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MAE 1202: AEROSPACE PRACTICUM
 Lecture 4: Introduction to Basic Aerodynamics 3
 February 4, 2013
 Mechanical and Aerospace Engineering Department
 Florida Institute of Technology
 D. R. Kirk
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READING AND HOMEWORK ASSIGNMENTS
 • Reading: Introduction to Flight, by John D. Anderson, Jr.
 – For this week’s lecture: Chapter 4, Sections 4.10 - 4.21, 4.27
 – For next week’s lecture: Chapter 5, Sections 5.1 - 5.13
 • Lecture-Based Homework Assignment:
 – Problems: 4.7, 4.11, 4.18, 4.19, 4.20, 4.23, 4.27
 • DUE: Friday, February 15, 2013 by 5 PM
 • Turn in hard copy of homework
 – Also be sure to review and be familiar with textbook examples in Chapter 5
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3
 ANSWERS TO LECTURE HOMEWORK• 4.7: p1-p2 = 3,423 N/m2
 – Note that in reality the airplane will most likely exceed 90 m/s in a dive, so the airspeed indicator should be designed for a maximum velocity above 90 m/s
 • 4.11: Ae = 0.0061 ft2 (0.88 in2)• 4.18: h = 2.81 cm• 4.19: (a) p1-p2 = 98.15 lb/f2, (b) p1-p3 = 0.959 lb/ft2
 – Note that by the addition of a diffuser, the required pressure difference was reduced by an order of magnitude. Since it costs money to produce a pressure difference (say by running compressors or vacuum pumps), then a diffuser, the purpose of which is to improve the aerodynamic efficiency, allows the wind tunnel to be operated more economically
 • 4.20: p0 = 2,172 lb/ft2
 • 4.23: p0 = 1.486x105 N/m2
 – Make sure you understand the difference between this problem and 4.20. In problem 4.23, the Bernoulli Equation is NOT valid because the flow is compressible, so isentropic relations must be employed.
 • 4.27: p02 = 1.49x105 N/m2
 • Comments:– Include a brief comment on your answer, especially if different than above– If you have any questions come to office hours
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PAPER TOWER COMPETITION RESULTS
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5
 SUMMARY OF GOVERNING EQUATIONS (4.8)STEADY AND INVISCID FLOW
 222
 211
 2211
 2
 1
 2
 1VpVp
 VAVA
 222
 111
 222
 211
 1
 2
 1
 2
 1
 2
 1
 222111
 2
 1
 2
 1
 RTp
 RTp
 VTcVTc
 T
 T
 p
 p
 VAVA
 pp
 • Incompressible flow of fluid along a streamline or in a stream tube of varying area
 • Most important variables: p and V
 • T and are constants throughout flow
 • Compressible, isentropic (adiabatic and frictionless) flow along a streamline or in a stream tube of varying area
 • T, p, , and V are all variables
 continuity
 Bernoulli
 continuity
 isentropic
 energy
 equation of stateat any point
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6
 INVISCID MOMENTUM EQUATION (4.3)• Physical Principle: Newton’s Second Law
 • How to apply F = ma for air flows?
