its longitudinal axis. 

 

Rotational Velocity (V-rot):  The component of the relative wind produced by rotation of the 

rotor blades i.e., the velocity of airflow across the airfoil due to its rotation about the mechanical 

axis. 

 

Rotor Disk:  Area of the circle inscribed in the tip path plane. 

 

Rotor Drag:  See In-Plane Drag. 

 

Rotor Driving Force:  The force that causes the rotor blade to move in the direction of rotation.  

It can come from engine power, aerodynamic forces, or from a combination of both.  If the rotor 

driving force isn’t equal to the rotor drag, then the rotor rpm must be either increasing or 

decreasing. 

 

Rotor System:  General term referring primarily to the design that holds the rotor blades to the 

mast.  The three general types of rotor systems are:  fully-articulated, semi-rigid and rigid. 

 

Rotor Thrust:  The thrust produced by the rotor, which is oriented perpendicular to the tip-path 

plane.  It is the vector sum of the lift vectors from each individual blade element.  When the 

Rotor Thrust vector is tilted to make the helicopter move in a particular direction, the Rotor 

Thrust vector may be resolved into a vertical thrust vector (Vtrt) which opposes weight, and a 
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horizontal thrust vector (Htrt) which opposes parasite drag. 

 

Semi-rigid Rotor System:  A two-bladed rotor system in which the rotor hub is mounted to the 

mast on a trunnion that allows the rotor to flap as a unit.  Pitch change (feathering) is allowed at 

the hub about the blade grip retainer bearing.  It does not incorporate vertical hinges for lead and 

lag, with most designs utilizing underslinging to minimize lead-lag (hunting). 

 

Separated Flow:  Flow over or about a body that has broken away from the surface of the body 

and no longer follows its contours. 

 

Settling:  Uncommanded descent of the helicopter.  When it occurs with rotor droop, it can 

indicate Power Required Exceeds Power Available.  When it occurs when attempting to reduce a 

high rate of vertical descent, it can indicate Vortex Ring State.  Minor settling can occur 

normally on transition to forward flight when rotor thrust is tilted forward, and it is corrected 

with a slight increase in collective pitch. 

 

Settling with Power:  An outdated term for Power Required Exceeds Power Available, which 

has fallen out of favor because of its confusion with another outdated term, “Power Settling.”  

See “Power Required Exceeds Power Available.” 

 

Sideslip:  A movement of an aircraft such that the relative wind has a velocity component along 

the lateral axis. 

 

Skid:  An out-of-balanced flight condition that occurs when rate of turn is greater than normal 

for a degree of bank established.  During a skid, the aircraft is turning too fast for the bank angle, 

and yaws into the turn.  (Most likely, you're pushing too much pedal in the direction of turn and 

causing the skid.)  Skidding the helicopter can be used to increase the rate of descent while at the 

same time maintain the same forward airspeed. 

 

Skin Friction:  The amount of drag created by the retardation of the boundary layer of air in 

contact with the surface of the airfoil. 

 

Slip:  An out-of-balanced flight condition in which the rate of turn is less than normal for the 

degree of bank established.  In practice, it is accomplished by “wing down, top rudder.” 
 

Span:  It is the dimension of an airfoil from end to end or tip to tip.  In a rotor system the span of 

a blade is the distance from blade root to blade tip.  Sometimes it can be also used to indicate the 

distance from the rotor centerline to the blade tip when the rotor blade is horizontal.  Span is 

always measured in a straight line. 

 

Spanwise Axis:  The long axis of the rotor blade, connecting the root and tip of the blade, around 

which the blade feathers, or changes pitch. 

 

Stabilator:  A horizontal surface that pivots as a whole.  It is a fully movable aircraft horizontal 

stabilizer and it is distinct from the usual combination of fixed and movable surfaces. 
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Stability:  The property of an aircraft to maintain its attitude or to resist displacement and, if 

displaced, to develop forces and moments tending to restore the original condition. 

