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Introduction of Parachute Aerodynamics into an Undergraduate Aerodynamics Course Eugene E. Niemi, Jr.,1 and Christopher Niezrecki.2 University of Massachusetts Lowell, Lowell, MA, 01854 Kenneth J. Desabrais3 US Army Natick Soldier Research, Development and Engineering Center, Natick, MA, 01760



This paper describes an aerodynamics course that covers the basics of a typical first course in aerodynamics, but also includes two weeks of coverage of parachute aerodynamics. It is designed to fill a need by providing students with an introduction to parachutes as a resource for local research labs and industry, as well as providing a university’s graduate students with the background to work on ongoing research projects related to parachutes. The procedure described here as to which topics to delete from the basic course, to provide room for the parachute information, can be used to introduce other major topics into an aerodynamics course, such as rotary-wing aerodynamics, supersonic aerodynamics, or orbital mechanics.



Nomenclature CDo Cx D Dc Dp Do E F Fc Fr Fs Fx g L le mr mp R tf Vs δ ζ λt ν ρ τ



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



parachute drag coefficient referenced to total canopy surface area opening force coefficient parachute drag force constructed diameter of canopy shape projected diameter of inflated canopy nominal diameter of parachute Young’s modulus of canopy material force during opening at a given value of time canopy steady state force after opening Froude number canopy snatch force peak force during canopy opening acceleration due to gravity parachute lift force suspension line length parachute mass ratio mass of parachute canopy resultant force on canopy canopy filling time snatch velocity canopy fabric thickness modified stiffness index total porosity of canopy Poisson’s ratio of canopy fabric air density non-dimensional opening time
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I. Introduction



T



HIS paper describes an aerodynamics course that has been modified to introduce significant material on the topic of parachutes. This was done to meet the needs of a university in terms of current ongoing research, and also to meet the needs of local industry and government research labs. This paper falls in the category of "broader innovative collaboration of industry and academia in engineering education." Senior Capstone Projects and Master’s theses often stem from the needs of faculty research or industry partners, or government research laboratories. Such is the case with the parachute topics discussed herein. One of the decisions that had to be made was how much information on parachutes could be introduced into the course without diluting the original intent of the course, that is, to provide a basic introductory course in aerodynamics with some flight mechanics material still included. It was decided to include two weeks of parachute material into the 14 week course, that is, the equivalent of six classes. The breakdown of the topics selected is given in Section III.



II. History of Aerodynamics Courses at UML The University of Massachusetts Lowell (hereafter referred to as UML) has for years offered a basic aerodynamics course as a senior year technical elective to mechanical engineering students. During these years, well over 500 students have taken this course and become a resource for local industry, many of them entering the aerospace field, or going on to graduate school. UML is one of the schools that form a five university network in the University of Massachusetts system. None of these schools have an aeronautical engineering program. With one exception, and only for a few years, none of the other campuses in the UMass system have even offered an aerodynamics course, in spite of the fact that there is considerable aerospace work going on in the New England area. From time to time, UML has also offered other aero-related courses, depending on the needs of local industry and the capabilities of the faculty. Previous courses have included Aircraft Structures, Jet Propulsion, Rotary-wing Aerodynamics, Aeronautical Testing, and Orbital Mechanics. Textbooks that have been used for the aero course include Shevell1, Anderson2, McCormick3, Lan and Roskam4, and Dommasch, Sherby and Connolly5. In years past, the basic aero course, currently called Aerodynamics and Flight Mechanics, has been put on videotapes6 and DVDs to make the course suitable for distance learning or on-line offering. The course has also been modified with a project to illustrate parasite drag coefficient prediction.7 Courses that are devoted entirely to parachutes are given by the University of Minnesota, and the biennial, one week long Heinrich Parachute Systems Technology Short Course, co-sponsored by the AIAA Aerodynamic Decelerator Systems Technical Committee jointly with other sponsors. The Mechanical Engineering Department at UML is currently conducting research in parachutes, 8 and has done so in the past,9-17 so the students doing related Senior Capstone Projects18 or Master’s theses19 have always had to be “brought up to speed” with some parachute background. To alleviate this problem with current research that is going on, the topic of parachutes has been added to the aerodynamics course. In doing so, decisions have had to be made as to what topics to leave out, and which new topics in the broad field of parachutes should be added to the course. In an aeronautical engineering program where several aerodynamics courses are offered, a decision on how to include material on parachutes would be much easier because the first aero course in the sequence can be quite theoretical, and later courses can cover other applied topics including the flight dynamics portion. Since the aero course at UML must by its nature be more of a survey course (a technical elective in a mechanical program), it is important to include some of the flight mechanics to give the student a good overview of aerodynamic applications. Therefore, the addition of parachute aerodynamics is more difficult. The sections below describe how these decisions were made. Much of the parachute material was taken from Knacke.20