 • Lots of derivation coming up…
 • Derivation looks nasty… final result is very easy is use…
 • What we will end up with is a relation between pressure and velocity
 – Differences in pressure from one point to another in a flow create forces
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7
 APPLYING NEWTON’S SECOND LAW FOR FLOWS
 dx
 dz
 dy
 x
 y
 z
 Consider a small fluid element moving along a streamlineElement is moving in x-direction
 V
 What forces act on this element?1. Pressure (force x area) acting in normal direction on all six faces2. Frictional shear acting tangentially on all six faces (neglect for now)3. Gravity acting on all mass inside element (neglect for now)
 Note on pressure:Always acts inward and varies from point to point in a flow
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8
 APPLYING NEWTON’S SECOND LAW FOR FLOWS
 dx
 dz
 dyp(N/m2)
 Area of left face: dydzForce on left face: p(dydz)
 Note that P(dydz) = N/m2(m2)=NForces is in positive x-direction
 x
 y
 z
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9
 APPLYING NEWTON’S SECOND LAW FOR FLOWS
 dx
 dz
 dyp(N/m2)
 Area of left face: dydzForce on left face: p(dydz)Forces is in positive x-direction
 p+(dp/dx)dx(N/m2)
 Change in pressure per length: dp/dxChange in pressure along dx is (dp/dx)dxForce on right face: [p+(dp/dx)dx](dydz)Forces acts in negative x-direction
 x
 y
 z
 Pressure varies from point to point in a flowThere is a change in pressure per unit length, dp/dx
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 APPLYING NEWTON’S SECOND LAW FOR FLOWS
 dx
 dz
 dyp(N/m2)
 p+(dp/dx)dx(N/m2)
 Net Force is sum of left and right sides
 Net Force on element due to pressure dxdydzdx
 dpF
 dydzdxdx
 dpppdydzF
 x
 y
 z
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 APPLYING NEWTON’S SECOND LAW FOR FLOWS
 Vdx
 dV
 dt
 dx
 dx
 dV
 dx
 dx
 dt
 dVa
 dt
 dxV
 dt
 dVa
 Now put this into F=ma
 First, identify mass of element
 Next, write acceleration, a, as
 (to get rid of time variable)
 dxdydzmass
 dxdydzvolumevolume
 mass
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12
 SUMMARY: EULER’S EQUATION
 VdVdpdx
 dVVdxdydzdxdydz
 dx
 dp
 maF
 Euler’s Equation
 • Euler’s Equation (Differential Equation)
 – Relates changes in momentum to changes in force (momentum equation)
 – Relates a change in pressure (dp) to a chance in velocity (dV)
 • Assumptions we made:
 – Neglected friction (inviscid flow)
 – Neglected gravity
 – Assumed that flow is steady
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13
 WHAT DOES EULER’S EQUATION TELL US?
 • Notice that dp and dV are of opposite sign: dp = -VdV
 • IF dp ↑
 – Increased pressure on right side of element relative to left side
 – dV ↓
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14
 WHAT DOES EULER’S EQUATION TELL US?
 • Notice that dp and dV are of opposite sign: dp = -VdV
 • IF dp ↑
 – Increased pressure on right side of element relative to left side
 – dV ↓ (flow slows down)
 • IF dp ↓
 – Decreased pressure on right side of element relative to left side
 – dV ↑ (flow speeds up)
 • Euler’s Equation is true for Incompressible and Compressible flows
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 INVISCID, INCOMPRESSIBLE FLOWALONG STREAMLINES
 022
 0
 0
 21
 22
 12
 2
 1
 2
 1
 VVpp
 VdVdp
 VdVdpV
 V
 p
 p
 Points 1 and 2 are on same streamline!Relate p1 and V1 at point 1 to p2 and V2 at point 2Integrate Euler’s equation from point 1 to point 2 taking = constant
 12
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16
 BERNOULLI’S EQUATION
 2
 222
 21
 1
 22
 2
 Vp
 Vp
 Vp
 • One of most fundamental and useful equations in aerospace engineering!
 • Remember:
 – Bernoulli’s equation holds only for inviscid (frictionless) and incompressible (= constant) flows
 – Bernoulli’s equation relates properties between different points along a streamline
 – For a compressible flow Euler’s equation must be used ( is variable)
 – Both Euler’s and Bernoulli’s equations are expressions of F = ma expressed in a useful form for fluid flows and aerodynamics
 Constant along a streamline
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What can we do with theBernoulli equation?
