5.1 The Importance of Drag

The subject of drag didn’t arise in our use of panel methods to examine the inviscid flowfield

around airfoils in the last chapter: the theoretical drag was always zero! Before proceeding fur-

ther in any study of computational aerodynamics the issue of drag must be addressed. There are

many sources of drag. In three-dimensional flow, and in two dimensions when compressibility

becomes important, drag occurs even when the flow is assumed inviscid. Before discussing the

aerodynamics of lifting systems, the fundamental aspects of aerodynamic drag will be examined.

Drag is at the heart of aerodynamic design. The subject is fascinatingly complex. All aerody-

namicists secretly hope for negative drag. The subject is tricky and continues to be controversial.

It’s also terribly important. Even seemingly minor changes in drag can be critical. On the Con-

corde, a one count drag increase (DCD = .0001) requires two passengers, out of the 90 ~ 100 pas-

senger capacity, be taken off the North Atlantic run.1 In design studies a drag decrease is equated

to the decrease in aircraft weight required to carry a specified payload the required distance. One

advanced fighter study2 found the drag sensitivity in supersonic cruise was 90 lb/ct and 48 lb/ct

for subsonic/transonic cruise. At the transonic maneuver design point the sensitivity was 16 lb/ct

(drag is very high here). In comparison, the growth factor was 4.1 lb of takeoff gross weight for
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every 1 lb of fixed weight added. For one executive business jet the range sensitivity is 17

miles/drag count. Advanced supersonic transports now being studied have range sensitivities of

about 100 miles/drag count. When new aircraft are sold, the sales contract stipulates numerous

performance guarantees. One of the most important is range. The aircraft company guarantees a

specified range before the aircraft is built and tested. The penalty for failure to meet the range

guarantee is severe. Conservative drag projections aren’t allowed—the competition is so intense

that in the design stage the aerodynamicist will be pressured to make optimistic estimates. In one

briefing in the early ’80s, an aerodynamicist for a major airframer said that his company was

willing to invest $750,000 for each count of drag reduction. Under these conditions the impor-

tance of designing for low drag, and the ability to estimate drag, can hardly be overstated.

The economic viability and future survival of an aircraft manufacturer depends on minimiz-

ing aerodynamic drag (together with the other design key technologies of structures, propulsion,

and control) while maintaining good handling qualities to ensure flight safety and ride comfort.

New designs that employ advanced computational aerodynamics methods are needed to achieve

vehicles with less drag than current aircraft. The most recent generation of designs (Boeing 767,

777, Airbus A340, etc.) already take advantage of computational aerodynamics, advanced exper-

imental methods, and years of experience. Future advances in aerodynamic performance present

tough challenges requiring both innovative concepts and the very best methodology possible.

Initial drag estimates can dictate the selection of a specific configuration concept in compari-

son with other concepts early in the design phase. The drag projections have a huge effect on the

projected configuration size and cost, and thus on the decision to proceed with the design.

There are two other key considerations in discussing drag. First, drag cannot yet be predicted

accurately with high confidence levels3 (especially for unusual configuration concepts) without

extensive testing, and secondly, no one is exactly sure what the ultimate possible drag level real-

ly is that can be achieved for a practical configuration. To this extent, aerodynamic designers are

the dreamers of the engineering profession.

Because of its importance, AGARD has held numerous conferences devoted to drag and its

reduction. In addition to the study of computational capability cited above, AGARD publications

include CP-124,4 CP-264,5 R-7236 and R-7867. These reports provide a wealth of information.

An AIAA Progress Series book has also been devoted primarily to drag.8 Chapters discuss

the history of drag prediction, typical methods currently used to predict drag, and the intricacies

of drag prediction for complete configurations. The most complete compilation of drag informa-

tion available is due to Hoerner.9 In this chapter we introduce the key concepts required to use

computational aerodynamics to evaluate drag. Additional discussion is included in the chapters

on viscous effects, transonic, and supersonic aerodynamics.
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5.2 Some Different Ways to View Drag - Nomenclature and Concepts

In discussing drag, the numerous viewpoints that people use to think about drag can create

confusion. Here we illustrate the problem by defining drag from several viewpoints. This pro-

vides an opportunity to discuss various basic drag concepts.

1. Simple Integration: Consider the distribution of forces over the surface. This includes a

pressure force and a shear stress force due to the presence of viscosity. This approach is known

as a nearfield drag calculation. An accurate integration will result in an accurate estimate of the

drag. However, two problems exist:

i) This integration requires extreme precision (remember that program PANEL did

not predict exactly zero drag).

ii) The results are difficult to interpret for aerodynamic analysis. Exactly where is the

drag coming from? Why does it exist, and how do you reduce it?