 

Stabilizer:  A fixed or adjustable airfoil which provides aerodynamic pitch or yaw stability in 

forward flight.  A vertical stabilizer is often referred to as a fin. 

 

Stall:  A condition in which an airfoil operates at an AOA greater than that which corresponds to 

maximum coefficient of lift, resulting in boundary layer separation, loss of lift and significant 

increase in drag. 

 

Stall Speed:  The airspeed at which, under a given set of conditions, an aircraft will stall. 
 

Stalling AOA:  1The minimum AOA of an airfoil or airfoil section or other dynamic lifting body 

at which a stall occurs; that is, a critical AOA.  2The angle of maximum lift. 

 

Standard Atmosphere:  See International Standard Atmosphere. 

 

Standard Lapse Rate:  In a thermodynamic system, the rate of heat loss of two degrees Celsius 

per every 1000 feet due to an expansion of the atmosphere corresponding to an increase in 

altitude.  Also referred to as average or adiabatic lapse rate. 

 

Static Pressure:  The atmospheric pressure of the air through which an aircraft is flying.  The 

force each air particle exerts on those around it which acts perpendicular to any surface with 

which the air particles collide. 

 

Sweepback:  The backward slant from root to tip (or inboard end to outboard end) of an airfoil 

or of the leading edge or other reference line of an airfoil.  Sweepback usually refers to a design 

in which both the leading and trailing edges of the airfoil have a backward slant.  Sweepback 

airfoils perform better at high speeds. 

 

Symmetrical Airfoil:  An airfoil with the same size and shape above and below the chord line. 

 

Sympathetic Resonance:  A resonance or vibration, that occurs when two components are 

rotating at an rpm where they combine to amplify a vibration that’s usually destructive to one or 

both components. 

 

Tab:  A small auxiliary airfoil set into the trailing edge of an aircraft control surface (or 

something set into or attached to another surface such as a rotor blade) and used for trim or to 

move or assist in moving the larger surface. 

 

Tail Rotor:  The anti-torque device of a single-rotor helicopter, controlled through the foot 

pedals.  It also provides yaw attitude control in both powered and unpowered flight. 

 

Tandem Rotor System:  A main lifting rotor is used at each end of the helicopter.  The rotor 

systems rotate in opposite directions to counteract torque. 
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Taxi:  The operation of an airplane or helicopter under its own power on the ground, except that 

movement incident to actual takeoff and landing.  The forward movement of a helicopter at a 

hover is referred to as a hover taxi or air taxi depending on speed and altitude. 

 

Thrust:  The force generated by a propeller, rotor, jet engine, or rocket engine used to propel the 

vehicle.  For a propeller or rotor, it is oriented perpendicular to the plane of rotation (tip path 

plane).  In a helicopter, rotor thrust is used to counter the force of gravity in a hover, and both 

gravity and drag in forward flight.  See also “Rotor Thrust.” 

 

Thrust Axis:  The line or axis through an aircraft along which the thrust acts.  For helicopters, 

the total rotor thrust acts perpendicular to the tip path plane through the rotor head and is called 

the virtual axis. 
 

Tip Path:  A circle inscribed by the tip of a rotor blade at a given instant. 

 

Tip Path Plane:  A notional plane which contains the tip path, and captures the general 

orientation of the rotor at a given instant.  The Virtual Axis and Rotor Thrust are oriented 

perpendicular to the Tip Path Plane.  It is the horizontal reference line on a Blade Element 

Diagram. 

 

Tip Vortex:  A vortex formed from the tip of a wing because of the flow of air around the tip 

from the high-pressure region below the surface to the low-pressure region above it.  On a rotor 

in a no-wind hover, the tip vortex is a toroidal, or doughnut-shaped vortex attached to the tip 

path encircling the rotor.  Its direction of rotation is from under the rotor, upward around the 

blade tip, and down through the rotor.  It blows aft and off the rotor in the transition to forward 

flight, and becomes two trailing tip vortices like a fixed wing aircraft. 

