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Preface

The nomogram and design procedure described in this book are aids | developed as a result of a design
study for “Crawdad”” — an ultralight foot-launched motor glider that | hope to build. In the process of
learning about aircraft design | discovered the various useful performance and design nomograms of Raoul
Hoffman, a noted practical aerodynamicist of the 30's and 40's. His aligniment charts were useful because
| could obtain answers to involved problems in aerodynamics by drawing straight lines connecting the
related aircraft performance parameters. With this background, | was inspired to seek a single nomogram
that | could use to make parametric studies for future designs. With the aerodynamic relations contained
on a single graph, the calculation could then proceed in a systematic manner, since the answers from one
graphical construction would be automatically available as data for the next.

An attractive feature of the nomogram is that it is “preprogrammed’’ so that we don’t have to worry
about exponents and conversion factors in the equations. All of the governing aerodynamic relations are
built into the design of the scales and we can_dispense with the tedious algebra.

Finally, by using a plastic template and a graphical construction technigue, we can simplify the task
of finding the rate of climb versus airspeed. One part of the template is used to find the gliding sink rate
and the other part gives the rate of climb produced by the engine brake horsepower lifting the weight of
the airplane with an efficiency corresponding to that of an idealized propeller. Using each part of the
template as a French curve having the mathematically correct shape, we can immediately draw the two
curves and subtract to find the rate of climb. The intersection of the curves gives the maximum level speed.
The template is positioned using the reference points obtained from the graphical calculation with the
nomogram. Then, we can use the reference scales on the template to make rapid parametric studies for
the effects of altitude, weight, drag, brake horsepower, propeller diameter, and airplane size.

The book began as an instruction pamphlet for the use of the nomogram, but it has evolved into the
present handbook, with the detailed sample calculation, parametric study and theoretical background. The
governing equations are tabulated for the convenience of those who want to program them on a computer
and a sample listing for a FORTRAN computer program for the performance analysis is given in Appendix
E. However, the answers obtained from the nomogram and the graphical construction of the rate of climb
curve are adequate in the preliminary design stages. Although the computer will give greater numerical
accuracy, the approximations of the governing equations do not justify keeping accuracy greater than

two or three digits.

The book is written for the homebuilder as well as for the beginning aerodynamicist. The first part of
the book is devoted to practical considerations and is meant to be self-contained. The Airplane Perfor-
mance and Design Nomogram can be used without really having to understand the details of the aero-
dynamic analysis of Part 2, which can be deferred until a working knowledge of the design process is
established. In this way, the homebuilder or novice engineering student can gain confidence and experience
by working with practical examples before trying to study the mathematics of aerodynamics. The book
and nomogram will be especially useful as a supplementary text to aid the student with his {or her) pre-

liminary aircraft design project.
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INTRODUCTION

The first question the airplane enthusiast usually asks is, "“How fast does it do?”’ followed by, “What's
the stall speed? How much horsepower does the engine have? What is the best rate of climb? Useful load?
Gross weight? . . .” By finding the answers to these questions, he can compare the performance of one
airplane with another. The designer asks himself these same questions, but from a slightly different point
of view. He wants to know how to make the airplane go faster, stall slower, climb faster and carry more
load within the limitations of the available engine size, airplane gross weight and pocketboak.

The approximate analyses described in this book can be used to help the first-time designer calculate
the complete performance of the airplane from seven basic parameters: gross weight, drag area, wing span,
wing area, maximum lift coefficient of the airfoil, engine horsepower, and propeller diameter. All airplane
performance and design variables are mathematically related to these seven parameters by equations derived
in Part 2 and through the Airplane Performance and Design Nomogram described in Part 1 of this book.
Most preliminary design problems can be solved by drawing straight lines on the nomogram. The key
guantities that come from the graphical ealculations are:

1. Rg mpin — The idealized minimum sink rate
2. Vping — The corresponding airspeed for minimum sink rate

3. (L/D)pax — The maximum lift-to-drag ratio

4. Vprop — The airspeed which gives idealized propeller efficiency of 74%
5. RE max — The rate of climb produced if all the brake horsepower of the engine were used to

lift the weight of the airplane

6. T. — The static thrust available from the idealized engine-propeller combination.

5

With these parameters and the dimensionless rate-of-climb and sink-rate curves (which are also included on
a plastic template), the rate of climb can be found as a function of the airspeed. After the baseline design is
determined, we can easily use the template to find the parametric effects of altitude, weight, drag, span,
power, and propeller diameter on the airplane performance.

The first part of the book is organized as a handbook that can be used without any higher mathe-
matics. The Airplane Performance and Design Nomogram is broken down into its elements and described
separately in a step-by-step fashion. The use of each relation is illustrated by working through a sample
design calculation based on the popular Thorp T-18, a modern two-place sport aircraft. The results of a
study of this design show the effects of drag reduction, weight reduction, flaps, power setting, and turbo-
charging on overall performance. Then, a performance rating parameter and a kinetic energy parameter are

used to compare various types of aircraft.



Part 2 describes the theoretical aerodynamics of low speed flight and is more mathematically oriented.
The eguations derived there form the basis for the construction of the nomograms and dimensionless
figures used in Part 1. First, we discuss the aerodynamics of equilibrium gliding, level, and climhbing flight.
Then, we develop the idealized propeller theory.

In the Appendix, we have gathered some supplementary sections that are useful in the course of the
design process. These include discussions of drag area, airplane efficiency factor, airfoil selection, Reynolds
number, eguation of state, and others. Together with Parts 1 and 2, we have a concise description of air-
plane performance that can be useful to the homebuilder and beginning aerodynamicist.



PART 1. PRACTICAL APPLICATIONS.
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Figure 1. Flow Chart for Design Procedure.




DESCRIPTIVE DESIGN PROCEDURE

Before we describe how to make the step-by-step detailed calculations with the Ai rplane Perfoarmance
and Design Nomogram and the related template, we will briefly outline one method for airplane design,
represented graphically on Figure 1. The numbered relations listed at the top of the figure — @,@, .

. — refer to the way in which the various airplane performance parameters are dependent on each other.
These parameters are listed down the left-hand side of the figure and will be defined in the course of the
design process. (Also see definitions in the Appendix.) The object of the flow diagram is to point out how
to determine the most important parameters for airplane performance: Vmins- iidealized value for the
airspeed at minimum sink conditions: Hﬁ,min' the minimum sink rate; Vprﬂp- the reference speed cor-
responding to a certain value of the ideal propeller efficiency; RE, the climb rate that would be obtained if
the brake horsepower of the engine were used to lift a weight equal to that of the airplane: {LID}max, the
maximum lift-to-drag ratio: and Ts* the idealized static thrust. These quantities are emphasized in the
figure because they will be used later with the template to find the rate of climb versus airspeed. We see
that there are several paths that could be used to find all of the variables. For the sample design procedure,
the relations on the right hand side of the figure are redundant and can be used for cross checks of the
design method.

In order to begin the design procedure, we start in the upper left-hand corner and choose a desired
stall speed, VE,D* and an estimate of the maximum lift coefficient for the airfoil, GL'max, We also have to
decide whether we intend to use flaps, and choose the speed and lift coefficient accordingly. With these
guantities chosen and using relation @, we can draw straight lines on the nomogram connecting VS,ID*
CL max @nd W/S to determine the wing loading. This wing loading satisfies the stall condition and deter-
mines the ratio of the gross weight of the airplane to its wing area, in pounds per square foot {ib.a"ftzll. If
the wing loading goes up, so will the stall speed, unless we pick a better airfoil, or add flaps or other high
lift devices to the wing to increase the maximum lift coefficient. An airplane with a wing loading of 10
Ib/ft2 and a flaps-up stall speed of 57 mph will have a maximum lift coefficient of about 1.2 {which is a
typical value). Relation @ is an expression of the force balance in the vertical direction (as discussed in
the theoretical section). As such, it applies to other flying speeds as well as the stall condition. That is,
for a given wing loading, we can use the nomogram to determine the lift coefficient if we know the flying

speed.

On Figure 1, note that we now have a value to be used in relation @ that came from the solution of
the relation @ — W/S, the wing loading. To proceed we need to estimate the gross weight of the airplane.
This can be done by looking at airplanes that are similar to the design we have in mind. The gross weight is
not an easy gquantity to estimate in the early phases of the design, because there are so many unknown
weights: payload, fuel, powerplant, and structure. At this stage it is a good idea to choose the engine that
we plan to use to meet our design goals: maximum level speed, maximum rate of climb, range, etc. f the
engine is chosen now we will have one design point pinned down — maximum available power — and we will
be better able to make an estimate of the final gross weight. Then, using relation @ ., we can find the
required wing area from the knowledge of the wing loading and the weight. This could have been done by
division, but one purpose of the nomogram is to eliminate as many of the mathematical steps as possible,

including division.

We have established a trend: whenever there is a relation that has two known variables, we can
determine the other(s) by drawing a straight line on the nomogram and extending the line to intersect
the axis of the unknown parameter(s) in the relation. In the case of relation @ ., we found the wing



loading, W/S, from the stall speed, Vsﬂ, and the maximum lift coefficient, C max- N relation @ , we
found the wing area, S, from the wing loading, W/S, and the weight, W. In this manner, we can continue
down and across the flow chart, where we have to assume the value of a parameter when we know only one
of the parameters in a particular relation. For instance, in relation @ we have to choose a value for
the wing span, b, since we only know the wing area, S. Equivalently, we could have chosen the aspect ratio,
AR, or the mean chord, ¢, since all of these quantities are geometrically related to each other. Note that
b, AR, and ¢ are modified by an efficiency factor e. This will be discussed later in the section describing
relation @ and in the supplementary section on airplane efficiency factor,

The effective span loading, W/b,, is one of the basic parameters for finding the power required for
level flight { relation 0 ) and can be found from the previously assumed values for weight and effective
span, using relation Q . Whereas the wing area was chosen to satisfy the stall requirements, the span is
chosen large enough to obtain a reasonable rate of climb. Airplanes with larger spans will normally have
better climb characteristics than airplanes with the same weight and wing area, but with a smaller span,

Before we can make further progress toward finding the sink rate, we need to determine the drag
area of the airplane, Ap- The drag area is defined to be the fictitious area that, when placed normal to
the direction of the airstream, would have the same drag as the entire airplane. Typical values for drag area
range from 1-2 square feet for small streamlined designs, to more than 20 ft for large “dirty” airplanes.
The way to determine the drag area is discussed in Appendix G located at the end of the book. In order
to decide how “clean” - aerodynamically speaking — to make the design, we need to ask ourselves how fast
we want to go: Vmax* the maximum level flight speed. We also need to estimate how much of our original
brake horsepower is left for useful work against the drag forces after we accelerate the air through the
propeller to produce thrust, If we assume that we have B0 percent of the engine brake horsepower, BHP,
available as thrust horsepower, THP,, we can use relation @ to find the maximum allowable drag area
for the airplane that will let us meet our high speed requirement. Assuming a value of 80 percent for the
propeller efficiency is good first approximation that will be refined later. If we can reduce the drag area
below this value, we will be able to have a higher maximum level speed. Since the drag area is some fraction
of the projected frontal area of the airplane, it makes sense to keep the frontal area as small as possible to
have good high speed performance. Also, because the viscous forces act on the surface of the airplane, we
should try to keep the wetted area of the airplane as small as possible. Since the wing area has already been
set by the stall requirements, the drag analysis will emphasize fuselage streamlining, engine cooling drag,
and the selection of airfoil sections with low drag — unless we also want to sacrifice climb performance for
high speed performance by making short wings (like the clipped-wing airplanes seen in air races).

Although the zero-life drag coefficient, ED,D* may seem like a parameter of fundamental importance,
we can see from the flow chart in Figure 1 that drag area is the key link between the maximum level speed,
Umaxr and the speed for minimum sink rate, Vmins: The drag coefficient, CD,Df found from relation
is the ratio between the drag area, A, and the wing planform area, 5. The key relation, however, turns out
to be relation @ where the effective span loading and the drag area determine: (1) the speed for mini-
mum sink rate; (2) the minimum thrust horsepower required for level flight, THP ...; and {3) the minimum
drag, D,;,- The speed for minimum sink rate is an idealized quantity and may turn out to be smaller than
the stall speed. This is no problem, however, and will be taken into account when we draw the rate of
elimb curves as we will see later. Since the flying speed cannot be smaller than the stail speed, a graphical
adjustment to the sink rate will be made. This will be discussed in more detail in the section describing
Rg vs V — sink rate versus airspeed. We can find the minimum sink rate, HS,n’u’n* using relatiun, weight,
W, and the minimum power required for level flight, THP ..

6



The lift-to-drag ratio is a measure of how far a gliding airplane will travel as it descends. A glider with
a lift-to-drag ratio of 20 will travel forward 20 feet for each foot of altitude that it loses. The maximum
lift-to-drag ratio, {L"'D:'rnax,r is therefore a very important performance parameter for gliders. We can find
(L/D)pax from the effective span, by, and the drag area, Ap. using relation . It is important to note
that the maximum lift-to-drag ratio does not depend on the weight of the airplane. A heavier airplane with
the same streamlined shape will have the same lift-to-drag ratio, but will fly at a faster airspeed. A jumbo
iet has a good (L/D} ., but it would not make a good sailplane because of the high sink rate. An airplane
with a good lift-to-drag ratio will have a large effective span and a small drag area, as in the modern sail-
planes.

Finally, the lift coefficient of the wing under minimum sink conditions CL ming: €an be found using
relation @ the drag area, AD and the effective chord, Cg- There is no need to panic if the lift co-
efficient — C; i ¢ — turns out to be larger than the maximum lift coefficient. This will alert us and help
to remind us that the minimum sink conditions just calculated have to be modified to account for the
actual stall condition. The theoretical aspects of this are discussed in Part 2 where we talk about the
induced drag and the dependence of the induced drag coefficient on the square of the lift coefficient (the
so-called drag polar). The practical consequences are explained in the section on sink rate versus airspeed

(Rgvs V).

We have now described all of the performance parameters that are related to the power-required side
of the ledger. Before we discuss the variables concerning the power available, we can look at the cross-
check features of the nomogram. These are the relations on the right hand side of the flow chart — rela-
tions \ @ s @ and @ First, since the sink rate and the airspeed determine a glide angle, and
since the glide angle at minimum sink is related to the glide angle under the best L/D conditions, we can
relate Rg mins Yming: and (L/D) 4y through relation @ If it turns out that this relation is not satisfied,
there is something wrong and the errors must be found before the graphical construction can continue.
Similarly, the effective aspect ratio, eAR, the zero-lift drag coefficient, CD,D* lift-to-drag ratio, {L/D) ax
and the lift coefficient at minimum sink, Cer-ms, are dependent on each other through relation .
The maximum lift-to-drag ratio is obviously related to the weight and the minimum drag, since the weight
is equal to the [ift in equilibrium flight. This is the statement made by relation @ And, finally, relation

is an expression of the force balance in the vertical direction and applies to all flight conditions: stall,

minimum sink, best L/D, maximum speed, etc.

The power-required side of the performance equation is contained on the bottom half of the flow
diagram in Figure 1. We want to find the idealized climb rate, Hé ax: reference speed for propeller
efficiency, Vo, @nd static thrust, Te. The idealized climb rate is defined by the rate at which a weight
equal to that Df the airplane would be lifted if all of the brake horsepower of the engine were used in the
process. This climb rate is proportional to the power-to-weight ratio that is often talked about in perfor-
mance discussions. Relation @ shows the key part that weight plays in relation to the rest of the per-
formance parameters. The idealized maximum rate of climb, FtC mas will be used to locate the horizontal
axis of the template for the ideal powered climb rate in the same way that the minimum sink rate was used
with the overlay for velocity dependence of the gliding sink rate. The other parameter needed for the
location of the climb-rate template is the reference propeller efficiency speed, mep. This parameter comes
from idealized propeller theory and is related to the propeller diameter and engine brake horsepower —
shown in relation The idealized static thrust can also be calculated from this relation. The limita-
tions of the approximate propeller theory are discussed in the section where we calculate Ra vs V. Further
comments are made in the detailed derivation found in Part 2.



Finally, relation @ gives the propeller tip Mach number if the rotational speed and propeller
diameter are known. This is used mainly as a check, since we want to keep the propeller tip Mach number
less than about 0.8 for better efficiency and less noise. Note that the rotational speed refers to the pro-
peller rotational speed, not to the engine shaft speed. This way we can pick a large propeller diameter and
choose the gear ratio that will keep the propeller tip speeds low.

In the next few sections, each of the relations will be described and a sample calculation based on the
Thorp T-18 will illustrate the use of the elements on the nomogram. Then, all of the elements will be
combined to show the geometric interrelation of the lines constructed on the nomogram. If there is some
confusion in the course of the geometric solution on the nomogram, these individual sections may be
referred to.

After all of the nomogram relations are described, we will discuss the construction of the idealized
rate of climb (for the engine lifting a weight with an efficiency corresponding to the appropriate propeller
efficiency) and the idealized sink rate, including modifications to take into account the actual stall condi-
tion. Then, we can find the rate of climb by subtracting these rates. The level flight speed will occur when
the two curves cross. We will mention here that the calculations are first performed for our design at sea-
level. Then, we can use the templates to find the performance at altitude and other parametric studies.



WORKED EXAMPLE — Thorp T-18 Tiger

The Thorp T-18 was the example selected for calculation because it is representative of the type of
aircraft that a homebuilder may want to build or modify. Figure 2 is a picture of the T-18 and Figure 3 is
a three-view with tahulated performance data. The T-18 is a high performance sport aircraft with two-seat
side-by-side seating. The all-metal cantilever low-wing monoplane was designed for engines in the 108-200
hp category. The landing gear is fixed and streamlined to reduce the drag of the airplane. The T-18 is
capable of 200 mph in level cruising flight. A T-18 built by Don Taylor, Victoria ‘76, was the first home-
built aircraft to fly around the world — 26,200 miles over a period of 61 days in the summer of 1976.

In the design example, we will show how to begin with the desired performance and find the airplane
parameters that will satisfy these requirements. We will sometimes work backwards from the known values
for the T-18 to show that the airplane does indeed satisfy the relations on the nomogram and the dimen-
sionless curves on the template. Then, we will show how to make a parametric study to see how sensitive

the performance characteristics are to each of the design variables.

Figure 2. Thorp T-18, Built and Flown by Lu Sunderland.
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Figure 3. Convertible Wing Thorp T-18C Three-View (Sunderland Aircraft)



Thorp T-18 Performance Data

T T o h=20ft10in
Wing Chord, Constant . ... ittt it e et e trm e me oo ttns tans e mne e e c=4ft2in
N Area, . e S=86ft 2
Length Overall ... . i i ittt i ettt taa st s ia it ettt 181t 2in
Height Overall ... . i i e e ettt i et e e 4 £t 10in
Tailplane SPaN . . o e e e e e e e e e 6 ft11in
Propeller Diameter . oot e e e e e e e e Dp = 63 in
LT |8 o T W, =900 Ib
Max Take Off Welght ...ttt i e ettt sttt er s nn e aae e sennnnnnennsns W= 1506 Ib
ENgine, LyComing oot e ittt it et e i e e e BHP = 180 hp
Max Level Speed at S ... .ot n ittt ittt e i e e Vinax = 200 mph
Max Cruising Speed ... .. ittt e et n s ee st s e tr s e aa i rasearans V{: = 175 mph
Stalling SPeEd . . oot aa e Vg o = 65 mph
Max rateofclimb .. ... ... .. i i s H{':,max- = 2000 ft/min
SEIVICE CRIING « + + v e e e e e e e e e e e e 20000 ft
B 17170 12 5 17 5 R 300 ft
Landing RUN «.vivevu it ase i ratavamnanstariosanansossansnssmsstnnasansatnnanss 900 ft
Range with Max Fuel ... ... ... ottt ie et tiia e anray R = 500 miles
Useful Load ... .uvvrrrciciecniaatiaimtanamanssnnanstocnnncstanasasansserssna W, =606 Ib
*Performance Rating .. ........oocieuimiiennraneaeeraionrasraseasnsoscnasans Fo= 0,138
*IKinetic Energy Parameter . . .. ... .ouuur it WV‘*,:-,EK = 6.02 x 107 Ib mph?
*Drag Area/Propeller Efficiency . . ..... .. . ................... Ap/n =33 ft2—Ap =~ 2.6 ft?