Thus in most cases a simple integration over the surface is not satisfactory for use in aerody-

namic design. Codes have only recently begun to be fairly reliable for nearfield drag estimation,

and then only for certain specific types of problems. The best success has been achieved for air-

foils, and even there the situation still isn’t perfect (see Chapters 10 and 11).

2. Fluid Mechanics: This viewpoint emphasizes the drag resulting from various fluid me-

chanics phenomena. This approach is important in conceiving a means to reduce drag. It also

provides a means of computing drag contributions in a systematic manner. Thinking in terms of

components from different physical effects, a typical drag breakdown would be:

• friction drag

• form drag

• induced drag

• wave drag.

Each of these terms will be defined below. Figure 5-1 illustrates possible ways to find the total

drag. It is based on a figure in Torenbeek’s book.10 He also has a good discussion of drag and its

estimation. Clearly, the subject can be confusing.

3. Aerodynamics: This approach combines the fluid mechanics viewpoint with more practical

considerations. From the aerodynamic design aspect it proves useful to think in terms of contri-

butions from a variety of aircraft features. This includes effects due to the requirement to trim the

aircraft, and interactions between the aerodynamics of the vehicle and both propulsion induced

flow effects and structural deformation effects. Within this context, several other considerations

are identified. The basic contributions from each component must be included. This leads to a

drag analysis based on typical configuration features, as shown below:
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• individual component contributions to drag

• base drag

• inlet drag with spillage

• boattail drag

• camber drag

• trim drag

• thrust-drag bookkeeping

• aeroelastic effects on drag








wetted
area


shed vortices
due to lift

waves due
to lift

boundary layer,
flow separation
Wave Drag



Fig. 5-1. Drag breakdown possibilities (internal flow neglected).

4. Performance: To calculate the performance of an airplane it is natural to define drag as the

sum of the drag at zero lift and the drag due to lift. This is the approach that leads to the typical

drag polar equation:

2
CD = CD0 +

Here each term is a function of Mach number, Reynolds number (in practice this is given to the

performance group in terms of Mach number and altitude), and the particular geometric configu-
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ration (flap deflection, wing sweep, etc.). The drag is not precisely a quadratic function of the

lift, and the value of the Oswald efficiency factor, E, in Eq.(5-1) is defined as a function of the

lift coefficient and Mach number: E = E(CL,M). The drag also depends on the throttle setting, but

that effect is usually included in the thrust table, as discussed below. There is another drag polar

approximation that is seen often. This approximation is more commonly used by aerodynamic

designers trying to understand wing performance. It is used to take into account the effect of

wing camber and twist, which causes the drag polar to be displaced “upward”, becoming asym-

metrical about the CL = 0 axis . It is given as:
2
CD = CD0 + DCDm + K CL - CLm

In taking into account the effect of camber and twist on shifting the polar, the DCDm term repre-

sents a penalty associated with using twist and camber to achieve good performance at the design

lift coefficient. This equation is for a fixed geometry. Figure 5-2 shows how this looks (DCDm is

exaggerated for emphasis). The value of K defines the shape of the polar. CD0 represents the

minimum drag of the configuration without camber and twist. The values of DCDm and CLm are

functions of the design lift coefficient. Sometimes novice aerodynamicists fail to include DCDm

properly and obtain incorrect values of E when evaluating published drag polars. This type of

polar shape will be discussed in more detail later in this chapter. Advanced design concepts such

as the X-29 minimize this penalty by defining a device schedule to maximize performance across

a broad range of lift coefficients.

1.00
Ideal polar shape (E=const) with same E at
design lift coefficient.
0.75

DCDm

CL D Design Lift

Actual polar including camber
and twist effects

0.040 0.050 0.060

CD

Figure 5-2. Drag polar
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As mentioned above, basic drag nomenclature is frequently more confused than it needs to be,

and sometimes the nomenclature gets in the way of technical discussions. The chart in Fig. 5-3

provides a basic classification of drag for overview purposes. The aerodynamic configuration-

specific approach to drag is not covered in fluid mechanics oriented aerodynamics texts, but is

described in aircraft design books. Two other good references are the recent books by Whitford11

and Huenecke.12 An approach to the evaluation of drag performance, including the efficiency

achieved on actual aircraft, was presented by Haines.13

We need to define several of these concepts in more detail. The most important overview of

aerodynamic drag for design has been given by Küchemann,14 and should be studied for a com-

plete understanding of drag concepts.