 

Torque:  The rotational equivalent to force, calculated as force times a distance.  It can be 

thought of as a twisting force around a specific axis, and it is what causes a propeller or rotor to 

spin. 

 

Torque Effect:  The yaw reaction of the fuselage to the torque applied to the main rotor.  If the 

rotor turns counterclockwise when viewed from above, the torque effect would cause the 

fuselage to turn in a clockwise direction (right yaw). 

 

Total Drag:  For a fixed wing aircraft, it is the sum of parasite, and induced drags.  For a 

helicopter, it is the sum of the profile, parasite, and induced drags. 

 

Total Energy:  The sum of energy stored in the helicopter in flight in the form of (a) Potential 

Energy (P.E.), due to height above a surface, (b) Kinetic Energy (K.E.), due to the motion of the 

aircraft with respect to the airstream or the ground, and (c) Rotational Energy (R.E.), due to the 

main rotor’s mass and its rotational speed (rpm).  The engine converts fuel energy into potential, 

kinetic, and rotational energy.  Should the fuel energy be exhausted in flight, or if the engine 

fails, the helicopter pilot must manage total energy to bring the helicopter to a safe landing. 

 

Trailing Edge:  The rearmost edge of an airfoil. 
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Trailing Vortex:  Sometimes referred to as wingtip vortex, or wake turbulence.  One of two 

vortices of airflow trailing behind the wingtips of an airplane or rotor of a helicopter.  They are 

roughly proportional to the weight of the aircraft, and can be destructive to aircraft that fly 

through them.  See also Tip Vortex. 

 

Translating Tendency:  Tendency for a helicopter to translate laterally due to tail rotor thrust. 

 

Translational Lift:  The increase in rotor efficiency which begins with Effective Translational 

Lift and continues up to Maximum Endurance Airspeed (Vemax).  From the perspective of Blade 

Element Theory, it can be explained as the result of a reduction in induced velocity and induced 

drag.  From Momentum Theory, it can be explained as resulting from an increase in mass flow 

through the rotor.  See Effective Translational Lift. 

 

Translational Velocity (V-trans):  Airflow through a rotor system or across a blade element due 

to movement of the aircraft.  Added geometrically to v-rotational on the advancing blade and 

subtracted on the retreating blade. 

 

Transverse Flow Effect:  The slight right roll and airframe vibration which occurs as the 

helicopter accelerates through 10-20 kts.  It results when the forward half of the rotor disk is 

leaving the vertical column of air, and experiences a drop in induced velocity and induced drag 

compared to the back half of the disk. 

 

Trim:  The condition of a heavier-than-air aircraft in which it maintains a fixed attitude with 

respect to the wind axes, with the moments about the aircraft axes being in equilibrium.  The 

word “trim” is often used with special reference to the balance of control forces. 

 

Trim Tab:  A tab that is deflected to a position where it remains to keep the aircraft in the 

desired trim.  Adjustment of a trim tab on a rotor blade causes the blade to maintain a given track 

or plane of motion. 

 

True Airspeed (TAS):  Equivalent airspeed corrected for error that is due to air density (altitude 

and temperature). 

 

Turbulence:  An agitated condition of the air or other fluids; a disordered, irregular, mixing 

motion of a fluid or fluid flow such as that about a body in motion through the air. 

 

Turbulent Boundary Layer:  A boundary layer characterized by random fluctuations of a 

velocity and by pronounced layer mixing of the fluid. 

 

Turbulent Flow:  A flow characterized by turbulence; that is, an irregular, eddying, fluctuating 

flow; a flow in which the velocity of a given point varies erratically in magnitude and direction 

with time. 