*Calculated. See Appendix L.
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RELATIONS FOR THE AIRPLANE PERFORMANCE AND DESIGN NOMOGRAM

How to use the Airplane Performance and Design
Nomogram:

—ik

Find a relation that has two known guanti-
ties.

Draw a line on the nomogram connecting
the known parameters with the other
variable(s) in the relation.

The new value(s) are now available for use
as input for the next relation. Repeat
Step 1.

Continue the graphical calculation until
Rs,mine Yming: Vprop: 310 RE max are
determined. These parameters serve as
reference points to be used with the plastic
template to determine the airplane climb
performance.
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Relation @: Lift Coefficient, Airspeed, Wing Loading

Cpo V. WIS

Relation @ is a form of the equilibrium force balance in the vertical direction {lift force = weight).

The mathematical expression is given by W/S = CL VEISQ'I. The relation is used for the stall analysis and
for the airfoil selection process, where we find the lift coefficient at our desired flight conditions.

C 8V S: wing area fftz}
391

!

Lift Farce, L {Ib} =

V: airspeed (mph)

Alrspeed, V {mph) ==
Drag Force (Ib)

- Thrust {Ib)
Weight, W {Ib}
[/ o T 6T e H T
= Z e
! I - = T, L g ::-IH
...L‘ P! _S_ . ﬁ( l/) __S’Lb_ = L iMG P
-3 fir r‘! ,.

Vo=
15



STALL ANALYSIS

If we plan to have an airplane with as low a stall speed as possible and still have a small wing area, we
need to select an airfoil with a large value for the maximum lift coefficient. Other factors enter into the
airfoil seiection process, including the pitching moment of the airfoil section, the minimum drag coefficient,
and the shape of the curve of the lift coefficient versus angle of attack curve near the stall point. Details of
the airfoil selection process are described to Appendix H.

We know that the Thorp T-18 has a NACA 631-412 (see Appendix H). Since this airfoil has a maxi-
mum lift coefficient of 1.52 without flaps, and we desire a stall speed of about 67 mph, we can find the
wing loading from relation @on the nomogram in Figure 4. Connecting the values for CL max and Vg g,
we find that the wing loading, W/S, is 17.4 lbfftz. Increasing the value of C,_'mm,E will decrease the stall
speed for the same wing loading.

AIRFOIL SELECTION PROCESS

Since relation @ is a general expression of the equilibrium force balance in the vertical direction,
we can use it to find the lift coefficient that corresponds to a particular speed, if we have a known value
for the wing loading. In the case of the T-18, where we have already calculated the wing loading that
corresponds to the stall condition, we find from Figure 4 that the lift coefficient will be 0.21 at the
maximum level speed of 180 mph. We can use this fact when we try to find the best low-drag airfoil at
this lift coefficient with a Reynolds number that corresponds to this condition. {See Appendix | for a

discussion of the Reynolds number.)

An alternative form for relation @ is presented in Figure 5 where the lift coefficient is plotted
versus the airspeed for various values of wing loading. The wing loading can be determined by entering the
graph with C| .. and the stall speed. Then, drawing a parallel line, find the lift coefficient at other

speeds.
Co = CoeXicient ol Lift

Ve = Ve/at‘f*?}
w/e = Wing LoapING
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Lift Coefficient, G

W

m o
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B 10 20 40 60 100 200
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Figure 5, Relation @: Lift Coefficient, Airspeed,
Wing Loading. W/S=C|_V2/391,



Relation @ : Wing Area, Wing Loading, Gross Weight

Relation @ is merely a definition for the wing loading. That is, the wing loading is defined as the
gross weight divided by the wing area. The nomogram can be used to find the wing area if the weight and
the wing loading are known. This is the case for the sample calculation in Figure 6 where we know the
wing loading from the stall analysis and the weight from a preliminary weight estimate.

Wing Area, S (ft2)

Weight, W (Ib)

Wing Loading, W/S (Ib/ft2)

19



" gl B AT .‘:_.ﬁl‘:.;i. “nig : .-:u S8 6 006 | goa - t r R |
tl:rhn.'t--nlluulul'-- |.-1'|u||'||IH1| T T R IR T SR ] P SR UL W N WE W e WPl b, o b o Tt & I.n- e
4 T G N B e Coelticlen: b .
] L ; e
al0 200 1] Leel By &3 L]
g IHIIIII [ i ETERTIEE I ET T N R A J.J.I.?_J.l Josselogasbiviil wingare Ew a8 xd
. n..w; { .a‘.l : '_ i T
' @cw.wrs : ,@_J-nn.vm'wai L (B Aoy MO 13, AEM, B LN ERXAE N LA A A
(Bl @oerps L D Cimeste 03 Vs Ssn Oy i eieics
(3) % by waf, g () A0, Varing Wite, THPmge B WL B Al [ 79) €,60 CL s ¥, 1L/Dl gy ; b
(&) e Wit ) B T AR Tu O, Varan O [ {8 I, Bl : Eh A T St I
f A% b R R e g ;:_‘s el P e Yo 2 R T Gy 2 ABD N I
< : . | aabele b bo b o 1) di : Ltk e !
L s o
J = ! ! Confficient LmiEY o o A
e LV L P 1 E
800 400 3000 60 M4 B0 B0 G, 3 218 I L 4 .3 2 e E “ e B
h‘ ; Ry - 'h.l‘ ﬁ.ﬂ'u-'.-ml-:n.-\:h.l :I
e - ¥ T o BT
- ;i ¥ a4 ] LR Wi e o )
3o ki THB sl 2 - 30 A0 g0 B e s [0 X0 4l e o :_"‘f‘_ A A
4pa 300 204 a0 4!; . 1 SRl |1 St TR TRt | CoiffelE A a2 o e T € A —"-'—*""*' i
L - ' 1 : 4 b -1 ' - ! Aspect Ratio [ 4 Hl'-___'_'_ 1
1 I 1 ERE T ‘1;‘.' 2 30 40 60 B0 00 A e
wesael o 1 e 8o badidalalavuslipail gl g Lol belaladal oa o P Wing Laading T
; PR n 408G AW RO SO0, 6 1000 00 00 GO0 10800 0T L L wis= 178 pn?
Sk s PgminT i
WWTTWEW ! L A e 8
i e
J m & '. ‘. ~ _.-_.._-. o
i . e Y W R A m’"“‘" P THPn ol
H T 1T T [ T ' ||1.||'ll|ll : |_!1:']'.rl!lllllllﬂlll1 T F rl | L) 1 1) T I LI A | 'Frl'l mm} ﬂ"‘ ; -- “ 4
15 2 g% e et g ] 1 1% mn e : { Rt ¥
i A e e !
; T E19eT, Doteld R Cruwlerd : '
& B e T R ho E e a R .
.w[:{Ililillllllfrl‘.‘-ll""‘f"”"“"rl-i‘""'! e o J | Sl I'”“I""‘i*“—"':wmm"' {:WJNFT""‘_"—“"?'. )
R e T S ‘M40 B0 80 w0 0 W0 Mo 400 800 8001000 L T e
ol o i (. e |I q |_ 1 Lol ol Iiid Minlmam LDl "
- - . N .~ - aw . - .- o -t . - n“ SR .
200 300 4pd &0 ] 1000 15 000 i 2000
w lowsodasrsl o v o abuaaaduiaalenel o b g 1yl o 0 3 ¢ L b e baupal oo s al Grom weighe we 1500 i
B A A T g0 t00  th) 200 300 400 60O 300 1000 1800 2000 - =
S IS IS Y I I i s B I_fl.1-1|II1'ru“1.u|h.”l s b b il lelel s wns Lol S Thoom Ty b=
. " T S R BIE A o i g He A400° 0 40 60 100 00 400 600 100 2000 i i
arep o Lo bl bbb oo and oy Lol ool o f o bbbtk i end o Lodibiidididd aa Englot Sl R
S b, TR e | 200 08 B0G 1000 2000 4000 G000 TOUOO0  EN0GC0
e : itealkred Man rnum o t Iem
H . 4 . g Climb Pt CME” bt
rl a4 B, B 15, -39 @0 -4p  ED 84 md 130 00 300 400 B0 ' :
e F Lyl 3 Lo belilab st arainlaanad steladabalabill srxetoil s pnal 3 1g Do Lol Alsend far P Ve ® e
rop 3 » K B Propelier Efdeniy
a1 M e l:ﬂ s o e QT 3 4 & 8
Mp!||1||i|'|:|1|lllluunl I.I.I.I-III|.1|-Il‘I.I.JJ.1lllltli1|r|-|l-|i" |l!||ltmlv1—r M=
2 W w e U0 0 0U40 600, a000 00 20004000 GO0 10000 0000 |
FPhE | _ Laeistinaalapiad o Lo Lol edobobel orastunnela ’mplﬁ*“?‘“ . P  _mm
1B 14 a & q 5 2 & ] f-}
- S I T N e [ ot AT o e i o e St Lad o 1 4 Fecptior Diamster Oy = ft-
Airplane Performance and Design Nomogram

Figure B. Sample Calculation for Relation @ .




S= WING Aes £}
w/s = WNG LOADING
W e 3 ht-
Relatinn@: Wing Area, Effective Span, Effective Aspect Ratin, Effective Chord

Relation @ can be used with the geometric wing span, aspect ratio, and mean chord as well as the
effective span, effective aspect ratio, and &ffective chord, which have been modified using the airplane
efficiency factor, e. This relation is essentially a method of defining the (effective) aspect ratio and the
{effective) chord if we know the wing area, S, and the {effective) span. The definition of average chord is
the wing area divided by the span (c=S/b). The aspect ratio is then defined as the ratio of the span to the

average chord (AR = b/c). |f we substitute the definition for the 1

c:har'd from the above expression, we can determine the aspect I S bg. eAR, ¢

ratio directly from the wing area and the span (AR = hE;’S}. Since we have not mentioned what the hlan-
form shape is, these expressions hold for all wing shapes; rectangular, tapered, elliptical, delta, etc.

The effective aspect ratio, eAR, is a quantity that appears naturally in the discussion of induced drag
{see Part 2). It is the geometric aspect ratio multiplied by an airplane efficiency factor, e. This e-factor has
no real theoretical justification except that it allows the use of Prandtl’s theory for a wing of finite span, if
we use a fictitious wing with the equivalent aspect ratio, eAR. The method for determining the efficiency
factor is given in Appendix F.

The airplane efficiency factor is a function of the geometric aspect ratio and the shape of the planform.
According to Prandtl's theory, a wing with an elliptical lift distribution will give the least amount of
induced drag for a given amount of lift. This is the reason for the choice for this planform for the Spitfire
of World War |l fame. Additional factors that affect the airplane efficiency factor are the shape and size of
the fuselage compared to the wing, and the airfoil section used for the wing.

As an example, the four planforms in Figure 7 have the same geometric aspect ratio, {AR = 4) since
they have the same wing area and the same span. The airplane efficiency factor changes the planforms into
the equivalent shapes with the new effective aspect ratios and the new effective spans. In the calculations
for the airplane performance, the effective span is one of the most important parameters for determining
the sink rate (and the rate of climb for powered flight). Therefore, it is desirable to choose a planform that
will give the |argest effective span for the given amount of wing area. The rectangular and tapered plan-
forms give results that are not too bad compared to the elliptic planform {and are a lot easier to construct).
These examples were made neglecting the effects of the fuselage and other factors that might decrease the
efficiency factor. When other factors are taken into account, the airplane efficiency factor for normal air-
planes usually lies in the range 0.7 to 0.85. In ground effect — when the airplane is within an altitude of
one wingspan above the surface — the airplane efficiency factor is greatly increased. This reduces the power
required if the airplane is flown at the same airspeed and is one of the reasons the manpowered airplanes fly

close to the ground.

As a sample calculation, let us determine the effective span for the T-18. First, choose a value for the
geometric span (b = 20 ft 10 in}). From the stall analysis we need a wing arca of 86 ft2, Draw a line on the
nomogram in Figure 8 connecting the span and the wing area to find the aspect ratio (AR = 5} and the
average chord (¢ = 4.1 ft}. Using the method of Appendix F, find the value for the airplane efficiency
factor (e = 0.74]. Mow, multiply the aspect ratio by this value by shifting the value for AR by the distance
between 1. and 0.74 to obtain the effective aspect ratio (eAR = 3.7). Connect the effective aspect ratio
with the wing area to find the effective span (bg = 18 ft) and the effective chord (¢, = 4.75 ft).
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Figure 7. Effective Aspect Ratic for 4Wings of Various Planform Shapes with
the same Geometric Span and Wing Area.

Relation @ can also be determined from Figure 9, where we have plotted the wing span, b, versus
the chord for various values of wing area, 5, or aspect ratio, AR. Knowing any two values will let us find
a point on the figure which will then give us the other two values.

The span efficiency factor for biplanes and canards must be calculated in a different manner from
that given in Appendix F. Since the aspect ratio, /&, is defined by span-squared divided by wing area
{bsz}, the efficiency factor for biplanes and canards will usually be greater than one {of the order 1.15).
{The drag area will most likely be larger than a monoplane of the same span, since there is more wetted
surface area for skin-friction drag). Details on how to calculate this factor for various values of span ratio,
gap, stagger, etc. are given by Von Karman & Burgers (1935), Betz (1935), Millikan (1941} and Laitane
(1978a, 1978b, 1979, 1980.) These methods use biplane theory to evaluate Prandtl’s interference factor,
which accounts for the effect of one wing upon the airflow over the other.

For delta wings, the effects of nonlinear vortex lift are important. Details of how to calculate induced
drag can be found in Kiichemann (1978) and McCormick {1979}. Charts and formulas are available which
account for sweepback angle, aspect ratio, and angle of attack.

Once the aspect ratio for the equivalent monoplane has been determined (efR), the basic design
process can continue, following the theory developed in Part 2.
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Relation @: Effective Span, Effective Span Loading, Gross Weight

This relation defines the effective span loading, Wx’be, in terms of the gross weight, W, and the effec-
tive span, b,. The geometric span is first transformed into the effective span using the airplane efficiency
factor and the method of relation @ The effective span loading is an important parameter used to deter-
mine the power required for level flight. This is then used to find the sink rate, which is used for the rate of

climb calculation. For the sample problem, connect the effective span (b = 18 ft) and gross weight
{W = 1500 b} of the T-18 with a straight line on Figure 10 and read the effective span loading on the W.."be-

scale (W/bg = 83 Ib/ft). o
e
] ar

Geometric
Span (ft)

b

e

at? .
=N\
N
"N
Effective SN
Span {ft) ' %

Tw

Gross Weight (Ib}

Effective Span Loading: W/b, (Ib/ft}

b = 3pan
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Helatinn@: Drag Area, Maximum Level Speed, Available Thrust Horsepower

This relation can be used to give a rough estimate of the drag area necessary to satisfy the requirement
for maximum speed from a given engine-propeller combination. The drag area is defined as the area of a
flat plate placed normal to the freestream airflow that will produce the same drag as the complete aimplang.

v THP

max A 'V r

Equivalent Flat Plate Drag Area.

r" <

The mathematical relationship between available thrust horsepower THP, {(hp), drag area, AD {ﬁQL
and maximum level flight speed, Vo, imphl}, is

A 'lu,' 3 ] — lu.-l... .- TR
THP =..ML s F 3 = ] ‘_"‘ I=H'.,\:.i.3

E I

146625 T

for sea level conditions. |f other altitudes are desired, the right hand side of the eguation needs to be multi-
plied by the density ratio, o= p/p g . However, if the sea level calculations are made first, the plastic

template can be used to make rapid estimates of the effects of altlude.

Relation @ is also useful for determining the size of the engine required if the drag area and the desired
maximurm level speed are known. Turning this around, we can ask ourselves, “How fast will it go?” if we
know the powerplant size, propeller efficiency, and an estimate af the drag area.
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As a first approximation we can choose a propeller efficiency of 0.80. Then, we can find how much
thrust horsepower, THPE, is available by multiplying this efficiency times the engine brake horsepower,
BHP. For the sample calculation, assume that we have selected a 150-hp Lycoming engine. The thrust
horsepower is 120 hp, which can then be located on the THP j-axis of the nomogram in Figure 11. If we
desire a maximum level speed of 180 mph, we can calculate the maximum allowable drag area from the
nomogram. Locate the speed on the V max-axis, draw a line connecting with TH P,. extending to the Ap
axis, and read 3.0 ft2 for the drag area. Therefore, if we want to go 180 mph or faster, we need to keep
the drag area below three square feet. The method of estimating the drag area is discussed in Appendix G.

Relation @ can also be presented in a chart having the form of Figure 12. The modified drag area,
CFADfﬂ o, is plotted as a function of the maximum level flight speed, V axs With the engine brake horse-
power, BHP, as a parameter. The density ratio, o, and the power-altitude factor, ¢, are both equal to unity
at sea level and decrease with altitude. This will be discussed later in the parametric study of altitude
effects. Also included in Figure 12 are the estimates based on the data for a number of aircraft {tabulated
and discussed in Appendix L and based on Jane’s All the Worlds Aircraft 1977 - 1978). To find the drag
area of a particular airplane, multiply { G’ADfﬂt,ﬁ } from the figure by an estimate for the propeller effic-
iency (use 7 = 0.8 for a first quess] together with values for the density ratio and power altitude factor
(o= 1and®=1 at sea level). Forinstance, for the T-18 we find Ap/n =33 ftg. If we assume that the
propeller efficiency is 0.8 at sea level, then the drag area is 2.64 ft2. From Figure 12 we see that an in-
crease in power with the same drag area will give a higher level flight speed. Keeping the power constant,
we can go faster by decreasing the drag area.
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He!atiun: Zero-Lift Drag Coefficient, Drag Area, Wing Area

This relation is essentially the definition for the drag area in terms of the zero-lift drag coefficient
and the wing area. Ap = Cp oS5, The drag force is expressed in terms of the density ratio, o, drag coeffi-

cient, Cpy, wing area, S, (ft2) and relative airspeed, V' {mph), by

CFGD S VE

D = (Ib}

391

If we consider sea level conditions o= 1 and assume that the induced drag is zero (no 1ift}, then the zero-lift

drag is
CD'D' AD- 5 E

— Z
Drag, D =CD’DE v
ek 391

(Ib}

—_—
V (mph) N
Airspeed

Wing Area, S (£t2)

For a flat plate of area Ap placed normal to the airstream, the drag coefficient is approximately equal to
1.0. Therefore, if the drag of the plate is the same as the drag of the complete airplane, we can equate An

and CD DS

V {mph}

Flat Plate Area, Ap (ft?)

For the sample calculation, the zero-lift drag coefficient is determined from the drag area {see the drag
Draw a line on the nomogram in Figure 13 between

analysis described in Appendix G) and the wing area.
the wing area, S = 86 2, and the drag area, Ap=3 ft2, to find a zero-lift drag coefficient, Cpo= 0.035,

on the intersection with the CD-ax]s.
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Relation @ : Drag Area, Airspeed for Minimum Sink, Effective Span Loading, Minimum
Power Required for Level Flight, Minimum Drag

This relation allows us to calculate more information at one time than any other relation on the
Airplane Performance and Design Nomogram. Typically, knowing the drag area and the effective span
loading we then use relation @’m find the speed for minimum sink rate, V minimum power required
for level flight, THPrninf and minimum drag, Dmin.

ming:

For the sample calculation, the drag area is 3 ft2 {from relation @} and the effective span loading is
83 Ib/ft (from relation @ ). Draw a line connecting these values, intersecting with the V, THPmin-and '
Dmin—males, For this case, V,,ing = 78 mph, THP ;. = 39 hp, and Dpin = 163 Ib. These can also be
calculated from the formulas tabulated at the end of the theoretical section in Table 2. The speed for
minimurm sink will be used to construct the curve for the sink rate as a function of the airspeed after
the minimum sink rate is determined. The minimum sink rate, Rg i, Will be found with relation

r

using the value of the minimum power required for level flight, THP_ ... and the gross weight, W.