III. Methods for Introducing Parachute Material into the Course There are two methods by which parachute material was introduced into the course. One was by indirect, or “subtle” methods, and the other was by direct special lectures obviously dedicated to parachutes. A. Indirect Introduction of Material This “subtle” method is not to imply that the purpose of the material is being disguised, rather that it is a simple or brief reference to a parachute topic used to illustrate or add on to a topic that would normally be covered in the course anyway, but where a parachute is used by way of illustration. Two examples are as follows: 1) When the standard atmosphere model and its purpose are being discussed, a mention of the parachute HALO (High Altitude, Low Opening) concept is brought up, emphasizing the need for an atmosphere model that gives density variation with altitude for calculating the payload terminal velocity at high altitude and then resultant opening shock during 2 American Institute of Aeronautics and Astronautics



deployment at low altitude. 2) When discussing aircraft gliding flight performance, the free body diagram of the aircraft is simply replaced with the free body diagram of a gliding parachute. The force arrangement is the same in each case, and the parachute diagram serves to develop the concept and equations of gliding flight just as well as using an airplane. Relatively straightforward homework problems dealing with parachutes were added along the way. When this is done in enough instances, the student already has considerable exposure to parachute concepts even before he gets to specific complete lectures on parachutes, albeit in simplified ways. Additional examples of the way this was done in the course are as follows (the two previous examples are also included in the material below, in the order in which they are introduced into the course).



Dimensional analysis



Standard atmosphere Wind tunnel testing Circulation and vortex flow 3D airfoil (wing) data Drag coefficients Terminal velocity concept Gliding flight



Include information on parachute mass ratio, relative stiffness index, and Froude number; as well as Reynolds number and Mach number in scaling test data Discuss high altitude drop, low opening concept in parachutes Discuss infinite mass and finite mass tunnel tests, as well as drop tests Discuss vortex shedding from parachute canopies Give lift and drag coefficient data for parfoil configurations of various aspect ratios Give detailed drag coefficient data for canopies including porosity effects (see Fig. 1) Include an example of terminal velocity calculation for parachute/soldier Discuss in terms of L/D ratio for gliding parafoil (see Fig. 2)



Figure 1. Porosity effects on parachute drag coefficient (Courtesy Knacke, Parachute Recovery Systems Design Manual, Para Publishing)
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Figure 2. Use of parachute to illustrate aircraft gliding flight (Courtesy Knacke, Parachute Recovery Systems Design Manual)



B. Direct Introduction of Material For this approach, whole lectures or parts of lectures are dedicated to specific parachute information. This is done with the discussion of drag coefficients of parachutes, where the concept of fabric porosity and geometric porosity is discussed. It is also done in a lecture on parachute opening dynamics, non-dimensionalization of parameters, and computer models used to predict opening time and shock. It is also used for a discussion of materials used in parachutes in general, and especially to introduce the concept of new smart materials that are being researched.8,10 As stated in the introduction, it was decided to include the equivalent of six classes of parachute coverage into the course. This direct introduction of information was broken down as shown in Table 1.