A fluid mechanics refinement: transonic wave drag.

The broadbrush picture of drag presented in Fig. 5.3 suggests that wave drag appears sudden-

ly at supersonic speeds. A more refined examination shows that wave drag arises at subsonic

speeds when the flow accelerates locally to supersonic speeds, and then returns to subsonic speed

through a shock wave. This leads to the presence of wave drag at subsonic (actually, by defini-

tion, transonic) freestream speeds. This initial drag increase, known as drag rise, is followed by a

rapid increase in drag, and is an important consideration in the design of wings and airfoils. The

Mach number at which the rapid drag increase occurs is known as the drag divergence Mach

number, MDD. The increase in drag occurs directly because of the wave drag associated with the

presence of shock waves. However, the drag also increases because the boundary layer thickness

increases due to the sudden pressure rise on the surface due to the shock wave, which leads to in-

creased profile drag. Lynch15 has estimated that at drag divergence the additional transonic drag

is approximately evenly divided between the explicit shock drag and the shock induced addition-

al profile drag. Several definitions of the drag rise Mach number are commonly used. The specif-

ic definition is usually not important because at drag divergence the drag rises very rapidly and

the definitions all result in similar values of MDD.

One standard definition of MDD is the Mach number where


= 0.1. (5-3)

CL =const.

Another definition of drag rise is the Mach number at which

D CD =.0020 from the subsonic value. (5-4)
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Note: A straight surface pressure integration makes it very difficult to separate

contributors to the total drag - and this is important in aerodynamic design.

Figure 5-3. A Broadbrush categorization of drag.

Commercial transports fly at or close to MDD, and the drag divergence Mach number is a key

part of the performance guarantee. Figure 5.4 (data from Shevell16) illustrates this refinement to

Fig. 5-3, together with the definitions associated with the drag rise. The figure also illustrates a

common characteristic, “drag creep,” which occurs with many transonic designs.

An aerodynamics/flight mechanics refinement: trim drag.

A drag not directly related directly to pure fluid mechanics arises from the need to trim the ve-

hicle (Cm = 0 about the center of gravity) for steady flight. This requirement can lead to control

surface deflections that increase (or decrease) the drag. It can be especially important for super-

sonic aircraft because of the shift in the aerodynamic center location with Mach number. Other

cases with significant trim drag may include configurations with variable wing sweep and the

use of airfoils with large values of the zero lift pitching moment about their aerodynamic center.

Trim drag details are presented in Section 5.10.
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Figure 5.4 Details of wave drag increases at transonic speeds.

A practical aspect of aero-propulsion integration: thrust-drag bookkeeping

To determine aircraft performance, the key value is actually not drag, but the balance between

thrust and drag. The drag of the airframe is affected by the operation of the propulsion system,

and care must be taken to understand and define these interactions. The amount of air used by the

engine defines the size of the streamtube entering the inlet. If all the air in front of the inlet does

not enter the inlet, a spillage drag will result. Similarly, the boattail drag over the external por-

tion of the nozzle will depend on the nozzle setting in the case of engines with afterburners, and

the pressure of the nozzle flow. The definition of a system to properly account for aero-propul-

sion interactions on the specification of thrust minus drag values is known as thrust-drag book-

keeping. Since thrust is usually provided by the propulsion group, and drag is provided by the

aerodynamics group, significant errors in the estimation of aircraft performance have occurred

when the necessary coordination and adjustments were not made. The details of this procedure

are described in the article by Rooney.17

Generally, the aerodynamics group provides the performance group with a reference drag

polar, and all thrust dependent corrections to the drag polar are accounted for by making adjust-

ments to the thrust values. This is done because it is natural to establish a performance calcula-

tion procedure using this approach. The precise details are not important as long as everyone in-

volved in the performance prediction agrees to a specific approach. Usually this requires a spe-

cific document defining thrust-drag bookkeeping for each aircraft project.
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Aerodynamic-structural interaction: aeroelastic effects on drag

This issue is not strictly a drag consideration, but can make a contribution to the drag if it is

not addressed. Aircraft structures deform due to air loads. If the design is centered around a sin-

gle design point, the aerodynamic shape at the design point can be defined, and the structural an-

alysts will adjust for structural deformation, specifying a “jig shape” that will produce the de-

sired aerodynamic shape at the design point. This is harder to do if there are multiple design

points. Deformation of wind tunnel models should also be considered when estimating drag.