If it turns out that the airspeed for minimum sink is less than the stall speed, we will have to make
modifications to the shape of the curve in this region. In this case
the calculated quantity, V ing, is merely an idealized speed and is Ape Vining: Wog, THP o Do
used only to construct the sink rate versus speed curve using the
plastic template. This modification process will be explained later in the section where the use of the sink-

rate template is discussed.

Each of the equations that make up r&!atfnn@car‘l be broken down into individual charts. These are
given in Figures 15, 16, and 17 for the drag area, Ap versus V ;g THP ;- and D ., with the span
loading as a parameter.
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Helatiﬂn: Minimum Sink Rate, Minimum Power Required for Leve! Flight, Weight

If we know the minimum power required for level flight and the gross weight, we can calculate the
minimum sink rate. We can also use relation ‘II.I find what minimum size engine we need for our airplane
if we know the sink rate and the gross weight. The formula for the thrust horsepower is given by

W Rg
33,000

THP = {hn)

where the weight, W, is given in pounds, the sink rate, Rg, in feet per minute (fom). We need to divide the
thrust power by an assumed value for the propeller efficiency to estimate the engine size required from the
sink-rate and weight information.

For the sample calculation, the minimum power required for level flight is 39 hp (from relaticm@}l
and the gross weight is 1500 Ib. Locating these on the THP ;.- and W-scales, we draw a line on the nomo-
gram in Figure 18 to find a sink rate of 860 fpm on the F{S'min-scale, This value will be used for the
construction of the sink rate curve as a function of the airspeed. |n the practical use of the Airplane Per-
formance and Design Nomogram, values for THP ;. and W are already available for construction of this
relation since they have been found from the previous relations in the design process.

Relation is also represented in Figure 19 where the sink R mine THPrin: W

rate, Rg, is plotted as a function of the power required for level
flight, THP, with weight, W, as a parﬂmeii:'en This can also be used for relation @ , which has exactly the
same form for the relation among BHP, HC_max’ and W. In fact, if we know what our sink rate is at a given
speed, Rg, and we know what thrust hersepower our engine-propeller combination will deliver at that
speed, TH Pa, and we know the weight of our airplane, W, we can use this relation to find what the climb

rate, Rp, will be:

THP,

39
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Figure 18. Sample Calculation for Helatiun.




*[M/dHE 000'EE =

uiw'n

H

.:._m._m._._._.______ "lamodasiony ayeig ﬁE:U-E-HmI pazijeap] : @ uoiiejey | .____._..___,:_EL_“H
000'SE = UL mm yBrap ‘1yBi| 4 |anaT] Jo pasinbay Jamod wnuwiuy ‘B1eY HUIS WUl “@ uoiE|(aYy ‘G| 84nbi4

[{d4) dHg “Jemodasioy exesg euiBuz] fdy) “War 1 "1yBi)4 [8Aa J0) paiinbay JamOdasION ISMIYL WML

000F 000Z O00OL 009 OOF  QOZ 0oL 09 OF 0z nv 9 v z f 9 ¥ z L
‘ b
il 4l 4
\\.‘ /] \_\\.\\_n /! \um\\\\\ pd
N AN A A A
AA A AN A g A A 4
v /77 A LA \.._n 7
10t LAy 711 S
AD4 Vi Z, 7 7X77 77 AV 7
v 4 G it 4 e =" -
o > 77V
Q ¥ / % / \.\\% g \\\
it S wmm AL nw\\\\ AN LA
\\\\\\\\\\\\ &%\ n@ \\\\\\\\\\\\\ mmmmn\u k\\\\\\\\\\\ C
AA A ghrso A A g A/
\r\\.\. . L__\\ &u&\ .\\.\“W.\.\\ A : ._\-\
TV | F s TV [ B~ 77 AP F e
2 e/ 4‘ A I o%... v Amvd y4
N._.MW;\ A o . A &%.Lﬁ.\ \NT\ \v\ i
\\ 11 1 \ 8227554 \\
\\.., A % AL L \W\ i ] %
AN N o A oy S [Aidam
T T L 'y P y T T T T T T . |
A / \\ A A 4 “_%\\ / \\ 35019
7 v i T 7
o ity s u 77777 VIV F 4 ra
% ey e
FaiFiF A A A | "

oL

ooy

oog

ooolL

0ooz

o000y

0009

000°C1

HBW'T

4 ‘quiiiD-o-atey pazifesp]] {wdy} Sy “arey yuig wnwiuyy

[{udy)

41



This Page Blank



Relation: Drag Area, Effective Span, Maximum Lift-to-Drag Ratio

The maximum lift-to-drag ratio is an important parameter for gliding flight. It tells us how tar forward
we can go for each unit of distance that we descend. |f we are at an altitude of 5280 feet AGL and we have -
a I!L!D]'max of 10, we will be able to glide ten miles in a no-wind condition. Relation @ expresses the
maximum L/D ratio in terms of the effective span, by, and the drag area, Ap-

b
£
(L/D},ay = 0.8862 Ny

given in chart form in Figure 20.
It is interesting to note that the lift-to-drag ratio does not depend on the weight, wing area or altitude.
Since we have calculated the effective span to be 18 ft, from relation @ and the drag area required for our

maximum speed requirement, Ap = 3 ft2 (from relation @ }, we can connect these values on the nomo-
gram in Figure 21 to find the maximum lift-te-drag ratio of 9.2,

/ 7,4
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Relation {0) : Drag Area, Lift Coefficient at Minimum Sink, Effective Chord

With this relation we can calculate the lift coefficient we expect when the airplane is flying at the
speed for minimum sink, The lift coefficient, Cy_j,g, is computed from the drag area, Ap, and the
effective chord, c,, which have been determined from previous relations { @ and @ }. If we draw a line
between the value of 3 for Ap and 4.75 for cg. we find that the lift coefficient under minimum sink condi-
tions is 1.1. This can be checked by using relation I:D to connect the wing loading, W/S, and speed for
minimum sink, vminSr extending to the scale for the lift coefficient. |If these values do not lie an a straight
line, a discrepancy exists in the graphical construction that has to be corrected before the performance

calculation proceeds.

If the lift coefficient under minimum sink conditions is greater than the maximum lift coefficient for
the airfoil section selected, then we will have to modify the shape of the sink-rate curve in the neighbor-
hood of the stall, as mentioned in the discussion of relation@.

The formula for the lift coefficient in terms of the drag area and the effective chord is

VAD_

[H

CLmins ™ 3.07
2

The lift coefficient under the condition for maximum L/D is smaller by the factor 1/Y 3= 0.577. For
our sample case, CL maxLD™ 0.63, under maximum lift-to-drag conditions.

Relation @ is also presented in Figure 23, where C|_ ,ing is
plotted as a function of the effective chord, ¢, with the drag area, Apr CLmins Ce
AD, a5 a pararmeter.
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Figure 22. Sample Calculation for Relation @
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Relation @  Weight, Engine Brake Horsepower, ldeal Maximum Rate of Climb

The purpose of relation @' is to find the idealized rate of climb, H&,max: from knowledge of the
engine brake horsepower, BHP, and the gross weight, W. This climb rate is the rate at which a weight equal
to that of the airplane could be litted by an engine using all of its power. This ideal climb rate will be used
later with the template for the propeller efficiency to give the location of the reference point. It is used in
conjunction with the reference propeller speed, ‘mep. which is calculated with relation @ .

Engine
Brake Horsepower

Ideal Rate of
] Climb
H&'max,ffb’mfn}

Weight, W {Ib}

For the T-18 with a 150 hp engine, draw a straight line on the nomogram in Figure 24 connecting the
BHP with the weight of 1500 Ib, to find the ideal rate of climb of 3300 ft/min. The mathematical expres-

sion that is described on the nomogram is

BHP Hé,max W i
=T C oo s
33,000

Figure 19 can also be used for this relation.



" Figure 24. Sample Calculation for Relation (11)
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Relation @ ; Static Thrust, Engine Brake Horsepower, Reference Propeller Airspeed for 74%
Efficiency, Propeller Diameter

This is the key relation that comes from the idealized propeller theory of Part 2. |If we have chosen an
engine size, BHP, and a propeller diameter, D, we can find the idealized static thrust, Tsr and the reference
forward speed for the ideal propeller that will result in a propeller delivering an efficiency of 74 percent,
Vprnp' This thrust and efficiency are idealizations of what can actually be expected in practice. When we
use the value of Vprﬂ to locate the plastic template for the propeller efficiency, we will be assuming that
the propeller will deliver B5% of the idealized efficiency, This will be explained in more detail in the dis-
cussion of how to use the template. Also, the idealized static thrust cannot be fully realized, because the
propeller is usually optimized for some forward speed, and therefore will be less efficient under conditions
of static thrust, In fact, the propeller can have stalled blades which produce almest ne thrust until the air-
plane starts to roll and the blades begin to bite. These limitations in the simplified theory have to be
recognized as the theory is used in these calculations.

Ui

HH]]IEM' Thrust Horsepower, THP = 0,74 BHP
S;mﬂ} Engine BHP

Propeller Diameter
Dp (ft}

Engine BHP

Static

T, BHP,V, 0. Dy

'

#""ﬂy’

In the sample calculation, assume that the propeller is 6 feet in diameter. If we have an engine brake
horsepower of 150 hp, the nomogram in Figure 25 can be used to find the idealized static thrust of 970 |b
and a reference propeller airspeed, Upmp* of 67 mph. The calculated s.tatic thrust is an idealized value tr_mt
is much larger than is obtainable. It is used when we make an analysis of the takeoff performance, using
Figure 73 of Part 2 to find the thrust as a function of speed. The reference speed, UF‘FUF" Ts used.m posi-
tion the plastic template to find the idealized climb rate. The difference between the idealized climb rate
and the sink rate will give the rate of climb as a function of the airspeed — one of the main results of this

analysis,
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The mathematical expression for the idealized static thrust at sea level is derived in Part 2 and is given
by

Tg = 1041 [BHP D123 (i)

where the propeller diameter, Dp, is given in feet. Similarly, the reference airspeed which corresponds to
the sea-level speed for a 74% efficient idealized propeller, is given by

These expressions are also individually presented in Figures 26 and 27, where we have T, and mep plotted
versus propeller diameter with BHP as a parameter.

For the best overall propeller efficiency, me should probably be about equal to the speed for
minimum sink. That way the propeller will be matched over a wide range of speeds. {For a real propeller,
the efficiency will peak and then drop off again. The maximum level flight speed should be reached as the
propeller efficiency peaks. This effect is not considered in the simplified analysis and has to come from
more complete books on propeller theory.)
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Relation @ : Propeller Diameter, Propeller Rotational Speed, Propeller Tip Mach Number

This relation is used as a check to see that the propeller tip speed does not become too great. |f the
Mach number of the tip of the propeller exceeds 0.8, the efficiency decreases dramatically and the noise
from the blades increases. If we take the propeller diameter, L'I'p, and the propeller rotational speed, RPM,
we can Tind the tip speed, ‘v‘ti . and compare this to the speed of scund. The ratio "u"tipfa is the propeller
tip Mach number, Mp, and is given in equation form by

RPM D
D =
21,008

where the propeller diameter is given in feet.

For the sample calculation, assume that the propeller rotational speed is 2700 rpm, and the propeller
diameter is 6 ft. From the nomogram in Figure 28, we find that the propeller tip Mach number is 0.77,
which is below the value where the tip losses start to oceur.

Relation @ is also represented in Figure 28, where we have plotted RPM versus propeller diameter
with tip Mach number as a parameter. :

Viip e ——————

RPM Dp, RPM, M
I
Speed of sound = 1100 ft/sec.

p
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Relation : Airspeed for Minimum Sink Rate, Minimum Sink Rate, Maximum Lift-to-Drag
Ratio

This relation is used as a consistency check of the graphical construction on the Airplane Performance
and Design Nomogram. Since V ..o has already been calculated from relation @, Rs min from (8)and
{LfD:lmax from @ , we can connect these values to verify that they lie on a straight line. If thoy canneot
be connected, an error exists in the construction process which must be corrected before we can have con-

fidence in the results,

The term 88 VminS“JHS i is the lift-to-drag ratio under minimum sink conditions. Since the lift-
to-drag ratio under minimum sink conditions is related to the maximum lift-to-drag ratio, fLa"D}max, by

the expression (L/D) ;g = 0.866 (L/D} ., , we have

o
mins

{LHD}me = 101.6 T
Jmin

where ¥ . c is the airspeed for minimum sink {mph) and Rg ., is the minimum sink rate (fpm}. Rela-
tion @l is represented by the nomogram in Figure 30 as well as the chart in Figure 31.

For the sample calculation, V .. = 78 mph, HS,min = 860 fpm and '[UD}'rnax = 9.2. From the
nomogram in Figure 30, we see that these results are consistent.

1.316 V..
Pt S mins Max L/D

VminS j VmaxLD ‘fﬁ

= 1 Rgmi _ J _
pudl Rs,maxLD = 1-190 Rg min

(L/D}pring = 866 {L/Dhypay (L/D)max

'

mina’ Hs,m[n* {L"D]max
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Relation @ :  Zero-Lift Drag Coefficient, Lift Coefficient at Minimum Sink, Effective
Aspect Ratio, Maximum Lift-to-Drag Ratio

Relation @ is another cross check for the graphical construction on the Airplane Performance and

Design Nomogram. We have already calculated Cp 0 from relation@ CL ming from @ eAR frum@
and (L/D)y, 5, from @ For a consistent set of calculations, these four quantities should lie on the same
straight line on the nomogram in Figure 32, For the sample calculation for the T-18, we calculated Cp o =
0.035, C|_ ming = 1.1, eAR = 3.7 and {L/D) 5, = 9.2, We can see from Figure 32 that our cross check
works. |f it did not, we would have to double check cur graphical calcuiatmna and find the error before

we continue.

The mathematical equations represented by this relation have been derived in Part 2. The lift coeffi-

cient at minimum sink is given by
CL,THTI'IS = 3.07 '\‘Eiﬂﬂ CD 0

and the equation for the maximum lift-to-drag ratio is given by

eAR
(L/D), o = 0.8864] S

0,0

These two expressions are also presented for convenience in Figures 33 and 34.

Effective ] . . . C
4 C . o Lift Coefficient at minimum sink
Aspect b ~L,minS

Ratio,

eAR o
Cp g Zero-lift drag coefficient

T o
{L/Dhax D,0" CLiming: AR {L/Dln

For reference: Cy mawip = 0.577 CL,mIn55 ED,mEnS = 4 CD,I‘.]*' CD,maxL‘D =2 CD,D: I{Lﬂ:']'rninsz
0.866 (L/D) ax
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(L/D)max = 0-8862 VeAR/Cp q .




Relation @ : Maximum Lift-to-Drag Ratio, Maximum Drag, Gross Weight

This is another cross check of the graphical calculation procedure. We have already calculated the
maximum lift-to-drag ratio from @ and the minimum drag force from @ It these values are connected
on the nomogram in Figure 35, we check with the assumed value for the weight on the W-scale. In the
sample calculation for the T-18, (L/D),0x = 9-2. Dmin = 163 |b and W = 1500 |b, These are ¢consistent
results as can be seen from the straight line relation on the figure.
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SUMMARY OFf THE NOMOGRAM CALCULATION FOR THE T-18

In the course of the sample calculation for the T-18, each new line was added in succession to the
nomogram. The completed calculation on the Airplane Perfarmance and Design Nomogram is shown in
Figure 36, where we can see that the cross checks give us confidence in the graphical calculation. The
results are tabulated at the right hand side of the nomogram, in the spaces provided, and are summarized
below. We are now in a position to use the plastic template to find the rate of climb as a function of air-
speed, The important results that we need from the nomogram to do this are: HS*minf the minimum sink
rate; V ins: the airspeed for minimum sink; H&;max .the maximum ideal climb rate (equal to the rate the
engine can lift a weight equal to that of the airplane); and mep; the reference airspeed which would result
in an ideal propeller efficiency of 74%.

Input quantities:

Stall speed V¢ =67 mph
Maximum' Lift Coefficient G| max = 1-52
Gross weight W= 1500 ib
Wing span b=20110in
Maximum level flight speed Vinax = 180 mph
max available
Engine brake horsepower BHP = 160 hp thrust horsepower
THP = 120 hp
Assumed propeller efficiency =028
Propeller diameter D=6t
Propeller rotational speed RPM = 2700 rpm
Calculated guantities:
Wing loading W/S = 17.4 Ib/ft2 Relation (1)
Wing area $= 86 ft? Heiation@
Aspect ratio AR =5 Helation@
Wing chord c=4.1ft Relation @
Airplane efficiency factor e=0.74 Appendix F
Effective aspect ratio e AR = 3.7 Hela‘tion@)
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Effective span b =181t Relation @

Effective chord cg =4.75 ft Relation @
Effective span loading W/bg = 83 Ib/ft Helatiﬂn@
Drag area Ap=3 ft2 Helation@;
Appendix G
Zero-lift drag coefficient GD,G = (0.035 Relation @
Airspeed for minimum sink Viming = 78 mph Helatiun@
Minimum reguired power for level flight THP i, =39 hp Helatinn®
Minimum drag D, iy = 163 1b Relation(7)
Minimum sink rate Rgmin = 860 fpm Helaﬂon
Maximum [ift-to-drag ratio (L/D)ax = 9.2 Hefatinn@
Lift coefficient at minimum sink l:q'L,rninS =112 Relation
Max ideal rate of climb RE max = 3300 fpom Relation
Speed for 74% propeller efficiency Vprop = 67 mph Relation @
Ideal static thrust T,=9701b Relation (i2)
Propeller tip Mach number Mp =0.7 Relation @

A tablet of Airplane Performance and Design Nomograms is included with the present book. These
can be used for making your own preliminary design calculations by following the step by step procedures
outlined in the text. A few sheets of 2 cycle x 2 cycle laogarithmic graph paper are also included so that the
plastic template can be used to make the rate of climb calculations described in the next section,
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HOW TO USE THE TEMPLATE FOR CALCULATION OF RATE OF CLIMB

In Part 2 we show that the rate of climb, R, can be calculated from the sink rate, Rg, the maximum
ideal climb rate, R maxe @and the propeller efficiency, . This is expressed mathematically by equation

{38) or

Rg= Hﬁ,max” -Rg

where R& o, is calculated with the nomogram from relation @ The propeller efficiency and the sink
rate are functions of the forward airspeed and are related to the nondimensional curves given by Figures
37 and 38. The nondimensional curves have been made into a plastic template that can be used to draw the
correct curves for the sink rate and ideal climb rate versus airspeed, once we know where to position the
template. The template is designed for use with 2 cycle x 2 cycle logarithmic graph paper 7.5 inches on a

side (for instance, K&E MNO. 46 7203 or Dietzgen No. 340R-L22}. WARNING: The use of any other paper
size will result in the wrong answer for sink rate and climb rate!

The construction of the curves follows a straightforward procedure:

1.

Take a piece of 2 cycle x 2 cycle logarithmic graph paper and label the axes: rate of climb on
the vertical axis and airspeed on the horizontal axis.

From the nomogram, mark the reference point for the sink rate curve. That is, place a cross at
the point wminS* F{S min}' In the sample calculation "“"ml'ns = 78 mph and Rg rain = 860 fpm).

Take the template for the sink rate curve and overlay on the graph paper, taking care to line up
the reference point on the paper with the reference point on the template.

Draw the curve for the sink rate as a function of the airspeed using the template as if it were a
French curve (Figure 39 for the T-18 calculation.)

From the nomogram mark the reference point for the propeller efficiency curve. The point is
determined by the point mep' H’E,max]" In the sample calculation for the T-18, mep =
67 mph and HE max = 3300 fpm.

