Chapter 3 - Principles of Flight - Level 2

 At the end of this block of study, you should be able to: 
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Define airfoil, camber, and chord. 
[image: image2.png]


Identify the parts of an airfoil. 
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Describe Bernoulli's principle and tell how it relates to lift on an airfoil. 
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Define relative wind, angle of incidence, and angle of attack. 

     Aeronautics is the term applied to the flight of an aircraft through the atmosphere. As defined in Webster's New Collegiate Dictionary, aeronautics is "the science dealing with the operation of aircraft" or "the art or science of flight." We will begin the study of aeronautics in this section by discussing airfoils, relative wind, angle of attack, and the four forces of flight. these are the basics of aeronautics. 

Sections in this Chapter:
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	Section 3.1 - AIRFOILS 
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	Section 3.2 - BERNOULLI'S PRINCIPLE

	[image: image7.png]



	Section 3.3 - RELATIVE WIND
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	Section 3.4 - REVIEW EXERCISE


Section 3.1 - AIRFOILS 
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   An airfoil is any part of an airplane that is designed to produce lift. Those parts of the airplane specifically designed to produce lift include the wing and the tail surface. In modern aircraft, the designers usually provide an airfoil shape to even the fuselage. A fuselage may not produce much lift, and this lift may not be produced until the aircraft is flying relatively fast, but every bit of lift helps.
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Figure 3-1 Crass section of an airfoil




   Figure 3-1 shows a cross section of a wing, but it could be a tail surface or a propeller because they are all essentially the same. Locate the leading edge, the trailing edge, the chord, and the upper and lower camber on Figure 3-1.

Leading Edge:

   The leading edge of an airfoil is the portion that meets the air first. The shape of the leading edge depends upon the function of the airfoil. If the airfoil is designed to operate at high speed, its leading edge will be very sharp, as on most current fighter aircraft. If the airfoil is designed to produce a greater amount of lift at a relatively low rate of speed, as in a Cessna 150 or a Cherokee 140, the leading edge will be thick and fat. Actually, the supersonic fighter aircraft and the light propeller-driven aircraft are virtually two ends of a spectrum. Most other aircraft lie between these two.

Trailing Edge:

   The trailing edge is the back of the airfoil, the portion at which the airflow over the upper surface joins the airflow over the lower surface. The design of this portion of the airfoil is just as important as the design of the leading edge. This is because the air flowing over the upper and lower surfaces of the airfoil must be directed to meet with as little turbulence as possible, regardless of the position of the airfoil in the air.

Chord:

   The chord of an airfoil is an imaginary straight line drawn through the airfoil from its leading edge to its trailing edge. We might think of this chord line as the starting point for drawing or designing an airfoil in cross section. It is from this baseline that we determine how much upper or lower camber there is and how wide the wing is at any point along the wingspan. The chord also provides a reference for certain other measurements as we shall see.

Camber:

   The camber of an airfoil is the characteristic curve of its upper or lower surface. The camber determines the airfoil's thickness. But, more important, the camber determines the amount of lift that a wing produces as air flows around it. A high-speed, low-lift airfoil has very little camber. A low-speed, high-lift airfoil, like that on the Cessna 150, has a very pronounced camber.

   You may also encounter the terms upper camber and lower camber. Upper camber refers to the curve of the upper surface of the airfoil, while lower camber refers to the curve of the lower surface of the airfoil. In the great majority of airfoils, upper and lower cambers differ from one another.

Section 3.2 - BERNOULLI'S PRINCIPLE 

[image: image10.png]



   Daniel Bernoulli, an eighteenth-century Swiss scientist, discovered that as the velocity of a fluid increases, its pressure decreases. How and why does this work, and what does it have to do with aircraft in flight?

   Bernoulli's principle can be seen most easily through the use of a venturi tube (see Animation or Figure 3-2). The venturi will be discussed again in the unit on propulsion systems, since a venturi is an extremely important part of a carburetor. A venturi tube is simply a tube which is narrower in the middle than it is at the ends. When the fluid passing through the tube reaches the narrow part, it speeds up. According to Bernoulli's principle, it then should exert less pressure. Let's see how this works.

	       As the fluid passes over the central part of the tube, shown in Animation or Figure 3-2, more energy is used up as the molecules accelerate. This leaves less energy to exert pressure, and the pressure thus decreases. One way to describe this decrease in pressure is to call it a differential pressure. This simply means that the pressure at one point is different from the pressure at another point. For this reason, the principle is sometimes called Bernoulli's Law of Pressure Differential.
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Figure 3-2 Venturi tube






To see the animation 3-2 press 
here. 

       Bernoulli's principle applies to any fluid, and since air is a fluid, it applies to air. The camber of an airfoil causes an increase in the velocity of the air passing over the airfoil.

   This results in a decrease in the pressure in the stream of air moving over the airfoil. This decrease in pressure on the top of the airfoil causes lift.


Many believe that this explanation is incorrect because flat wings (such as seen on balsa wood airplanes, paper planes and others) also have managed to create lift.   Please read How planes fly:  the physical description of flight as well to get a fuller understanding of the creation of lift.

Section 3.3 - RELATIVE WIND 
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   In order to discuss how an airfoil produces lift or why it stalls, there are three terms we must understand. These are relative wind, angle of incidence, and angle of attack.

There is a noticeable motion when an object moves through a fluid or as a fluid moves around an object. If a thick stick is moved through still water or the same stick is held still in a moving creek, relative motion is produced. It does not matter whether the stick or the water is moving. This relative motion has a speed and direction.
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Figure 3-3 Angle of Incidence as Part of the Design



   Now let's replace the water with air as our fluid and the stick with an airplane as our object. Here again, it doesn't matter whether the airplane or the air is moving, there is a relative motion called relative wind. The relative wind will be abbreviated with the initials RW (see figure 3-3). Since an airplane is a rather large object, we will use a reference line to help in explaining the effects of relative wind. This reference is the aircraft's longitudinal axis, an imaginary line running from the center of the propeller, through the aircraft to the center of the tail cone.
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   Note in Figure 3-4 that the relative wind can theoretically be at any angle to the longitudinal axis. However, to maintain controlled flight, the relative wind must be from a direction that will produce lift as it flows over the wing. The relative wind, therefore, is the airflow produced by the aircraft moving through the air. The relative wind is in a direction parallel with and opposite to the direction of flight.
   Let's look a little closer at how relative wind affects an airplane and its wings. As shown in Figure 3-3, the chord line of the wing is not parallel to the longitudinal axis of the aircraft. The wing is attached so that there is an angle between the chord line and the longitudinal axis. (We call this difference the angle of incidence.) Since we describe relative wind (relative motion) as having velocity (speed and direction), the relative wind's direction for the wing is different from that of the fuselage. It should be easy to see that the direction of the relative wind can also be different for the other parts of the airplane.

   Very briefly, angle of attack is a term used to express the relationship between an airfoil's chord and the direction of its encounter with the relative wind. This angle can be either positive, negative, or zero. When speaking of the angle of attack, we normally think of the relative wind striking the airfoil from straight ahead. In practice, however, this is true only during stabilized flight which is in a constant direction.

Chapter 4 - The four forces of flight - Level 2 
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At the end of this block of study, you should be able to:
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Define lift.
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State the relationship between airspeed, camber, angle of attack, and lift.
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Give the four forces of flight and tell which of these forces oppose each other.
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Describe maximum gross weight, empty weight, center of gravity, center of lift, and useful
     load with relation to an airplane.
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Define induced drag and parasite drag and give two examples of each.
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Four forces of flight in balance. 

Sections in this Chapter:
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	Section 4.1 - LIFT 
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	Section 4.2 - AIRSPEED, CAMBER, AND LIFT
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	Section 4.3 - LIFT AND WEIGHT
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	Section 4.4 - DRAG
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	Section 4.5 - INDUCED DRAG
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	Section 4.6 - PARASITE DRAG 
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	Section 4.7 - REVIEW EXERCISE


Section 4.1 - LIFT 
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   We know that we can cause reduced pressure in a fluid if the velocity of its flow is [image: image127.png]Pe
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increased (Based on Bernoulli's principle - section 3-2 ).

The camber of an airfoil's upper surface makes the air flowing over it move faster than the air flowing under the wing. This increase in velocity reduces the pressure (P1>P2) on the top of the wing so lift is produced. (See Figure 4-1).

   Lift is also called airfoil lift or Bernoulli's lift.
    Lift will continue as long as the airfoil is moving through the air and the air remains smooth rather than turbulent.

  Every airfoil, no matter what its camber or chord, will lose its smooth flow at some point [image: image128.png]Figure 4-2An angle of attack can be
positive, neutral, or negative.




along the upper surface. The perfect airfoil, if there were such a thing, would have turbulent flow at its trailing edge where the divided airstream comes together again. The regular airfoil has turbulence somewhere forward of the trailing edge even though level flight is maintained. With every increase in angle of attack (See Figure 4-2), this turbulent flow moves farther and farther toward the leading edge. The increase in angle of attack increases lift. This is true up to a point because we also must consider the power needed to force the craft through the air. If we had unlimited power, angle of attack would be of no concern, but this is not the normal situation so the turbulent flow continues forward until there is no more lift available. 

Dynamic lift

   It may interest you to know, at this point, that lift can also be created by an airfoil without any camber at all.

   This lift, however, is completely different from the lift we have been talking about. This type of lift is called dynamic lift and is caused by the pressure of impact air against the lower surface of the airfoil.
   A kite flying on a balmy spring day is an excellent example of an airfoil without camber being sustained in flight by dynamic lift. Similar to the airfoil in the wind tunnel, it makes no difference to the kite whether it is moving forward through the air or the air is moving past it. It simply goes on and hangs up there in the spring sky. (If you have flown a kite, however, you know there's a difference. You know that when the wind is light, you have to run your legs off at times to get the kite airborne.)

   This same kind of lift also helps hold the aircraft in the air and can be explained by Newton's third law of motion.
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   Newton's third law of motion states that for every action there is an equal and opposite reaction. A popular example of this law is the gun and the bullet shown in Figure 4-3. When the trigger is pulled and the gun fires, the bullet leaving the barrel is the action and the recoil of the gun is the reaction. If we can ignore friction and air resistance, the force of the bullet striking the wall and the force of the gun striking the opposite wall will be equal.

   We've pointed out that air is a fluid. The passing of the airfoil through the air is an action. We can expect, then, that the air will act upon the wing. This is the reaction. The lower surface of the wing meets the air at a slight angle (the angle of attack, which we've already covered). The air flowing past the lower surface is deflected slightly. The wing exerts a force on the air in order to do this; the air, meanwhile, exerts an equal and opposite force on the wing. This force of the air (the reaction force) causes lift which is called dynamic lift. Sometimes, it is also called Newtonian lift or action-reaction lift.

   The amount of lift generated by this action-reaction process usually amounts to only about 15 percent of the total lifting force necessary to sustain aircraft flight.

   In this section, we have concentrated on how airfoils create lift. They make use of Bernoulli's principle and Newton's third law of motion. Airfoils move through the air, creating an interaction between air and airfoils. This interaction takes the form of a difference in pressure between upper and lower surfaces of the airfoil, and the decreased pressure on the upper surface of the airfoil causes lift. Additional lift comes from the force of the impact air on the airfoil moving through the air. 

Section 4.2 

AIRSPEED, CAMBER, AND LIFT 
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    The energy factors at the upper surface of a wing, as we have said, are velocity and pressure—higher velocity, lower pressure. If the velocity of the relative wind is normally very high during [image: image130.png]Figure 44 Lift Characteristics of
various airfoils



cruising flight of an airplane, it is not necessary for its wings to have much camber. This is one of the reasons why fighter-type military aircraft have thin wings. At slower speeds, such as during takeoffs or landings, the loss of induced lift because of the low camber is compensated for by using a high angle of attack. As you can see, this high angle of attack causes an increase in the dynamic lift. Even so, the airplane with low-camber airfoils must use much higher takeoff and landing speeds than the more conventional airplane.

    To further illustrate these points, note in the top portion of Figure 4-4 that we have two examples of airfoils with the same relative wind velocity and the same dynamic lift. However, by thickening and increasing the camber of the wing, wing B's total lift is increased because of the increased induced lift.

    In the lower portion of Figure 4-4, you are looking at two wings which are producing the same mount of total lift even though one wing has less amber than the other. Both wings are at the same angle of attack so they have the same amount of dynamic lift for any given airspeed (velocity of the relative wind). The only way to make the thin wing produce as much lift as the thick wing is to speed it up, and this is what we attempt to show in the figure. Wing C's relative wind is ten miles per hour faster than D's relative wind, this additional speed is needed to increase both the dynamic and induced lift so that its total lift can equal that of Wing D. We want you to understand that the examples in Figure 4-4 are just that.

    We have discussed the atmosphere and how airfoils produce lift because of their movement through the atmosphere. We also mentioned that lift is the force that counteracts the force of [image: image131.png]Figure 4-5_Four forces of fightin balance



gravity to allow flight. At this point, you may have concluded that lift and gravity are the only forces involved with flight. Actually there are two others, thrust and drag, which complete the three-dimensional forces acting upon an aircraft in flight. Figure 4-5 shows the basic directions of all four forces when an aircraft is in straight and level flight at a constant speed. Now, you should be able to see that, in this situation, the four forces are in balance. The force of total lift equals the force of total weight, so there is no upward or downward movement. The force of thrust equals the force of drag, so there is no increase or decrease in the speed of the airplane. You should also be able to see that the moment one of these forces becomes stronger or weaker than the others, some type of reaction must take place. 

Section 4.3 - LIFT AND WEIGHT 
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    With these two forces in opposition to each other, it is obvious that increased lift and decreased weight are objectives in both the designing and flying of aircraft.

   Induced lift can be increased, as has been mentioned before, by changing the camber, or curvature, of the airfoil. Work continues in an effort to achieve the most efficient designs possible. But more important, at least to the person who is flying an airplane, is the angle of the airfoil as it encounters the relative wind (angle of attack). As indicated earlier, lift is increased as the angle of attack is increased because there is more relative wind striking the airfoil's bottom surface, creating higher pressure. There is also an increase in the induced lift, because at a higher angle of attack the air has to travel even farther over the top surface of the wing.

   There is a point in this relationship of airfoil to angle of attack where lift is destroyed and the force of gravity (weight) takes command. This is called stall. The air can no longer flow smoothly over the wing's upper surface. Instead, the air burbles over the wing and lift is lost. You might wonder why the force of power from the engine can't take the place of the loss of lift from the airfoil. Very simply, there just isn't enough of this force available from a conventional aircraft's engine. Some of the more powerful jet fighters and acrobatic sport airplanes can, for a short time and distance, climb straight up without any significant help from their airfoils. However, these airplanes will eventually stall and start to fall toward Earth. The stalled condition is one from which recovery (and continued flight) is fairly easy.

   At this point, we should mention another situation where lift can no longer overcome weight. No matter how efficient the airfoils and power plant of an aircraft may be, there is still a limit as to how high in the atmosphere it can go. This limit is called the aircraft's ceiling. At its ceiling, the aircraft's power plant is producing all possible power, and the airfoils are producing all possible lift just to equal the force of the aircraft's weight. Why? The atmosphere, you will remember, becomes less and less dense as altitude increases. The aircraft's ceiling is that point in the atmosphere where the air is too thin to allow further increase in lift.

   Since weight is a problem to be overcome when we speak of lift, how do we manage the weight problem? First of all, the airplane must be constructed of the lightest-weight materials that can be used according to the type flying for which the airplane is designed. Today, most airplanes are built of metal, with aluminum alloy being used extensively because of its strength and light weight.

   The weight of the load the airplane carries also receives very careful consideration. Each airplane has a total weight limitation called maximum gross weight, above which the airplane is unsafe for flight. It is possible to keep putting luggage or other cargo into an airplane until it is so heavy it will not fly. Since the pilot cannot put the airplane on a scale to make sure it doesn't exceed the maximum gross weight, another approach must be used. This involves computations that were begun during the design and testing of the airplane since the maximum gross weight is established by the manufacturer. Then, as each airplane is completed, it is weighed at the assembly plant and this weight is entered in certain documents (which must remain with the airplane at all times) as the empty weight. Thus, the difference between empty weight and maximum gross weight tells the pilot how much weight can be put in the airplane without overloading. Incidentally, this amount of weight is called useful load.
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Figure 4.6 _Center of gravity and center of lift.