 

Twist:  On a propeller or rotor blade, it is the decrease in pitch angle from the root of the blade to 

the tip, sometimes referred to as “washout.”  See Aerodynamic Twist, Geometric Twist. 
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Ultimate Load Factor:  Is the maximum load factor that the aircraft can withstand without 

structural failure.  At the ultimate load factor there will be some permanent deformation, but no 

actual failure of the major load-carrying components should occur. 

 

Underslinging:  Attachment of the rotor head occurs with a pivot point above the blade grips 

and centered midway between the opposing blade centers of gravity.  Semi-rigid rotor head 

design which compensates for geometric imbalance by keeping the individual centers of mass for 

each rotor blade equidistant from the center of rotation.  Allows for flapping, but geometric 

design minimizes hunting. 

 

Uniform Flow:  An idealized flow in which the streamlines are parallel and the velocity is 

constant throughout. 

 

Unsteady Flow:  A flow whose velocity components vary with time at any point in the fluid.  

Unsteady flow is of fixed pattern if the velocity at any point changes in magnitude but not 

direction and of variable pattern if the velocity at any point changes in direction. 

 

Useful Load:  The difference, in pounds, between the empty weight and maximum authorized 

gross weight of an aircraft. 

 

Ve Max:  See Maximum Endurance Airspeed. 

 

Vh:  The maximum airspeed which can be maintained in level flight based on engine power.  It is 

the intersection of the Power Required and Power Available curves. 

 

VNE:  Never Exceed Velocity.  It is the maximum indicated airspeed allowable based on aircraft 

structural limits.  See Limit Airspeed. 

 

Vr Max:  See Maximum Range Airspeed. 

 

Vx:  See Maximum Climb Angle Airspeed. 

 

V-induced (Vi):  See Induced Velocity. 

 

V-linear (Vlin):  See Linear Velocity. 

 

V-rotational (Vrot):  See Rotational Velocity. 

 

V-translational (Vtrans):  See Translational Velocity. 

 

Vector:  A quantity having both magnitude and direction.  Also a graphic illustration of such a 

quantity. 
 

Velocity:  The time rate of motion in a given direction.  It is a combination of speed and 

direction.  It is represented by a vector quantity that includes both magnitude (speed) and 

direction relative to a given frame of reference. 
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Venturi:  A converging-diverging passage for fluid that increases the fluid velocity and lowers 

its static pressure; a venturi tube. 
 

Vertical Axis:  1. On an aircraft, it is straight line through the CG running from top to bottom 

and perpendicular to the longitudinal and lateral axis.  It is the axis about which yaw occurs.  It is 

also called a Normal axis.  2. On a Blade Element Diagram, it is the line oriented perpendicular 

to the Tip Path Plane. 
 

Vertical Stabilizer:  A vertical fin mounted approximately parallel to the longitudinal axis of an 

aircraft to which a rudder may be attached.  The vertical stabilizer aids in directional stability 

when the aircraft is headed into the wind.  It tends to make the helicopter yaw into the wind 

when not headed into the wind.  See Weathervane Effect, Weathercocking. 
 

V-G Diagram:  See V-n diagram. 
 

Virtual Axis:  The axis of rotation perpendicular to the tip path plane, as opposed to the 

mechanical axis.  As the rotor disk tilts with control inputs, the virtual axis tilts and remains 

perpendicular to the plane of rotation.  Rotor thrust acts through the virtual axis. 
 

V-n Diagram:  A graph that summarizes an aircraft's structural and aerodynamic limitations at a 

particular weight, altitude, and configuration.  The horizontal axis of the graph is indicated 

airspeed.  The vertical axis of the graph is load factor, or G's.  V-n diagrams define the 

maneuvering envelope for fixed-wing aircraft and rotary-wing aircraft. 
 