Take the template for the efficiency {rate of climb) and overlay it onto the graph paper, aligning
the reference point on the template with the correct reference point on the graph paper.

Draw the curve for the ideal rate of climb as a function of the airspeed in a manner similar to step
4, The curve drawn with the template corresponds to 85% of the ideal efficiency for the engine
propeller combination. (See Figure 39 for the T-18.)

In order to find the rate of climb at a particular airspeed, subtract the sink rate from the ideal
climb rate at that speed. This can be plotted on a separate plot with linear scales as in Figure 40.

The maximum level speed is determined directly from the logarithmic graph where the two lines
cross (Figure 39). This will also correspond to the point on the rate of climb curve (Figure 40}
where the rate of climb is zero. For the sample calculation the maximum level flight speed is

1756 mph.
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Figure 37. Dimensionless Sink Rate versus Airspeed with Parametric
Effects of Drag Area, Effective Span, Weight and Altitude.
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HC"FHE,max* Dimensionless Rate-of-Climb (Propelier Efficiency).
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Figure 38. Dimensionless Idealized Rate-of-Climb versus Airspeed with
Parametric Effects of Brake Horsepower, Propeller Diameter,
Weight and Altitude.



In Figure 39 we have plotted the sink rate and the ideal rate of climb as functions of the relative air-
speed. The ideal climb rate decreases with decreasing airspeed because the propeller becomes less efficient
at low speeds. The sink rate has a minimum of 860 fpm at an airspeed of 78 mph and then increases
rapidly at higher airspeeds. For high speeds the sink rate is proportional to the cube of the airspeed. When
the sink rate and the ideal climb rate are equal, we find the maximum level flight speed — Vinax = 175 mph.
At lower speeds we have an excess of power available and we are able to climb.
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Figure 39. Sample Calculation of Ideal Climb Rate and Sink Rate for the T-18.

The climb rate can be found directly fram Figure 39 by subtracting the sink rate from the ideal climb
rate. If this is plotted in Figure 40 on a mare familiar linear scale, we see that the maximum rate af ¢limb,
1500 fpm, occurs at a speed of about 98 mph. The airspeed for best rate of climb is called ‘u"y,.

In the stall analysis discussion {see relation @ } we assumed that the stall speed, Vs,{}- was 67 mph.
This speed corresponds to the maximum lift coefficient that the airfoil can produce. The theory developed
in Part 2 assumes that the lift coefficient varies linearly with the angle of attack. But, from the airfoil data
in Appendix H, we see that the linear range of the lift coefficient extends up to about C| = 1.4, From
relation @ on the nomogram we find that this corresponds to about 70 mph, where there will be a rapid
transition to the stall condition and a sudden decrease in the climb rate curve. Since this is such a sharp
change, we can simply modify the shape of the curve in this narrow region between 67 and 70 mph by eye
or by using a French curve, This will give the character of the results in the vicinity of the stall speed.
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For short field takeoffs, we try to fly at an airspeed that gives the best climb angle, EC max- This
speed is called V,, and is found from the curve of climb rate versus airspeed in Figure 40 by drawing the line
through the origin tangent to the rate of climb curve. The airspeed for best angle of climb is about 75 mph.

Although the climb rate, 1310 fpm, at this speed is less than the maximum climb rate, the climb angle is
greater. The climb angle can be found from the equation

0. = 180 Ac
788 V

where Re is the rate of climb in feet per minute and V is the airspeed in miles per hour. This is an approxi-

mate eguation valid for small angles {less than about 20 degrees). The maximum climb angle found from
the tangent in Figure 40 is 11.4 degrees.

mm,—
-

Rate-of-Climb, R c {fpm]

Gllltllniliuntllnllul
0 B0 100 180 200

Airspeed, V (mph)

Figure 40. Rate of Climb versus Airspeed for Sample
Calculation of Thorp T-18.
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PARAMETRIC STUDY OF THE BASELINE DESIGN

Now that we have calculated the performance for the baseline design for the conditions of maximum
engine horsepower at sea level, we would like to learn about the effects of each of the parameters on the
design. For instance, if we change the power setting, the level flight speed will change. This effect of the
power setting on the cruise speed is important when we want to find the cruise speed that will give the best
economy. Also, since engines are typically run at 75% power, we can find the corresponding cruise speed.

Similarly, with an increase in altitude, the engine develops less power {unless it is turbocharged), and
the sink rate curve shifts upward and to the right. Our climb rate, which is the difference between the two
curves, decreases with altitude until we reach the absolute ceiling. We will show how to calculate this as
well as the service ceiling (defined as the altitude at which the climb rate decreases to 100 fpm}.

Then, we can ook at the effects of leaving the passenger behind or taking too much baggage; stream-
lining to reduce drag; ground effect, etc. These effects can be quickly evaluated with the help of the
plastic template — an overlay of Figure 37 and 38. The template has scales that show where the location of
the reference point will move when we make changes in a parameter. When the template is properly posi-
tioned, we can draw the sink rate and ideal climb rate curves. For instance, if we increase the weight, we
expect that the sink rate will increase and the ideal climb rate will decrease. For the sink rate template,
the arrow for changes in weight points down and to the left at a 45 degree angle. This direction results
from the fact that both the minimum sink rate and the speed for minimum sink increase with increasing
weight. Altitude has a similar effect on the location of the sink rate curve, On the other hand, changes in
the drag area cause the new location of the sink rate curve to be positioned in a different direction. That
is, an increase in the drag area increases the sink rate, but decreases the speed for minimum sink. This
results in an arrow for drag area changes that points in the 45 degree direction down and to the right on the
plastic template. When the template is placed on the 2 cycle x 2 eycle logarithmic graph paper, and the
reference point is aligned for the new drag condition (say the drag is increased to a value 1.2 times the
original valug) then the curve will be stightly displaced from the baseline design in a direction up and to
the left. This will result in a decrease in the maximum speed if the power available remains constant, This
effect and other parametric variations will be discussed in the following sections.

POWER SETTING, CRUISE SPEED, RANGE

in the baseline calculation we assumed values for the maximum brake horsepower conditions at sea
level to find the rate of climb as a function of airspeed and to find the maximum airspeed. We would now
like to perform a parametric analysis to find the dependence of the sea leve! cruise airspeed on the power
setting. The template that was developed for use in the ideal rate of climb can be used directly to deter-
mine the effects of powersetting. This is done by moving the template so that the reference point is
aligned with each new power setting. The sample calculation plotted in Figure 41 was made by placing
the reference point at brake horsepower ratios of 1.0 (the original full-throttle case}, 0.9, 0.8, 0.7, 0.6, 0.5
and 0.4. In this succession of plots the curve for the ideal available climb rate moves down and to the left

at a ratio of 3: 1. This ratio follows from the expression for the Vprop {see relation @ ).
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Figure 41. Effect of Power Setting on Performance.

When the BHP is plotted versus the cruise speed {found from the intersection of the curves on Figure
41), we obtain Figure 42. The theoretical value of the thrust horsepower required for level flight is also
plotted. We can get an idea of the propeller efficiency from this figure since the efficiency, 1, is the ratio
between the thrust horsepower and the brake horsepower. Also, we can find the airspeed that gives the
best range fram the tangent to the BHF‘-VE curve. This is the speed that would theoretically yield the best
ratio of speed-to-horsepower, which translates into the speed for best range since less gas is burned per mile
traveled. However, at the speed of 111 mph the engine is producing less than 40 percent of its maximum
rated power. The engine manufacturers recommend that the engines should be run at 50 percent power or
better, s0 the minimum economy cruise setting {50%) would give a cruise speed of 128 mph. At 75%
power, the recommended power setting for continuous cruise conditions, the cruise speed would be 156

mph.
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Brake Horsepower and Thrust Horsepower Required for Level Flight

Airspeed, V (mph)

Figure 42. Brake Horsepower and Thrust Horsepower Required for Level Flight
as Functions of the Airspeed.

If the T-18 is assumed to have a gas tank that holds 29 gallons of gasoline; the specific fuel consump-
tion of the engine, SFC, is assumed to be .5 Ib-fuel per harsepower per hour; gasoline weights 6 |b per
gallon; and the power setting for economy cruise is 50% at a cruise speed of 128 mph, then the range is

Ve 6 Gal 128 (6} (29}
Range = —————— = = 594 miles
SFC BHP {.6) (.6 x 150}

If we calculate the range at 75% power (156 mph cruise speed), we get 482 miles. These calculations are
comparable with the published range of the 180-hp T-18, which is 500 miles.

84



ALTITUDE EFFECTS; ABSOLUTE AND SERVICE CEILINGS

An increase in altitude affects the performance of the airplane in three ways. First, it reduces the
available brake horsepower of the engine. This happens because the fuel-air mixture increases as a result
of the decreased density of the outside air. If the over-rich mixture is leaned by reducing the gas flow rate,
less fuel is available to the engine, and the power decreases. The only way to get around this is to turbo-
charge the engine so that more air is stuffed into the cylinders and the fuel-air mixture remains constant. The
effectiveness of the turbocharger is limited, however, and above a certain critical altitude, the turbocharged
engine also begins to lose power.

The second effect is the reduction in propeller etficiency. Ewven if the brake horsepower at the shaft
of the engine remains constant, the propeller becomes |less and less efficient as the altitude increases. This
is modeled by the density ratio factor in the reference propeller speed, Vprup* as discussed in Part 2.

The third effect is the change in the sink rate curve. An increase in altitude has exactly the same
effect on the sink rate curve as an increase in weight. That is, the reference point is shifted up and to the
right with an increase in altitude. For low speeds, this results in an increase in the sink rate, but at high
speeds this gives a relative decrease in the sink rate compared to the sea level value at this speed. All three
of these effects are taken into account in the analysis of this section.

For normally aspirated engines, the power decreases with the decrease in density ratio. According
to the discussion by Von Mises (1945} the brake horsepower at a density altitude corresponding to the
density ratio, o, is

BHP = ¢(h) BHPg

where the power-altitude factor is given by

o-cC
oh) = ¢

where the coefficient o is equal to 1.0 for normally aspirated engines and the value of ¢ is 0.15. More
recent data suggests that the value of ¢ should be taken to be 0.12. For supercharged engines below the
critical altitude, {h) = 1.0, and for altitudes above the critical altitude, oy corresponds to the density ratio
at the critical altitude. The brake power-altitude factor, ¢(h), is plotted in Figure 43, along with the
variation of the density ratio, o, versus the density altitude, h. The variation of the density ratio in the

standard atmosphere is discussed in more detail in Appendix D.
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Figure 43. Brake Power-Altitude Factor,plh}, and Density Ratio, o, versus Altitude
for Various Critical Altitudes for the Turbocharger.

The location of the reference point for the ideal climb rate eurve, moves down and slightly to the left
for normally aspirated engines, and to the right for turbocharged engines {below the critical altitude) as the
altitude increases. This is demonstrated in Figure 44 for a normally aspirated engine and in Figure 45 for
a turbocharged engine with a 10000 foot critical altitude.

The change in the sink rate curve is the same for the two cases. That is, the reference point for the
minimum sink rate moves up and to the right with increasing altitude. When the rate of climb is deter-
mined for each of these cases by subtracting the sink rate from the ideal rate of climb, we obtain the rate of

¢climb curves shown in Figures 46 and 47,
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Figure 44. Effect of Altitude on Performance with Normally Aspirated Engine.

Consider first the normally aspirated engine in Figures 44 and 46. The ideal rate of climb decreases
with altitude and the sink rate increases. The difference between the ideal rate of climb curve and the sink
rate curve decreases so that the rate of climb always decreases with altitude. At the absolute ceiling the
maximum rate of climb decreases to zero., At each altitude there is a variation of the climb rate with air-
speed. The speed for maximum rate of climb, "u",l,, increases with altitude until the climb rate decreases to
zero at the absolute ceiling. The speed for the best angle of climb also increases with altitude., At the
absolute ceiling these two speeds approach each other. The maximum level flight speed however, decreases
with altitude. The fastest speed for a normally aspirated engine is at sea level, Notice also that the stall
speed increases with altitude because of the density ratio in the generalized form of relation @{see Equa-

tion 7 in Part 2).
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For the supercharged engine, we have similar curves in Figures 45 and 47. We have assumed that the
supercharger has a critical altitude of 10,000 ft, so that below this altitude, we have virtually the sea level
value for idealized rate-of-climb except for the propeller efficiencies. Above the critical altitude, the engine
starts to lose pawer as in the case of the normally aspirated engine. Thus, the ideal rate-of-climb curve has
two distinct characters above and below this altitude, This has a marked effect on the rate of climb curve
in Figure 47. Until the supercharger staris to fade, the rate af climb is almost unaffected by altitude. In
fact, the climb rates at the higher speeds are better than the sea level climb rates. Then, above the critical
altitude, the rate of climb drops off in a similar manner as before. The curves for V, and V,?, have a kink in
them at the 10,000 foot level — the turbocharger critical altitude. At the absolute ceiling, V, and V,’, are
equal to each other, as before. The trend for the maximum fevel flight speed is different from that for the
normal engine. The maximum level speed increases with altitude until the supercharger starts to fade, at
which time the maximum level speed starts to decrease.
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Figure 47. Effect of Altitude on Rate-of-Climb Performance
for a Turbocharge Engine with a 10000 foot

Critical Altitude.

If we take the maximum rate of climb for the normally aspirated engine and the turbocharged engine
and plot them against the altitude, we obtain the curves in Figure 48. The scales are reversed so that
altitude is the vertical axis. We see that the turbocharged engine always has a climb rate that is greater than
the normal engine. However, they both start out with the same climb rate, unless the turbo is overboosted.
At 10,000 feet the turbo starts to lose its effectiveness, and the rate of climb decreases, but the turbo still
has more than twice the climb rate as that of the normal engine above 12, 000 feet. This would be
important when flying out of high altitude airports or when trying to avoid weather that may extend up to

89



20,000 feet. We have to remember, however, that above 14,500 feet we will be required to have oxygen
according to the Federal Air Regulations (FARs}. With this plot, we can extrapolate to find the absolute
ceiling: 20,200 for the normally aspirated engine and 25,600 feet for the turbo. The service ceiling is
defined as that altitude at which the rate of climb decreases to 100 feet per minute. For the normal engine
it is 18,750 feet and for the turbo it is 24,500 feet. The pubfished service ceiling for the 180-hp T-18 is
20,000 feet.
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Figure 48. Dependence of Maximum Rate-of-Climb
on Altitude. Definition of Service
Ceiling and Absolute Ceiling.
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1f we plot the stall speed, V., the speed for maximum rate-of-climb, V., the speed for maximum
rate-of-climb, V.E,, and the maximum level flight speed, V..., as function of the altitude, we obtain the
curves in Figure 49. Motice the trends for the maximum speed for the two different types of engines. This
is the reason we try to get to altitude as quickly as possible with the turbo — where it is more efficient. We
see also why the racers of the normaliy aspirated engines try to race at the lowest possible altitudes where
the higher power can be developed — unless there are more favorable winds at higher altitudes. The flight
speeds are bounded at the high end by V|, . and at the low end by V¢ — the stall speed. This is the case
until the airplane reaches the vicinity of the service ceiling. At this point, the minimum speed is governed
by induced drag considerations and not the stall speed. That is, the airplane can be flown at a speed above
the stall, but stili not be able to climb. The airplane tends to mush along and loses altitude unless we fly at
a speed above the minimum level flight speed.
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WEIGHT EFFECTS

It the weight of the basic design is increased or decreased, we expect major effects upon the perfor-
mance of the airplane. First, the ideal rate-of-climb is decreased because, for the same power input, the
heavier weight is lifted at a slower rate. Also, the reference point for the sink rate curve moves upward and
to the right for an increase in weight, This effectively increases the sink rate at lower speeds, but decreases
the sink rate at the high speeds. That is the reason that the high performance cross-country sailplanes add
ballast — to decrease the sink rate at high speeds between thermals (as long as the sink rate at low speeds
will still allow searing in the weak thermals).

Let us examine the effect of the weight by changing the weight of the basic design by pius or minus 10
percent — corresponding to 150 Ibs too much baggage or one less passenger. The effect of the weight is
easily taken into account by shifting the reference points, that is, by moving the template with respect
to the originally determined reference points. For this parametric study, we use the weight arrow on the
template. For the overweight condition, move the climb rate template down until the weight ratio of 1.1
is lined up with the reference point calculated from the nomogram {3300 fpm; 67 mph}. Then, use the
template like a french curve to draw the line for the ideal climb rate. If the weight decreases, we do the
same procedure, except we move the template up until the reference point lines up with the 0.9 point on
the weight-ratio line on the template. Draw the line using this specialized French curve to find that the

ideal climb rate is higher than the basic case and the overgross case.

Next, we make similar modifications to the sink rate curve. The sink-rate template is first shifted up
and to the right when the weight is increased, and then down and to the left when the weight is decreased.
The scale for the weight ratio is used for this parametric study. The reference point has to be on this line,
and the relative position of the template should be such that the horizontal and vertical axes are parallel
to the axes on the 2 cycle x 2 cycle logarithmic graph paper.

The results in Figure 50 are plotted for the cases of an increase or decrease of 10 percent in the basic
design weight. Note that the stall speed has changed because the wing loading has changed. This effect
can be calculated from relation or by calculator, since the stall speed is proportional to the square
root of the weight. Note also that the maximum level flight speed does not change very much, increasing
slightly with decreasing weight. This follows from the approximation in relatiané, where the maximum
speed depends on thrust horsepower and drag area, if we neglect induced drag. Since weight affects
induced drag, we expect most effects at lower speeds. A discussion of the corresponding rate-of-climb
{that is, the difference between the ideal rate of climb and the sink rate} will be deferred until we have

considered all of the other parametric effects (Figure 54).
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Figure 50. Effect of Weight on Performance,

DRAG EFFECTS: STREAMLINING AND FLAPS

Everyone knows that you are supposed to decrease drag if you want to increase performance. But
how sensitive is maximum speed to the decrease in drag? And how much will the glide angle be affected
by the drag of flaps? We can use our basic design and change the drag area to see the effects. First, we note
that power is not affected, so the ideal rate-of-climb is the same for all three cases: baseline design, 10 per-

cent decrease in drag area, and added flaps.

If we decrease the drag area by better streamlining on the wheels, washing and waxing the airplane
skin, enclosing the communication and navigation antennas in the wing tips, making a good fitting cowling
with the minimum cooling drag, ete., then we can move the sink rate template down and to the right. This
will give us better climb performance, since there is more difference between the ideal climb-rate and the
sink-rate curves, and a higher level flight speed, since the intersection of the two curves is farther to the
right. The effect of a 10% decrease in drag area is shown in Figure 51. Note the increase in maximum

speed — from 175 to 183 mph — for the 10% drag area decrease.
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When flaps are deployed, several effects occur simultanecusly. First, the lift coefficient increases
dramatically. This causes a ballooning tendency until the airplane is slowed down or unless the angle of
attack of the airplane is decreased. If the angle of attack were decreased until the lift coefficient is zero, we
would find that the drag is larger than when the flaps are retracted. Therefore, we have increased the drag
area. Finally, the maximum lift coefficient is much larger than the unflapped case, CL,max = 25 with flaps,
compared to 1.52 without, But, since the flaps only extend over 60% of the wing span, the effective lift
coefficient is about 2.1 {= .6 x 2.6 + .4 x 1,52}, With this lift coefficient and the same wing loading as in
the example, we can use relation @ on the nomogram to find that the stail speed with flaps is 57 mph
compared to 67 mph with no flaps. The drag analysis of Appendix G shows that the drag area is increased
hy about 2 f12, And, because we started with 3 ft€ of draq area, our new drag area is about b ftz, or 1.67
times the eriginal. The shift of the sink-rate template for the increased drag is up and to the left. That is,
we have an increase in the sink rate, and a decrease in the speed for minimum sink — both desirable features
for landing. Placing the template on the drag area-ratio point of 1.67 and aligning the axes so that they are
parallel to the axes on the graph paper, we can draw the new sink-rate curve for the flaps-extended case on
Figure 51. Note also, that the stall speed is decreased for this case since we have used the flaps to increase
the lift coefficient of the wing.
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Figure 51. Effects of Streamlining and Flaps on Performance.