   Where the weight is placed in the airplane is another factor that has a pronounced effect on how well the airplane will fly. This is because the center of gravity (CG) of the airplane must be maintained within certain limits prescribed by the manufacturer. The CG of an aircraft is the point where all of the weight of the aircraft is considered to be located (see figure 4-6). In order for the aircraft to be flown safely, the CG must be kept within certain limits with relationship to the center of lift (CL). The center of lift is the point at which all of the lift on the aircraft is considered to be concentrated. Notice in Figure 4-6 that there is a forward and an aft CG limit. If the CG gets too far forward or too far aft of the CL the aircraft will be out of balance and difficult, if not impossible, to control. 

Section 4.4 - DRAG 
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    Thrust is the force that propels the aircraft forward. Thrust for aircraft is obtained from the different types of engines discussed earlier. An airplane cannot gain altitude or maintain straight and level flight unless its engine is producing enough thrust to propel (pull or push) the airfoils fast enough to produce the needed amount of lift. Without this thrust, the airplane will continue to fly (it will not "drop out of the sky,' as many people think) but its flight becomes a gradual descent toward the ground.

    Without the needed thrust, weight has more influence than lift and pulls the airplane toward the ground. Helping the force of weight is drag. Drag is present at all times and can be defined as the force which opposes thrust, or, better yet, it is the force which opposes all motion through the atmosphere and is parallel to the direction of the relative wind.(See Figure 4-7) 
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   But, what causes drag? It is caused, purely and simply, by the resistance of air. Air, you will remember, is a fluid and has mass. When you stick your hand out of the window of a moving automobile, you do several things. First, you may violate the law in some sections of the country-in addition to possibly getting your hand clipped off by a tree! Second, you experience (or feel) the relative wind created by the car's forward movement. Remember the relative wind? It is the wind moving past an object and the object, in this case, is the car. Your hand, in effect, becomes an extension of the car in experiencing the relative wind. Third, you may possibly create lift. If you arch your hand slightly (you're really giving it some camber), your hand may tend to rise. If you place your hand at a slight angle to the relative wind, the impact air will cause your hand to rise. But fourth and for sure, you will encounter the resistance and experience drag. This drag will tend, then, to push your hand backwards.

    Aircraft in flight encounter the same force as your hand, but aircraft are designed to fly, rather than to do all the things that your hand can do. Aeronautical engineers realize that drag, like the other forces acting on an aircraft in flight, is made up of a number of components. One way to look at the total drag is to divide it up into two fairly broad divisions, induced drag and parasite drag. Let's look at these two, one at a time. 

Section 4.5 - INDUCED DRAG 
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    Induced drag is the unavoidable by-product of lift and increases as the angle of attack increases. Remember, the greater the angle of attack, up to a critical angle, the greater the amount of lift developed and the greater the induced drag. Since there are two different ways that lift is produced, there are also two different types of induced drag: dynamic drag (Newtonian) and pressure drag (Bernoulli).
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   First, let's consider dynamic induced drag, shown in Figure 4-8. If you hold your hand out of the window of a moving car, with the front edge tipped up at an angle to the relative wind to give it an angle of attack, you will feel a force pushing your hand back, but also slightly upward. In other words, depending on the angle of attack, there will be a force backward (induced drag) and a force upward (lift). The amount of force in each direction will depend on the angle of attack. If the angle of attack is small, the drag and lift are comparatively small. Any increase in angle of attack, up to a certain point, will increase drag and lift. However, at very high angles of attack, approaching the stall point, lift will decrease and the drag will overcome lift and thrust with an accompanying loss of speed and attitude. If you were to hold your hand vertical to the relative wind, the only force would be backward; that is, all dynamic drag and no lift.

   Now let's consider pressure-induced drag, which can be divided into the two types. You will remember that the thin layer of air over the upper surface of the wing will break away from the wing at high angles of attack and that the flow will become turbulent as the flow of air breaks away from the wing. This turbulence results in pressure drag and loss of lift. Turbulence and pressure drag also result from the flow of air around the wingtip as the comparatively high-pressure air under the wing flows over the wingtip to the low-pressure area on top of the wing. 

Section 4.6 - PARASITE DRAG 
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    So far, we have discussed only induced drag. There are also skin-friction drag and form drag, which are referred to as parasite drag. All drag other than induced drag is parasite drag.
    Skin-friction drag is caused by the friction between outer surfaces of the aircraft and the air through which it moves. It will be found on all surfaces of the aircraft: wing, tail, engine, landing gear, and fuselage. Form drag is also a resistance to the smooth flow of air. The shape of something may create low-pressure areas and turbulence which retard the forward movement of the aircraft (see figure 4-9). Streamlining the aircraft will help eliminate form drag. Parts of an aircraft which do not lend themselves to streamlining are enclosed either partially or wholly in covers called fairings which have a streamlined shape. 

 Section 5.5 - STALLS
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[image: image134.png]Figure 5.8 Airfoil approaching and entering a stall




   Since stalls are the cause of much concern among student pilots and the nonflying public, we will discuss them here. We mentioned that an airplane must attain flying speed in order to take off. Sufficient airspeed must be maintained in flight to produce enough lift to support the airplane without requiring too large an angle of attack. At a specific angle of attack, called the critical angle of attack, air going over a wing will separate from the wing or "burble" (see figure 5-8 ), causing the wing to lose its lift (stall). The airspeed at which the wing will not support the airplane without exceeding this critical angle of attack is called the stalling speed. This speed will vary with changes in wing configuration (flap position). Excessive load factors caused by sudden maneuvers, steep banks, and wind gusts can also cause the aircraft to exceed the critical angle of attack and thus stall at any airspeed and any attitude. Speeds permitting smooth flow of air over the airfoil and control surfaces must be maintained to control the airplane.

   Flying an airplane, like other skills that are learned, requires practice to remain proficient. Professional pilots for the major airlines, military pilots, and flight instructors all return to the classroom periodically for updating their skills. Good judgment must be exercised by all pilots to ensure the safe and skillful operation of the airplanes they fly. 

Section 6.3 - PROPELLERS
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	   We can say that the propeller is the action end of an aircraft's reciprocating engine, because it converts the useful energy of the engine into thrust as it spins around and around. The propeller has the general shape of a wing, but the camber and chord (curvature and cross-sectional length) of each section of the propeller are different, as shown in Figure 6-4 . The wing provides lift upward, while the propeller provides lift forward. 
	[image: image39.png]Figure 64 Cross section of a propeller.





	   The wing has only one motion which is forward, while the propeller has forward and rotary motion. The path of these two motions is like a corkscrew as the propeller goes through the air (see figure 6-5 ). 

   Like a wing, a propeller blade has a thick leading edge and a thin trailing edge. The blade back is the curved portion and is like the top of a wing. The blade face is comparatively flat and corresponds to the underside of a wing (see figure 6-6 for definitions of blade back and blade face). The blade shank is thick for strength and fits into a hub which is attached to the crankshaft directly or indirectly. The outer end of the blade is called the tip. 
	[image: image40.png]Figure 6-5 Eng view of propeller elements.





	   Blade pitch is loosely defined as the angle made by the chord of the blade and its plane of rotation, as shown in Figure 6-6 . When the angle is great, the propeller is said to have high pitch. A high-pitch propeller will take a bigger bit of air and move the aircraft farther forward in one rotation than will a low-pitch propeller.    Propellers may be classified as to whether the blade pitch is fixed or variable. The demands on the propeller differ according to circumstances. For example, in takeoffs and climbs more power is needed, and this can best be provided by low pitch. For speed at cruising altitude, high pitch will do the best job. A fixed-pitch propeller is a compromise.
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   There are two types of variable-pitch propellers adjustable and controllable. The adjustable propeller's pitch can be changed only by a mechanic to serve a particular purpose-speed or power. The controllable-pitch propeller permits pilots to change pitch to more ideally fit their requirements at the moment. In different aircraft, this is done by electrical or hydraulic means. In modern aircraft, it is done automatically, and the propellers are referred to as constant-speed propellers. As power requirements vary, the pitch automatically changes, keeping the engine and the propeller operating at a constant rpm. If the rpm rate increases, as in a dive, a governor on the hydraulic system changes the blade pitch to a higher angle. This acts as a brake on the crankshaft. If the rpm rate decreases, as in a climb, the blade pitch is lowered and the crankshaft rpm can increase. The constant-speed propeller thus ensures that the pitch is always set at the most efficient angle so that the engine can run at a desired constant rpm regardless of altitude or forward speed.  Click here to see examples of early aviation propellers.

   The constant-speed propellers have a full-feathering capability. Feathering means to turn the blade approximately parallel with the line of flight, thus equalizing the pressure on the face and back of the blade and stopping the propeller. Feathering is necessary if for some reason the propeller is not being driven by the engine and is windmilling, a situation that can damage the engine and increase drag on the aircraft.

   Most controllable-pitch and constant-speed propellers also are capable of being reversed. This is done by rotating the blades to a negative or reverse pitch. Reversible propellers push air forward, reducing the required landing distance as well as reducing wear on tires and brakes. 

Section 6.5 - TURBOFAN ENGINES
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   The turbofan engine has gained popularity for a variety of reasons. As shown in Figure 6-8, one or more rows of compressor blades extend beyond the normal compressor blades. The result is that four times as much air is pulled into the turbofan engine as in the simple turbojet. However, most of this excess air is ducted through bypasses around the power section and out the rear with the exhaust gases. Also, a fan burner permits the burning of additional fuel in the fan airstream. With the burner off, this engine can operate economically and efficiently at low altitudes and low speeds. With the burner on, the thrust is doubled by the burning fuel, and it can operate on high speeds and high altitudes fairly efficiently. The turbofan has greater thrust for takeoff, climbing, and cruising on the same amount of fuel than the conventional turbojet engine.
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   With better all-around performance at a lower ate of fuel consumption, plus less noise resulting from its operation, it is easy to understand why most new jet-powered airplanes are fitted with turbofan engines. This includes military and civilian types. 

Jet Engine Thrust. 

   The force produced by a jet engine is expressed in terms of pounds of thrust. This is a measure of the mass or weight of air moved by an engine times the acceleration of the air as it goes through the engine. Technically, if the aircraft were to stand still and the pressure at the exit plane of the jet engine was the same as the atmospheric pressure, the formula for the jet engine thrust would be:

               weight of air in pounds per second  X velocity

Thrust =  -------------------------------------------------------------- 

           32.2 (normal acceleration due to gravity, in feet per second2) 

   Imagine an aircraft standing still, capable of handling 215 pounds of air per second. Assume the velocity of the exhaust gases to be 1,500 feet per second. The thrust would then be: 

          215 lbs of air per second

Thrust = --------------------------- X 1,500 feet per second= 6.68 X 1,500 = 

            32.2 feet per second2
Thrust = 10,020 lbs

If the pressure at the exit plane is not the same as the atmospheric pressure and the aircraft were not standing still, the formula would be someone different (See Level 3).   

    It is not very practical to try to compare jet engine output in terms of horsepower. As a rule of thumb, however, you might remember that at 375 miles per hour (mph), one pound of thrust equals one horsepower; at 750 mph, one pound of thrust equals two horsepower. 

Section 6.7 - RAMJET ENGINES
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   The ramjet engine is the simplest type of the all-jet engines because it has no moving parts. Figure 6-10 shows a typical arrangement of the parts of a ramjet engine. Note that it may have an internal body that serves to compress the air as it enters the intake.

[image: image45.png]Figure 6-10 Ramiet engine.




   The spray bar injects a mist of fuel into the airstream and the mixture is ignited by a spark. The grill-type flame holder provides a type of barrier to the burning mixture while allowing hot, expanding gases to escape through the exhaust nozzle. The high-pressure air coming into the combustion chamber keeps the burning mixture from effectively reacting toward the intake end of the engine.

   Ramjets will not function until enough air is coming through the intake to create a high-pressure flow. Otherwise, the expanding gases of the burning fuel-air mixture would be expelled from both ends of the engine. As you can see, this would amount to a single explosive reaction. Therefore, the ramjet has to be traveling through the air very fast before it is started. This means that it has to be boosted to the proper speed by some other type of engine.

   In theory, the ramjet engine has no maximum speed; it can keep accelerating indefinitely as long as it stays within the atmosphere. In practice, the ramjet is limited, at this time, to low hypersonic speeds (five times the speed of sound) because atmospheric friction will melt it. The biggest drawback of the ramjet is its high rate of fuel consumption. 

Pratt & Whitney Engines
F117-PW-100 TURBOFAN ENGINE
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Aircraft using this engine (click here)
	Engine Characteristic

	Maximum Thrust (Full Augmentation)
	41,700 pounds (167.3 kN)

	Weight (Specification Maximum)
	7,100 pounds (3,220 kg)

	Length
	146.8 inches (3.73 m)

	Inlet Diameter
	78.5 inches (1.99 m)

	Maximum Diameter
	84.5 inches (2.15 m)

	Bypass Ratio
	5.9 to 1

	Overall Pressure Ratio
	30.8 to 1


 

 

This material is copyrighted to Pratt and Whitney and they retain and reserve all rights to this material.  The use of this material by the ALLSTAR network is with permission of Pratt and Whitney.  The ALLSTAR network's copyright applies to the format used in presenting this material.  Pratt and Whitney should be contacted directly for permission to use this material.

Pratt & Whitney Engines
F100-PW-220/F100-PW-220E TUBOFAN ENGINE
[image: image48.png]



[image: image49.jpg]F100-PW-220/F100-PW-220E TurBOFAN ENGINE

e





Aircraft using this engine (click here)
Aircraft using this engine (click here)
	Engine Characteristic

	Maximum Thrust (Full Augmentation)
	23,770 pounds (105.7 kN)

	Intermediate Thrust (Nonaugmented)
	14,590 pounds (64.9 kN)

	Weight 
	3,2324 pounds (1467 kg)

	Length
	191 in. (4.85 m)

	Inlet Diameter
	34.8 in. (0.88 m)

	Maximum Diameter
	46.5 in. (1. 18 in)

	Bypass Ratio
	0.6

	Overall Pressure Ratio
	25 to 1


 

 

This material is copyrighted to Pratt and Whitney and they retain and reserve all rights to this material.  The use of this material by the ALLSTAR network is with permission of Pratt and Whitney.  The ALLSTAR network's copyright applies to the format used in presenting this material.  Pratt and Whitney should be contacted directly for permission to use this material.

	Introduction


Liquid and solid propellant rocket engines provide the power to boost launch vehicles into space. Figure 1 shows the Space Transportation System (STS) at Solid Rocket Booster (SRB) separation. At liftoff, both the SRBs and the main engines are ignited. When the SRBs have expended the propellant they are jettisoned and the main engine continues to operate and carry the Space Shuttle into orbit.
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A rocket engine produces thrust by combining stored fuel (e.g. gaseous hydrogen, kerosene, solid rubber) and oxidizer (e.g. oxygen, nitrous oxide) at extremely high pressures and temperatures inside a chamber where they are combusted to produce a high velocity flow through a converging/diverging nozzle. [Click here to learn more about rocket propulsion.] This combustion process produces large forces in a wide band of frequencies, where the exact time history cannot be predicted. These types of forces are called "random loads." 
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	At the same time, turbomachinery is required to pump the fuel and oxidizer to the required pressure, and this turbomachinery produces substantial vibrational forces at specific frequencies, which are called "harmonic loads." Both the random and the harmonic loads propagate through every component on the engine and last throughout engine operation.
To design an engine that will survive these loads, the structural dynamics engineer must apply every analysis tool available, including frequency analysis, modal testing, finite element modeling, shock response analysis, random analysis, transient analysis, and fluid/structure interaction. In addition, substantial interaction with other design team members in the areas of rotor dynamics, stress analysis, computational fluid dynamics, and design is also required. For these reasons, structural dynamic analysis of rocket engines is a challenging, well-paid field requiring lifelong learning.


	 
	Turbomachinery


In many structures, the modes of vibration are essentially only used in a mathematical sense to find the response to an arbitrary dynamic loading. In turbomachinery, though, there are large harmonic excitation mechanisms that cause resonant response of individual modes, so the identification, characterization, and analysis of the modes themselves become substantially more important. This makes turbomachinery structural dynamics especially interesting because of its direct, physical application.
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These harmonics occur for two reasons. First, as the rotor spins, there is an unavoidable unbalance in the rotor which causes forces at 1, 2, and 4 times the rotational speed of the rotor. Secondly, the items on the rotor (e.g., turbine blades, inducer blades) cause a rotational flow distortion at very high multiples of the rotor speed. These harmonic forces have caused cracking in items both up and downstream of the flow distortion. 