Table 1. Breakdown of topic coverage used in direct introduction of material



Parachute Topic Types of parachutes, applications, & companies/research labs Nomenclature Parachute opening dynamics, computer models Parachute aerodynamics Wind tunnel and drop testing, non-dimensional ratios and scaling factors Parachute packing demonstration (field trip), materials



Equivalent Number of Classes 1/2 1/2 1 1/2 1 1 1 1/2



The first major topic added, on types of parachutes and their applications, is presented using Table 2, and columns 1, 2, 3, and 9 in this table are discussed in detail. The drag coefficient data are covered later in the course.
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Table 2. Major types of parachutes



(Courtesy Knacke, Parachute Recovery Systems Design Manual)



Nomenclature is then discussed in detail, followed by parachute opening dynamics. In presenting this topic, Fig. 3 is used as an introduction to the topic, to illustrate the empirically observed phenomena that occur during parachute opening. Idealization of the opening process is described using Fig. 4. The force time history during opening, and shown in Fig. 5, is discussed in detail. Parachute aerodynamics for different canopy shapes is then discussed. This consists primarily of quantitative drag coefficient data from Table 2 and other sources, information on lift coefficients for gliding parachutes, and a qualitative discussion of canopy and payload stability.



Figure 4. Idealization of steps in the opening process (Knacke, permission pending)



Figure 5. Force-time history during parachute opening, finite mass inflation (Knacke, permission pending)



Figure 3. Parachute opening sequence
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Figure 4. Idealization of steps in the opening process (Knacke, Parachute Recovery Systems Design Manual)



Figure 5. Force-time history during parachute opening, finite mass inflation (Knacke, Parachute Recovery Systems Design Manual)



Wind tunnel testing and drop testing is then discussed, including wind tunnel testing of gliding parachutes as seen in Fig. 6. Figure 7 is used to illustrate wind tunnel results for infinite mass inflations, and compared to Fig. 5 for finite mass inflations.



Figure 6. Full size parafoil testing in NASA Ames tunnel (Courtesy NASA)
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Figure 7. Wind tunnel test force-time history, infinite mass inflation (Knacke, Parachute Recovery Systems Design Manual)



The drop testing of parachutes is discussed based on the work of Lee. 21 In aircraft testing, the familiar Reynolds number and Mach number are of primary importance; but in parachute drop testing, the scaling of Froude number, Fr, and parachute mass ratio, mr, become the primary variables, along with the modified canopy stiffness index, ζ. These terms are defined below as Eqs 1 through 3. Fr = V2/g Do



(1)



mr = mp/ρDo3



(2)



ζ = [E/ρVs2(1 – ν2)](δ/Do)3



(3)



The canopy stiffness scaling is based on the work of Niemi 13-15 and further expanded on in the work of Johari and Desabrais22. Appropriate homework problems are assigned along the way to illustrate parachute concepts. The final major topic is a demonstration of parachute packing and typical parachute materials, which can be done either in the classroom or as part of a field trip to a government research lab or a parachute jump school. This is followed by a lecture on materials including the new smart materials that are being researched. 8



IV. Arrangement of Topics before Introduction of Parachute Information This aerodynamics course is usually offered during a standard 14 week semester, 3 days per week, amounting to 42 classes, plus a final examination. It is also offered occasionally in summer school. The presentation here focuses only on the standard 14 week semester. The topics most recently covered in the course before the introduction of parachutes are listed in Table 3. This table also has italicized topics that are deleted to make room for the equivalent of 6 classes on parachutes. Table 3. Topics usually covered in aero course, with topics to be removed listed in italics



Lesson No. 1 2 3 4 5 6 7 8 9 10 11



Topics ordinarily covered Introduction, anatomy of the airplane, coordinate systems, aerodynamic forces and dimensional analysis Dimensional analysis of aerodynamic forces (cont) Wind tunnel testing Wind tunnel testing (cont), Homework No. 1 solutions Introduction to standard atmosphere Standard atmosphere (cont), review of incompressible Bernoulli equation Airspeed measurement, pitot-static tubes, equivalent airspeed, solutions to Homework No. 2 Summary of isentropic flow equations, derivation of compressible Bernoulli equation, calibrated airspeed Rayleigh Pitot Formula, temperature variation in compressible flow, aerodynamic heating Solutions to Homework No. 3 Two-dimensional inviscid flows, free and forced vortex flows



Topics removed or modified



Delete all topics in this lecture Delete all topics in this lecture
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12 13 14 15 16 17 18 19 20 21 22 23 24 25