The effect of the addition of power on the climb rate with the flaps down{in the case where we have to
““go-around’’) can be addressed by subtracting the sink-rate curve from the ideal climb-rate curve. A
discussion of this, and the effect of streamlining on the climb rate will be deferred until rest of the para-

metric effects are discussed {Figure 54).
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EFFECTIVE SPAN CHANGES; GROUND EFFECT

In this section, we would like to find the effect of changing the effective span of the basic airplane.
First, consider the ground effect which essentially increases the airplane efficiency factor and so increases
the effective span, by e . If the airplane is flying within one wing span distance above the ground, we can
find the effect on the airplane efficiency factor from Appendix F. Suppose that we are flying with no flaps
at a height of 5 feet above the ground. Since the span is 20 feet 10 inches, the ratio of the height to the
span is h/b = 5/20833 = 0.24. From Figure F.3, we find that k,,,q = 1.31, so that the effective span is
increased by the factc:;,’k!Td = 1.15. The effect on the baseline demgn can be found by shifting the sink rate
template by the appropriate amount so that the reference point is aligned with the increased effective span
ratic of 1.15. That is, the effective span has been increased by 15 percent. The sink-rate curve is then
drawn on Figure 52, and compared to the baseline design. The biggest effect is a low speeds, where we have
an increased rate-of-climb compared to what we would have if we were not in ground effect. The airplane
has an increased efficiency because the ground effect has reduced the amount of induced drag. This is one
reason for the success of the manpowered aircraft, since the power required for flight in ground effect at
low altitudes is so much lower than at higher altitudes.
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Next, we will see what the effect would be if we added another foot of span to the wing on each side
of the fuselage. To separate this effect from all the others, we will assume that the wing span can be
increased without increasing the total weight or drag of the airplane. Adding the extra amount of span
without changing the chord, increases the total wing area and the aspect ratio. The increased wing area will
result in a lower stall speed according to relation{1). The new span of 22 ft 10 inches will give a wing area
of 94.3 ftz, compared to the old wing area of 86 ft=. This results in a new stall speed of 64 mph compared
to 67 mph. The aspect ratio changes from 5.05 to the new value of 5.53. |f we rework the calculation of
the airplane efficiency factor as in Appendix F, we find that e is equal to 0.742, hardly changed from 0.744
from the previous analysis. Therefore, the new effective span is 20.83 ¥ 0.742 or 19.67 feet, Thisis 1.09
times larger {9 percent larger} than the effective span of our baseline design, [n a manner similar to that
discussed for the ground effect, we can draw a new curve for the sink rate as a function of the airspeed for
the airplane with a 2 foot larger span. Note that the stall speed has decreased because of the added wing
area. This foilows from relation @ The difference between the ideal rate-of-climb curve and the sink rate
curve will give the climb rate as a function of the airspeed. This will be discussed after we have found the
effects of propeller diameter on the performance in the next section.

POWER EFFECTS: LARGER ENGINE, TWIN V5. SINGLE ENGINE,
PROPELLER DIAMETER

Let us consider three separate effects on the performance of the baseline design: increased power by
adding & 180-hp engine, a theoretical redesign of the airplane so that we have a twin engined airplane with
the same horsepower (two engines of 75 hp each); and a 10 percent increase in the propeller diameter. For
these analyses we assume that all of the other parameters remain the same: drag area, weight, effective
span, and maximum lift coefficient.

An increase in the horsepower from 160 to 180 is similar to the calculation previously made for power
setting, except that now we have 1.2 times the original power. |f we position the template for the ideal
rate-of-climb so that we align the reference point with a BHP ratio of 1.2, we can draw the ideal climb rate
as a function of airspeed as in Figure 3.

For our hypothetical twin, we have to be aware of what the reference point location actually does.
We are trying to find the location of the point where mep, Hé,max]’ is located. The ideal 74% efficiency
speed, V rop’ is proportional to EHF"II 3. Therefore, since each engine has half of the total horsepower
{and we Eave assumed that the propelier diameter has rematned the same), the reference point moves to the
ieft with a ratio {1;’2}133: 0.794, giving a value of 53 mph for Vprup‘ This results in the ideal rate of climb
as given by the curve in Figure 53 for the twin-engined airplane. Also, while we are playing with the para-
meter study, we can find the performance with one engine out, since the airplane will have the same mep
as for the twin, but half the ideal rate-of-climb. This is indicated in Figure 53.

The effect of increasing the propeller diameter is an increased propeller efficiency through the ehange
in Upra . This is the same effect that the twin makes. In fact, we would have to increase the propeller
diameter by 41 percent to obtain the same benefits as making the airplane into a Twin. But, 10 make & prop
that size, we would have to slow down the propeller rotational speed and extend the landing gear. At any
rate, the effect of the increased propeller size is shown in Figure 53. The increased propeller size can make
quite a difference, however, if the design is marginal in the first place, as we will see later for the sample
calculation of the performance of the powered Quicksilver hang glider.
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COMPARISON OF THE PARAMETRIC VARIATIONS OF
WEIGHT, DRAG, SPAN, AND POWER

The purpose of the parametric study is to determine the sensitivity of the design to variations in
weight, drag, span, and power. Then, knowing the response to these changes, we can set priorities for

improving our design. From Figures 50, 561, 52, and 53, we can subtract the sink rate from the ideal rate-of-
climb to find the rate-of-climb as a function of the airspeed. All of the effects are plotted on Figure 54.

The effects that increase the climb rate the most are: the change from a 150 hp engine with the gross
weight remaining the same: the decrease in weight by 150 Ib {10%); conversion to a hypothetical twin-
engined airplane with the sarme horsepower; ground effect at 5 feet altitude; an increase in span by 2 feet;
a 10% larger diameter propeller; and the 10% decrease in the drag area. The largest decrease in climb rate
was, of course, for the hypothetical twin with one engine out, while the climb rate for the overgross and
flaps-extended cases were about the same. We find that the largest increase in level flight speed occurs for
the increased engine horsepower. The next largest increase was for the case where the drag area was
decreased by 10%. The changes in weight or effective span did not change the maximum speed significantly,
because the effective span loading affects only the induced drag, which is small at high speeds. The
maximum level flight speed is significantly decreased for the case where flaps are deployed and for the twin

with the engine-out condition.
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We have to make tradeoffs in the design of any airplane. For instance, we can decrease the drag area
by using retractable landing gear, but the added mechanism will increase the weight. Therefore, we expect
to have a higher maximum speed at the expense of a decrease in the rate-of-climb. Similarly, when we
increase the engine horsepower of the airplane, we will probably have to increase the gross weight to have
the same useful load. Tradeoffs between weight and drag will be governed by our desired specifications for

rate-of-climb and maximum level speed.
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SAMPLE CALCULATIONS OF AIRCRAFT PERFORMANCE

In this section we will show how to use the Airplane Performance and Design Nomogram and the
template for ideal rate-of-climb and sink-rate to evaluate the performance of some known airplanes. Then,
we will discuss the performance of the “Crawdad” — my original design study for a foot-launched motor-
glider.

GOSSAMER CONDOR AND GOSSAMER ALBATROSS — MAN-POWERED AIRCRAFT

On August 23, 1977, at Shafter Airport in California, Dr. Paul MacCready's Gossamer Condor won the
elusive Kremer Prize — £ 50,000 offered by the British industrizalist for the sucecessful man-powered flight
aropund a figure-eight course embracing two turning points 1/2-mile apart with the start and finish at a
height not less than ten feet above the ground. Since we know the weight and dimensions of the aircraft,
and if we make an estimate of the drag area, we can estimate the performance by using the nomogram and
template described in this book.

The gross weight of the aircraft is 207 |b (70 Ib empty); the span is 96 ft; the average chord of the
wing is 7.5 ft; the maximum available power from Bryan Allen, the pilot and engine, is about 0.48 hp; the
propeller diameter is 12 ft 6 in; and an estimate of the drag area is about 23 ft<. if the average height of
the wing above the ground during flight is about 15 ft, the ratio of height to span is h/b = 15/96 = 0.16.
With an analysis similar to that of Appendix F, we find that the airplane efficiency factor is 0.68 at higher
altitudes and 1.03 in ground effect. The results of the calculation using the Airplane Performance and
Design Nomogram are summarized on the nomogram itself in Figure bb. The maximum lift coefficient of
1.4 and a total wing area of 800 ft2 including the lifting canard were used for the stall analysis. The shape
of the sink rate curve was modified in the vicinity of the-stall speed, 8.5 mph, 1o give the curves in Figure
b6 for the sink rate and the ideal climb rate. The calculation shows that the maximum leve! flight speed is
11.7 mph and the best rate of climb is about 12 fpm at 8-1/2 mph. If the template is used to find the
minimum power input for level flight, we find that the power required is about 0.77 times the original
maximum BHP (Bryan horsepower) or 0.37 hp at 9.5 mph. These numbers are in good agreement with the
values given by MacCready {1978). The Gossamer Condor now hangs in a place of honor in the Smith-
sonian Air and Space Museum and a historical marker has been placed at Shafter Airport {near Bakersfield}

commemaorating the flight.

On June 12, 1979, Bryan Allen made worldwide news again when he pedaled the Gossamer Albatross
across the English Channel. The craft is an improved version of the Gossamer Condor, with better stream-
lining and lighter weight to reduce the power requirements. The flight covered the 22 mile distance in 2
hours and 49 minutes, at altitudes less than 15 feet. The £ 100,000 prize was captured by Allen and

MacCready, the designer, on the first try.

The performance calculations for the Gossamer Albatross can be considered as a parametric study of
the original Gossamer Condor design with the major difference being the reduction in the drag arca from
23 ft2 to 11 #t2. The wing had the same span, but was tapered and had a smaller average chord. The
empty weight was reduced to 55 Ib, but the pilot was required to carry a life jacket as a safety precaution.
Consequently, the gross weight was about the same as for the Condor. The drag area ratio is about 0.48
{= 11/23), which can be used to position the template to obtain the new sink rate curve in Figure 6. The
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minimum power required for level flight can be found by sliding the climb rate template with the reference
point aligned with the BHP ratio line until the sink rate and the climb rate just touch. The BHP ratio turns
out to be .69 for minimum power. Muttiplying by 0.48 HP, we find that the minimum power required for
level flight of the Gossamer Albatross is about 0.28 HP. The maximum level flight speed is found to be
about 15.8 mph.
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Figure 56. Performance of Gossamer Condor and
Gossamer Albatross.

POWERED QUICKSILVER HANG GLIDER — MICROLIGHT

This sample calculation is aimed at trying to understand how the performance of a powered hang
glider is improved by the addition of a gear reduction unit and a slower-turning, larger-diameter propelier.
The use of the small go-kart engines which turn at high {7000} rpm limit the size of the propeller to k:aap
the tip speeds small enough to obtain good efficiency. If we limit the tip Mach number to 0.8, the 7000
rpm will give a maximum prop diameter of 29-1/2 inches. The propeller diameter used on Bob Bowen's
Quicksilver was 28 inches when it was used as a direct drive propeller.

If we take the following parameters as known input data, we can calculate the performance from the
Airplane Performance and Design Nomaogram and the template for ideal climb rate and sink rate vs airspeed:
wingspan 30 ft; chord 5 ft; the empty weight 75 Ib and the gross weight 243 Ib; the power of the MAC 101
12 hp: the propeller diameter 28 inches and the assumed drag area of about 16 ft2 (6 ftZ for the seated
pilot and 10 ft2 for the wires, tubes and dacron wings). If the maximum lift coefficient is assumed to be
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Figure 57. Sample Calculation for the Powered Quicksilver Hang Glider.
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1.5, the stall speed is 20.5 mph. This is larger than his guoted landing speed (15 mph) but this can pro-
bably be accounted for by recognizing the unsteady motion involved in the landing technique, where there
is a hird-like landing flare. With the aspect ratio of 6 we can use the analysis of Appendix F to estimate the
airplane efficiency factor. This value was taken to be 0.84 for the wing only, neglecting the effect of the
fuselage, since the pilot hanging out in the air does not contribute any angle-of-attack dependent drag
variation. The effective span was therefore taken to be 27% ft. These values were used on the nomogram
in Figure 57, with the remaining parameters tabulated on the nomogram in the blank spots provided.

If the propeller is replaced by a larger diameter propeller {46 inches) and a 2:1 gear reduction unit so
that the propeller turns at 3500 rpm, the reference propeller speed, mep, decreases substantially, resulting
in a more efficient propeller at each speed (if the pitch chosen is optimum). The ideal rate-of-climb and
sink rate are plotted in Figure 58. The resulting climb rates for the two cases are plotted in Figure 59. It
can be seen that the new geared propeller gives far better climb performance compared to the old direct

drive propeller.

If the machine is limited to 30 mph cruise speeds (for pilot comfort) we find that only half throttle
is required with the new prop combination. With the direct drive unit, the throttle setting would theoreti-
cally be shout 67%. These types of calculations are made by sliding the template so that the reference
point for the ideal climb rate stays on the Brake Horsepower Ratio scale until the climb-rate curve crosses

the sink-rate curve, (See the sample calculation for the power setting of the T-18.)

2000
+ +
1000 =
E 800
.‘E L 2:1 Gear Reduction
o with 46" Propeller
¢ 600
=
s
- 500
L
wu Direct Drive
2 400 = 28" propeller.
=
300 - H""‘I" -
200 | L 1 1 1 1 1 L 1
8 10 20 30 40 5O 80 80

Airspesd, V (mph)

Figure 58. Effects of Propeller Size on Performance of a
Powered Quicksilver Hang Glider.
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Figure 59. Effect of Propeller Diameter on Powered Quicksilver Hang Glider.

CESSNA 172 — GENERAL AVIATION AIRCRAFT

The Cessna 172 Skyhawk has been the most popular 4-place general aviation aircraft for more than ten
years., The 172 was introduced in 1956, and has been steadily improved year by vear. The performance
calculations were made assuming the following information: wing span 35 ft 10 in; wing area 174 ftz;
empty weight 1372 Ib; gross weight 2300 Ib; powerplant 160-hp Lycoming 0-320-H; propeller diameter
6 ft 3 in; maximum lift coefficeint 1.6 (NACA 2412); estimated zero-lift drag coefficent 0.032 [Hoerner
{1965) for Cessna 170]. The remaining performance parameters are summarized on the Airplane
Performance and Design Nomogram in Figure 60. The airplane efficiency factor was taken to be 0.77
following an analysis similar to that in Appendix F for an airplane with a round fuselage and rectangular

wings.
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With the lift coefficient and the wing loading, we find that the flaps up stall speed is 57 mph, which
agrees with the value from the operating manual. When the sink rate and ideal climb rate are used to
position the template, we can draw the curves in Figure 61. The difference between the curves gives the
rate-of-climb as plotted in Figure 62,

00
+
2000 =
Climb Rate
E
£
« 1000 -
£ B Sink Rate
T goo b
¥
= [~
L)
.E 600 - \"-.
E Em-
400 =
300 L I [ B T B AT T | -
30 40 B0 60 B0 100 150 200 300

Airspead, V (mph)

Figure 61. Performance of Cessna 172.

The rate-of-climb curve appears to be overly optimistic, with a maximum of almost 1000 ft/min,
compared to the listed 770 ft/min. The maximum leve! flight speed is calculated at 147 mph, while the
data listed in Jane’s is 144 mph. Although these numbers are not perfect, they give a good idea of the
expected performance for the airplane. One explanation might be that the engine with the fixed pitch
propeller is not able to attain the optimum rpm to put out the maximum available horsepower. The brake
horsepower actually available would have to be accounted for if more accuracy is desired for the per-

formance calculations.
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Rate-of-Climb, FIC {fpm}

Airspeed, V (mph)
Figure 62. Rate-of-Climb Performance for Cessna 172.

“CRAWDAD" — FOOT-LAUNCHED MOTORGLIDER DESIGN STUDY

This discussion is the result of a design study for a foot-launched motorglider {Figure 63) that |
hope to build in the near future, The main constraint on the design is that it should be capable of being
foot-launched without assistance using the engine | cbtained last year at the EAA Fly-In at Chine — the
Air Craft Marine Engineering Co. 30-hp two cylinder two-stroke engine. At the recommended speed of
4500 rpm the engine develops 22.4 hp. The following design parameters were assumed for the perfor-
mance calculations: empty weight 144 |b; maximum gross weight 330 Ib; stall speed without flaps 20 mph;
maximum lift coefficient without flaps 1.4; maximum power 22.4 hp; propeller diameter 44 inches; wing-
span 37 ft; maximum lift coefficient with flaps 2.1; estimated drag area 7.1 ft. With an analysis similar
to that in Appendix F, we find that the airplane efficiency factor is about 0.81.
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Figure 63. Preliminary 3-View of Crawdad — A Foot-Launched Motorglider.

With the assumed design parameters we can construct the nomogram in Figure 64 and tabulate the
remaining variables in the blank spaces provided. The results are then used to construct the ideal rate-of-
climb and sink-rate curves in Figure 65. The performance data is summarized in Table 1. The threeview
seems to suggest that the weight may be larger than the 144 Ib budgeted. This will be better defined with
a more careful set of weight and balance calculations to determine the empty weight and the center of
gravity of the airplane at maximum takeoff weight conditions. A mockup of the cockpit will be made

before further details of the design are pursued,
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Figure 65. Performance of Crawdad.

111



1000 —

Rate-of-Climb, R, (fpm)
n
=

U‘r’ = 38'% mph

] i i |
0 50 80

Airspeed, V (mph}

Figure 66, Calculated Rate-of-Climb Performance for “Crawdad".

112



Table 1. Summary of Preliminary Performance Parameters for the Sample Calculation of
“Crawdad’’ — a Foot-Launched Motor Glider

*Lift Coefficient at Stall {without Flaps) cL,maﬂ =14
*Stall Speed without Flaps Vs,‘l = 20 mph
Wing Loading W/S = 1.43 Ib/ft2
*Lift Coefficient with Flaps CL,maxD =2.1
Stall Speed with Flaps VS,U = 16.3 mph
Weight of the Powerplant Wpﬂ =45 |b
Weight of the Structure W,=99Ib
Empty Weight Wy =144 |b
Weight of Payload (PFilot) Wp =180 b
Weight of the Fuel (1 gallon) W;=61b
Useful Load W,=1861b
*Gross Weight W=3301b
Wing Area S = 230 ft2
*Wing Span h=237 ft
Aspect Ratio AR = 6.
Wing Chord c=86.23 ft= (75 in]
tAircraft Efficiency Factor e =.81
Effective Aspect Ratio eAl =48
Effective Span bg =33.3 ft
Effective Chord Cy = 6.91 ft

*Assumed Value
tEstimated Value Using Appendix F
+Estimated Value Using Appendix G
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Effective Span Loading
*Drag Area
Zero-Lift Drag Coefficient

Speed for Minimum Sink Rate

Minimum Power Required for Level Flight

Minimum Drag Force
Maximum Lift-to-Drag Ratio

Minimum Sink Rate

Table 1.

Lift Caefficient at Minimum Sink Power Conditions

Engine Brake Horsepower (@ 4500 RPM)

Ideal Rate of Climb

*Propeller Diameter
Characteristic Propeller Velocity
Idealized Static Thrust
Propeller Tip Mach Number
Maximum Cruise Speed
Maximum Rate of Climb at Sea Level
Speed for Best Rate of Climb

Speed for Best Angle of Climb

Performance Rating Parameter

Kinetic Energy Parameter
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W/b, = 9.91 Ib/ft
Ap=7.1f2
Cp =031
Vming = 21.8 mph
THP i = 2.0 hp
D in = 29.8 Ib
(L/D) gy = 111
Rg, min = 200 fpm
CLming= 118
BHP = 22.4 hp
RE max = 2240 fpm
D.=3.67ft=44in

4]

vprnp = 50 mph

T,=1801b
Mp =0.79
Viax = /0 mph
Hc,max =925 fpm
Vy = 38.5 mph

V,, = 24.5 mph

= 0.167

W

s

(R/C)nax Wy 1— US-D
33000 BHP

WVZ = 1.64 x 108 Ib mph?
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AIRPLANE PERFORMANCE COMPARISONS

It is sometimes difficult to quantify the performance of one design with respect to another. [s top
speed the only criterion, or should the weight carrying capacity and the rate of climb alse be considered?
In this section we will reintroduce a “performance rating parameter,” Fp, that can be used to compare
performance efficiency of various aircraft. In addition, a measure of the size of an aircraft is needed so
that we can separate the various classes of aircraft — microlight, uitralight, stc.