This phenomenon was first discovered by W. Campbell in a landmark paper in 1910. He published the well-known "Campbell Diagram" which is used in the design of all turbomachinery. An example, shown in Figure 5, is the diagram for the Space Shuttle Main Engine High Pressure Fuel Turbopump turbine blades. The axes of the plot are frequency in hertz vs. engine operating speed in revolutions per minute. The plot indicates resonance by showing where a "triple crossover" occurs between the mode, which for blades is a slightly slanted horizontal line indicating the natural frequency adjusted for temperature (which drops with operating speed), vs. multiples of the operating speed that correspond to the number of up or downstream distortions in the flow field (e.g. the number of stator vanes). Since the distortions do not cause perfectly sinusoidal excitations, multiples of these excitations are also included to qualitatively account for the spectral (frequency) content. These types of excitations have caused cracking in turbines blades for modes above 20,000 Hz, much higher than frequencies generally examined in the structural dynamics world. 
(Click here for more information-"Campbell Diagram") 

In a failure investigation, one of the chief methods for identifying if a modal resonance is the cause of the failure is to compare the crack location with a plot of the normalized "modal stresses," which is identical to a mode shape plot except that the response parameter is stress instead of displacement (see Figure 6). Other important techniques include performing a Fourier decomposition of a computational fluid dynamics (CFD) generated forcing function to identify its harmonic content and therefore which modes could be excited. Finally, many turbomachine components contain axisymmetric structures whose modes can be described by the number of "nodal diameters," or circumferential waves. Campbell, using the principle of orthogonality, showed that these modes can only be excited by an engine rotational order multiple with the same number of waves. The analysis of these structures therefore requires a description of the mode and identification of the mode as a circle on the Campbell diagram rather than a line, which indicates that it can only be excited by one excitation line (i.e., with the same excitation shape) rather than any that cross the line (i.e., that have only the same frequency).
	 
	Combustion Devices 


In addition to the main combustion chamber that feeds the rocket engine nozzle, there are several other combustion devices in a rocket engine. These generally are used to provide the hot gas that drives the turbomachinery. Each of these devices produces a random load that propagates throughout the engine. In addition, a complex fluid/structure interaction phenomena that occurs in the main nozzle due to separation during the start and shutdown transient or during sea-level testing (generally called the "side-load" phenomena) can generate a harmonically shaped forcing function that is tied to the first ovalization mode of the nozzle. This load is so powerful that it has caused failures in tests of numerous engines around the world, most recently in Japan, and must be accounted for in the engine design. The phenomenon is very poorly understood, though, and so it is an area with substantial ongoing research.
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	System Loads 


The random and harmonic drivers specified above can not only cause high dynamic stress in components very close to the driver, but also propagate throughout the rest of the engine both due to mechanical vibration and acoustic noise. Some of the components most affected by these global forces are the many fuel and oxidizer ducts. In order to evaluate the effect of these loads, a system model of the entire engine is created and evaluated against these forces. 
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The methodology to accomplish this, however, has not been optimized. It is especially difficult to obtain accurate "loads" in the design process because the magnitude and frequency of these forces can only be guessed at by comparison with hot-fire testing of previous engines. The generally accepted conservative method has been to apply measured acceleration as "enforced accelerations" onto either specific engine zones one at a time or all at once on the system model and determine the random and harmonic response. This method usually results in stresses much larger than actually experienced, but a rigorous alternative has not yet been determined.
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	Test


As with most complex engineering systems, mathematical simulation and analysis is limited in accuracy by many factors. In addition, the prediction of certain interactions of engine components cannot even be attempted. For these reasons, all engine structural dynamics calculations have to be verified with test. There are several different kinds of testing that are frequently applied. The first is modal testing, which verifies the basic structural dynamic characteristics (natural frequencies and modes) of a structure. This information is used to either verify or improve an existing computer model. A second type of testing is cold-flow subcomponent testing, such as a turbomachinery rig or a sub-scale nozzle air-flow facility. These tests verify the functionality of the component and identify any component-specific problems. 
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The final verification is a full-blown hot-fire test, in which a complete engine is tested on a stand in a complete flight simulation. The hot-fire test is used not only to verify functionality of the entire engine system, but through the use of extensive strain-gage and accelerometer instrumentation, is used to verify the system loads prediction and to update the system model.

Click here to view the Hot-Fire Test of FASTRAC Rocket Engine.
	 
	Conclusion


The study and application of rocket engine dynamics is a demanding yet rewarding field of engineering. A thorough knowledge of all areas of structural dynamics, from finite element modeling to spectral and signal analysis, is required to ensure that components in the engine do not fail due to the large dynamic environment. In addition, accurate yet not over-conservative calculations are necessary since weight is a critical item for any space vehicle component. Tremendous awards await successful analysis, though, as there's nothing like seeing one's work pay off in a fury of "fire and smoke." 
Contributed by: Andrew M. Brown, Ph.D
NASA Marshall Space Flight Center 
http://www.engineering.wright.edu/~jslater/SDTCOutreachWebsite/vibrationrocketeng.htm
	Solid








Solid rocket propellants differ from liquid propellants in that the oxidiser and fuel are embedded or bound together in a solid compound that is cast into the rocket motor casing. They began with black powder rockets in medieval times, progressed through double base propellants in the early 1900's, and finally achieved high performance as composite propellants from the 1940's. Composite motors were developed to a high degree of perfection in the United States in the 1950's and 1960's. In Russia, due to a lack of technical leadership and rail handling problems, serious use of composite propellants did not begin until the 1960's, and then primarily for military rockets. The detailed chemistry and development of solid propellants is provided by Andre Bedard in the following separate articles: 

· Black Powder Solid Propellants 

· Double Base Solid Propellants 

· Composite Solid Propellants 

· Propellant Tables 

The following summarises the development of solid rocket propellants very briefly. 

Solid propellant rockets, using black powder as the propellant, were introduced by the Chinese in the early 13th century. The next significant event occurred in the late 17th and 18th centuries when the development of nitro-cellulose, nitro-glycerine, cordite, and dynamite resulted in their consideration as a rocket propellant. Immediately before World War I, the French used nitro-cellulose as a propellant for artillery rockets. 

In 1936, Dr. Theodore von Karman, and his associates at Caltech began a program that resulted in the first composite propellants using an organic matrix (asphalt) and an inorganic oxidiser (potassium perchlorate). Their work also covered the beginnings of understanding the associated interior ballistics, combustion, ignition, and related structural/materials issues. This was the start of modern solid propellant rocketry. Composite propellants virtually replaced double base propellants (based on mixtures of nitro-cellulose and nitro-glycerine) in most applications. 

Following World War II many companies and agencies began propellant development programs involving a wide variety of oxidisers, fuels (binders) and processing methods. In this era, improvements in performance (quantified as specific impulse) were largely achieved by increasing oxidiser loading. Most of the binders were supplied by the rapidly expanding plastics industry. 

The ever increasing number of potential missile programs resulted in growing pressure to provide other propellants that had improvements in terms of: performance, structural properties (strength, stability, impact resistance) thermal characteristics (temperature range, cycling), processing, cost, safety, quality, and reliability. In the early 1950s, Atlantic Research invented the use of up to 15 percent powdered aluminium to replace a like amount of oxidiser - giving a performance gain of about 15 percent. Propellant researchers began to understand the complete chemistry of solid propellants, and the need for molecular chain extensions and cross linking of the binders became apparent. The invention of bonding agents (as part of the fuel) greatly improved not only the mechanical properties, but also the resistance to ageing, humidity, and temperature cycling. 

Two mainstream composite propellant/binder families emerged (Polyurethane and Polybutadiene), but these were accompanied by a large number of variations and evolutionary products. In addition, there were numerous associated/alternative formulations and concepts tailored to specific missile program requirements. Included among them were: Nitro-polymers, Fluorine based propellants, Beryllium additives, etc. At the same time double base propellants (based on mixtures of nitro-cellulose and nitro-glycerine) continued to evolve and compete. When double base propellants were used to replace conventional binders this resulted in the highest values of specific impulse ever attained. 

Aerojet initially concentrated on Polyurethane (PU), and Thiokol favoured Polybutadiene (PB). Thiokol's work included PBAA, a copolymer of Butadiene and Acrylic Acid. This was replaced by PBAN, a terpolymer including Acrylic Acid and Acrylonitrile. Aerojet also conducted considerable development effort in this area, and PBAN was used in Aerojet's 260" space booster. 

Several other companies also worked in these and other related areas. For example Phillips Petroleum with Rocketdyne developed Carboxy Terminated Polybutadiene (CTPB) using both a Lithium initiated polymerisation, and a free radical type. These propellants were widely used, but were later overtaken by Hydroxyl Terminated Butadiene (HTBD). By the 1990's Aerojet favoured HTBD and formulations thereof including double base binders. 

In addition to the binder evolution, there was a variety of oxidisers to choose from: ammonium and potassium nitrates, perchlorates, and picrates. Perchlorates were generally favoured, but later environmental concerns were expressed at the amount of chlorine compounds (mainly hydrochloric acid) emitted into the atmosphere. One possible solution was the use of a hybrid (liquid and solid) system with a PBAN or similar grain and liquid oxygen as the oxidiser. This also provided a substantial cost saving, and allowed thrust variation and control features that were otherwise not easily achieved. 

Paralleling the propellant formulation was development in the design of the propellant grain shape. In most asphalt rockets, the propellant was simply cast into the cylindrical motor chambers (or in some cases into a thin metal jacket which was then inserted into the chamber). Burning occurred only on the exposed aft end of the propellant, resulting in a constant level of thrust. The Aeroplex and other free-standing, rigid cylindrical grains (burning on the inner diameter and outer diameter.) also produced a constant thrust/time curve, because the increase in internal burning surface area just matched the decreasing external surface area. 

Case-bonded propellants called for a different configuration of the burning surface. The outside of the propellant was bonded to the chamber and protected it from the hot gases. A simple cylindrical perforation down the centre of the grain would produce a steadily increasing pressure and thrust from very low at start to very high at completion of burning. The solution was to use a central star shaped perforation, which could produce an essentially flat thrust/time curve. The perforation was accomplished by casting the propellant around a core of the desired shape, which was removed after the propellant was completely cured. The tapered rays of the star provided an initial large burning surface, which decreased as the points burned away. Variations in the core geometry allowed a wide range of thrust/time characteristics, to match overall missile requirements. 

Additional variations could be achieved by longitudinal variations in the core size and shape, as well as by casting layers of propellant having different characteristics. This latter concept was used for many tactical missiles requiring a boost/sustain thrust curve. For years, grain design was performed by manual geometric manipulation, but computer aided design greatly simplified the task. 

The earliest production process for asphalt propellant was actually to hand-stir the ground oxidiser into the heated asphalt. Quality control and consistency were highly questionable, and the safety aspects were in hindsight, terrifying. The immediate solution was to use commercial bread dough mixers in steadily increasing size and robustness. For the more viscous propellant families, much more sturdy mixers were adapted from the tire industry. In addition, the commercially available oxidisers required grinding to achieve the desired fine grain sizes and grain size distribution. 

Following fatal accidents in both propellant mixing (asphalt) and oxidiser grinding (potassium perchlorate), production processes were improved to include remote operation, modern instrumentation and control, and a host of other subsystems which significantly improved safety, versatility, and consistency. 

The disadvantages of solid propellants in space applications include: 

· Slightly higher empty mass for the rocket stage 

· Slightly lower performance than storable liquid propellants 

· Transportability issues: Solid propellants are cast into the motor in the factory, unlike liquid fuel rockets which can be fuelled at the launch pad. This means they have to either be: 1) limited in size to be transportable (as for the Delta and Ariane strap-on motors); 2) cast in segments, with the segments assembled at the launch base (as for Titan and the Space Shuttle); or 3) cast in a factory near the launch site (actually done for large test motors intended for Saturn V upgrades). 

· Once ignited, they cannot be easily shut down or throttled. Thereafter they have to be pre-cast or milled out for a specific mission. 

· Often catastrophic results in the event of a failure

Advantages of solid rocket motors, many of which make them ideal for military applications: 

· High density and low volume 

· Nearly indefinite storage life 

· Instant ignition without fuelling operations 

· High reliability



Progressive Development of Large Solid Rocket Motors 

In the United States: 

· Early 1950's: Hermes/ Sergeant (Army): 32 inch 

· March 1956: Polaris (Navy): 54 inch 

· Late 1950's: Minuteman (Air Force): 65 inch (Thiokol) 

· 1960-1963: USAF space development program - 86, 96, 100, 120 inch test motors 

· Early 1960's: Titan 3 (DoD/NASA) - 120 inch (UTC) 

· 1963-1965: Moon program (DoD/NASA) for Nova/Saturn vehicles 

· 44 inch (Aerojet), 65 (Thiokol), 120 inch (Aerojet) subscale motors 

· 156 inch (Lockheed and Thiokol), 260 inch (Thiokol and Aerojet) PBAN full scale motors. 

· Early 1970's: Shuttle - 146 inch PBAN 

· 1990's: Titan 4B USRM - 126 inch HTPB 







Fuel: Solid. Fuel Density: 1.35 g/cc. 

Solid propellants have the fuel and oxidiser embedded in a rubbery matrix. They were developed to a high degree of perfection in the United States in the 1950's and 1960's. In Russia, development was slower, due to a lack of technical leadership in the area and rail handling problems. The disadvantages of solid propellants include: 

· Slightly higher empty mass for the rocket stage 

· Slightly lower performance than storable liquid propellants 

· Transportability issues: Solid propellants are cast into the motor in the factory, unlike liquid fuel rockets which can be fueled at the launch pad. This means they have to either be: 1) limited in size to be transportable (as for the Delta and Ariane strap-on motors); 2) cast in segments, with the segments assembled at the launch base (as for Titan and the Space Shuttle); or 3) cast in a factory at the launch site (actually done for large test motors intended for Saturn V upgrades). 

· Once ignited, they cannot be easily shut down or throttled. Thereafter they have to be pre-cast or milled out for a specific mission. 

· Nearly always catastrophic results in the event of a failure

Advantages of solid rocket motors, many of which make them ideal for military applications: 

· High density and low volume 

· Nearly indefinite storage life 

· Instant ignition without fuelling operations 

· High reliability

Engines Using Solid 

	Eng-engineslink
	Thrust(vac)-kgf
	Thrust(vac)-kN
	Isp-sec
	Isp (sea level)-sec
	Designed for
	Status

	15D305 
	1
	0.01
	 
	 
	First Stages
	Out of Production

	Star 5A 
	17
	 
	250
	 
	Upper Stages
	In Production

	NOTS-4 
	72
	0.70
	250
	204
	Upper Stages
	Out of Production

	Star 5C/CB 
	199
	 
	266
	 
	Upper Stages
	In Production

	Star 5CB 
	203
	2.00
	 
	 
	Upper Stages
	In Production

	Star 5C 
	208
	 
	 
	 