26 27 28 29 30 31 32



33 34 35 36



37 38 39 40 41 42



Circulation, circulation calculations for free and forced vortex, irrotational and rotational flows Development of Kutta-Joukowski Law for rotating cylinder and airfoil, D’Alembert’s Paradox, airfoil-induced circulation Solutions to Homework No. 4 Exam No. 1 Airfoil geometry, NASA airfoil series, other airfoils, review of dimensional analysis on airfoils, Reynolds and Mach numbers Airfoil force equations, reference areas and lengths Airfoil data presentation for 2D airfoils and 3D wings Thin airfoil theory, Weissinger’s approximation, lift curve slopes, chordwise pressure distribution, pressure coefficient Integration of pressure coefficient into lift coefficient, Mach number effects on airfoil data, Prandtl-Glauert rule Solutions to Homework No. 5, Computer Project assignment Critical Mach number, drag divergence Mach number, airfoil data correction for Reynolds number “scale” effects Introduction to finite span wing theory, Bio-Savart Law, Helmholtz’s Laws of vortex motion Derivation of Prandtl’s Lifting Line Theory, downwash



Simplify discussion of Mach number effects, delete Prandtl-Glauert rule Simplify discussion of Reynolds number effects



Give results of Prandtl lifting line theory only, not equation derivations Omit taper ratio corrections, use wing overall efficiency factors only



Induced angle and induced drag coefficient; taper ratio correction factors, conversion of section data to wing data (2D to 3D conversions) Wing efficiency factors, elliptical planforms, 3D to 3D conversion of data, lift curve slope conversion equations Planform comparisons, Schrenk’s method for spanwise lift distribution, Wind Tunnel Project assignment Solutions to Homework Nos. 6 and 7 Stalling speed determination, high-lift devices, combinations of slots and flaps Exam No. 2 Introduction to drag nomenclature, drag determination by “Method of Components,” interference drag Drag determination by “Method of Wetted Areas,” equivalent Delete drag determination by method parasite drag area, drag due to lift of entire aircraft of wetted areas, outline concept only configurations Introduction to aircraft performance, power required in level flight Summary of aircraft propulsion, propellers and propeller Delete propeller theory nomenclature, propeller theory, propeller charts Jet and rocket engine propulsion, thrust vs velocity curves Derivation of general performance equations for motion in twodimensions, “Static Performance Problem,” intro. to rate of climb (RC) Rate of climb derivation (cont), excess power using power curves, minimum and maximum velocity in level flight Climb angle calculations, velocity for max RC and max climb angle, gliding flight, glide hodograph Variation of power curves with altitude, ceiling calculations, time to climb Intro. to range and endurance, derivation of Breguet range Give results of range equation only, equation discuss use of equation Derivation of endurance equation, conditions to maximize range Give results of endurance equation and endurance only, discuss use of equation Solutions to selected problems from Homework Nos. 8, 9, 10 8 American Institute of Aeronautics and Astronautics



One of the most difficult things to do was to decide which topics could be deleted from the basic aero course to make room for the parachute topics. It is believed that the deleted topics were appropriately selected, and that other changes to the aero course could be made within the “skeleton” of what is left. For example, an introduction to rotary wing aerodynamics could be inserted into the equivalent of the six lectures that were deleted. Alternatively, the student could be given a brief introduction to rocket flight: boost, reentry, and orbital mechanics. Or the student could be given more exposure to supersonic flow. Other topics could also be added. With the introduction of the material from Table 1, the final arrangement of the course then takes the form shown in Table 4. Table 4. Topics now covered in aero course, with topics added listed in italics



Lesson No. 1



Topics covered with parachute introduction
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Introduction, anatomy of the airplane, coordinate systems, aerodynamic forces and dimensional analysis Dimensional analysis of aerodynamic forces (cont), Froude number, parachute mass ratio and stiffness index Wind tunnel testing, parachute wind tunnel and drop testing Wind tunnel testing (cont), Homework 1 solutions Introduction to standard atmosphere, HALO parachute concept Standard atmosphere (cont), review of incompressible Bernoulli equation Airspeed measurement, pitot-static tubes, equivalent airspeed, solutions to Homework No. 2 Types of parachutes, applications, and nomenclature