The performance rating parameter was suggested by Ross {1948} and is a combination of three
efficiency ratios: (1) useful load to maximum gross weight, WUM; {2} excess available thrust horsepower to
maximum available brake horsepower, ﬂTHPaKEHP; and (3) speed range {maximum speed minus minimum
speed} to maximum speed, (V.0 = Vinin!/Vmax- Therefore, if we had a perfect airplane, it would have
all of the useful load equal to the maximum gross weight, could put all of the available power into climb,
and could fly like a helicopter. The range of F_ will always be between zero and unity. Since the
maximum excess horsepower can be related to the maximum weight and the maximum rate of climb,
HC,max- we can redefine the performance rating parameter by

_ Wy R max 1 — Vmin

F <1
P 33.000 BHP VK

Since this relation holds egually for ordinary airplanes as well as for helicopters, we can compare
various airplanes by substituting the performance data into the above relation. There is no need to measure
the wing area or the gross weight. If we try to increase our performance rating by increasing the useful
load, we will probably suffer by the reduction in the rate-of-climb. The operation of an efficiency contest,
such as the Pazmany Efficiency Contest held each year at the EAA Convention at Oshkosh, might be
harder to judge because of the difficulty of measuring rate-of-climb, but the results would be a better
measure of the overall aircraft efficiency.

The performance rating parameter, F ., has been calculated for a large number of aircraft from the per-
formance data obtained from Jane’s All the Worlds Aircraft as listed in Appendix L. The performance
rating parameter is plotted against the kinetic energy parameter (described below) in Figure 7. We can
calculate the values for our airplane or proposed design and see how the data point compares to those of
other aircraft. The performance ratings of the aircraft shown on the figure can be considered as goals to

surpass in our future designs.

It should be emphasized that the numbers used are based on data usually supplied by the manu-
facturer and may not have been verified by test. Care is needed when making direct comparisons of the
airplane performance rating parameter.

The other variable that might be of interest is a kinetic energy parameter vaaxz. This variable is
a measure of the destructive energy that an airplane would have at its maximum flying speed, and can be
considered as a measure of its overall size. If the size of the kinetic energy parameter is small enough, the
airpfane has little destructive potential so that there should be no need for regulation by the Federal Avia-
tion Administration. Powered hang gliders could fit into a class such as this without having to be restricted
to those that are only capable of foot-launching — as long as they cannot fly at too large a maximum speed.,
The kinetic energy parameter may be useful when comparing a small fast airplane to a larger, but slower,
machine.
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For the sample calculation of the Thorp T-18, the performance rating parameter and the kinetic
energy parameter can be computed from the performance estimaies. The useful load is 606 b the
maximum rate of climb is 1500 fpm; the brake horsepower is 1580 hp; the stall speed is 67 mph; the maxi-
mum level flight speed is 175 mph; and the gross weight is 1500 Ib. Therefore, the performance rating
parameter is

_ 606 1500 E__al = 0.113

FD
33000 150 175
The kinetic energy parameter is

WV 2 = 1500 1752 = 459 x 107 Ib mph?

This infarmation is plotted on Figure 67.
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PART 2. THEORETICAL BACKGROUND
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LOW SPEED AERODYNAMICS

The equations governing the flight of an airplane in equilibrium can be broken down into two groups:
those for gliding and powered flight. In gliding flight, we will find the sink rate as a function of the relative
airspeed, with the altitude and the airplane weight, effective span, and drag area as parameters. The sink
rate times the weight {equal to the drag times the relative airspeed) gives precisely the power required to
maintain level flight at that airspeed, when care is taken with the dimensions of force, velocity, and power.
Therefore, when the thrust-power that is available from the engine-propeller combination is equal to this
value, the airplane can maintain level flight. If additional power is added, the airplane can climb while at
the same airspeed, or can fly faster in level flight. The power available from the thrust of the propeller will
be determined from a simplified analysis, The propeller is replaced by an idealized disk which instantane-
ously accelerates the air to produce thrust to propel the airplane. If it is assumed that the engine is used
to lift a weight equal to that of the airplane, then the rate at which the weight is lifted minus the sink rate
gives the actual rate of climb for the airplane. This result will hold when it is assumed that the glide and
climb angles are small (less than 20 degrees, say) and that the thrust acts in the same direction as the

freestream velocity vector.

FORCE BALANCE IN GLIDING FLIGHT

Let us consider the force balance in equilibrium gliding flight as shown in Figure 68. It is assumed
that the wing and tail moments are neglected, and that the freestream density is constant (although the
density can vary slowly with altitude). Then, a force balance in the s-direction {along the flight path)
can be written as

W sin Hg = [ (1)
C S‘U’E
bt B
L= 291 b}
Lift Force
2
aCn3V
D= 391 (ib)
-

! Drag Force
=
Relative

Airspeed, V {mph)

i

Weight, W {Ib}

Figure 68. Force Balance for Gliding Flight in Equilibrium.
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where W is the airplane weight (Ib}, D is the drag force acting on the airplane (Ib) and Bg is the glide angle
(degrees). The draq force is assumed to include the parasite drag and the drag due to Ilft the induced
drag. A similar force balance in the n-direction {normal to the flight path} gives

W cos Eg =L (2)
where L is the lift force of the wing. |If the forces were not in equilibrium, we would also need to consider
the acceleration forces. Since the lift and drag forces have the same dimensions as a pressure times an area,
we can define the dimensionless lift and drag coefficients, CL and Cp. by

L
CL=—5—
L 1&p\f25 (3)
_and
D
Cp = ————
D vov2s (4}

The term %p V2 is called the dynamic pressure {Ib/ft%), where p is the air density {sJugs;"ftE]. Vis
the relative airspeed {ft/sec}, and 3 is the reference area {T—tz}l — usually taken to be the wing area if | and
Cp are the lift and drag coefficients for the airplane. If we express the velocity in miles per hour, introduce
the dEnSIt'l,.f ratic o {the ratio of the freestream density, p, to standard sea-level density, p g = 0.002377
slugs.-"ft }, and use {3} and {4}, then Equations {1} and (2) become

 oCpSV?
w smﬂg =391 {B)

and

gC SV? (6)
W cos Efg = 291

The altitude dependence of o is discussed in Appendix D and plotted in Figure 43.

[f we make the small angle approximation, the cosine of the glide angle is approximately unity, and
the sine of the glide angle is approximately equal to [ ﬂg?‘rf'TEIJ] . Therefore, equation (6} becomes

2
oCy V

W Tt (7)
S 391

which is discussed in Part 1 as relation @ The term W/S is defined as wing foading — the weight divided
by the wing area {relation @ ). The glide angle, & g is found from equation {5} using the small angle
approximation, ’
180 oCp, SV2
= . {8}
g T 391
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If the velocity from (7} is substituted into {8), we have

180 Cp
6. = — (9)

so that the glide angle depends only upon the ratio of the drag and lift coefficients, The glide angle does
not depend upon the altitude (or density ratio, o} or upon the weight,

If we define the sink rate, Rg, by V sin g, then

Cp Sv2
Rg=V —=B—— x88 (f/min), (10)

where the factor 88 converts miles per hour into feet per minute. Mow, if the airspeed is determined from
equation (7) and substituted into {10}, we have

_ 391w Cp :
Rs =88y oo a2 (ft/min) , (11)

We see, therefore, that for minimum sink rate, we need to minimize the term CD!EL?'H; for minimum
glide angle, we need to minimize Cp/Cy . We will now discuss the dependence of the drag coefficient on

the lift coefficient for finite span wings.
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INDUCED DRAG

For a finite span airplane we can split the drag coefficient into two parts, one for parasite drag, CD,O
and one for induced drag, cD,i'

Cp=Cpo+Cp; - (12)

The parasite drag of the airplane includes the profile drag of the airfoil alone, as well as the skin friction
drag, pressure drag and interference drag on the other aircraft components, If the wing has an elliptic

lift distribution, as shown in Figure 69, Prandtl’s lifting line theory relates the induced drag coefficient to
the lift coefficient by

°Di TR (13)

Efliptic Lift Distribution

Mon-Elliptic
Lift Distribution

Figure 69. Spanwise Distribution of Lift on the Wing,
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where AR is the aspect ratio of the wing. The aspect ratio is related to the span, b, wing area, 5, and
average chord, c, by the relation

2
b b
AH="S—=E—. (14)

which is relation @ on the nomogram. However, if the wing does not have an elliptic lift distribution, the
induced drag contribution is multiplied by an amount 1/e, where e is the airplane efficiency factor and
is usually less than 1.0. The efficiency factor, e, depends on the planform shape of the wing, airfoil section,

wing twist, wing sweepback angle, fuselage cross-section shape, and ground effect {when the airplane is
flying less than one wing span above the ground).

When the airplane efficiency (also called the Oswald efficiency factor after a noted aerodynamicist
of the 30's) is taken into account, the airplane drag coefficiént can be written as

2

D 0.0 TehH

This is the definition of the so-called parabolic drag polar where the curve for {JD as a function of C_has
the shape of a parabaola. Departures from a parabolic form for the lift-drag polar would require a modified
analysis such as that given by Wendt (1947). The combination eAR is called the effective aspect ratio
since a wing with this aspect ratio would follow Prantdl’s theory. The practical way in which this value is
determined is discussed in Appendix F.
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MINIMUM SINK RATE

The minimum sink rate can be determined by substituting the drag polar equation (15) into {11}
and using calculus to’find the value of C|_that minimizes EDHCLSQ. The term CD;’CL&'{Z is given by

1/2
® _%oo , S (16)
R —-

If we differentiate this expression with respect to C|_and set the result equal to zero, we have

4! Co 3Cpo 1 1
L ——] — + = =0 . (17)
dCL CE.I"E 2{:5!'2 2 TeAR C'”z
L. L L

Solving for C| , we find that the value for C| that minimizes GD,-"GLB'{E is

CL ming= ¥3meARCp (18)

On the nomogram, this expression is part of relation @

Let us introduce the drag area, Ap. This is the area of a plate placed normal to the air flow that
would produce the same zero-lift drag as the complete airplane. |f the drag coefficient of the plate is equal

to 1.0, then equating the drag would give Ap = Cpy g S, (which is relation :l. I we solve for Cpy o from
this definition, substitute into (18), use equation (14} to eliminate AR and define the effective chord by

ceuc!'wa_, we find that the lift coefficient that minimizes the sink rate is

= ﬁ?m (19)

This is relation @ .
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From (18) and (19) we see that there is a tradeoff between effective aspect ratio and zero-lift drag
coefficient on one hand, and drag area and effective chord on the other. Since we would like to keep the
lift coefficient at minimum sink conditions below the maximum lift coefficient value, we need to have a
well streamlined airplane {keep Cp 0 small} if we have a large effective aspect ratio. This is the case for
sailplanes. On the other hand, if we have a large drag area — such as for hang gliders where the pilot and
flying wires are hanging out in the air — we need to have a large effective chord. If either of these criteria
is not met, the minimum sink condition will occur very near stall and it becomes dangerous ta try to
maintain the absolute minimum sink condition while soaring. When the lift coefficient for minimum sink
turns out to be greater than the maximum lift coefficient, the theory breaks down and we have to make
changes in the stall region. A practical method for this modification is discussed in Part 1 in the section for
sink rate versus airspeed (Rg vs V).

If the lift coefficient that was calculated to minimum 'EDICLSIZ is substituted into {15), we find that
the induced drag is three times the parasite drag, resulting in a drag coefficient four times the zero-lift drag
coefficient, |f these results are substituted into {11), we find that the minimum sink rate is given by

1K4
v J i (20}
Rg min = 88 ¥391 3;“4 3!,2 {ft/min},

&,

1 294

where the effective span, by = hﬁ , has been introduced. The sink rate is strongly dependent on effective
span {-3/2 power), and less dependent on the weight (1/2 power), density ratic {-1/2 power], and drag area
{1/4 power).

The airspeed at which the minimum sink rate occurs is found by substituting (19) into (7) and solving
forV,

V3T AW,
Vming = (31) 1/4 Vo A/

S inna
11.285

{mph} . {21)

We see that effective span loading, Wa"h (relation @} is a natural parameter that enters into the expression
for the speed at minimurmn sink cundltmns Equation (21) is represented on the nomogram as relation

An alternative expression for the sink rate can be found if we substitute {158} and {7) into {11} and use
the definitions for drag area and effective span,

sApV3 391w ]
HS — SB +

(ft/min} . (22}
391 W ToV bf J
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The first term represents sink rate due to the parasite drag, while the second term is due to induced drag.
The minimum sink rate can also be found by differentiating this expression with respect to the airspeed
and setting the result equal to zero.

dRg 30ApVZ 301w ]
— = B8 - > | =0 - (23)
dv MW mov2 b2 J
Solving for V, we find that the minimum sink condition occurs when
391 W/b
Vmins = v VWb, (mph) . (24)

{3m)1/4 \[?.&15’4

which is the same as (21).

If we divide {22) by {20}, and define the dimensionless sink rate, ﬁS = Rg/Rg mpin+ @nd the dimension-
less airspeed WV = VNm{nS* we obtain the eguation for the dimensionless sink rate in terms of the
dimensionless airspeed

ﬁS = —V‘—“" —_— (25)
i 4y

This equation is plotted in Figure 37 and is the equation that forms the basis for the construction of the
sink rate versus girspeed curves using the plastic template included with the text. The manner in which the
template is used in described in Part 1.
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MAXIMUM LIFT-TO-DRAG RATIO

The lift-to-drag ratio is related to the glide angie through eguation (9}, since the ratio of the lift-force
to the drag-force is equal to the ratio of the lift coefficient to the drag coefficient. To minimize the glide
angle, we have to maximize the lift-to-drag ratio. First, substitute (15) into {9) and differentiate with
respect to C;_and set equal to zero.

dég 180 d |-C[],D CL 180 Cp,o 1
+ ] = - + =0 (26)
dc, 7 chL C_  meAR n cE reAR

Solving for ':L' we find the lift coefficient that minimizes the glide angle and maximizes the lift-to-drag

ratio is
C .
L,minS
CLmaxLD = ¥7eAR Cpg = 'J‘3‘ y (27)

We see that the lift coefficient for maximum L/D is smaller than the lift coefficient for minimum sink.
(If CLmins = 1 then € a1 D = 0.5677.) In this case, the induced drag is equal to the parasite drag

and the maximum lift-to-drag ratio is

_ NVmeARCp g _ Jr }e.ﬂiﬁ

(L/D} = '
max 2Cp o 2_¥Ycppo (28)

This expression is contained within relation @ on the nomogram. I we introduce the drag area and the
effective span, we can rewrite (29) as

(29}

-

b b
_ “{F—E = 0.8862 —a

Ry ey

We see that the best glide ratio is obtained for a large effective span and a small drag area, or equivalently,
for a large effective aspect ratio and a small drag coefficient.

(L/D)

The airspeed for best L/D is found by substituting {27) into {7). Since the velocity ratio VmaxLDf’VminS
is equal to \fCL,minSmL,max LD the speed for best L/D is 3% times that for minimum sink, or about
32 percent larger. Since the lift is equal to the weight in the small angle approximation, the drag is a
minimum when the glide angle is the smallest. In this case, the drag is equal 1o

2 W
Dpmin = \;—?ﬁ p, = 1128 JAD -%LE (30)

Again, we see the importance of the effective span loading, W;"he, and the drag area, Ap. This expression
is part of relation @un the nomogram.
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LEVEL FLIGHT

The force balance for equilibrium level flight is shown in Figure 70. Now, the drag force is balanced
by the thrust produced by the propeller. Since the available thrust horsepower is equal to the thrust times
the airspeed (with an appropriate conversion factor to change into units of horsepower), we have

88 |cAp V3 391 (Wib)2
* < (31)
391 Ta V

THPa,L = 33000

Comparing this expression to {22), we see that the thrust horsepower required to maintain level flight is
equal to the gliding sink rate that would occur at the same airspeed times the weight divided by 33000 —

the factor that changes foot-pounds per minute into horsepower.

Reo W
TH =_5 32
al = “33000 (32}

{Relation } the minimum power required for level flight therefore occurs at the same speed that mini-
mizes the sink rate, Vm‘rnS- The minimum power required is

1/4
g8 4 V31 Ay [w]¥? -
THFI‘I’IiF‘I = -
33000 3/4
C (37 )% yJo [bg
0.03921
This expression is part of relation @ .
Lift Force, L {Ib)
Thrust,
Relative T (ib) 5
Airspeed, ———e  eai-— =i Drag Force, D {Ib)

v {mph)}

'

Weight, W {Ib)

Figure 70. Force Balance for Level Flight in Equilibrium.
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CLIMBING FLIGHT

The equilibrium force balance for climbing flight is shown in Figure 71. In the s-direction along the
flight path, we have

T=D+Wsi
5N ﬁ[: ‘,34}

and in the n-direction, normal to the flight path, we have

L=W cos 8e (35)

where 6, is the climb angle. If it is assumed that the climb angle is small equation {35) reduces to {7) and
equation (34) becomes

ohp V2 , 391 (W/bg)2
391 gV?

T=Wsin §, + (36)

If we multiply by the relative airspeed, we find that the thrust-horsepower available to climb at this angle,
is

THP. = XBC | 1up
p— + .
° 33,000 al S8

That is, the thrust horsepower available to climb at a rate Ry {ft/min) is equal to the weight times the
climb rate divided by the conversion factor, plus the power required to maintain leve! flight. We can turn
this relation around, since the power available is equal to the power required, and find that the rate of

climb is

33,000 BHP
HC = |———m———— N -HS _ {38}
w
where the effimencm n=THP IBHF' has been introduced. The term in brackets in equation {38) is found

in relation @ on the nomogram and is denoted by the symbol HC max: the idealized maximum rate-of-
climb that would result if the weight of the airplane were lifted by the engine brake horsepower. The

propeller efficiency is discussed in the next section.
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Lift Force, L {ib}

Relative
Airspeed,
W (mph}

T Drag Farce,
D (ib)

Weight, W (Ib)

Figure 71. Force Balance for Climbing Flight in Equilibrium.

IDEALIZED PROPELLER THEORY

As a first estimate, let us calculate the propulsive efficiency of a idealized propeller using momentum
theory. The propeller is replaced by disk which is assumed to increase the velocity of the air which passes
through it. The change in momentum of this air mass is balanced by the force of the pressure acting at the
propeller disk which in turn provides the thrust to propel the airplane. In order to find the propulsive
efficiency, we need to find the thrust power that is available from this idealized theory and divide by the

power input,

The features of the analysis are shown in the schematic drawing in Figure 72. A mass of air enters
the streamtube at the left with velocity V at a freestream pressure p_, . As the air is accelerated through
the propeller disk the velocity increases to a value ‘u'p and the streamtube area decreases to a value Ap at
the propeller disk equal to the circular area swept by the propeller blade. The pressure decreases as the air
is accelerated until it reaches a vaiue Pq just upstream of the propeller disk. It is then assumed that the
pressure jumps to a value po just downstream of the propeller, resulting in a thrust force equal to the
pressure jump times the disk area, T = (pp — p1] Ap. As the compressed air behind the propeller expands
back to atmospheric pressure, p_, , the velocity increases to avalue V4 and the streamtube area decreases
to a value Ag to maintain the same mass flux. The analysis neglects the effects of wind and viscosity
and the precise, but complicated, aerodynamics in the neighborhood of the propeller blades. The objective
is to obtain a simplified analysis that will give the scaling of propeller efficiency with altitude, engine size,
propeller diameter and airspeed.
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Streamtube Boundary, Propeller Streamtusbe
\ Area,

Di
isk Area, Ap Agls
Freestream . | .
Velocity, v == v Slips_tream
. P . Velocity, Vq
Py )
Pressure D
Distribution, m—_-""--.._\\l P
P \ Pressure Jump Across
1 Propeller Disk

Figure 72. Schematic Diagram of an Idealized Propeller.