	Upper Stages
	Out of Production

	NOTS-3 
	231
	2.26
	250
	204
	Upper Stages
	Out of Production

	Star 6B 
	256
	 
	273
	 
	Upper Stages
	In Production

	Star 10 
	342
	 
	251
	 
	Upper Stages
	In Production

	Star 13 
	387
	3.80
	273
	 
	Upper Stages
	Out of Production

	PRD-22 
	400
	3.92
	 
	 
	First Stages
	Out of Production

	Martlet 4-3 
	550
	5.39
	300
	210
	Upper Stages
	Study 1962

	Star 12 
	567
	 
	252
	 
	Upper Stages
	In Production

	Star 13A 
	599
	 
	287
	 
	Upper Stages
	In Production

	Sergeant 
	680
	6.66
	235
	214
	Upper Stages
	Out of Production

	Star 12A 
	739
	 
	270
	 
	Upper Stages
	In Production

	Star 13B 
	775
	 
	286
	 
	Upper Stages
	Out of Production

	MIHT-4 
	1,000
	9.80
	295
	 
	Upper Stages
	In Production

	Star 17 
	1,116
	19.60
	286
	220
	Upper Stages
	In Production

	GCRC 
	1,179
	11.60
	230
	210
	Upper Stages
	Out of Production

	X-248 
	1,270
	12.40
	256
	233
	Upper Stages
	Out of Production

	X-248A 
	1,406
	13.80
	255
	232
	Upper Stages
	Out of Production

	Kartukov LL 
	1,500
	14.70
	 
	 
	First Stages
	Developed 1946-48

	Star 17A 
	1,633
	 
	287
	 
	Upper Stages
	In Production

	Star 24 
	1,891
	20.00
	283
	 
	Upper Stages
	In Production

	Mage 1 
	1,978
	19.40
	295
	220
	Upper Stages
	Out of Production

	Martlet 4-2 
	2,100
	20.60
	300
	210
	Upper Stages
	Study 1962

	Star 24C 
	2,189
	 
	282
	 
	Upper Stages
	In Production

	X-258 
	2,268
	22.20
	266
	242
	Upper Stages
	Out of Production

	Star 20B 
	2,495
	 
	289
	 
	Upper Stages
	In Production

	SPRD-99 
	2,500
	24.50
	 
	 
	First Stages
	Out of Production

	FW4-D 
	2,549
	25.00
	287
	250
	Upper Stages
	Out of Production

	Star 27 
	2,726
	27.00
	288
	 
	Upper Stages
	In Production

	SLV-4 
	2,736
	26.80
	283
	60
	Upper Stages
	In Production

	Star 30BP 
	2,753
	27.00
	292
	 
	Upper Stages
	In Production

	Star 20 
	2,767
	 
	287
	 
	Upper Stages
	In Production

	FW-4S,TEM640 
	2,800
	27.40
	280
	255
	Upper Stages
	Out of Production

	GF-02 
	2,957
	29.00
	230
	200
	Upper Stages
	Out of Production

	P6 
	3,000
	29.40
	211
	211
	Upper Stages
	Out of Production

	Iris 
	3,000
	29.40
	291
	115
	Upper Stages
	Out of Production

	Black Arrow-3 
	3,000
	29.40
	278
	245
	Upper Stages
	Out of Production

	Star 30C 
	3,329
	1,647.00
	287
	 
	Upper Stages
	In Production

	Star 26 
	3,402
	39.10
	271
	220
	Upper Stages
	In Production

	Pegasus-3 
	3,525
	34.60
	287
	 
	Upper Stages
	In Production

	Star 26B 
	3,531
	 
	272
	 
	Upper Stages
	In Production

	Star 26C 
	3,570
	 
	272
	 
	Upper Stages
	In Production

	Star 30E 
	3,608
	1,780.00
	291
	 
	Upper Stages
	In Production

	Star 37XFP 
	3,878
	31.50
	290
	 
	Upper Stages
	In Production

	Star 37 
	4,441
	43.50
	260
	220
	Upper Stages
	Out of Production

	Mage 2 
	4,638
	45.50
	293
	 
	Upper Stages
	Out of Production

	Star 37FM 
	4,819
	47.90
	290
	 
	Upper Stages
	In Production

	Star 37X 
	5,216
	51.10
	296
	230
	Upper Stages
	Out of Production

	M-V-4 
	5,300
	52.00
	298
	 
	Upper Stages
	In Production

	RSA-3-3 
	5,300
	51.00
	292
	 
	Upper Stages
	Out of Production

	NOTS-1 
	5,441
	53.40
	204
	204
	First Stages
	Out of Production

	X-254 
	6,169
	60.50
	256
	233
	Upper Stages
	Out of Production

	Star 48 
	6,848
	67.20
	287
	 
	Upper Stages
	Out of Production

	Martlet 4-1 
	6,900
	67.70
	300
	210
	First Stages
	Study 1962

	Star 48A s 
	7,863
	 
	283
	 
	Upper Stages
	In Production

	Star 48B s 
	7,863
	 
	286
	 
	Upper Stages
	In Production

	UM-129A 
	7,900
	77.50
	291
	220
	Upper Stages
	In Production

	H-1-3 
	7,900
	77.00
	291
	220
	Upper Stages
	Out of Production

	SRM-2 
	7,996
	78.40
	304
	200
	Upper Stages
	In Production

	Star 48B 
	8,044
	66.00
	286
	 
	Upper Stages
	In Production

	X-259A 
	8,239
	80.80
	295
	 
	Upper Stages
	Out of Production

	Star 31 
	8,391
	80.00
	294
	 
	Upper Stages
	In Production

	Star 63D 
	8,641
	 
	283
	 
	Upper Stages
	In Production

	SLV-3 
	9,249
	90.70
	277
	190
	Upper Stages
	In Production

	X-259 
	9,493
	93.10
	293
	233
	Upper Stages
	Out of Production

	Star 63F 
	10,669
	 
	297
	 
	Upper Stages
	In Production

	Star 63 
	10,931
	107.20
	282
	 
	Upper Stages
	In Production

	Pegasus-2 
	12,053
	118.20
	290
	 
	Upper Stages
	In Production

	M-3B-J 
	13,469
	132.10
	294
	 
	Upper Stages
	Developed 1995-

	M-3B-Mu 
	13,472
	132.10
	294
	 
	Upper Stages
	In Production

	Pegasus XL-2 
	15,653
	153.50
	290
	240
	Upper Stages
	In Production

	Kartukov Soyuz T - TM SAS 17k 
	17,500
	171.00
	 
	 
	First Stages
	In Production

	EPKM 
	18,000
	 
	292
	 
	Upper Stages
	Hardware

	P4 
	18,000
	176.50
	273
	240
	Upper Stages
	Out of Production

	Kartukov P-5 
	18,300
	179.00
	 
	 
	First Stages
	Out of Production

	SRM-1 
	18,508
	181.50
	296
	115
	Upper Stages
	In Production

	Star 75 
	20,511
	242.80
	288
	 
	Upper Stages
	In Production

	M56A-1 
	23,300
	228.50
	297
	270
	Upper Stages
	Out of Production

	MIHT-3 
	25,000
	245.20
	280
	220
	Upper Stages
	In Production

	TX-354-3 
	26,402
	258.90
	262
	232
	First Stages
	In Production

	SLV-2 
	27,227
	267.00
	267
	216
	Upper Stages
	In Production

	M33-20-4 
	29,164
	286.00
	247
	232
	First Stages
	Out of Production

	SPRD-30 
	30,000
	294.00
	 
	 
	First Stages
	Out of Production

	Kartukov P-35 
	30,000
	294.00
	 
	 
	First Stages
	Out of Production

	M34 
	30,000
	294.20
	301
	 
	Upper Stages
	In Production

	SB-735 
	33,430
	327.80
	263
	238
	First Stages
	In Production

	PSLV-3 
	33,519
	328.70
	291
	160
	Upper Stages
	In Production

	S-44 
	33,900
	332.40
	282
	 
	Upper Stages
	In Production

	PRD-15 
	40,000
	392.00
	 
	 
	First Stages
	Out of Production

	SPRD-15 
	41,000
	402.00
	 
	 
	First Stages
	Out of Production

	Castor 4 
	41,524
	407.20
	261
	228
	First Stages
	Out of Production

	Castor 4BXL 
	43,746
	429.00
	267
	 
	Upper Stages
	In Production

	Castor 4B 
	43,910
	430.60
	281
	220
	Upper Stages
	In Production

	Algol 3A 
	47,387
	464.70
	259
	226
	First Stages
	In Production

	Algol 1 
	48,022
	470.90
	236
	214
	First Stages
	Out of Production

	Algol 3 
	48,121
	471.90
	284
	238
	First Stages
	In Production

	Castor 4A 
	48,774
	478.30
	266
	237
	First Stages
	In Production

	Pegasus-1 
	49,447
	484.90
	285
	180
	First Stages
	In Production

	MIHT-2 
	50,000
	490.30
	280
	220
	Upper Stages
	In Production

	GEM 40 
	50,905
	499.20
	274
	245
	First Stages
	In Production

	RSA-3-1 
	51,000
	500.00
	273
	230
	First Stages
	Out of Production

	SLV-1 
	51,251
	502.60
	253
	229
	First Stages
	In Production

	RSA-3-2 
	53,000
	519.00
	284
	220
	Upper Stages
	Developed -1995

	M-23-Mu 
	53,433
	524.00
	285
	220
	Upper Stages
	In Production

	M-23-J 
	53,515
	524.80
	282
	 
	Upper Stages
	Developed 1995-

	Algol 2 
	57,537
	564.20
	255
	232
	First Stages
	Out of Production

	Pegasus XL-1 
	60,062
	589.00
	293
	180
	First Stages
	In Production

	Castor 4AXL 
	61,164
	599.80
	269
	 
	Upper Stages
	In Production

	GEM 46 
	62,000
	608.10
	274
	242
	First Stages
	In Production

	RSA-4-2 
	69,000
	676.00
	275
	220
	Upper Stages
	Out of Production

	SPB 7.35 
	70,360
	690.00
	263
	240
	First Stages
	Out of Production

	P9.5 
	70,360
	690.00
	263
	240
	First Stages
	In Production

	Kartukov Soyuz T - TM SAS 73k 
	73,000
	715.00
	 
	 
	First Stages
	In Production

	LK-1 
	79,000
	 
	272
	250
	Lower Stages
	Development

	PRD-52 
	80,000
	784.00
	 
	 
	First Stages
	Out of Production

	Kartukov Soyuz SAS 
	80,100
	785.00
	 
	 
	First Stages
	Out of Production

	M55/TX-55/Tu-122 
	80,700
	792.00
	262
	237
	First Stages
	Out of Production

	GEM 60 
	86,830
	851.50
	275
	245
	First Stages
	In Production

	MIHT-1 
	100,000
	980.60
	263
	238
	First Stages
	In Production

	M24 
	126,984
	1,245.30
	288
	203
	Upper Stages
	In Production

	M-13 
	128,731
	1,262.40
	263
	238
	First Stages
	In Production

	RSA-4-1 
	155,000
	1,520.00
	263
	238
	First Stages
	Out of Production

	H-2-0 
	157,036
	1,540.00
	273
	237
	First Stages
	In Production

	H-2/J-1-1 
	158,730
	1,556.60
	273
	248
	First Stages
	In Production

	Castor 120 
	168,000
	1,650.00
	280
	229
	First Stages
	In Production

	S-40TM 
	212,500
	2,083.90
	272
	204
	Upper Stages
	In Production

	Peackeeper-1 
	224,796
	2,204.40
	282
	250
	First Stages
	In Production

	Peacekeeper 1 
	224,796
	2,204.50
	282
	250
	First Stages
	In Production

	SRB-A 
	230,000
	 
	280
	 
	First Stages
	In Development

	S-43 
	309,000
	3,030.20
	265
	225
	First Stages
	In Production

	S-43TM 
	327,000
	3,206.70
	276
	170
	Upper Stages
	In Production

	M14 
	385,488
	3,780.30
	276
	246
	First Stages
	In Production

	PSLV-1 
	495,590
	4,860.00
	264
	237
	First Stages
	In Production

	UA1205 
	596,474
	5,849.30
	263
	238
	First Stages
	Out of Production

	UA1206 
	634,977
	6,226.90
	265
	240
	First Stages
	Out of Production

	P230 
	660,000
	6,472.30
	286
	259
	First Stages
	In Production

	UA1207 
	725,732
	7,116.90
	272
	245
	First Stages
	In Production

	USRM 
	770,975
	7,560.50
	286
	259
	First Stages
	In Production

	UA-156 
	910,044
	8,924.30
	263
	238
	First Stages
	Developed to 1966

	AJ-260-1/3 
	1,030,455
	10,105.00
	275
	 
	First Stages
	Design concept 1960's

	200 inch solid, segment x 4 
	1,134,000
	11,120.00
	285
	 
	Upper Stages
	Study, NASA, 1960

	AJ-260X 1/3 
	1,136,300
	11,143.00
	263
	238
	First Stages
	Design concept 1960's

	SRB 
	1,174,713
	11,519.80
	269
	237
	First Stages
	In Production

	Redesigned SRM 
	1,174,736
	11,520.00
	269
	 
	First Stages
	In Production

	Thiokol 156 
	1,503,716
	14,746.10
	263
	238
	First Stages
	Developed to 1966

	Hercules 
	1,587,302
	15,565.80
	286
	259
	First Stages
	Developed 1995-

	AJ-260-2 
	1,804,460
	17,695.30
	263
	238
	First Stages
	Developed to 1966

	200 inch solid, segment x 6 
	2,857,000
	28,017.00
	263
	238
	First Stages
	Out of Production

	AJ-260X 
	3,608,918
	35,390.70
	263
	238
	First Stages
	Developed to 1966

	280 inch solid 
	4,712,000
	46,208.00
	265
	238
	First Stages
	Study 1963

	300 inch solid 
	6,485,000
	63,595.00
	263
	234
	First Stages
	Study 1963

	325 in solid 
	7,041,000
	69,047.00
	263
	238
	First Stages
	Study General Dynamics 1963
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by Andre Bedard 

Solid propellants of the composite type contain separate fuel (or reducer, chemically) and oxidiser (in a separate compound) intimately mixed. While generally not considered as composite, black powder was in fact the oldest composite propellant. Before 1940 black powder, in common use, was nearly synonymous with the words 'rocket motor'. 

Black powder technically should not be called gunpowder because its use in rockets preceded that in guns. The ingredients are charcoal, sulphur, and saltpetre (potassium nitrate). These three ingredients were known in China for many centuries, however, before they were combined into black powder. Charcoal was known from the earliest times, and sulphur and saltpetre at least since the sixth century AD, and probably as far back as the first century BC That the saltpetre is definitely of Chinese origin is indicated by the names given to this material by the Arabs, who called it "Chinese snow", and the Persians, who called it "salt from China". 

By 1045, just twenty-one years before William the Conqueror invaded Saxon England, the Chinese were well acquainted with black powder. The Wu-ching Tsung-yao (Complete Compendium of Military Classics) published that year, contained many references to the subject. 

In black powder, saltpetre (potassium nitrate- KNO3) is the oxidiser, while sulphur (S), and charcoal (mainly carbon- C) are the fuel. But, depending on the percentage of each ingredient, sulphur may also act as an oxidiser for potassium in the reaction: 2KNO3 + S + 3C = K2S + N2 + 3CO2. 

Some early black powder formulae: 

· Saltpeter + sulphur + acacia seeds. 

· 1 chin 14 ounces of sulphur, together with 2 1/2 chin of saltpetre, 5 ounces of charcoal, 2 1/2 ounces of pitch, and 2 1/2 ounces of dried varnish are powdered and mixed. Next, 2 ounces of dried plant material, 5 ounces of tung oil, and 2 1/2 ounces of wax are also mixed to form a paste. Then these ingredients are all mixed together, and slowly stirred, The mixture is then wrapped in a parcel with five layers of paper, which is fastened with hempen thread, and some melted pitch and wax and is put on the surface. 

It was in the early thirteenth century that man turned toy fireworks into weapons of war. The first recorded use of rockets as military weapons was in defence of Kai Fung Fu, China, in 1232. The Chinese "arrows of fire" were fired from a sort of crude rack-type launcher. The black powder was packed in a closed tube (probably bamboo) that had a hole in one end for the escaping hot gases, and a long stick as an elementary guidance (or stabilisation) system. 

Black powder had a very low specific impulse. About 1280 AD, Arab military men, referring to the propulsive ability of black powder, suggested improvements over the simple Chinese skyrocket. One interesting innovation was what might be best described as an air squid or travelling land mine; it could scurry across land in the manner of a squid through water. 

By about 1400 when rocketry became of commercial importance throughout Europe and especially in Italy- where perhaps the greatest designers of pyrotechnics were found. The use of fireworks for all sorts of celebrations created a major market for the manufacture of large quantities of rockets. This spread throughout Europe and reached its zenith during the middle of the eighteenth century. 

One of the earliest technical publication on rocketry, the Treatise Upon Several Kinds of War-Fireworks, appeared in France in 1561. The treatise made a critical analysis of the rockets used in earlier military campaigns. A recommendation was made to substitute varnished leather cases for the commonly accepted paper and bamboo ones. There is no evidence that this suggestion was followed by later rocketeers. 

Refinements in rocket design came faster over the next few hundred years, at least on paper. In 1591, some three hundred years before Goddard, a Belgian, Jean Beavie, described and sketched the important idea of multistage rockets. Multistaging, placing two or more pockets in line and firing them in step fashion, is the practical answer to the problem of escaping earth's gravitational attraction. An even earlier forerunner was Conrad Haas, chief of the artillery arsenal in Sibiu, Romania, between 1529 and 1569. 

By 1600, rockets were being used in various parts of Europe against cavalry, foreshadowing the modern antitank hand weapon, the bazooka of World War II and Korean fame. Later, in 1630, a paper was written describing exploding aerial rockets which created an effect similar to that of the twentieth-century shrapnel shell. By 1688, rockets weighing over 120 pounds had been built and fired with success in Germany. These German rockets, carrying 16- pound warheads, used wooden powder cases reinforced with linen. 