Vortex Ring State:  A powered flight phenomenon characterized by the helicopter settling into 

its own downwash.  It occurs in a steep or downwind powered flight descent when rate of 

descent roughly equals the rotor’s induced velocity, plus or minus about 25%.  It results in 

increased rate of descent, high/unusual vibrations, and loss of control effectiveness.  Increasing 

the collective pitch, which normally slows rate of descent, has no effect on recovery.  The air 

being forced downward by the rotor flows outward around the edge of the rotor disk and is 

drawn back into the rotor by the region of low pressure above the disk.  The result is very high 

induced velocity down through the rotor, which causes significant reduction in AOA and 

significant loss of lift.  The prescribed limits to avoid entry into VRS for the TH-57 are:  avoid 

descent rates in excess 800 ft. /min at airspeeds less than 40 KIAS, and avoid descent gradients 

greater than 45°.  VRS has also been called “power settling,” a term commonly confused with 

the term “settling with power. 
 

Wake Turbulence:  See Trailing vortex. 
 

Weathervane Effect/Weathercocking:  The tendency of a helicopter to yaw into the wind while 

in a hover or air taxi. 
 

Weight:  A measure of the mass of an object under the acceleration of gravity. 
 

Work:  A force exerted over a given distance. 
 

Yaw / Yawing:  A rotation about the vertical axis. 
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Zero AOA:  The position of an airfoil when no AOA exists between two specified or understood 

reference lines.  Depending of the airfoil design (symmetric or asymmetric) lift may be created 

even at zero AOA. 

 

Zero-lift AOA:  The geometric AOA at which no lift is created.  Often called the angle of zero 

lift or the zero-lift angle.  At this AOA no lift is created.  Zero lift AOA may not coincide with 

zero AOA.  Depending on the airfoil design zero lift could be created even at positive AOA. 
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APPENDIX C 

DENSITY ALTITUDE CALCULATIONS 
 

Recall from Chapter 2, that Density Altitude (DA) is the Pressure Altitude (PA) corrected for 

temperature and humidity deviations from the standard atmosphere and that DA is crucial for 

determining a helicopter’s aerodynamic performance.  There are typically two ways an aviator 

can determine DA from a known ambient PA and temperature, utilizing a chart, as seen in  

Figure C-1, or utilizing the ‘rule of thumb’ equation below. 
 

DA = PA + [(TAmbient – TStd@Altitude)] x 120 
 

 
 

Figure C-1  DA Chart 
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Using Figure C-1, enter the chart at the bottom at the appropriate outside air temperature (OAT) 

and plot vertically upward to intersect the current PA depicted on the diagonals, determined by 

dialing 29.92 into the aircraft altimeter.  From this point, read laterally to the left to determine the 

DA (not corrected for humidity).  In the example depicted, a temperature of 6 °C and 2400’ PA 

results in a 2000’ DA. 

 

The ‘rule of thumb’ method merely requires an accurate understanding of standard temperature 

at altitude.  Remember that the temperature at sea level for a standard day is 15 °C.  With an 

average lapse rate of 2 °C / 1000’ MSL, the standard temperature at altitude can be easily 

determined; i.e., 5 °C at 5000’ MSL, and -5 °C at 10,000’ MSL.  This estimation of DA still fails 

to correct for humidity, which is discussed below. 

 

One way to adjust calculations for humidity is to use a higher temperature than might be 

associated with lower density in performance charts.  This fictional quantity is known as virtual 

temperature, and is defined as OAT corrected for relative humidity.  In the same way that wind 

chill is applied to a cold day’s temperature to reflect how the wind affects the human body, a 

virtual temperature correction may be applied to a temperature measurement to reflect the effect 

of humidity on the air’s density.  The dew point temperature correction chart accepts dew point 

and temperature, and then yields virtual temperature and DA. 

 

 
 

Figure C-2  Dew Point Correction Chart 
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Another common humidity adjustment is the 10% rule of thumb.  Add 100 feet to your DA 

(based on PA and OAT), for every 10% relative humidity above 0% RH. 