PROPELLER EFFICIENCY

The mass conservation equation — or continuity equation — states that the mass flow rate, m, in the
streamtube is constant. This is given by

m = pAL YV, = PA3 V3 (39)
The momentum equation relates the change in momentum, r1'1{‘u"3 — V), to the thrust force {equal to the

pressure jJump, py — p4q, times the propeller disk area, Apl, T=1{py —pq} Ap
I'"T‘I{VB—V} = {pz—pﬂﬁtp =T . {4[3}

Bernoulli's equation relates the static and dynamic pressure to the total pressure in incompressible
flow. Since we are increasing the energy of the air when it crosses the propeller disk, the total pressure
will increase as the air crosses the plane of the propeller. Therefore, upstream of the propeller, we have

] 2 1 2
P +— V< = + —pv : {(41)
o T e P1 5 P D
Downstream of the propeller we have
+ L 2 1 2
pn + — = + {42}

If we solve for pg — pq from (41) and (42) we have

1
Pp—pq = ?pwg SVE (43)
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so that the thrust force is given by

1
T =—plV3=Vi(V3+via,

(44)
Comparing to (40), using (39) we find that
’
=— (VatV
Vp =3 (Va+V¥) (45)
or
Vg = EVp -V . (46)
Substituting {46) into {44) we find that the available propeller thrust is
T = Epﬂtp "u"rp [UD—VJ . (47)

If it is assumed that no power is lost in the conversion of the torque at the shaft to the thrust at the pro-
peller disk, then the shaft power is equal to the thrust times the velocity at the propeller disk, 'U"p. The
usable power, however, is proportional to the thrust times freestream velocity, V. Therefore, the propulsive
efficiency, 1 (which is equal to the thrust power divided by the shaft power), is proportional to the velocity
ratio "l.f"f"u"'p

Pthruﬁt ™ W

n - = = . [48}
Pshaft T"""rp 1""'rp
The engine power at the shaft is
_ 2
Pehatt = Zp.ﬂ.p Vp Vp=V) (49}

where consistent units have been used, |If we are careful with units and express the airspeed in mph the
engine power in brake horsepower, use the density ratio, o= p/pP g, , together with the value of the sea level
density, and express the propeller disk area in terms of the propeller diameter, we can rewrite (49) as

. (88)3
BHP = — {.002377

887 | p2 3 1= (50)
2 33000 (60)2

5 13

Therefore, for a given brake horsepower, propeller diameter, and altitude {or density ratio), we have an
expression for the propeller efficiency as a function of the velocity. If we define a characteristic propeller

velocity, mep' by

1/3 1/3
y | _33000 (60)2 / BHP_ / (mph) (51)
prop = | 002377 (88)3 o D2 ’
P

41.86
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{as given in relation @ ), then the dimensionless velocity, V= Vf‘l.fpmp, is related to the propeller effi-
ciency by rearranging (50} to find

- 2 1/3 n
Ve ( “) (1 }1;*3 (52)
-1

This expression is plotted in Figure 38 and forms the basis for the template used to find the idealized
rate of climb in equation {38). The practical way that this is used is discussed in Part 1.

If (652} is rearranged as a cubic equation for 7, we have
34Uy (V) =0 .
n (2 )n (2 (53)
This cubic equation can be solved using Appendix K, to give
T\/3 ‘! 2T ~g [1/3
=|— + 41 +—V -
-2 ; [ Z ]
~a |1/3
I ‘h L2 g3V
27

When V = 1 (or when V = mep]. the ideal propeller efficiency is 1 equal to 0.741.

(54)

In practice, the propeller efficiency will be smaller than this idealized value. This is especially true
at the higher speeds where the propeller efficiency peaks and then decreases. This corresponds to speeds
at which the local flow angle at the propeller blade decreases. Problems also appear in static conditions,
wherein the propeller blades may stall {like a wing at too high an angle of attack).

The actuator disk theory presented in this section is an idealization for a constant speed propeller. In
order to analyze the performance for a real propeller, whether fixed or variable pitch, many more para-
meters must be taken into account. These include the radial distribution of blade chord, pitch, airfoil
section (thickness ratio, section lift/drag characteristics, etc.}, and the effects of local Mach number, blade

interference, tip loss factors, and fuselage interference.

For preliminary design purposes, the present theory is adequate. However, a more detailed perfor-
mance analysis will require a closer look at propeller performance. (See the reference list for further

reading).
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ADVANCE RATIO, POWER COEFFICIENT
AND NONDIMENSIONAL VELOCITY V

The nondimensional advance ratio, J, is defined by the forward speed of the propeller, V (ft/seg], the
propeller rotational speed, n {(revolutions/second}, and the propeller diameter, Dp {ft):

v

Jg_.
nDp

(65}
When the velocity is given in miles per hour and the rotational speed is given in RPM,
| = 838V
(RPM] D, (56)

J is a measure of the helix angle that the propeller biade makes as it rotates through the air. Together with
the local propeller blade angle, the advance ratio will give the local angle of attack of the propeller blade

element.

The dimensionless power coefficient, C ., is related to the engine shaft power, P (ft-lb/sec): the free-
streamm density, p Eslugsf'ft3 orlb seczfﬁ4l - propeller rotational speed, n (revolutions/sec); and propeller

diameter, Dp (ft), by

P
0 = ———— (57)

P pn3 Do
o)

If the engine power is expressed in horsepowers BHP {hp), the density in terms of the density ratio, g, and
the sea level density { pg = 0.002377 slugsﬂtai and rotational speed in RPM,

550 BHP (60)°

C. = {58}
P~ 0002377 (RPM}3 Dg
or
BHP
C. =500X1010 —— (58a)
P RPM? D5
p
Therefore, we can eliminate the rotational speed by forming the ratEn,J!C”:}, and we find that
P
N U (59)
c1/3 mep
P

Therefore, we see that the characteristic propeller speed, Vprop* is intimately related to the more traditional
propeller parameters J and C_,. This also allows us to compare the simplified theory with actual propeller
data by plotting n vs J;’CEJH . The optimized propeller data taken from Figure 3-20 (based on a Boeing
Afrptane Company General Propeller Ghart) in Perkins and Hage {1948} is also plotted on Figure 38. This
would correspond to an idealized variable pitch propeller that would constantly adjust itself so as to be
optimally efficient. A fixed pitch propeller will have an efficiency that is lower at low and high forward
speeds. At the design speed — whether a cruise prop or a climb prop — the efficiency will be as good as
the variable pitch propeller, but at off-design conditions {a cruise prop at climb, or vice versa) the fixed
pitch propeller will be less efficient.
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This brief introduction to propeller theory will allow us to make first estimates of the power available
for engine-propelier combinations. For more detailed aspects of the propeller selection process concerning
blade area distribution and pitch angle, the reader is advised to consult Weick (1930} and advanced books
on propeller design or Wood (1863} and other detailed design books.

STATIC THRUST

An approximation to the static thrust can also be made by returning to Equations {47) and {49). If
we take V as equal to zero, solve for "u'p from Equation (49) and substitute into Equation {49), we find that

Y73 UBDEIE 2/3
={— P : 60
Ui (2) P Dp Pk (60}

If we express the propeller diameter in feet and shaft power in HP, the idealized static thrust is

3 2/3
Ty = 10.41 cr” I'IDF' BHP) / (ib) . (61)

We see that larger propellers with the same power input will generate larger static thrust. Equation {61)
is given as part of relation @ on the nomogram.  The actual value of the static thrust will be less than
this value, especially for a high pitched propelier, since propelier blades could be stalled at low forward

speeds.

The ideal thrust available from an engine-propeller combination can be found from the propeller
efficiency and the dimensionless speed V = Vf‘ufpmp,

13
! =(i) 2 (1-p)1/3 (62)
W

If we substitute {54} into {62) we find

| 1/3
2T
T = 1 1+ /1 + —¥3 _
2‘1;"3 29

(63)
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where T is defined as T/T, the thrust divided by the ideal static thrust. The idealized thrust ratio is plotted
as a function of velocity ratio in Figure 73, together with a line representing a value equal to 85% of the
idealized thrust. This is the value that can probably be obtained by an optimally |loaded propeller. Re-
ference should be made to the advanced books mentioned earlier for methods of calculating the available
thrust for a real propeiler.

The curve for thrust available is mainly useful for takeoff performance analysis, where it is important
to be able to calculate the acceleration as a function of speed. The acceleration is the thrust minus the drag

{including rolling resistance of the wheels} all divided by the mass of the airplane.

=T'|"Ts

2
in

Dimensionless Thrust, T

1 ! ] | 1 | l | | i L ]
0 1 2 3 4 & 6

. . . ~ - 1/3
Dimensionless Airspeed, V = \I"Nm chp

Figure 73. Idealized Thrust as a Function of Airspeed.
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PROPELLER TIP SPEED

If the propelller diameter is made larger, we expect to obtain better efficiency and more static thrust.
However, if the tip speed approaches the speed of sound, the losses associated with compressibility effects
reduce the propeller efficiency considerably. It is therefore desirable to keep the propeller tip Mach
number — M, = ‘u’tl-p!a, where ‘u'ﬂp is the propeller tip speed in ft/sec and a is the speed of sound — lower
than 0.8. This corresponds to a tip speed of 880 ft/sec if the speed of sound is taken to be 1100 ftfsec. At
tip speeds above this, the efficiency drops off rapidiy and the noise ievel rises dramaticaliy. The propeller
rotational speed, RPM, propeller diameter, Dp (ft) and tip Mach number are related by

D. RPM D, RPM
- b __P (64)

M - r
P~ (g0} (1100) 21,008

given in relation @ on the nomogram,

This relation is to be used as a check so that the propeller diameter and rotational speed result in a
small enough propeller tip Mach number to minimize tip losses and noise.

SUMMARY OF PERFORMANCE RELATIONS

Two conditions are of interest to designers of airplanes and sailplanes. The first is the condition which
yields the minimum sink rate for sailplanes and the minimum power required for level flight for an aircraft.
This occurs at a relative airspeed, V ;5. The second is the condition for maximum lift-to-drag ratio for
sailplanes and minimum drag for powered aircraft (corresponding to speed for maximum range if the power
available is constant). This occurs at a relative speed which is 3% or 1.32 times higher than Vming: The
expressions for airspeed, lift coefficient, power required, sink rate, drag and lift-to-drag ratio are tabulated
in Table 2 for the appropriate condition in terms of the weight, effective span, drag area, and effective
chord. The characteristic propeller velocity and the idealized static thrust are also tabulated in terms of
the propeller diameter and available shaft power. The formulas are gathered here for easy reference and
represent the infarmation contained in the Airplane Performance and Design Nomograrm.
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Table 2, Summary of Airplane Performance Relations.

oy V2
@ WJ"S=E'1*— {Ibfftzl [(V{mph}]
Elr"':"IIJ1""'|:'ina|>=: 2
(6) THP,=nBHP ~ —=2 D (hp)  [An(f2)]
146625
@ v 11.20 %% _ (o) V=vp
. = . —— 5 (mph]; = .
minS {Eﬁﬂm minS
(W/b,)3/2
(7)) THPpin = 0.03921 AJ/4 -—U-f-']'— (hp)  [W({ib); b(ft)]
(@) Dpin=1.128 \(ADFW_ (Ib)
e

THP in 1/4 ‘U‘ W

Rg min = 33,000 ————=12940 Ay ————  (fpm);  Rg = Rg/Rg min
* W o 32

b
g
(9) (L/D)pax = 0.8862 Tas ViaxLD = 1316 Viing

VA
CLming = 3.07 Y0

Ce
BHP
@ Hftmax=33aﬂﬂﬂ—ﬁr— (fpm); n=THP,/BHP
1/3
BHP -
@ vprﬂp:m_g I:G'DZ:I {mph) [Dp{ft}]; V—W‘Upmp
p
1/3 -~
(2 To=104110D3 BHPY B (b); T="T/T,
@ e RPM DD
P 21,008
o 1/3
B v 3 [ Ef‘rr — 2 1/3 7
Rg= — + —= =n =22
| a4y 1—1 iy
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APPENDIX

Abbreviations and Symbaols

What is a Nomogram?

Discussion of Units

Standard Atmosphere

FORTRAN Computer Program for Performance Analysis

Airplane Efficiency Factor, e; Ground Effect

Drag Analysis

Airfoil Selection

Reynolds Number

Equation of State

Solution of Cubic Equation

Tahulated Performance Data for Various Aircraft

How to Calculate Drag Area, Ap, and Airplane Efficiency Factor, e, from Flight Test Data
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APPENDIX A. ABBREVIATIONS AND SYMBOLS

The following abbreviations are used far the units of length, area, volume, time, force, mass, speed,
power, pressure, temperature and density:

fi

sec

mph
radian
RPM
hp
Ib/ft2
F

R

slugf’ft3

Length in feet

Length in statute miles (6280 ft)

Area in square feet

Volume in cubic feet

Time in seconds

Time in minutes

Time in hours

Force in pounds

Pound-mass {mass which weighs 1 b in the Earth’s gravitational field)
Fundamental unit of mass in English Engineering System of units {32.2 by 1B secZ/ft)
Speed in feet per minute (ft/min)

Speed in miles per hour (mi/hr)

Angular measure (2« radians = 360 degrees}

Angular speed in revolutions per minute

Power in horsepower (550 ft Ib/sec; 33000 ft Ih/min)

Pressure in pounds per square foot

Temperature in degrees Fahrenheit

Temperature in degrees Rankine (= degrees F + 460)

Density in slugs per cubic feet
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The symbols used in the text and figures are listed in alphabetical order. The units of the defined
quantity are given in parentheses in modified English Engineering units. o i

_@(;LE:E.E"HH T

— % WHERE ReC 16 in G S i
23 waereE 1 G = 32 FT/SEC

Local sound speed {ft/sec)
(CH@AF) ( F&atﬂgw)

Drag area of individual aircraft components {Hz} [Appendix G]

—CD DS drag area { {-t2]l

Projected frontal area (#2)

Propeller disk area (ft2) [Figure 72]

= b5 = b/c, aspect ratio

Wing span (ft)

= by e, effective span (ft}

Brake horsepower (hp)

= 5/b average chord of the wing {ft)

Drag coefficient (-} [Equation {4]}]

Drag coefficient based on frontal area {-) [Appendix G]
Induced drag coefficient {-) [Equation (13]]

Drag coefficient based on wetted area (-} [Appendix G]

Drag coefficient based on the characteristic area S, for a particular aircraft component
(-} [Appendix G]

Zero-lift drag coefficient {-)

= ¢/ ¥ e, effective chord {ft)

Lift coefficient (=) [Equation {3)]

Maximum lift coefficient {-)

Lift coefficient at maximum lift-to-drag ratio [Equation (27}]

Lift coefficient at minimum sink conditions {-} [Equations (18} and (19)]

Power coefficient for engine-propeller combination (-} [Equation {58]]



L/D

(L/D), o

Drag force (Ih)

Minimum drag {Ib) [Equation {30)]
Propeller diameter {ft)

Airplane efficiency factor (-} [Appendix F]
Wing efficiency factor {-) [Figure F.1]

Effective aspect ratio (-)

HC,max W, Vimin
= 1- , performance rating parameter {-}
33000 BHP Vmax

Density Altitude (ft) [Appendix D]

Advance ratio, 88 V/RPM Dp (-} [Equation (56)]
Lift force {1b)

Lift-to-drag ratio {-)

Maximum lift-to-drag ratio [Equations {28} and (29)]

Mass flow rate through the propeller disk {slugs/sec} [Equation {39)]

= ‘u'tl-pfa, propeller tip Mach number {-} [Equation {64}]
Rate of climb (fpm} [Equation {38}]

Maximum rate of climb {fpm)

= 1 Hf:,maxf Ideal rate of climb {fpm)

= 33000 BHP/W Maximum ideal rate of climb (fpm)

=/ 5in Eg, sink rate (fpm)

Minimum sink rate {fpm} [Equation {20}]

Nondimensional sink rate (-) [Equation (25}] *

Pressure just upstream of propeller disk {Ib;’ftz:l [Figure 72]

Pressure just downstream of propeller disk { Ib/ft2) [Figure 72]

*The circumflex (~) and tilde { ~ ) represent nondimensional quantities.
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Freestream pressure (Ib/ft2 } [Figure 72]
Propeller shaft speed {revolutions/min)
Wing area, {ft}
Wetted area (ft2)

Characteristic reference area for drag of a particular aircraft component {ftgl
[Appendix G]

Specific fuel consumption {gal/hp hr)

Thrust (Ib) [Figure 70]

= T/T, dimensionless thrust [Equation (€3} and Figure 73] *

Static thrust {Ib) [Equation [61}]

Thrust harsepower available {hp)

Thrust horsepower available for level flight (hp) [Equation {31}]
Minimum thrust horsepower required for level flight (hp) [Equation {33}]
Relative airspeed (mph)

= V/V qing. nendimensional velocity (-} [Equation (25)] *

= 3/c1/3 nondimensional velocity {-)*

= VMprop L

Cruise velocity (mph)
Maximum level flight speed (mph)

=1,316V airspeed for maximum L/D ratio (mph)

minS
Minimum level flight speed (mph)

Airspeed for minimum sink rate {mph} [Equation (21]]
Slipstream velocity at the propeller disk (ft/sec) [Figure 72]

Characteristic propeller velocity (mph) {Equation {51}]

Stall speed in landing configuration {(mph)



"l.l"gr 1 Stall speed in clean configuration (mph)
Viip Speed of the tip of the propeller {ft/sec)
Vy Speed for the best angle of climb (mph)
‘u‘,&, Speed for the best rate of climb {mph)
Vq Slipstream velocity far downstream of the propeller disk {ft/sec} [Figure 72]
W Gross weight (Ib)
W, Empty weight {Ib}
W, =W - W, useful load (Ib)
Wibg Effective span loading {Ib/ft)
W/s Wing loading (Ib/ft%)
Greek Symbols
o(alpha) Angle of attack {-) [Appendix H]
B(beta) Adiabatic lapse rate {R/ft) [Appendix D]
n{eta) = THP_/BHP, Propeller efficiency (-}
f(theta) Climb angle (degrees) [Figure 71]
8q Glide angle (degrees} [Figure 68]
Bmax Maximum climb angle (degrees)
w{pi) = 3,1415926 (ratio of the circumference of a circle to its diameter)
p(rho) Local freestream density {slugs{ftal
Ps Density at standard sea level conditions (0.002377 s!ugsfftE}
a(sigmal) = p/pg| ., density ratio (-}
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APPENDIX B. WHAT IS A NOMOGRAM?

A nomogram, according to Webster's New Collegiate Dictionary, is * . . . a graphic representation that
consists of several lines marked off to a scale and arranged in such a way that by.using a straightedge to
connect known values on two lines an unknown value can be read at the point of intersection with another
line.” The root word is “nomos™ a Greek word meaning law. Nomograms are of many types, but those XGRS
used here are, strictly speaking, called alignment charts. Construction techniques and the mathematical B
theary for nomograms are discussed more completely in books such as that by Douglass and Adams {1947, =
In this appendix we will discliss how a nomogram works, in general.

The usefulness of a nomagram is best illustrated by examples (Figure B.1} which show how to work
problems in addition and multiplication. Figure B.1a can be used for the addition: A plus B equals C,
where the scales of A, B, and C are linear and where the range of A and B is from zero to ten. The sample
prablem shows the sum of nine plus four (line } or four plus nine ({line ®} equal to thirteen, |f we
change the range of B, so that the value of B lies between zero and twenty, the location of the C scale is
changed, as shown in Figure B.1b. In addition, the range of the C scale changes.