Toward the end of the eighteenth century a London lawyer, Sir William Congreve, became fascinated by the challenge of improving rockets. He made extensive experimentation with propellants and case design. His systematic approach to the problem resulted in improved range, guidance (stabilisation), and incendiary capabilities. The British armed forces used Congreve's new rockets to great advantage during the Napoleonic Wars. 

When Congreve died in 1828, his applied engineering and dedication had already resulted in several technological advances. In addition to fortified cases, new propellants, and incendiaries, Congreve developed stabilising fins that provided rocketeer with effective stabilised rockets. Congreve rockets were built in weights of 18, 24, 32, 42, 100, and 300 pounds (8, 11, 15, 19, 45, and 136 kg). 

In 1906, Alfred Maul successfully took aerial photographs by attaching a camera to a black powder rocket (thereby creating the first instrumented sounding rocket). 

During World War I, Le Prieur black powder rockets were sometimes fired from French and British biplanes or from the ground against German captive balloons. Otherwise, military rockets could not compete in range or accuracy with artillery of the day. 

In United States, beginning in 1915, many tests were conducted, by Goddard, with rockets using black powder. 

In early June 1927, rocket and space enthusiasts in Germany founded the Verein fuer Raumschiffahrt (Society for Space Travel). Some members experimented with black powder rockets. 

Automobile manufacturer Fritz von Opel piloted his own rocket glider, Opel Rak.2, in tests near Frankfurt on 30 September 1928. Its 16 rockets, each producing 50 pounds of thrust, were build by Friedrich Sander a pyrotechnics specialist. The propulsion system combining high-thrust, fast-burning powder rockets for initial acceleration with lower-thrust, slower-burning rockets to sustain velocity. 

Opel approached Alexander M. Lippisch, a young designer working at the Rhon-Rossitten-Gesellschaft, who had already displayed a penchant for the unorthodox in airplane configuration, with the proposal that he, too, design a glider for rocket power. 

Max Valier and Alexander Sander also succeeded in arousing enthusiasm for rocket propulsion in a twenty- seven-year-old aircraft designer, Gottlop Espenlaub. His E 15 tail-less design was of interest as a rocketplane. 

On 11 June, Fritz Stamer effected the first rocket- propelled flight in Lippish's glider. The glider had been dubbed Ente, or Duck. That lead later to the Lippish's Komet - the Messerschmitt Me 163, liquid rocket manned interceptor. 

Reinhold Tiling launched a black-powder rocket from Osnabruck in 1931. It rose to a height of 2.5 miles. 

Gerhard Zucker envisioned rocket mail service across the English Channel. The longest shot he attempted was from Harris to Scarp, in western Scotland, on 31 July 1934. But the rocket blew up before takeoff. 

In 1939 researchers at the California Institute of Technology in California, seeking to develop a high performance solid rocket motor to assist aircraft takeoff, combined black powder with common road asphalt to produce the first true composite motor. This was the birth of the true composite motor and marked the end of the use of black powder in major rocketry applications. 
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by Andre Bedard 

Double-base solid propellants consist mainly of fibrous nitro-cellulose and a gelatiniser, or plasticiser, such as nitro-glycerine or a similar compound (ethylene glycol dinitrate), each containing oxygen and fuel in the same compound. The term double-base originated from the application of these mixtures as gun propellants. They contained two active constituents, and this name distinguished them from the "single base" smokeless powders which utilised either nitro-cellulose (gun cotton) or nitro-glycerine singly as the active constituent. 

The first double-base propellant was made by Alfred Nobel in 1888, and was used as a smokeless powder. In such propellants, a high nitro-glycerine content tends to increase the energy and burning rate; a high nitro-cellulose content helps to impart a strength to the propellant. The first experiments with double-base smokeless powders as rocket propellant seem to have been made by Goddard in 1918 and by F W Sander in Germany around 1935. The results did not appear to be very promising. 

Walter Dornberger, Chief of German rocketry reported: "In 1930.... I got the order to make military weapons out of solid rockets, using, if possible, smokeless powder. This was to be accomplished in military facilities... These solid rocket weapons were ready for mass production as early as 1934". 

In Russia, N I Tikhomirov and I P Grave independently proposed to use smokeless powder in rockets before World War I, but these proposals received no official support. After 1917 the attitude changed sharply. Even during the Civil War, engineers N I Tikhomirov and V A Artem'ev started work on the design of smokeless powder rocket and in 1921 a special laboratory was set up for these studies in Moscow. They became convinced of the necessity of creating a special, slow-burning rocket powder. In 1924, O.G. Filippov and S.A. Serikov, pyrotechnic specialists working at the Artillery Academy then located in Leningrad, developed a formula for a new type of powder based on a non-volatile solvent: 76.5% by weight of nitro-cellulose, 23% TNT, and 0.5% centralite to retard burning. It was called "PTP", i.e. Pyroxyline TNT Powder. By 1928-29, the work conducted in the Artillery Academy permitted development of a semi-production technique for preparing the PTP. A rocket was designed using these solid charges and it was successfully tested on March 3, 1928. In 1929 the basic 24mm solid charges made from PTP, which were prepared in the laboratory shops in great quantities, were selected as the standard in Gas Dynamics Laboratory, the new formed GDL. Therefore, on this standard engineers developed three basic sizes of scaled-up rocket chambers of 68, 82, and 132mm calibre. The latter two subsequently became the basic calibre of Soviet rockets for decades: the RS-82 and the RS-132, later named "Katyusha". An 82mm Jet-Assisted Takeoff rocket was flight tested on the Y-1 and TB-1 aircraft in 1932-33. 

In the USSR after World War II, 0.5 ton, 300-400mm rocket motor charges of double-base ballistite were produced for various rockets and missiles. In 1959 the NII-125 (now NPO Soyuz of Liouberetsky) suggested to build ballistite charges of 4 to 5 tons, 1 meter in diameter and 5 to 6 meters long. Korolev then begin to study the RT-1/8K95 predecessor of the RT-2/8K98 ICBM (alias SS-13 Savage) with 4 X 800mm charges of ballistite as the first stage. The fibreglass cluster produced 100 tons of thrust for 30 seconds. But flight tests of the RT-1 from April 1962 to June 1963 at Kapustin Yar were not very successful. The project was cancelled. 

In Great Britain, in December 1934 Alvyn Douglas Crow, Director of Ballistic Research at the Woolwich Royal Arsenal, proposed to Sir Hugh Elles, Master of General Ordnance, that the British begin to investigate the possibilities of developing rocket weapons powered by smokeless cordite powder of the unrestricted burning type. Work began in May 1935 and by the summer of 1936 encouraging advances in technique had been achieved. Ultimately Crow headed Britain' wartime rocket program. 

In the United States, Parsons and Forman of GALCIT (Guggenheim Aeronautical Laboratory, California Institute of Technology) in 1938 built and tested a smokeless powder constant-volume combustion motor similar to the one that had been used by Goddard. They concluded after these tests that the mechanical complications of constructing an engine using successive impulses to obtain thrust duration of over 10 seconds was impractical. During 1939 and 1940, various mixtures of smokeless powder with black powder (the first double-base/composite propellant) were tested. Most of the tests ended in an explosion. There were those who were convinced that the combustion process of a restricted burning charge in a rocket motor was basically unstable. 
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In 1917-1918, while studying for his master's degree under A.G. Webster at Clark University, Clarence N. Hickman had met Goddard. Acting upon the suggestion of L.T.E. Thompson, Webster's assistant, Goddard sought Hickman's aid in solving some mechanical problems, with the result that the two worked together during World War I in California, and later at the Aberdeen Proving Ground in Maryland (where Goddard developed a prototype of the Bazooka). After the war Goddard, Thompson, and Hickman continued their association (1920-23). During World War II, the United States rocket program was under the direction of Division A (later 3) of the National Defense Research Committee, a co-ordinating agency established by President Franklin D. Roosevelt on 27 June 1940. By that time, Thompson was in charge of research at the Navy's Dahlgren Proving Ground, so it was rather easily arranged for Hickman's Section H to begin its testing program at that Virginia site (Section H was named for Hickman, who's letter urging a rocket development program had been instrumental in it being approved). 

Because of it very little experience in high-energy solid (double-base) propellants of the type needed for extended-range, high-speed weapons, the United States drew on British rocket knowledge. Within a few years, suitable solid propellants were being produced at the Army's Radford Ordnance Works, the Navy's Indian Head Powder Factory, and the Sunflower Ordnance Works, operated by the Hercules Powder Company. Later, the Section H group moved to the Allegheny Ballistics Laboratory at nearby Pinto, West Virginia, where they worked closely with Army Ordnance, the Chemical Warfare Service, and the Air Corps. Various double-base rockets were produced during World War II including bazooka rockets, 4.5 inch, 5 inch, and 7.2 inch rockets, and the large air-launched Tiny Tim. The Tiny Tim was 11.75 inches in diameter and was later utilised as the booster for the Wac Corporal research rocket (ancestor of Aerobee and Corporal, the first big all-American liquid rocket, guided ballistic missile). 
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After World War II, Hercules Powder and Allegheny Ballistics Laboratory began the development of a more powerful double-base rocket. On August 20, 1947, the JATO X-201, the first 16 inch. solid-propellant booster, was flight-tested at the Naval Ordnance Test Station, Inyokern, California. The X-201 was used as well in the Naval Ordnance Bureau's Bumblebee program. The cast-double-base propellant booster, later designated the 3DS47000, was developed by Hercules Powder Company. It contained 740 lb. of propellant and delivered a thrust of about 50,000 lb. for 3 sec. It was the forerunner of an entire family of related propulsion units that served as boosters for the Nike, Terrier, Talos, and Honest John missiles. 

The Bumblebee program lead directly to the Navy's Terrier and Talos missiles as follow-ons of the Lark anti-aircraft research missile. The Army's Nike-Ajax was a kind of large, guided Wac Corporal, using the same propulsion formula, but with a Bell liquid pressure feed rocket main engine. Bell later developed the pump feed rocket engine XLR65-BA-1 for the X-9 Shrike, predecessor of the Rascal air-to-ground missile. Yet another derivative was a simpler engine for a rocket-propelled pod for the B-58 Hustler bomber. The rocket pod was cancelled, but the Hustler became the basic Agena engine used on upper stages of the Thor, Atlas and Titan boosters. Bell was later involved in the ascent engine development for the Apollo lunar module. 

Talos and Honest John motors were used on the big three and four stage Black Brant XI and XII NASA sounding rockets with composite upper stages. The Honest John motor was know as Taurus when used on sounding rockets. 
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Major later Hercules developments included the Vanguard satellite launcher third stage in the mid-1950's. Hercules developed composite/double-base high energy propellants for Minuteman, Polaris and Poseidon upper stages. (the propellant of Minuteman I third stage consisted of nitro-cellulose + nitro-glycerine + triacetin + nitrodiphenylamine ammonium perchlorate + aluminium). Even higher energy propellants, with the addition of nitramine (HMX), were developed for the Trident and MX missiles. 

Hercules Powder is today Alliant Techsystems and builds composite boosters for the Titan IVB, Delta II, Delta III, and the future Delta IV; all stages for Pegasus; and upper stages for the Taurus space launchers. Hercules was a pioneer in the development of fibre-wound light motor cases for Minuteman and Polaris motors. 

In the late 1950's and early 1960's, Aerojet tried to develop nitro-urethane as a double-base high energy replacement, but nitrourethane had bad mechanical properties. In the end it has proved that pure double-base propellants are better for the environment than composites, but they are explosive and have relatively low specific impulse (higher with explosive HMX-nitramine added). For safety reasons they are not suited for big space launchers. 

Although most solid propellants used today are classed as composites, the double-base (homogeneous) type is still much in demand. However, the gradual increase in the number and amount of additives to the original single-phase double-base propellant has narrowed the distinction between the two classes. Initially the double-base propellant was a homogeneous solid or liquid single-phase chemical system that contained enough oxidiser to sustain combustion in the same molecule with fuel. 
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MAJOR HERCULES MOTORS.

----------------------------------------------------

Rocket       Motor  Dia    Length   Thrust    Weight

project       name  inch   inch     lb        lb    

----------------------------------------------------

Bumblebee    X-201  16     ----     50,000      +740

Honest John  X-202  23     197.44   90,325     3,937

Nike         X-216  17.57  135.51   48,700     1,193

Deacon       X-220  6.8    110       6,100       155

Improved H.J.X-244     (Improved Honest John)       

Talos        X-251  31.11  138       -----     4,245

Terrier      X-256  18     156.61    -----     1,839

Altair-1     X-248  18.02   58.21    2,850       513

(Vanguard   Thor-Able, Thor-Delta)                  

Altair-2     X-258  19.07   59.25    6,510       576

(Scout-stage 4   Thor-Delta)                        

Antares-1    X-254  30.12  114.68   14,000     2,292

(Scout-stage 3   )                                  

Antares-2    X-259  30.3   113.8    21,700     2,812

(Scout-stage 3   )                                  

Minuteman    M-57A1.38      85      ------     -----

(Stage 3)                                           

Polaris A2   X-250  54      84.25   ------     -----

(Stage 2)                                           

Polaris A3   X-260  54      88.79   ------     9,501

(Stage 2)                                           

Poseidon     PC3-1  74.19  187.96   ------     -----

(Stage 1, with Thiokol)                             

Poseidon     PC3-2  74      97.265  ------     -----

(Stage 2)                                           

Trident I            (with Thiokol)                 

Trident II           (with Thiokol)                 

MX  (third stage)                                   

----------------------------------------------------

===========================================================

Composition of Various Double-Base Propellants (Percent)

---------------------------------------------------------

Ingredients          Extruded Russian Composite Cast

                   Ballistite Cordite           Double-

                                                Base

---------------------------------------------------------

nitro-cellulose         51.50   56.5    21.0     47.0

nitro-glycerine         43.00   28.0    13.0     37.7

ethyl centralite         1.00    4.5     1.0      1.0

diethyl phthalate        3.25   ----    ----     ----

dimethyl phthalate       ----   ----    ----     14.0

dinitrotoluene           ----   11.0    ----     ----

carbon black             0.20   ----     9.0      0.3

potassium sulphate       1.25   ----    ----     ----

potassium perchlorate    ----   ----    56.0     ----

--------------------------------------------------------
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by Andre Bedard 

Solid propellants of the composite type, containing separate fuel (or reducer, chemically) and oxidiser (in a separate compound) intimately mixed, replaced the simple double-base propellants to a considerable extent, especially for large non-military motors. The organic fuel material is initially in a liquid or semi-liquid form that can set to a solid (binder). Among the earliest substances used were asphalt and various synthetic rubbers. While generally not considered as composite, black powder was in fact the oldest composite propellant. Before 1940 black powder, in common use, was nearly synonymous with the words 'rocket motor' . 

While working on the theory of rocket propulsion for his doctoral thesis in 1937, Frank Malina mentioned to Fritz Zwicky of Caltech some difficulties he was having in his study. Zwicky exploded with the opinion that Malina was wasting his time on an impossible subject. For, he said, Malina must realise that a rocket could not operate in space as it required the atmosphere to push against to provide thrust! By 1940 he realised that he was mistaken. 

At Guggenheim Aeronautical Laboratory, California Institute of Technology (GALCIT),in 1939, one of the first objectives was to develop a solid propellant rocket unit capable of delivering a constant thrust on the order of 1000 pounds for a period of 10 to 30 seconds. As far as is known, no black powder or smokeless powder rocket had ever been constructed to meet these specifications of thrust and duration. Experts consulted by Malina, John Parsons, and Forman were very dubious about the possibility of doing so. 