 

DA (corrected for RH) = DA (chart) + (100’ x RH/10%) 

 

The 10% adjustment factor stems from a linear approximation of the curve.  Some interpretations 

of the curve state that the relative humidity (RH) correction (10% adjustment factor) doesn't go 

into effect until the RH is above 40% (40% rule).  This is because the same curve in Figure C-3 

can be estimated by two distinct slopes, with this 40% rule appearing to give a better 

approximation.  For example, 0-40% humidity results in no correction, and 50-100% humidity 

results in a 100-600 foot altitude correction for humidity (rather than an errant 500-1000 foot 

correction) based on the “10% rule. 

 

 
 

Figure C-3  Thrust Variation with Humidity 

 

A comparison of the three commonly used methods to compute DA indicates that a significant 

variation exists between the chosen methods.  For example, if we assume an OAT of 30 C (86 

F), PA of sea level and Dew Point of 30 C (RH=100%) we obtain a DA of 1800 feet based on 

the DA chart using PA and an uncorrected OAT.  If we incorporate the "100 foot-10% RH rule" 

for 100% RH the DA is increased by 1000 feet to 2800 feet or to 2400 feet if we only apply the 

"rule of thumb" for RH above 40% as some NATOPS manuals dictate.  The actual DA obtained 

from the DA chart using a corrected OAT yields 2200 feet. 

 

Note the effect of the differences applied to typical aircraft performance data (CH53D) in  

Figure C-4.  Making no adjustment might lead to overestimation of capabilities.  The difference 

is relatively small, but may result in operations conducted close to safe power margins.  Ignoring 
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DA effects could result in exceeding safe margins.  Being overly conservative could limit the 

ability to complete a mission satisfactorily.  The 40% rule offers the most accurate quick 

estimate of humidity effects, compared to the more conservative 10% rule. 
 

DA (corrected for RH >40%) = DA (chart) + 100’ (RH – 40%)/10% 

And is only corrected for RH > 40% 

 

For calculations in the field, PA is easily obtained by setting 29.92" Hg in the Kollsman window 

of the barometric altimeter.  Obtaining the dew point is usually a little more difficult unless you 

have access to a weather service.  In the absence of any of this information, you can always 

assume a worst case scenario of 100% RH which is when the OAT and dew point are the same. 

 

For comparison purposes, Figure C-4 depicts for a CH-53D the relative accuracy of the three 

techniques for humidity correction of DA with an RH of 100%. 

 

 
 

Figure C-4  Sample Effects of DA Calculations on CH-53D Performance 

 

The 10% Rule provides a more conservative estimate of DA and is the recommended method in 

most helicopter NATOPS manuals.  If a NATOPS manual does not discuss the effects of 

humidity, be conservative and apply the 10% Rule. 
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CIRCULATION THEORY OF LIFT 

 

Circulation theory, or the Kutta-Joukowski Theorem, is a method for describing the flow over a 

spinning cylinder and, more generally, over any closed area (Figure D-1).  If a non-rotating 

circular cylinder is placed in a flow field it will produce no lift.  The streamlines and resultant 

pressure distributions around a cylinder without circulation (Figure D-2) generate no net lift 

force.  When the cylinder is rotated, however, it induces a rotational or circulatory flow and there 

is a distinct change in the streamlines and pressure distributions.  Air next to the surface of the 

cylinder is sped up on the top and slowed down on the bottom by the relative motion of the 

cylinder’s surface.  The differences in flow speeds cause pressure differences on top and bottom 

(Figure D-2), with the end result being a net lift force perpendicular to the relative velocity.  

There have been recent developments in rotary wing flight where circulation theory has shown 

nearly direct application.  Use of a rotating body to generate pressure differences on top and 

bottom surfaces, or viewed alternatively, impart circulation to a flow, is termed Magnus effect. 

 

 
 

Figure D-1  Magnus Effect 
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Figure D-2  Pressure Distribution for Magnus E 

 

 

 