5.4 Induced Drag

Although the inviscid flow over a two-dimensional airfoil produces no drag, as we’ve just

seen in Chapter 4, this is not true in three dimensions. The three-dimensional flowfield over a

lifting surface (for which a horseshoe vortex system is a very good conceptual model) does result

in a drag force, even if the flow is inviscid. This is due to the effective change in the angle of at-

tack along the wing induced by the trailing vortex system. This induced change of angle results

in a local inclination of the force vector relative to the freestream, and produces an induced drag.

It is one part of the total drag due to lift, and is typically written as:

C2 .
pARe

The small “e” in this equation is known as the span e. As we will show below, the induced

drag is only a function of the spanload. Additional losses due to the fuselage and viscous effects

are included when a capital E, known as Oswald’s E, is used in this expression. Note that al-

though this notation is the most prevalent in use in the US aircraft industry, other notations are

frequently employed, and care must be taken when reading the literature to make sure that you

understand the notation used.

When designing and evaluating wings, the question becomes: what is “e”, and how large can

we make it? The “conventional wisdom” is that for a planar surface, emax = 1, and for a non-pla-

nar surface or a combination of lifting surfaces, emax > 1, where the aspect ratio, AR, is based

on the projected span of the wing with the largest span.* However, studies searching for higher

e’s abound. The quest of the aerodynamicist is to find a fundamental way to increase aerodynam-

ic efficiency. In the ’70s, increased aerodynamic efficiency, e, was sought by exploiting non-pla-

nar surface concepts such as winglets and canard configurations. Indeed, these concepts are now

commonly employed on new configurations. In the’80s, a great deal of attention was devoted to

the use of advanced wing tip shapes on nominally planar configurations. It is not clear however

that the advanced wingtips result in theoretical e’s above unity. However, in practice these im-

proved tip shapes help clean up the flowfield at the wing tip, reducing viscous effects and result-

ing in a reduction in drag.

To establish a technical basis for understanding the drag due to lift of wings, singly and in

combination, three concepts must be discussed: farfield drag (the Trefftz plane), Munk’s Stagger

Theorem for design of multiple lifting surfaces, and, to understand additional drag above the in-

duced drag due to “e,” it is appropriate in introduce the concept of leading edge suction. Here we

will discuss the induced drag. Subsequent sections address Munk’s Stagger Theorem (Section

5.6) and leading edge suction (Section 5.9)

* However, e is not too much bigger than unity for practical configurations.
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5.7 Zero Lift Drag Friction and Form Drag Estimation

Although not formally part of computational aerodynamics, estimates of skin friction based on

classical flat plate skin friction formulas can be used to provide initial estimates of the friction

and form drag portion of the zero lift drag. These are required for aerodynamic design studies

using the rest of the methods described here. These simple formulas are used in conceptual de-

sign in place of detailed boundary layer calculations, and provide good initial estimates until

more detailed calculations using the boundary layer methods described in Chapter 10 are made.

They are included here because they appear to have been omitted from current basic aerodynam-

ics text books.* An excellent examination of the methods and accuracy of the approach described

here was given by Paterson, MacWilkinson and Blackerby of Lockheed.28

For a highly streamlined, aerodynamically clean shape the zero lift drag (friction and form

drag at subsonic speeds where there are no shock waves) should be mostly due to these contribu-

tions, and can be estimated using skin friction formulas. However, Table 5-1, for a typical mili-

tary attack airplane, shows that on this airplane only about two-thirds of the zero lift drag is asso-

ciated with skin friction and form drag. This illustrates the serious performance penalties associ-

ated with seemingly small details. R.T. Jones29 has presented a striking figure, included here as

Fig. 5-11, comparing the drag on a modern airfoil to that of a single wire. It’s hard to believe,

and demonstrates the importance of streamlining. An accurate drag estimate requires that these

details be included in the estimates.

Table 5-1

Example of zero lift drag buildup on a “dirty” military airplane.