Preliminary experiments made by Parson and Forman with pressed solid propellant charges restricted to burn cigarette-fashion appeared to support this view. It was generally believed that the combustion chamber pressure of a restricted burning solid rocket unit would continue to rise from the moment of ignition until any combustion chamber of reasonable weight would burst. In other words, it was thought that such combustion was inherently unstable. 
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The GALCIT group's mentor, Professor Theodore von Karman, in the spring of 1940, had to listen to both the opinions of the experts and to the explosions of Parson's rockets. One evening at home Von Karman wrote down four differential equations describing the operation of an ideal restricted burning motor, and asked Malina to solve them. It was found that, theoretically, a restricted burning unit would maintain a constant chamber pressure as long as the ratio of the area of the throat of the exhaust nozzle to the burning area of the propellant charge remained constant, that is, the process was stable. Experimental verification of the theory was soon obtained. 
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Although there have been centuries of experiments with black powder rocket, and several investigators used smokeless powder and Ballistite in rockets between about 1918 and 1939, none of these rockets had the thrust and duration required for the aircraft "super-performance" applications. Parsons and Forman in 1938 built and tested a smokeless powder constant-volume combustion motor similar to the one that had been used by Goddard. They concluded after these tests that the mechanical complications of constructing an engine using successive impulses to obtain thrust durations of over 10 seconds was impractical. Upon Parson's recommendation, they concentrated their efforts on the development of a motor provided with a restricted burning powder charge that would burn at one end only at constant pressure to provide a constant thrust. 
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Parsons started with the traditional sky rocket. This type of pyrotechnic device was propelled by a black powder charge pressed into a cardboard combustion chamber with a conical hole in its centre. The gases escaped through a rounded clay orifice. Its efficiency was very, very low, but it was reliable. The conical hole in the charge was believed to be the secret that kept the charge from burning down the sides of the container or to produce chamber pressures that would burst the container. The longest duration of thrust of this motor did not exceed about 1 second. 
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During 1939 and 1940, various mixtures based on black powder and mixtures of black powder with smokeless powder were tested in 1 in. and 3 in. diameter chambers. The charge for the 3 in. chamber was made up of 6 in. long pellets compressed at around 6,500 psi., and coated with various substances to form a solid or liquid seal between the charge and the walls of the chamber. The charge of the 1 in. chamber was pressed directly into the chamber in small increments at pressures between 7,700 and 12,000 psi. Most of the tests of these charges ended in an explosion. 
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Mechanical causes for failures, such as burning of the charge on the surface next to the wall because of leakage, transfer of heat down the walls sufficient to ignite the sides of the charge, and cracking of the charge under combustion pressure, were suspected. However, there were those who were convinced that the combustion process of a restricted burning charge in a rocket motor was basically unstable. Only after von Karman and Malina proved the process was stable in their analysis of the characteristics of the ideal solid propellant rocket motor in the spring of 1940 was a concentrated effort was made to study the mechanical causes of failure. 
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Hundred of tests were then made with different powder mixtures, using black powder as the basic ingredient, with various loading techniques and various motor designs. The dependence of chamber pressure on the ratio of chamber cross section area to nozzle throat area was determined for each specific powder mixture. 

By the spring of 1941 the results were sufficiently encouraging to schedule flight tests of an aircraft equipped with solid propellant rockets specially designed for it. The propellant charge used in the Ercoupe motor was a type of amide black powder designated as GALCIT 27 (amide: organic compound containing carbon, hydrogen, oxygen, and nitrogen. Some examples: HCONH2, CH3CONH2, C6H13CONH2). The 2 lb. charge was pressed into the combustion chamber, which had a blotting paper liner, in 22 increments by a plunger with a conical nose shape at a pressure of 18 tons. The diameter of the charge was 1.75 in. and its length varied between 10 and 11 in. The motor was designed to deliver about 28 lb. thrust for about 12 seconds. 
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Eighteen rocket motors were delivered every other day for the first tests at March Field, California, about an hour's drive from the project. During the first phase of the flight tests one motor failed explosively in a static test and one while Ercoupe was in level flight. Thereafter, 152 motors were used in succession without explosive failure. The motors were prepared by Parsons, Forman, and Fred Miller. 

On August 16, 1941, Boushey made the first take-off of the Ercoupe with six JATOs firing. The first American manned flight of an aircraft propelled by rocket thrust alone was made by Boushey on August 23, 1941. The propeller of the Ercoupe was removed and 12 JATO units installed, of which only 11 functioned. The Ercoupe was pulled by a truck to a speed of about 25 m.p.h. before the JATOs were ignited. The airplane left the ground and reached an altitude of about 20 ft. This flight was not originally scheduled but the group could not resist the opportunity to make the improvised demonstration of the future possibility of rocket propulsion. 
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Frank Malina noted that it was most fortunate that the flight tests were carried out close to the location of the project, which permitted the rocket motors to be fired within a few days from the time they were charged with propellant. Following the flight tests, it was found that after the motors were exposed to simulated storage and temperature conditions over several days they exploded in most cases. It was evident that either the blotting paper liner or the mechanical characteristics of the propellant were unsatisfactory. 
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But the Navy Department regarded the successful Ercoupe tests with much interest from the point of view of application of rockets for assisted take-off of aircraft from aircraft carriers. Upon the urging of Lt. C.F. Fischer of the Bureau of Aeronautics, who had witnessed the tests, a contract was placed by the Navy with the Project in early 1942 for the development of a 200 lb. thrust, 8 second unit. The unit was designated by the acronym JATO for Jet Assisted Take-Off (sometime RATO), and this designation is still used. 
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This Navy contract came in the midst of the explosive failure of the JATO unit developed for the Ercoupe tests. All efforts to improve the amide-black powder propellant and loading techniques of the motor developed for Ercoupe tests failed to meet specified storage conditions ranging from Alaska to Africa. Investigations of motors using Ballistite also proved negative, mainly because of its ambient temperature sensitivity (variation of its rate of burning and thrust with ambient temperature). 

Thus, the spring of 1942 was one of desperation for those concerned with development of a reliable solid propellant JATO unit. They knew that theoretically it was possible to construct such an engine, but no one came forward with a promising idea until June, when Parsons, no doubt after communing with his poetic spirits, suggested trying a radical new propellant. It would consist of potassium perchlorate (KClO4- in place of potassium nitrate KNO3: saltpetre), as oxidiser, common asphalt as used on roads as a binder and fuel. These could be cast, after being mixed, into a combustion chamber. 
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A test of the propellant, designated GALCIT 53, was quickly made and the results were so promising that work on other propellant types was dropped for a long time. Parsons was assisted in the development of the asphalt base propellant by Mills and Fred Miller. After due study of the origin of the ideas for the new propellant, Parsons was recognised as its inventor and a patent was granted in his name. 

At first, the Ordnance Department objected strongly to the use of potassium perchlorate as an oxidiser because it had proved unsafe in the past. Parsons realised that their objection was no longer valid, since way had been found to produce the material with a minimum purity of 99%. Impurities in the form of dangerous chlorates (KClO3) had been practically eliminated. Sodium and potassium chlorates were used with dinitrotoluen in explosives (know as cheddites in French), also with perchlorates and various hydrocarbons-vaseline-,castor oil, and nitro. Potassium chlorate was also used as oxidiser in matches with phosphorus sesquisulfide P4S3 or tetraphosphorus trisulfide as the active fuel. 
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The ruling of the Ordnance Department was thereafter changed, allowing the use of this kind of solid oxidiser. The Navy contract for 100 JATO units delivering 200 lb. thrust for 8 seconds was successfully completed, with GALCIT 53 as the propellant. Production of service-type units for the Navy began shortly thereafter at the Aerojet Engineering Corporation (organised at the end of 1941 and formally incorporated on March 19, 1942 with the GALCIT members Von Karman, Malina, Haley, Parsons, Forman, and Summerfield). 
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The project carried out extensive studies on asphalt-base propellants in the following years. A detailed report released in May 1944 on the propellant GALCIT 61-C by Mills give the following composition: 76% potassium perchlorate and 24% fuel. The fuel component was 70% Texaco No. 18 asphalt and 30% Union Oil Company Pure Penn SAE No. 10 lubricating oil. The fuel was liquefied at about 275°F, the pulverised potassium perchlorate added to it, and the mixture thoroughly stirred. The mixture was then poured into the combustion chamber, which had been previously lined with a material similar to the fuel component, and allowed to cool and become hard. This propellant, when burned at a chamber pressure of 2,000 psi., had a chamber temperature of 3,000-3,500°F, a specific impulse of 186, and an exhaust velocity of about 5,900 ft. per sec. Storage temperature limits were from -9 deg F to 120 deg F. GALCIT 61-C was developed in 1943 and used in service JATO units by the Navy until the end of World War II. The propellant is also used on the Private A and F research rockets. 
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IMPROVEMENTS 

Solid propellants utilising potassium perchlorate as oxidiser produced dense clouds of white smoke (potassium chloride-KCl, like sodium chloride-NaCl, common salt), which the Navy did not like at all. Some months after GALCIT 53 was developed, Parsons informed the Project weekly research conference that he had eliminated the smoke problem by replacing potassium perchlorate with ammonium perchlorate (NH4ClO4). Navy rocket experts were immediately invited to visit the Project for a demonstration: 



	
<>

	Delta N6 no. 81 - Delta N6 no. 81 - COSPAR 1970-106 

11,461 bytes. 100 x 399 pixels.




"When they arrived we posted ourselves some distance from the test pit, the red flag was run up, and Parsons gave the order for his latest creation to be fired. We beheld a big cloud of with smoke and Parsons with a look of surprise on his face. He sheepishly explained that the smoke must have been caused by the humidity, for the air had been very dry on the days they had made tests before". 

Ammonium perchlorate does reduce the amount of smoke produced if the air is dry, but it produces undesirable chloride in the jet. In fact Cl and H in NH4ClO4 may combine to form HCl, hydrogen chloride or hydrochloric acid with water. But that is the base of modern composite propellants. 
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The project also studied the possible use of other fuels instead of asphalt, such as Napalm (sodium palmitate = NaPalm - first tried as a high temperature, high energy propellant), gelled hydrocarbons, gelled wax mixtures, and butyl rubber. A continuation of studies of the last material later led Charles Bartley, under the JPL-ORDCIT Project in 1945, to the discovery of the advantages of the castable elastomeric (polysulfide rubber) material called Thiokol. This discovery became the basis of solid propellant manufacture by the Thiokol Chemical Corporation. The Air Force Material Command terminated work by the Project on solid propellant motors on June 30, 1944. The Ordnance Department, however, continued the work for long range missile applications. 
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During the course of this research, engineers were provided with methods of motor component design when the following characteristics of the propellant to be used were known: 

· Sensitivity of the propellant to ambient temperature during combustion. 

· Combustion pressure limit below which the propellant burns in irregular manner. 

· Combustion pressure limit above which the propellant burns in an unpredictable manner. 

· Storage characteristics of the propellant charge from the point of view of minimum and maximum ambient temperatures allowed and possible decomposition of the propellant with prolonged storage. 
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· Ignition temperature of the propellant. 

· Rate of burning of the propellant as function of the combustion pressure. 

· Performance characteristics of the propellant to produce rocket thrust. 

The great progress made in the scientific design of solid propellant rocket motors in comparison with the empirical, traditional, method used in previous centuries can be appreciated by reference to the text "Jet Propulsion" prepared for the course at Caltech at the request of the Air Technical Service Command in 1943 and continued in the following years. The debate on the superiority of solid vs. liquid propellant rocket engines for boosters of space vehicles still rages today (but environmental considerations now favour liquid propellants). 
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Sponsorship of solid-propellant research was taken over by the ORDCIT Project from the Air Force Materiel Command on July 1, 1944. By this time, JPL had made the following fundamental contributions to the design and construction of long-duration solid-propellant engines: 

· Theory: Von Karman-Malina theory of constant-thrust long- duration engines (1940) 

· Propellant development: 

· Parsons' break-away from Ballistite with amide black powder (1940) 

· Parsons' introduction of perchlorates as an oxidiser (1942). 

· Parsons' introduction of asphalt as fuel-binder with perchlorates; the invention of a castable case- bonded composite propellant charge (1942). 
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· Engine component design 

· Parsons' design of a restricted-burning (case- bounded) propellant charge with amine black powder (1940). 

· Malina-Mills design of a safety pressure relief valve (1942). 

· Mills' review of various types of burning surfaces of a charge and theoretical confirmation that the surface of a cigarette-type burning charge was stable (1943). 

After the successful JATO development with the asphalt- perchlorate propellant in 1942, Mills sought a fuel-binder for the perchlorate superior to asphalt. In 1944, Charles Bartley joined Mills' group, and in 1945 introduced as a replacement for asphalt a castable elastomeric material, polysulfide rubber, produced by Thiokol Chemical Corporation. The polysulfide rubber, compared to asphalt, produced a propellant much better both as regards storage temperature limits and hardness at high atmospheric temperatures. The latter property was especially important in the design of high-thrust engines requiring a charge with an internal-burning surface rather than a cigarette-burning surface. 
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Since at this time only Aerojet in the USA was producing composite solid-propellant engines, that company's attention was drawn to the asphalt replacement, but it was already interested in a similar material made by the General Tire and Rubber Co. It was only at the urging of the Ordnance Department that the Thiokol Chemical Corp. entered the field of composite solid propellants with the new fuel-binder discovered at JPL. 

After obtaining the experience with the composite solid- propellant missiles Private A and F, studies began at JPL in 1946 on larger missiles using, in particular, the polysulfide rubber-perchlorate type propellant. The results of these studies led eventually to the design of the tactical guided missile, Sergeant. 
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The laboratory followed closely development with other type of solid propellants, especially Ballistite, used in high-thrust short-duration engines suitable for boosters (Aerojet built some double-base boosters using this material). 

Other special-purpose rocket vehicles supported research in solid propellants and high-acceleration, and high-speed dynamics. A small vehicle unofficially called "Thunderbird" demonstrated the polysulfide composite-propellant, internal-burning star-grain solid motor in 1947. With an acceleration of over 100 G, (a precursor of the Sprint missile) it led to the Wac-scale solid-propellant research vehicle called Sergeant in 1948. 
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This Sergeant sounding rocket, unrelated to the tactical missile of the same name, proved to be ahead of its time. It was inspired by calculations that indicated a solid-propellant rocket of the internal-burning-star design could deliver several times the payload of a liquid-propelled V-2 type of similar weight. The motor chamber walls were very thin because the propellant, burning from within, would help contain heat and pressure. 

An autopilot design effort was begun, and static tests of the motor, weighing 1300 lbs and delivering about 6000 lbs thrust for more than 30 seconds, were conducted. 
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Difficulties with this solid rocket, manifested in the rupture of the thin-wall case, coincided with a change in the JPL mission and an acceleration and expansion of Corporal development. The Sergeant project was suspended. The electronic autopilot was adopted for the Corporal missile while the solid-propellant engineers took their problems back to the laboratory and test stand for more investigation. Further development was undertaken by the Thiokol Chemical Corporation. The ultimate heritage of this early "Sergeant" powerplant was the reliable solid rocket, used in large scale in the Sergeant and other military missiles, and in clustered miniatures to launch the first Explorer satellites. 
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The motor evolved from the Sergeant test vehicle of 1948-49 via the Hermes RV-A-10 flight tested in March 1953. A Hermes A-2 Thiokol motor was ground tested in December 1951. The Hermes A-2 program was ended in October 1952. 

The Sergeant missile was not the only result of the Thiokol polysulfide motor. Another major development was the Nike-Hercules sustainer motor (or stage two), the Lacrosse motor, and later the Bomarc B motor. Many small missiles, sounding rocket motors, and the Mercury and Gemini retro-rockets used the same propellant. 
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However, the use of polysulfide by Thiokol probably caused their loss of the key Polaris contract. Aerojet won the contract with the use of a more energetic polyurethane propellant. 

After that Thiokol began the use of polybutadiene for big motors and won the contract for the Minuteman first stage motor. That lead as well to the Nike-Zeus, Pershing, Castor motors, Surveyor retro (first of a series of upper stage motors) and finally to the Shuttle SRB's. 

Meanwhile, Hercules began the use of double-base propellant as fuel in composite propellants, since double-based motors burned with excess of fuel. The use of a separate oxidiser also permitted the addition of energetic fuels such as aluminium powder. 
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The excess of fuel in pure double-base caused a long afterburning flame, essentially of burning carbon (see launch-photographs of Nike Ajax and Hercules, Honest John, Terrier, and Talos). The unburned carbon cause also the dark exhaust before the afterburning. 

The Hercules' Minuteman third stage was a follow-on of the Vanguard third stage. 

Some composite propellants continue to use saltpetre (potassium nitrate) or ammonium nitrate. 

Some composite propellant formulations and characteristics: 
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· Molded composite: potassium nitrate(20-50%), elastomer(10%), ammonium picrate-NH4C6H2NO7-(70-40%). Specific impulse s.l.: 160 to 200 sec. Abundant smoke. Hard to brittle. 

· Castable composite: ammonium nitrate(80%), elastomer (18%), catalyst(2%). Specific impulse s.l.: 185 to 198 sec. Little smoke. Soft and resilient to hard and tough. 