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18
 WHEN AND WHEN NOT TO APPLY BERNOULLI
 YES NO
 http://arjournals.annualreviews.org/na101/home/literatum/ar/journals/production/fluid/2003/35/1/annurev.fluid.35.101101.161128/images/large/fm35_0295_3.jpeg
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 SIMPLE EXAMPLE
 p1 = 1.2x105 N/m2
 T1 = 330 KV1 = 10 m/sA1 = 5 m2
 p2 = ?T2 = 330 KV2 = 30 m/sA2 = 1.67 m2
 Since flow speed < 100 m/s is taken as incompressible (1=2)
 Given air flow through converging nozzle, what is exit pressure, p2?
 2
 522522
 2112
 3
 5
 1
 11
 10195.1301027.12
 1102.1
 2
 1
 27.1330287
 102.1
 m
 NxxVVpp
 m
 kgx
 RT
 p
 Notice that even with a 200% (3-fold) increase in velocity, pressure decreases by only about 0.8 %, which is characteristic of low velocity flow
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 OPEN VS. CLOSED CIRCUIT WIND TUNNELS
 Excellent Wind Tunnel Site: http://vonkarman.stanford.edu/tsd/pbstuff/tunnel/
 Open-Circuit Tunnel
 Closed-Circuit Tunnel
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 EXAMPLE: LOW-SPEED, SUB-SONIC WIND TUNNEL
 • Subsonic wind tunnels generally operate at speeds < 300 MPH
 Contraction(Nozzle)
 Fan
 Test Section
 Diffuser
 1
 2 3
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 SO WHY A DIFFUSER?
 • Subsonic wind tunnels generally operate at speeds < 300 MPH
 Contraction(Nozzle)
 Fan
 Test Section
 Diffuser1
 2
 Why build all of this?
 See Problem 4.19
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 EXAMPLE: LOW-SPEED, SUB-SONIC WIND TUNNEL
 222
 211
 12
 12
 222111
 2
 1
 2
 1VpVp
 VA
 AV
 AVAV
 2
 1
 2
 212
 2121
 22
 1
 2
 2
 AA
 ppV
 VppV
 • At speeds M < 0.3 ( or ~ 100 m/s) flow regarded as incompressible
 • Analyze using conservation of mass (continuity) and Bernoulli’s Equation
 1
 2
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 EXAMPLE: LOW-SPEED, SUB-SONIC WIND TUNNEL
 222
 211
 12
 12
 222111
 2
 1
 2
 1VpVp
 VA
 AV
 AVAV
 2
 1
 2
 212
 2121
 22
 1
 2
 2
 AA
 ppV
 VppV
 • At speeds M < 0.3 ( or ~ 100 m/s) flow regarded as incompressible
 • Analyze using conservation of mass (continuity) and Bernoulli’s Equation
 1
 2
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 EXAMPLE: MEASUREMENT OF AIRSPEED (4.11)• How do we measure an airplanes speed in flight?
 • Pitot tubes are used on aircraft as speedometers (point measurement)
 http://www.airliners.net/open.file?id=425665&size=L&sok=V0hFUkUgIChNQVRDSCAoYWlyY3JhZnQsYWlybGluZSxwbGFjZSxwaG90b19kYXRlLGNvdW50cnkscmVtYXJrLHBob3RvZ3JhcGhlcixlbWFpbCx5ZWFyLHJlZyxhaXJjcmFmdF9nZW5lcmljLGNuLGNvZGUpIEFHQUlOU1QgKCcrInBpdG90IiArInR1YmUiJyBJTiBCT09MRUFOIE1PREUpKSAgT1JERVIgQlkgcGhvdG9faWQgREVTQw%3D%3D&photo_nr=7
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 STATIC VS. TOTAL PRESSURE• In aerodynamics, 2 types of pressure: Static and Total (Stagnation)
 • Static Pressure, p
 – Due to random motion of gas molecules
 – Pressure we would feel if moving along with the flow
 – Pressure in Bernoulli’s equation is static pressure
 • Total (Stagnation) Pressure, p0 or pt
 – Property associated with flow motion
 – Total pressure at a given point in flow is the pressure that would exist if flow were slowed down isentropically to zero velocity
 • p0 > p
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Total and Static Ports
 27
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 MEASUREMENT OF AIRSPEED: INCOMPRESSIBLE FLOW
 02
 12
 1pVp
 pp
 V
 01
 2
 Staticpressure
 Dynamicpressure
 Totalpressure
 Incompressible Flow
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 SKETCH OF A PITOT TUBE (4.11)
 • Measures total pressure
 • Open at A, closed at B