Low Speed Minimum Parasite Drag Breakdown

M < .65, CL = 0.0

Component Swet Sp CDf CDp DCD % Total

1 Wing 22.1%

a) not affected by slats 262. .00308 .00308

b) not affected by slats 150. .00280 .00162

2. Horizontal Tail 84.4 .0033 .00108 5.1%

3. Vertical Tail 117. .00385 .00173 8.1%

4. Fuselage (including inlets) 434. .00306 .00512 24.0%

5. Enclosure 2.3 .122 .00108 5.1%

6. Appendages 33.1%

a) Upper avionics bay .00069

b) Drag-chute fairing .00012

c) Landing gear fairings .00042

d) Aero 7A Rack-Pylon @ CL .00058

e) Arresting hook .00058

f) Inflight-Fueling Probe .00092

g) Wing-Vortex Generators .00115

h) Boundary Layer Diverter .00042

i) Boundary-Layer Splitter Plate .00004

j) Inlet Vortex Fences .00023

k) Landing Spoilers .00012

l) ECM Antenna and Chaff Dispensers .00038

m) Pitot tube .00004

n) Angle-of-Attack Indicator .00004

o) Rudder Damper .00023

p) Aileron Damper .00023

q) Barrier Detents .00008

r) Anti-Collision Lights .00008

s) Radar altimeter .00015

t) Fuel Dump and Vent .00023

u) Airblast Rain Removal .00008

v) Catapult Holdback .00027

7. Inlets and Exits

a) Powerplant (vents, etc.) .00027 1.6%

b) Air Conditioning .00008

8. Miscellaneous .00020 .9%

Total Zero lift drag coefficient (based on Sref = 260 ft2) .0213 100.%

Note: based on a total wetted area of 1119 ft2, CD = .00495

Thursday, January 23, 1997

report typos and errors to W.H. Mason Drag: An Introduction 5 - 25
5.8 Supersonic Wave Drag: The Farfield Wave Drag Integral and the Area Rule

The farfield analysis also showed us that for supersonic flight there is a wave drag. Not sur-

prisingly, the supersonic wave drag has played a key role in the aerodynamic design of superson-

ic aircraft. 
report typos and errors to W.H. Mason Drag: An Introduction 5 - 29
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DCD0 due to camber
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Figure 5-14. Zero lift drag for the YF-102 and F-102A airplanes.

To estimate the wave drag, a theoretical analysis of the integral is available.* Note that the in-

tegrand is proportional to the second derivative of the area distribution, so that even without an

analysis it is clear that the lowest drag occurs when the distribution is made as smooth as possi-

ble. Eminton34 devised the standard method for the numerical evaluation of the integral in Eqn.

5-12. The difficulty in evaluating the integral is that the result depends on the second derivative

of the area distribution. This distribution is made up of contributions from numerous compo-

nents, and it is not known with great precision. Polynomials or other interpolation schemes used

to perform the quadrature may amplify any imprecision in the data, and produce unreasonably

high drag predictions. Ms. Eminton used a Fourier series for the distribution of the gradient of

the area. The coefficients are then found by solving an optimization problem that determines the

coefficients that will produce the curve passing through the known values of the area having the

least drag. In this sense the method is also a design method. By specifying a small number of

control stations (say, from a designer’s configuration layout) with a specified area distribution,

the method will provide the complete distribution of area required for minimum drag and satisfy-

ing the imposed control station constraints.

* Note: advanced CFD calculation methods don’t require the aerodynamicist to look at the problem using the area

rule diagram. Those approaches don’t provide the insight for design available through the area rule diagram.
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b) distribution of the drag for each circumferential cut.

Figure 5-17 The AST3I,35 an advanced concept for a Mach 3 High Speed Civil Transport.

Thursday, January 23, 1997

report typos and errors to W.H. Mason Drag: An Introduction 5 - 33
350
AST3I
Capture Area Removed


Wing



Fuselage

50 100 150 200

x, ft

c) normal area distribution (capture area removed)



Comparison of Initial and CASE1 Designs, q = 0°
Nacelles
Total Area
Optimized
Initial







0 50 100

d) Mach 3 area distribution, q = 0°

Figure 5-17 The AST3I,35 an advanced Mach 3 High Speed Civil Transport (cont’d).
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e) Mach 3 area distribution, q = 90°

Figure 5-17 The AST3I,35 an advanced Mach 3 High Speed Civil Transport (concluded).

5.10 Trim Drag

For equilibrium flight the airplane must be trimmed. The forces must be such that the mo-

ments about the center of gravity in all axes are zero. To achieve this condition the controls are

usually deflected to generate the required trimming moments. Figure 5-26 shows a schematic of

the requirement. Two typical situations are shown in Fig. 5-26a. In one case the center of gravity

is ahead of the wing center of pressure, the aircraft is stable, and a download on the tail is re-

quired to balance the lift of the wing. In the other case the center of gravity is behind the wing

center of pressure, the airplane is unstable, and an upload on the tail is required to balance the lift

of the wing. Other situations are possible, but these two illustrate the key idea.
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b) idealizations of design requirements

Figure 5-26. Examination of the configuration setup required for trim.
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