· Castable composite: ammonium perchlorate(50-85%), elastomer(50-15%). Specific impulse s.l.: 175 to 240 sec. Much smoke at low oxidiser; little at high oxidiser; mist at relative humidity greater than 80%. Soft and resilient to hard and tough. 
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· Castable composite: potassium perchlorate(50-80%), elastomer(50-20%). Specific impulse s.l.: 165 to 210 sec. Abundant smoke. Soft and resilient to hard and tough. 

OXIDISERS 

Ammonium perchlorate is the most widely used today. It is characterised by high heat, is a good gas producer (not a smoke producer), percent of oxygen by weigh: 34 percent, specific gravity: 1.9. 

Potassium perchlorate is used for fast burning rates. It is characterised by high heat, is a low gas producer, percent of oxygen by weight: 46 percent, specific gravity: 2.5. 
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Ammonium nitrate is used for slower burning rates. It is characterised by low heat, is a high gas producer, and is good for gas generator propellants. It requires a greater amount of binder (fuel) to make castable, but too much binder produces excessive smoke. Ammonium nitrate's percent of oxygen by weight: 20 percent, specific gravity: 1.9. It may be the oxidiser for the future. It contains no toxic elements and no solid elements, produces no solids by decomposition, and therefore, together with a high energy non-polluting fuel, could provide a more 'environmentally friendly' solid propellant. 
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Lithium perchlorate, a proposed oxidiser, is very hygroscopic and may be used in some high-temperature propellants. Percent of oxygen by weight: 60 percent, specific gravity:2.4. 

BINDER SYSTEMS 

Introduction 

The original composite propellants, used in JATO units, contained an asphalt binder. Since asphalt-perchlorate composites had poor performance and formulation characteristics, extensive research and development work was directed toward their improvement. This soon led to the discovery and acceptance of new and better chemical binder-fuels, primarily synthetic rubbers Initially, polysulfide liquid polymers were developed with only physical properties that were an improvement over those of asphalt. Later, with certain chemical-structure modifications, the overall performance of polysulfide soon outshone that of asphalt. Polysulphides, however, had a major drawback in that they released water during combustion; which interfered with efficient burning. The water by-product also limited the type of additives that could be mixed with the propellant, since water was highly reactive with materials such as aluminium. In the search for binder-fuels without the drawbacks of asphalt and polysulfides, polyurethanes (synthetic thermosetting or thermoplastic polymers) were found to have good performance and physical properties. With these aluminium could be incorporated for higher specific impulse. However, polyurethanes were so viscous that the amount of oxidisers and other solid additives that could be incorporated was limited. Eventually polybutadiene- based propellants were developed that had physical properties superior to those of polyurethanes. 



	
<>

	Conestoga 

9,225 bytes. 218 x 434 pixels.




Polysulfide 

Polysulfide was the first binder elastomer fuel. For rocket applications a low-molecular-weight polymer was made from dichlorodiethyl formal; sodium polysulfide was used as the liquid binder. When the mixture was heated with an appropriate curing agent such as zinc oxide, the links between adjacent polymer chains were joined together to form the rubber network. The resulting binder had a glass-transition temperature near -60°F., making it usable to about -40°F. This was a distinct advantage over the first composites. 
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An undesirable quality of the polysulfides was the presence of sulphur atoms in the system. They produced high-molecular-weight exhaust products (sulphur dioxide with a molecular weight of 64) thereby lowering specific impulse. Since a large amount of oxidiser had to be mixed with the binder to obtain the high energy desired, the binder lost much of its rubber-like quality. 

There were many organic and inorganic materials that acted as oxidisers and could be used to cure liquid polysulfide polymers. Each had its advantages and disadvantages. 
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Thiokol developed many varieties of polysulfides with improved qualities. 

Polyurethane 

Polyurethanes were the second elastomer fuel binder. The group of polymers known as polyurethanes were made by combining polyols with isocianates. The versatility in polymer chemistry was such that a large number of starting materials having varying molecular weights were available. 

Compared with the polysulfides, the average molecular weight of the polyurethanes' exhaust gases was lower. This was because the polyurethanes contained only carbon, hydrogen, oxygen, and nitrogen atoms (not sulphur). An additional benefit was claimed in the processing: the backbone polymer contained substantial amounts of oxygen. It was not necessary therefore to use as great a percentage of oxidiser in the formulation of the propellant to achieve comparable energies. The increased proportion of binder to oxidiser provides added elongation and other good mechanical properties to the propellant, permitting the addition of other energetic fuels (for example aluminium). 
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From the logistics standpoint, the starting ingredients for manufacturing polyurethane were available from a large number of chemical suppliers, whereas the liquid polysulfide rubbers were manufactured almost exclusively by a single company. This had its effect on cost, quality, and delivery time. 

One of the advantages of polyurethane was that a high concentration of nitrate ester could be incorporated in the binder to give increased energy. A commonly used polyurethane binder material was ESTANE, a product of B.F. Goodrich Chemical Company. 
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Polybutadiene. 

Polybutadiene Acrylic Acid. 

Almost concurrently with the evolution of the polyurethane propellants, a new type of binder based on long-chained polybutadiene backbone gained the attention of rocket manufacturers. The selection of polybutadiene binder for propellants to be used over wide temperature ranges was a natural one, since most butabiene copolymers (butadiene-styrene, butadiene-acrylonitrile, butadiene- methylvinyl pyridine) had glass-transition temperatures near or below -100°F. This was advantageous, since the mechanical behaviour of a propellant during periods of strain was related to its properties at different temperatures. For example, the ability of a propellant to withstand high strain rates such as those encountered on ignition of a large-diameter rocket motor was directly related to low-temperature properties such as elongation and brittle point. Therefore, the polybutadiene propellants were attractive, both for large motors and for those requiring wide temperature ranges of operation. 
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Probably the most widely used polybutadiene polymer (1967) had been PBAA, a copolymer of polybutadiene and acrylic acid. One of the added benefits of PBAA over polyurethane was that the binder system was less complex, consisting essentially of the liquid polymer and a single curative chemical such as an epoxide resin. In certain formulations where a large amount of oxidiser and an auxiliary metal-powder fuel such as aluminium was needed to provide high energy, it was necessary to add to the binder a liquid hydrocarbon or other low-viscosity fluid that acted as a plasticiser to aid in processing. 
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By contrast, the polyurethane system normally consisted of a main chain polymer such as a polyether diol, a shorter chain cross-linking agent (perhaps a trifunctional polyol), a curing agent (isocyanate) and a curing catalyst; polyurethanes also employ plasticisers where necessary, usually in the form of aliphatic esters such as dioctyladipate or dioctylsebacate. 

Carboxy-Terminated Polybutadiene. 

Throughout the 1950's propellant manufacturers depended mainly upon rubber chemicals that were readily available to provide the material used in the binders. Among these were PBAA, and the polyethers and polyesters used in polyurethane propellants. 
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However, at the beginning of the 1960's the designers of weapon systems appeared to be moving ahead of the propellant manufacturers from the standpoint of operational requirements. Thus it was necessary for the propellant research chemist to visualise the "perfect molecular structure" that would best fulfil the need, and then either make the material or work with a chemical supplier to make it. 

The first of these custom-made polymers, pioneered by Phillips Petroleum Co. and first evaluated in propellant applications by Rocketdyne, was carboxy-terminated polybutadiene (CTPB). There was an advantage in placing the carboxyl groups at the end of the polymer chain rather than randomly spacing them along the chain (as PBAA polymers). This way the polymer chemist was provided with a uniform structure so he could control his binder network to give the desired mechanical properties. The reproducibility of a controlled system was naturally greater than that of a random structure. 



	
<>

	Delta 7925 

Credit: Boeing. 21,299 bytes. 367 x 387 pixels.




However, the demand by the customer (primarily the US Government) for greater reliability and overall improved performance suggested that still better binders would be forthcoming. To improve reliability of the CTPB system, for example, a greater insight was needed into the affects of molecular weight and molecular-weight distribution. The influence of molecular structure (isomeric configuration) and minor impurities on mechanical properties was to be determined as part of the continuing research and development. 
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The interplay of mechanical forces between the binder, the aluminium particles, and the ammonium perchlorate crystals would have to be researched until greater knowledge was attained. Information on such fundamentals as energy of wetting, surface free-energy of the solids, the effect of these properties on cracking or other mechanical failure, kinetics of cross-linking reaction, and the effect of temperature and moisture on cure reversion was needed. 

There was no doubt that knowledge in these areas would bring about improved hydrocarbon binders. 
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PBAN - Polybutadiene Acrylic Acid Acrylonitril Terpolymer (PBAN). 

This was the formulation widely used on the 1960-70's big boosters (Titan III & Shuttle). 

HTPB - Hydroxyl-Terminated Polybutadiene. 

HTPB was the most recent state-of-the-art composite propellant binder, manufactured by ATOChem, Inc. (Boosters: Delta II, Delta III, future Delta IV, Titan IVB and Ariane). 

NEW BINDERS TO MEET CLEAN AIR REQUIREMENTS. 

Environmental concerns regarding the combustion products of large solid rocket motors used in space launch applications led to a number of 'environmentally friendly' binders being proposed. 



	
<>

	Atlas 2AS - Atlas 2AS - AC-108 - COSPAR 1993-077 

25,075 bytes. 166 x 434 pixels.




GAP: Glycigyl azide polymer, a developmental energetic binder produced by 3M Co. and developed at Valcartier, near Québec, Canada. 

Poly-NMMO: Poly-nitratomethyl, methyl oxetane, a developmental energetic binder with a high oxygen content, by Aerojet Solid Propulsion Co. 

BTTN: Butanetrioltrinitrate, a highly oxygenated energetic plasticiser. 

DMBT: Dimethylbitetrazole, a developmental high nitrogen solid fuel with a high positive heat of formation, used in propellants with oxidisers having high oxygen balances to increase performance, developed at NAWCWPNS. 
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Developments Outside of the USA 

Other countries begin to study modern composite propellants around mid-1950. Polysulfide remained a nearly an exclusive product of Thiokol. In 1957 design bureau TsKB-7 in the USSR began the study of solid propellants for the D-6 SLBM system, but the technology was not mature. Beginning in 1961 TsKB-7 build the second and the third stages for the Korolev RT-2 ICBM (US code name SS-13 Savage), but the composite propellant technology in USSR remained many years behind that of the west. The RT-2 first flight was in 1966. Beginning in 1961, development began of the RT-15/8K96 mobile IRBM using two stages from the RT-2. The RT-15 would have a range of 4,500 km with a 1.4 tonne payload. However the project was abandoned in 1970 after 19 test launches. 
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PROPELLANT ADDITIVES 

To help provide the high-energy propellants that were required for the more efficient space vehicles and missiles, many propellants used special fuel additives such as powdered metals. Powdered aluminium was used extensively in propellant formulation for the extra energy it contributed and for the help it gave in promoting stable burning. Although powdered beryllium had a higher theoretical energy value than aluminium, it was seldom used because of its extreme toxicity, relative scarcity, and higher cost. In addition, beryllium had a poor combustion efficiency with most of the hydrocarbon binder-fuels available. However, this could be improved by using it with unique and advanced binders like fluorocarbons. 
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THE SEARCH FOR HIGH ENERGY PROPELLANTS 

After WW II, with the Cold War and the prospect of space travel, the search for exotic, energetic fuel was the rule. Boron was the star during the 1950s, but things changed during the 1960s and 1970s. Rocket fuel selection began with an evaluation of the elements from which candidate fuels were, or may be composed. The calculated variation in adiabatic combustion temperature for an oxygen reaction with some of the elements had been reported by Grosse and is reproduced in the table here. 
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These temperatures varied considerably and showed that some heavy elements were capable of producing even greater temperatures than light elements such as hydrogen and carbon. However, the heavy elements could quickly be eliminated from consideration (however note that the combustion temperatures would be different with fluorine or other oxidisers). A few, such as zirconium and titanium, were merely competitive on a volumetric heating value basis (BTU/cu ft) and considerably inferior on a gravimetric basis (BTU/lb). Light elements, such as hydrogen, lithium, beryllium, boron, carbon, magnesium and aluminium, appeared interesting. 
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Only hydrogen, beryllium and boron had higher heating value than the usual hydrocarbons (HC=~18-19). Beryllium was scarce and extremely toxic, and does not at this time merit serious consideration. High energy fuels, therefore, quickly become restricted to hydrogen and boron and a few classes of compounds containing hydrogen or boron. Special purpose fuels could also involve compounds containing lithium, magnesium, aluminium or carbon. (if one notes that a lighter element goes faster (exhaust velocity) for the same combustion temperature, it can be seen that the carbon and sulphur of black powder, and the sodium in Napalm, were very poor fuels). 
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EXTOTIC, HIGH ENERGY SOLID PROPELLANTS - THE VIEW IN THE 1960s. 

Space and military applications stimulated chemical research so that many exotic and highly reactive ingredients for solid-propellant rockets were produced. 

The oxidisers in use consisted of weakly held oxygen atoms in chlorine and nitrogen compounds. It was thought that future oxidisers would have less chlorine and nitrogen atoms, and most of the oxygen would be replaced by fluorine. Some oxygen would remain for the purpose of burning the carbon in the binder to carbon monoxide. Fluorine would be linked to oxygen and nitrogen atoms, with which it forms weak bounds. Nitronium perchlorate and its fluorine derivative (nitronium perfluorate?) were outstanding oxidisers at that time. 
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Fuels would be light-metal hydrides then known, but efforts would be made to replace these by less reactive hydrides of mixed nature. The fuel would be a light-metal hydride with a low heat of formation-one which yields fluorides and oxides with the highest heat of formation. Since rockets using exotic propellants would have a limited volume, the density of the propellant was of critical importance. The best fuels would be light-metal hydrides of low density, a factor which must be considered in the selection of the oxidiser and binder. 
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A major problem was to solve that of preventing the oxidiser and fuel from reacting with each other and with the organic polymeric binder material. Binders would have to be developed which were inert to the fuel and oxidiser. In addition, binders would have to prevent chemical interaction of fuel and oxidiser to avoid possible propellant explosions. The most likely binders would contain long chains of carbon atoms bearing fluorine atoms- (CF2)n -fluorocarbons). The fluorine would serve to consume the fuel and produce inert polymers. These binders would contain little hydrogen since the metal hydrides contained loosely held hydrogen. The performance of these future solid propellants would probably range from 285 to more than 300 seconds. The ultimate solid propellant (specific impulse of up to 350 seconds) would be composed of a binder containing sufficient oxygen to convert its carbon monoxide. A maximum of fluorine-oxygen-carbon groups was also desirable. 
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Binders more dense than the (CF2)n structure previously mentioned would be difficult to achieve since its density was 50 to 60 percent greater than conventional hydrocarbon binders. In view of compatibility problem with solid propellants, hybrid-propellant systems would have to be developed. Some liquid fuels and oxidisers were superior to their solid counterparts, so the hybrid system should be able to achieve performances which were superior to those of solid propellants. 

EXOTIC INGREDIENTS - THE VIEW IN THE 1960s 
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The development of propellants with higher energy (250-300 Isp) and increased thermal stability (300°F- 500°F) necessitated the incorporation of some exotic chemicals into solid propellants and related devices. Many of these compounds had unusual hazards associated with their uses that were not immediately evident. Others had been used in various phases of research and development and had recognised toxic or explosive properties. The following section lists, with brief comments, some of the more important of these chemicals that were then used in the development of new propellants. 
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OXIDIZERS. 

· Nitronium perchlorate or NP (NO2ClO4)-Nitrosyle 

· Toxicity- Decomposes above 80°C or in contact with water and many organic compounds. The decomposition of NP releases oxides of nitrogen (NO,NO2) and chlorine (Cl2). Maximum allowable concentration are 5 ppm. 

· Sensitivity- Mixtures of NP with nearly all organic compounds are dangerous and explosives and are apt to explode spontaneously. Mixtures with other oxidisable materials behave similarly. 

· Uses- Proposed for use in high-energy propellants. 
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· Lithium perchlorate or LP (LiClO4) 

· Toxicity- Not toxic unless large amounts taken orally. 

· Sensitivity- Same as potassium perchlorate. Mixtures with reducing agents are explosives (class B). 

· Uses- High-temperature propellants. 

· Hydrazinium diperchlorate or HP (N2H6(ClO4)2) 

· Toxicity- Decomposes to give chlorine gas (Cl2). 

· Sensitivity- Very hazardous material to handle. Extremely sensitive to impact and friction. Low auto-ignition temperature. 

· Uses- High-energy propellants. 