 • Gas stagnated (not moving) anywhere in tube
 • Gas particle moving along streamline C will be isentropically brought to rest at point A, giving total pressure
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 EXAMPLE: MEASUREMENT OF AIRSPEED (4.11)• Point A: Static Pressure, p
 – Surface is parallel to flow, so only random motion of gas is measured
 • Point B: Total Pressure, p0
 – Aligned parallel to flow, so particles are isentropically decelerated to zero velocity
 • A combination of p0 and p allows us to measure V1 at a given point
 • Instrument is called a Pitot-static probe
 p0
 p
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 MEASUREMENT OF AIRSPEED: INCOMPRESSIBLE FLOW
 02
 12
 1pVp
 02
 12
 1pVp
 pp
 V
 01
 2
 Staticpressure
 Dynamicpressure
 Totalpressure
 Incompressible Flow
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 TRUE VS. EQUIVALENT AIRSPEED• What is value of ?
 • If is measured in actual air around the airplane
 • Measurement is difficult to do
 • Practically easier to use value at standard seal-level conditions, s
 • This gives an expression called equivalent airspeed
 pp
 Vtrue
 02
 s
 e
 ppV
 02
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TRAGIC EXAMPLE: Air France Crash
 • Aircraft crashed following an aerodynamic stall caused by inconsistent airspeed sensor readings, disengagement of autopilot, and pilot making nose-up inputs despite stall warnings
 • Reason for faulty readings is unknown, but it is assumed by accident investigators to have been caused by formation of ice inside pitot tubes, depriving airspeed sensors of forward-facing air pressure.
 • Pitot tube blockage has contributed to airliner crashes in the past
 33
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HOW DOES AN AIRFOIL GENERATE LIFT?• Lift due to imbalance of pressure distribution over top and bottom surfaces of
 airfoil (or wing)
 – If pressure on top is lower than pressure on bottom surface, lift is generated
 – Why is pressure lower on top surface?
 • We can understand answer from basic physics:
 – Continuity (Mass Conservation)
 – Newton’s 2nd law (Euler or Bernoulli Equation)
 Lift = PA
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HOW DOES AN AIRFOIL GENERATE LIFT?1. Flow velocity over top of airfoil is faster than over bottom surface
 – Streamtube A senses upper portion of airfoil as an obstruction
 – Streamtube A is squashed to smaller cross-sectional area
 – Mass continuity AV=constant: IF A↓ THEN V↑
 Streamtube A is squashedmost in nose region(ahead of maximum thickness)
 AB
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HOW DOES AN AIRFOIL GENERATE LIFT?2. As V ↑ p↓
 – Incompressible: Bernoulli’s Equation
 – Compressible: Euler’s Equation
 – Called Bernoulli Effect
 3. With lower pressure over upper surface and higher pressure over bottom surface, airfoil feels a net force in upward direction → Lift
 VdVdp
 Vp
 constant2
 1 2
 Most of lift is producedin first 20-30% of wing(just downstream of leading edge)
 Can you express these ideas in your own words?
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Incorrect Lift Theory• http://www.grc.nasa.gov/WWW/k-12/airplane/wrong1.html
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SUMMARY OF GOVERNING EQUATIONS (4.8)
 222
 211
 2211
 2
 1
 2
 1VpVp
 VAVA
 • Steady, incompressible flow of an
 inviscid (frictionless) fluid along a streamline or in a stream tube of varying area
 • Most important variables: p and V
 • T and are constants throughout flow
 continuity
 Bernoulli
 What if flow is high speed, M > 0.3?
 What if there are temperature effects?
 How does density change?
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