9



Parachute opening dynamics



10



Parachute opening dynamics (cont) and computer opening models. Solutions to Homework No. 3 Two-dimensional inviscid flows, free and forced vortex flows Circulation, circulation calculations for free and forced vortex, irrotational and rotational flows, discussion of parachute vortex shedding Development of Kutta-Joukowski Law for rotating cylinder and airfoil, D’Alembert’s Paradox, airfoilinduced circulation Solutions to Homework No. 4 Exam No. 1 Airfoil geometry, NASA airfoil series, other airfoils including parafoils, review of dimensional analysis on airfoils, Reynolds and Mach numbers Airfoil force equations, reference areas and lengths, introduction to parachute aerodynamics Airfoil data presentation for 2D airfoils and 3D wings Thin airfoil theory, Weissinger’s approximation, lift curve slopes, airfoil chordwise pressure distribution, pressure coefficient Parachute canopy pressure distributions, integration of airfoil pressure coefficient into lift coefficient, Mach number effects on airfoil data Solutions to Homework No. 5, Computer Project assignment



2



3 4 5 6 7



11 12



13



14 15 16



17 18 19



20



21



Highlight of topics added or modified



When discussing dimensionless ratios, Froude number, parachute mass ratio, and parachute stiffness index added Parachute wind tunnel and drop testing added



The HALO parachute concept is used to illustrate the need for an atmosphere model



This new material replaces the previous compressible flow material in Lecture No. 8 This new material replaces the previous temperature and heating in Lecture No. 9 Replaces part of the old Lecture No. 10, Homework No. 3 presentation shortened.



Add brief information on parachute vortex shedding



Brief introduction of material on parafoil lift and drag coefficient values Continuation of parachute aerodynamics



Addition of pressure coefficient data for parachutes, simplify discussion of Mach number effects, delete Prandtl-Glauert rule
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22



23 24 25



26 27 28 29 30 31



32 33 34 35 36



37



38 39 40



41 42



Critical Mach number, drag divergence Mach number, Airfoil data correction for Reynolds number “scale” effects Introduction to finite span wing theory, Bio-Savart Law, Helmholtz’s Laws of vortex motion Development of Prandtl’s Lifting Line Theory, downwash Induced angle and induced drag coefficient, conversion of section data to wing data (2D to 3D conversions) Wing efficiency factors, elliptical planforms, 3D to 3D conversion of data, lift curve slope conversions Planform comparisons, Schrenk’s method for spanwise lift distribution, Wind Tunnel Project assignment Solutions to Homework Nos. 6 and 7 Stalling speed determination, high-lift devices, combinations of slots and flaps Exam No. 2 Introduction to drag nomenclature, drag determination by “Method of Components,” parachute drag coefficients, interference drag Equivalent parasite drag area, drag due to lift of entire aircraft configurations Introduction to aircraft performance, power required in level flight Summary of aircraft propulsion, propellers and propeller nomenclature, propeller charts Jet and rocket engine propulsion, thrust vs velocity curves Derivation of general performance equations for motion in two-dimensions, “Static Performance Problem,” intro. to rate of climb (RC) Rate of climb derivation (cont), excess power using power curves, minimum and maximum velocity in level flight Climb angle calculations, velocity for max RC and max climb angle, gliding flight, glide hodograph Variation of power curves with altitude, ceiling calculations, time to climb Intro. to range and endurance, Breguet range and endurance equation results, conditions to maximize range and endurance Parachute packing demonstration (field trip), parachute materials Discussion of parachute smart materials, selected solutions to Homework Nos. 8, 9, and 10 Final examination



Simplify discussion of Reynolds number effects



Give results of Prandtl lifting line theory only, not equation derivations



Deleted taper ratio correction factor determination for wings



Detailed data on parachute drag coefficients added to drag coefficient data usually covered Deleted drag determination by method of wetted areas, outline concept only



Propeller theory deleted



Derivations of the range and endurance equations deleted, results only This class replaces detailed range and endurance equation derivations Conclusion of added material on parachutes



V. Conclusions A procedure has been developed that describes how a basic aerodynamics course can be effectively modified to introduce a significant amount of material on parachute aerodynamics. The augmented material provides students with an introduction to parachutes and the needed background to work on ongoing research projects related to parachutes. The reason for the project is to provide for closer interaction between government research labs and the university, while providing a source of students knowledgeable in the terminology and basic concepts of parachute aerodynamics and design. 10 American Institute of Aeronautics and Astronautics
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