FUELS 

· Lithium aluminium hydride or LAH (LiAlH4) 

· Toxicity- Dust was very irritating since it contains lithium hydroxide. 

· Explosive Hazards- Very dangerous to handle since it may ignite and burn violently. Dust may explode. Ignites spontaneously with water, alcohols, ammonium hydroxide, etc. 

· Uses- High-energy fuel. 

· Magnesium hydride (MgH2) and Lithium borohydride (LiBH4) 

· Toxicity- MgH2 was relatively non-toxic. LiBH4 was toxic and may release diborane (B2H6) on treatment with acids. B2H6 (also proposed in liquid fuel in the 50s, on B-70 for example) was extremely toxic, with a maximum allowable concentration less than 1 ppm. 

· Hazards- MgH2 and LiBH4 are much less hazardous than LiAlH4. They are similar to Mg powder, and release hydrogen. 

· Uses- High-energy fuel. 

Powdered metals such as Zirconium (Zr) and Beryllium (Be) 

· Toxicity- Dust should not be inhaled. Beryllium dusts are very toxic. 

· Hazards- Finely powdered Zr was ignited by static electricity. Some powders are pyrophoric. Mixtures with oxidising agents are hazardous and easily exploded by static electricity. 

· Uses- Zr was used in igniters and various pyrotechnic devices while beryllium was an additive in high-energy propellants. 

BINDERS 

· Nitrourethanes or NU 

· Toxicity- All nitro compounds are toxic, some extremely so. Many are absorbed through the skin. Some may cause dermatitis. The alisocyanates from which nitrourethanes are prepared are extremely hazardous. 

· Sensitivity- Nitrourethanes are generally class-C explosives, but a few may be more sensitive. 

· Uses- High energy propellants. 

· Nitramines (HMX, RDX) 

· Toxicity- Most similar to nitro compounds but more variable, depending on structure. Some may cause severe dermatitis. 

· Sensitivity- Some are class-B explosives. Nitrourethanes mixed with this group are generally class C. 

· Uses- Experimental only. (1967) 

· Tetrazoles 

· Toxicity- Toxic properties not well established but some are apparently non-toxic. 

· Sensitivity- Some propellants and pyrotechnic devices using tetrazoles accidentally exploded, causing several injuries. These devices are regarded as extremely hazardous. 

· Uses- Various pyrotechnic devices.(derivatives in high-energy propellants) 

· Fluorocarbons or FC 

· Toxicity- While many FC compounds are completely non-toxic, some are extremely toxic. Pyrolysis of many fluorocarbons may yield gaseous, odourless compounds of extreme toxicity. Kel-F, teflon, and other FC polymers release fluorolefins on heating which among the most toxic of gases. Combustion of FC propellants release toxic gases (hydrogen fluoride). 

· Sensitivity- FC derivatives are not explosive unless mixed with certain powdered metals, metal hydrides, and metallorganic derivatives. These mixtures are not easily exploded by shock, but are exploded by heating. 

· Uses- Experimental only. 

· Plasticizers 

· Toxicity- Many are relatively non-toxic but some of the nitrated or fluorinated materials must be regarded as toxic. Nitrocompounds are absorbed through the skin and cause dermatitis. Dinitriles are toxic; they are absorbed through the skin. 

· Sensitivity- All insensitive, except some nitro or nitramino plasticiser. 

· Uses- Improved propellants. 
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The history of rockets covers a span of eight centuries, but their use in aircraft armament began during World War II. Rockets answered the need for a large weapon that could be fired without recoil from an aircraft. Since the airborne rocket is usually launched at close range and measured in yards or meters, its accuracy as a propelled projectile is higher than a free-falling bomb dropped from high altitude. 

Rockets are propelled by the rearward expulsion of expanding gases from the nozzle of the motor. The necessary gas forces are produced by burning a mass of propellant at high pressure inside the motor tube. It is a common misconception that rockets are pushed forward by the reaction of hot gases against the surrounding air. However, rockets can function even in a vacuum. The propellant contains its own oxidizers to provide the necessary oxygen during burning.

AIRCRAFT ROCKETS 

There are two rockets currently used by the Navy. The first is the 2.75-inch, folding-fin aircraft rocket (FFAR) known as the Mighty Mouse. The second, a 5.0-inch, folding-fin rocket known as the Zuni. The Mighty Mouse and the Zuni are discussed in detail later in this chapter.  

ROCKET AND ROCKET FUZE TERMINOLOGY 

Some of the more common terms peculiar to rockets and rocket components used in this chapter are defined as follows: 

Acceleration/deceleration. These terms apply to fuzes that use a gear-timing device in conjunction with the setback principle. Prolonged acceleration completes arming the fuze, and deceleration or proximity initiates detonation. 
Igniter. The initiating device that ignites the propellant grain. It is usually an assembly consisting of an electric squib, match composition, black powder, and magnesium powder. 
Hangfire. A misfire that later fires from delayed ignition.  

Misfire. A rocket does not fire when the firing circuit is energized. 

Motor. The propulsive component of a rocket. It consists of the propellant, the igniter, and the nozzle(s). 

Propellant grain. The solid fuel used in a rocket motor, which, upon burning, generates a volume of hot gases that stream from the nozzle and propel the rocket (also known as the propellant or propellant powder grain). 

Rocket. A weapon propelled by the sustained reaction of a discharging jet of gas against the container of gas. 

Setback. This term is applied when internal parts react to the acceleration of the rocket. Setback is a safety feature designed into those fuzes that use a gear-timing device. 

Thrust. The force exerted by the gases produced by the burning of the rocket motor propellant. 

PRINCIPLES OF ROCKET PROPULSION 

Rockets are propelled by the rearward expulsion of expanding gases from the nozzle of the motor. Burning a mass of propellant at high pressure inside the motor tube produces the necessary gas forces. Rockets function in an even vacuum. The propellant contains its own oxidizers to provide the necessary oxygen during burning.
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ROCKET COMPONENTS 

A complete round of service rocket ammunition consists of three major components—the motor, the warhead, and a fuze. A general description of these components is given in the following paragraphs. 

Motors 

The rocket motor consists of components that propel and stabilize the rocket in flight. Not all rocket motors are identical, but they do have certain common components. These components are the motor tube, propellant, inhibitors, stabilizing rod, igniter, and nozzle and fin assembly. The rocket motors discussed in the following paragraphs are for the 2.75-inch Mk 66 Mods 2 and 4, and 5.0-inch Mk 71 Mod 0 and 1. 

MOTOR TUBE.—The motor tube supports the other components of the rocket. Presently, all motor tubes are aluminum, threaded internally at the front end for warhead installation, and grooved or threaded internally at the aft end for nozzle and fin assembly installation. The Mk 66 Mods rocket motor tube is an integral bulkhead type of motor tube and is impact-extruded from aluminum stock. The forward end contains the head closure and threaded portion for attachment of the warhead. The integral bulkhead closure does not rupture when accidentally fired without a warhead and becomes propulsive when ignited. The center portion of the motor tube contains the propellant. The nozzle and fin assembly attaches to the aft end by a lock wire in a grove inside the tube. The  Mk 71 Mods rocket motor tube is basically an aluminum tube with an integral bulkhead closure. The forward end contains the head closure, igniter contact band, igniter lead, RAD HAZ barrier, and a threaded portion for attachment of the warhead. The center section is the combustion chamber and contains the igniter, propellant grain, stabilizing rod, and associated hardware. The aft end of the motor tube is threaded internally to accept the nozzle and fin assembly. 

PROPELLANTS.—The propellant grain contained in the Navy's 2.75-inch and the 5.0-inch rocket motors is an internal burning, star perforation, double-base solid propellant. The star perforation is designed to produce a nearly constant thrust level. The Mk 66 rocket motor has the star points machined off (conned) to reduce erosive burning.  

INHIBITORS.—Inhibitors restrict or control burning on the propellant surface. In the 2.75-inch and the 5.0-inch motors, the propellant grains are inhibited at the forward and aft ends, as well as the entire outer surface. The forward and aft end inhibitors are molded plastic (ethyl cellulose) components bonded to the propellant ends. The outer surface inhibitor is spirally wrapped ethyl cellulose tape bonded to the propellant surface. Inhibitors cause the propellant grain to burn from the center outward and from forward to aft uniformly. If inhibitors weren't used, the burning surface of the propellant grain would increase, and result in an increased burning rate. This could cause the motor tube to explode from excessive pressure. If a motor is accidentally dropped and the propellant grain is cracked, the crack in the grain increases the burning surface and an identical hazard exists. 

STABILIZING ROD.—The stabilizing rod, located in the perforation of the motor propellant grain, is salt coated to prevent unstable burning of the propellant. It also reduces flash and after burning in the rocket motor, which could contribute to compressor stall and flameout of the aircraft jet engines. When the propellant ignites, the stabilizing rod ensures that the grain ignites simultaneously forward and aft. 

IGNITER.—The igniter heats the propellant grain to ignition temperature. The igniter used in the 2.75-inch motor is a disc-shaped metal container that contains a black powder and magnesium charge, a squib, and electrical lead wires. It is located at the forward end of the motor. The igniter used in the 5.0-inch motor is a disc-shaped metal container that contains a powder or pellets charge, two squibs, and electrical lead wires. It is located at the forward end of the motor.Acontact disc or a contact band transmits the firing impulses to the motor igniter. The 2.75-inch motor has electrical leads that extend from the squib through the wall of the igniter. They are routed through the propellant perforation to the nozzle fin assembly. One of the wires is connected to the nozzle plate (ground), and the other passes through either one of the nozzles or the fin-actuating piston to the contact disc on the fin retainer. In the Mk 66 Mod 2, both lead wires are connected directly to the HERO filter wires, which extend out of the forward end of the stabilizing rod. When the rocket is placed in the launcher, the contact disc is automatically in contact with an electrical terminal that transmits the firing impulse to the rocket. The igniter in the 5.0-inch motor (fig. 2-2) has an electrical lead wire post that protrudes through the forward bulkhead closure. The electrical lead connects the igniter to the contact band. When the rocket is placed in the launcher, the contact band is automatically in contact with an electrical terminal, which transmits the firing impulse to the rocket. The igniter in the 5.0-inch motor (fig. 2-2) has an electrical lead wire post that protrudes through the forward bulkhead closure. The electrical lead connects the igniter to the contact band. When the rocket is placed in the launcher, the contact band is automatically in contact with an electrical terminal, which transmits the firing impulse to the rocket. Until actually loaded into a launcher, a metal shielding band fig. 2-3) is always in place over the ignition contact band.
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NOZZLE AND FIN ASSEMBLIES.—The nozzle assembly for the Mk 66 consists of the nozzle body, carbon insert, fins, contact band assembly, and weather seal. Pivot pins attach the fins to lugs machined on the aft part of the nozzle plate. When folded, the fins lie within the 2.75-inch diameter of the rocket. The fins are notched at the tips to allow attachment of a fin retainer. The fin-actuating mechanism is a steel cylinder and a piston with a crosshead attached to its aft end. When the rocket is fired, gas pressure from the motor operates the piston, cylinder, and crosshead. The crosshead is pushed against the heels of the fins, causing the fins to rotate on the fin pivot pins to the open position after the rocket leaves the launcher. After the fins have opened to the final flight position, the crosshead prevents the fins from closing. There are four nozzle inserts and the detent groove in the aft end of the nozzle plate. They hold the rocket in position after it is loaded in the launcher. 
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The Mk 71 Mods motor has a modified igniter and a modified nozzle and fin assembly. The nozzle and fin assembly (fig. 2-4) contains four, spring-loaded, wraparound fins inside the motor diameter. The steel nozzle expansion cone has flutes that cause the rocket to spin during free flight. This permits the rocket to be launched from high-speed aircraft, helicopters, and low-speed aircraft. The Mk 71 Mods spring-loaded fins (fig. 2-5) deploy after emerging from the rocket launcher tube. They lock in place (open) by sliding into a locking slot in the flange at the aft end of the fin nozzle assembly. When not actually installed in the launcher, the fins are held in the closed position by a fin retainer band, which must be removed when the rocket is installed into the launcher tube. The fin retainer band is not interchangeable with the shielding band.
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SERVICE ROCKET ASSEMBLIES 

Airborne rockets, consisting of fuzes, warheads, and motors, are combined and assembled in various configurations to meet specific tactical requirements. For example, a rocket assembly that consists of a fragmentation warhead armed with a proximity fuze is entirely unsuitable for use against an armored tank or bunker. Likewise, the GP warhead fuzed only with the Mk 191 base fuze is relatively ineffective against personnel or unarmored targets.With each specific type of target, the right combination of warhead, fuze, and motor is assembled from the wide variety of components available.  

ROCKET SAFETY PRECAUTIONS 

The aircraft rocket is no more dangerous than any other explosive weapon. It does have certain peculiar hazards. A completely assembled rocket, if accidentally fired, takes off under its own power in the direction it is pointed, and threatens everything in its path. When fired, an assembled rocket expels a blast of burning gas capable of injuring or killing anyone it strikes. Generally, rocket motors without a head attached won't explode. It is a fire hazard since ballistite or cordite N (SPCG) ignites easily and burns readily. High-explosive heads, either fuzed or unfuzed, present the same risk as gun projectiles under the same conditions. Handle rockets, whether completely assembled or disassembled, with extreme care to avoid damage to parts.  

Only personnel who are certified to handle rockets should be in the vicinity of assembly operations. When handling airborne rockets, rocket components, and launchers, follow all safety practices that apply to airborne armament and weapons. If practicable, all work should be performed from the side of the rocket launcher. Rocket motors should be stowed in the same manner as smokeless powder. Never allow matches and open flames in the stowage area. Smoking is NOT permitted in the loading area within 200 feet of ammunition. Do not stow rocket motors in the same compartments with or near radio apparatus or antenna leads. Induced currents might ignite the motor.DoNOT fire rocket motors when the propellant temperature is outside the safe-firing temperature limits specified on the motor tube.  

If a rocket motor is dropped and any portion impacts on a hard surface after falling 2 feet or more, do NOT use it. Cracks or breaks in the grain increase the carefully calculated burning area and cause excessive internal pressure buildup, which can cause the motor to blow up after ignition. Stow high explosive heads and fuzes (except fuzes that are permanently installed in the head) separately in the same manner as high-explosive projectiles. Ready-service stowage of assembled rockets is authorized for the 2.75-inch and 5.0-inch aircraft rockets according to NAVSEA OP 4 and NAVSEA OP 5. A fuze is relatively sensitive and must be handled with care to avoid extreme shock that might cause damage. Conduct fuzing, unfuzing, assembly, or disassembly operations of all types of ammunition away from other explosives and vital installations. Only the minimum number of persons and rounds required should be in the vicinity. The ideal situation is to permit work on only one round at a time. This work should be done on a deck or at some other location remote from all magazines, ready stowage, explosive supplies, or vital installations. Examination of the exterior of some fuzes will not show if they are armed. If, for any reason, you think a fuze might be armed, the fuze should be treated as an armed and sensitive fuze. You must NOT attempt to remove it from the rocket head. The complete fuzed round should be disposed of according to current directives. When available, explosive-ordnancedisposal (EOD) personnel should dispose of such rounds. 

CAUTION 

NEVER attempt to remove a base fuze from a rocket head.

You should NOT tamper with (or attempt to repair) any parts of the round. If the round is damaged or defective, remove the head from the motor and mark the defective part for return to the issuing agency. Disassembly or alteration of rocket components isNOT authorized except under specific instructions from Naval Air Systems Command. Fuzes and/or warheads dropped 5 feet or more onto a hard surface and rockets that have been accidentally released from aircraft launchers upon aircraft landing must be disposed of according to current directives. If a loaded launcher is dropped, you should NOT use it until the launcher tubes, latching mechanisms, and rockets are inspected for damage. Rocket launchers should NOT be suspended from a bomb rack that does not have independent ignition and jettisoning circuits. To prevent possible explosion, do NOT expose airborne rockets or loaded launchers to the exhaust from jet engine starter pods or gas turbine compressors. A minimum distance, as indicated on the unit, must be maintained between the gas turbine exhaust path and rocket assemblies upon which the exhaust impinges. In the absence of specific information on the unit, a minimum distance of 10 feet must be maintained. Rockets should NOT be loaded or unloaded from launchers while on the flight deck. RF barriers should remain in place on the launcher while on the flight deck. 

The detent pin must be in the breaker switch at all times. The only exceptions are when you are making certain electrical checks, or when the aircraft is ready for flight. Do NOT, under any circumstances, perform an electrical test with rockets in the launcher. 