The multiplication problem: a timesb equalsc, is considered in Figures B.1c and B.1d. If we first
take logarithms of both sides of the equation, ¢ = ab, then the problem becomes one of addition {of
logarithms), Thus, changing to a logarithmic scale, we can perform the multiplication directly. A change
in the range of b has an effect similar to that discussed in the addition problem, that is, the location and
range of the ¢-scale changes. The sample calculation illustrates the multiplication of three times six. The
answer must be interpolated on the c-scale and is the same whether Iine@nr Jine@fs constructed,

The nomogram can easily handle all power-law relationships such as
o= Ka®bB | {B.1)
where K, o, and are constants. Taking logarithms, we obtain
loge=logK+a loga+ 3 logh . {B.2)
The K factor has the effect of sliding the origin of the c-scale up or down its axis and the a and Bterms
affect the grid spacing on the a- and b-scales. Relation @is an example of a power-law expression taken

directly from the Airplane Performance and Design Nomogram. The wing loading, W/S, lift-coefficient,
C| , and sea level velocity, V, are related and by

W/S = (b/ft2) (B.3)

where the relative airspeed, V, is given in mph. Taking logarithms of both sides of (B.3), we have

logW/S = logC +2logV - log 391 . (B.4)
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If we rearrange {B,4), we have

1 1 1
logV=— logW/s - — logCy +— log 391 .
og o log 5 logCy +— log

(B.5)

Notice that we have rearranged the relationship so that C|_ and W/S are now taken to be the independent
variables. Since we are subtracting the logarithm of EI. in {B.5), notice that the scale for C{_ on the nomo-
gram in Figure B.2 is inverted. With this nomogram we can enter with C; and W/S to obtain V. However,
we can also enter with C| and V to obtain W/S, or with W/S and V for C) . This is one major advantage of
the nomogram — arbitrary choice of independent variables. In this case we chose a maximum lift coefficient

of 1.5 and a wing loading of 6.8 Ib/ft2 to find a stall speed of 42 mph.

V {mph)

= 20

W/S {Ib/ft2)

Figure B.2. Nomogram Relating Lift Coefficient, C|, Airspeed,
V, and Wing Loading, W/S, at Sea Level Conditions.

{Relation (DL
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APPENDIX C. DISCUSSION OF UNITS

When we are dealing with real-world engineering problems, it is important to be able to convert the
results obtained with one system of units into answers in another set of units. This is done by using equiva-
lent quantities. For instance, we know that 5280 feet is equal to one mile. Therefore, the quantity (5280
ft/mi) is equal to unity. Similarly, the quantity {60 min/hr} is a quantity that is equal to unity. Since we
can multiply or divide any quantity by the number 1.0 and not change the value, we can multiply or divide
by the bracketed numbers (with their dimensional characteristics) and not change the physical meaning of
the quantity of interest. We can illustrate this by converting a speed, say 150 miles per hour, into the same 8
speed given in feet per minute. First, write the speed, V, as

V= 150 mi '

hr

Since miles occurs in the numerator, multiply by the first conversion factor {5280 ft/mi). Then, divide
by the second conversion factor (60 min/hr}. By cancelling the dimensions of miles from the numerator
and dominator, and doing the same for the dimensions of hours, we end up with a set of numbers to be
computed that have the dimensions of feet per minute {fpm).

150 mi | 5280 ft |[ hr"L (150) (5280 1t _ 13900 fom .
b i lEﬂmmJ 60 min

m

The terms in the square brackets are equal to one so the value of the expression has not changed. That
is, 13,200 fpm is equal to 150 mph. We have listed in Table C-1 several sets of conversion factors that may
be useful in the calculation of the performance-related parameters for aircraft. The abbreviations used are

defined in Appendix A.

The major difficulty with various systems of units seems to come from the confusion between mass
and weight. When a body with a certain mass M is weighted in the Earth’s gravitational field, where the
acceleration of gravity is g, then the weight is equal to W according to Newton's second law

W=Mg .

In this way, a mass of 1 Ib,, is defined as a weight of 1 Ib under the influence of gravity, g= 32.2 ft/sec2.
That means that

11b=(11b,) (322 ft/sec?)
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or, in a rearranged form

32.21b,, ft

il
—

Ik secz

The factor in brackets is a factor that is equal to unity so that it can be multiplied by or divided into any
quantity without changing its physical value, Remember that |b is a pound-force and Iby, is a pound-mass.
Difficulties with conversion factors can be avoided by working in a ““consistent’” set of units, One such set
of units is the English engineering set of units where the unit of mass is the “slug’’ (not too flattering a
term). When the slug is used faor the unit of mass, Newton's second law

F=Ma

reduces to a simple form: a force, F, of 1 pound will accelerate a mass, M, of 1 slug at a rate, a, of 1 foot
per second per second, or

11b= (1 slug) {1 ft/sec?) .

Comparing this expression with that above, we find that the mass of 1 slug is equivalent to a mass that
would weigh 32.2 |b at the Earth's surface, or

1slug=3221b., .
Definitions
slug ft ] 32.2 I, ft 1 N sec? -
lbsec? | Ibsec? | kgm |
33000 ftlb | 1 550 ft Ib - 1 W sec -1
hp min ' hp sec ; N m
Conversion Factors
1ft=0.3048 m 1ib=4.448 N
1 slug= 14.584 kg Thp= ?461:\;”
11b,, = 0.4536 kg 60 mph = 88 —

m: meter, N: MNewton, W: Watt, kg: kilogram-

Table C.1. Units: Definitions and Conversion Factors
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APPENDIX D. STANDARD ATMOSPHERE

In the ealeulation of airplane performance it is important to know the variation of the density as a
function of aititude, The density appears in the definitions of the lift and drag coefficients, governs the
brake power-altitude factor, @(h), and is related to the propeller efficiency through the quantity Vorop:
the airspeed for a 74% ideal propeller efficiency.

It is not the actual geometric altitude that is of primary importance, but the density altitude or, as
Richard Taylor {1977} calls it, the performance altitude. In this section, we will derive. an approximate
expression for the variation of the density ratio, &, with respect to the density altitude, h.

We first take the differential form for the vertical momentum equation where we relate the relative
change of pressure with respect to altitude, dp/dh, to the local density, p, and gravitational acceleration, o

q.

d
—E=-PQ : \D.1}

dh

where the coordinate h is pointed up. [f the density were constant and equal to pg, we could integrate this
eguation directly to get

P=pg- PoIh . (D.2)

which is the hydrostatic variation that we would find in a swimming pool, say {where p increases when h
decreases and Po would be the density of water).

For a gas such as air, the equation of state {Appendix J) is given by
p=pRT , (D.3}

where R is a constant {1718 f'[gfsen2 R} and the absolute temperature T is given in degrees Rankine {equal
to the temperature in degrees Fahrenheit plus 460).

If this equation is substituted into the differential equation for the pressure, {(D.7), we obtain

L (D.4)
p dh RTg

For an isothermal atmosphere, the temperature remains constant, equal to Tg, and the equation can be
integrated to give

Iag-ﬂ-= _sh , (D.5}
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ar
P =pg exp (-gh/RTq) . (D.6)

The density ratio that would result if this expression were substituted back into (D.3) is
o =exp (-gh/RTp) . {D.7)
If we take To tobe Tg, =519%R and if we define the characteristic altitude hD = HTGEQ = 27,700 ft, then
g = exp {-h/hg) {D.8)

In the standard atmosphere, the temperature decreases with altitude at the standard lapse rate of 3.56

degrees Fahrenheit {or Rankine) per 1000 feet. Thél‘efu.rﬂ', {D.4) can be written as
1dp -g
pdh ~ R(Tg-gh B

where f=.00356 (R/ft} is the lapse rate and Tp=Tg =519 R. If we integrate this equation, we obtain

P g 8h
log 5— = =—log |1 - £ .
b " RB [ TSL:[ {D.10)
ar .
(g/RB)
_pp - [1 Bh “} {D.11)
SL TSL

When this equation is substituted into {D.3), we have the equation for the variation of the density ratio
with altitude
gh 1RE "
o= 1 - — {[}l 12}

If the values for 8, R, g, and Tg are substituted into this equation, we have

n 74268
={1 - ——
7 145,800 do L

where h is the altitude in feet. This is the expression plotted in Figure D.1, along with the approximation
(D.B), Equation {D,13} holds up to an altitude of 36,240 feet, where the temperature is taken to be a
constant at an average value of 390 R {-70 F). The equation for the density ratio in this region (36,240 ft

to 82,000 ft) is

-h
o = 1.688 exp{zﬂ BUBJ (D.14)
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Altitude, h (ft)

h
a = 1.688 exp [~ EDBDE:[

{36500<h<82000 ft)

"

40000

30000

10000

=N -
[ 145800

\ (h < 36500 f1)

] 4.265

-

i

3 4 B

Density Ratio, o

Figure D.1. Standard Atmosphere.
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The properties of the standard atmosphere are given below

Sea-level pressure

Ib b N

= 21162 —5 = 1469 —5 = 1.013x 109 —
PSL 2 inZ X 9

m
Sea-level temperature
TgL = 58.7°F = 15°C

Sea-level density

slug Ib sec? kg
Pg = 0.002377 ——= 0.002377 —z = 1224 —
13 ft m

Table D.1. Standard Sea Level Atmospheric Conditions



APPENDIX E, FORTRAN COMPUTER PROGRAM FOR PERFORMANCE ANALYSIS

in this appendix we present a sample computer program for the airplane performance based on the
equations derived in Part 2 of thishook. The standard atmosphere as well as the calculation of the Reynolds
number are alsd included. The airplane efficiency, e, and the drag area have to be determined from analyses
similar to those of Appendix F and Appendix G. The listing is self-explanatory when studied with the
program input and output for the sample calculation of the performance for the T-18.

Although the program is given in FORTRAN, the program can be easily converted to BASIC or other
program languages. If there are gquestions about the programming, consult the eqguations themselves. The
nomogram will give results that are as reliable as the computer program, however, since the uncertainties in
the calculation of the drag area, airplane efficiency factor, and maximum lift coefficient more than foset

the numerical inaccuracy of the nomogram,
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FROGRAN TO CALCULATE AIRPLANE PERFORMANCE FARAME TERS.

INPUT PARAMETERS:

ENPUT Myg
VELMAX
*CLMAXF
v
T
'l‘-B
vE
v EHP
LT T
S pp
VRPN
VaLT
Y RELY

STALL SPEED WITHOUT FLAPS (MPH) e 5 ovsl
WAXIHUM LIFT COEFFICIENT o5 CLMAY
MAXIMUM LIFT COEFFICIENT WITH FLAPS jty CLMAYF
GROSS WEIGHT (LB) S (L

USEFUL LOAD (LE) et w

WING SPAN (FT) s B
AIRFLANE EFFICIENCY FACTOR WP E o

BRAKE HORSEPOUER OF ENGINE (HP) 53 ﬂj"r'nﬂ
DESIREL MAXINUN LEVEL FLIGHT SPEED (KPH) /'3 ;f
PROPELLER DIAMETER (FT) e
PROPELLER SPEED (RPH) 3 1
ALTITUDE (FT) n: AET
AIRSPEED INCREMENT FOR PERFORNANCE DATA (WpH)” 5 PFL

Yoo

Lffﬂ
20
L',r;fa
qyo

(=
q 96
g0
.
5,"{'2' !
5710
520

g3

cHO
56

RERL LDHAX,MF

VALUES FOR INPUT PARAMETERS (THORP T-18 SAMPLE CALCULATIDN)

UEi=67.
CLMAX=1.53
CLMAXF=2.1
U=1500.
Hi=400.
E=20.833
E=0.744
BHP=150.
UMAX=180.
np=72.
RPH=2700.
ALT=0.
DELY=10.

BEGIN CALCULATIOM

HS=CLMAX:UST1£UT1 /391
VSE=50F (WS+3%1 /JCLMAXF?
§=W/US

AR=B+B/3

C=B/AR

BE=B+50R (E)

EAR=EE#EE/S

CE=§/BE

WEE=U/BE

A= B*BHP*144620 /(UMAX*:tI)

cﬂp‘=aws
ADZ=50R (AD)
ah4=50R (ADZ)

UMINS=11.29+50R (HHE)/ADA
THPH=0.03722+A04UBE+SOR (WEE)

RSHIN=33000 *THPH/N

DAL

w il foalint

STHLL  paf FLAPS

winds HECH

Aspre T AP T

c HoR P

FRFECTivs  SPam 1
EFFELTE ﬂ!ﬂftJ Rai:o
EFFECTive LLaﬁHL y
EFF Ectwe Span L0
Rreg



56O LDNAX=0.BB624BE/AD?
S VC BRIN=W/LDNAX
SEC CLMINS=3.07+AD2/CE
G0 RCSTAR=33000 *KHE/Y
LOO DPF= PP /12 PRef  Piam (N INCHES
1O YTIP=RPH+IFFE. 05234
B2O HP=YTIF/1100
&30 YPROP=41, 94 { BHP/DPA/TIPF #2(1 /3 )
LHD T5=10. 41 (BHPSDRF)#%{2 /3 )

TOBD PRINGT v N fAT  PARAMF F S pﬁzrﬂl’r
QIO PRvT wsThLL SPEED WITHOUT FLAPS, L Vs
[ ©Z20 PRWTYWAYINUN LIFT COEFFICIENT . L EeLmAY
70F0 PRISTHAXIMUM LIFT COEFF WITH FLHF‘S,L “”-ﬂ‘-mﬂ‘-‘”
JoHO PRINT 9GROSS WEIGHT. . . . wo & - . AR
oSO PRIVTMSEFUL LOAD | , v o = - = . . orre W
[0ED PRINTMIING SPAN, . . R

1006 PRy T MATRPLANE EFFICIENCY FACTOR.. . -.°% E

0BG PRINTYENGINE BRAKE HORSEPOWER , , _ . _~. BHf

i ee FRF'U_"HH".'IHUH LEVEL SPEEW . ., _ . . . ’” Vf?ﬁg

{100 Poin7 “PROPELLER DIAMETER - . . . . .75 P
“at REM

HHE PRINTVPROPELLER RPN, . . »

1126 PRWSTVALTITUDE . , ., . . - *‘"f ALT
J130 PRINT )

A000 fRINT W QUTPUT QUANTITIES: ALV T

2810 PAT Y YIHG LOADING v vw . v = 5 w = 5 WS
2670 PRIVT Y STALL SPEED WITH FLAPS.eu o & v . 113 '-"3‘5
RO30 PRNTVUTNG AREA « » .+ o 4 0 ooy vl . "y
iﬂﬁrt‘ PRNT  aSPECT RATIO, . , . ., SN ") F"Q
RO0 Pl I‘EH[}RD o ‘..__ o e e e ‘”: [
A0k (RIOF ¥ EFFECTIVE ASPECT RATIO. (. . . . 'y EAR
2070 PRivT “ EFFECTIVE SPAN ¢ « 4 . v« winoo'y BE
2050 Pewor \EEFECTIVE CHORD v, + . , . . . /"I CE

A0 PRIMT “ EFFECTIVE SPAN LOADING .\ + . ., . “ u.&‘r:
00 PRisT V DRAG AREA . . .. , . .
ZHO PRIFT NTERD-LIFT DRAG rUFFFlﬂiEHTut . .“ ﬂl}ﬁf'

2120 fow'T \'ATRSPEED FOR NININUM SINK, " 5. . ...'s VMINS
Fi30  PURTVHINIMUM PDWER REGUIRED FOR LEVEL FLIGHT,"; T H# 7
2190 fordT < MINIHUN DRAB . « « « o - « wo s - =l) PO

2156 PANT S WINIKON SINK RATE v Lo o oo ,g";‘ RSMmIN
2160 PANTY HAXIMUN LIFT-TO-DRAG RATID. ', . , .7 LPMAY
2190 frpT LIFT COEFFICTENT AT HININUN SINK . , . . 0% CL mINS
2180 JANT v gaxIMUK IDEAL CLINE RATE, | 7% .. ."% RCSTAL

A 190 PirNT v REFERENCE PROP ATRSPEED FOR .74 EFF, | “r e PROP

2200 pAWT v IDERLIZEY STATIC THRUST (-, o « . L3 T
2210 PRIFT' PROPELLER TIF WACH NUNBER riomf
3000 pRiINT ~AIRSPEEY] “RME-UF-ELIHB}’ Ypggp EFF, BINK RATE,

e ICLDS NO,
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: - 1 Fi ' ] ) i "
3010 fART Nyiner),  wearewy”, Vere,  ‘Rsirenl). RE= RHO# YR C /MW

3020 Inax=0
2030  [514L=
300 5LGs(t -RLT/145800 p¥vd, 245
5050  T=H1E.7-0. 00354 +ALT
3060 lau=i
30?0 Ti=1 2]
080 FLita =0

FON0  Y=U5)
SIoG Risn
ZHO B 16 GO, o pceel speed ine var

3120 g=yrpELy el & -
2730 IF Y £ Y5t Go o 340
3i1Ye  RO1=R(
3450 YH=V/UNINS
Fipo  REH=. 258 (VH*#343 )}JUH
0 ROS=RSH*RSHIN
Fisl UIsY/VFROP
FI90  T2=5ARTOT + 23371497411
3200 ETh= PZ2&644NT#0{) #T23pexT1~072-1 Ve4T10w,35
3210 RC=RLSTaR#E74-RS
3220 RCHAI=AHARTIRC RCHAD) » 7
3230 REI=RI
32496 If RLL<=0 THEAN Z3YH
3240 REC=SIG#VY+[:*9324 /RiU
3260 PRINT © V,RLCLETA,RS,REC

3270 IF I5FaL. = 1 THEN 3300
3280 IF IHax = | THEN 2350
3290 6§ 70 ItAo

FIOG CGHTINUE

A3 Y=

3320 I5TAL=0

I3IZG GO TR HAD

3390 CONTINUE

335C  Inax=1

F3L0 YsY-DELUSRC2/(RC2-RECT)
3378 GO0 10 3iYo

338C  CONTINUE

3390 uyzsusysy

3900 FP=RCHAR#WU/33000 /7BHP# (1 - (VSH/V))

3410 pRINT

' ' I LR
T30 a7 M PERFORAANCE RATING FARAMETER ., .. .+ FP = 05 Ff
BY30 famTY LIRETIC ENERGY PARAHETER | , » v + 4v « oo VST 5 WVZ
3940 gy

( %o =3120) (2] =3190) ( 22 = 3300) (23 = 3340) (z2¢4= BESC)



[NPFUT FARAHETERE:

STALL SFEED WITHOUT FLAPS VSt = 47,0 HPH
HAXIAUN LIFT COEFFICIENT CLMAY = 1.530
WAXIHUM LIFT COEFF GITH FLAPS CLMAXF = 2,109
GROSS WEIGHT W= 1500, LE
USEFNL LEAD Wil = a0, LE
WING SPAH B= 10,83 FT
ALRPLANE EEFICIEREY EACTOR F s 0,744
E#GINE BRAKE HORGEFGYER BHF = 150, WP
M&XTHUN LEVEL FLIGHT SPEED YHAY = 180.0 KEH
FROFELLER DIAAETER IF = ?2.0 INCHES
FROPELLER RPH RFH = 2700. RPH
ALTITUDE ALT = g. FT
OUTPGT GUASTITIES:
WING LOADIHG Wrs = 17.548 LBAFT2
STALL SFEER WITH FLAFS YS90 = 57,2 HPH
WIHG AREA 9 = §9.4 FT2
ASPECT RATLO Ak = 5.08
CHORD C= 4,19 Fi
EFFECTIVE ASPECT RATIO Eak = 3.78
EFFECTIVE SPAN BE = 17.97 FT
EFFECTIVE LHORD CE = .75 FT
EFFECTIVE 5Pad LOADING M/BE = B3.47 LE/FT2
IR4G AREA A4 = 3.02 F12
ZERO-LIFT DRAG COEFFICIENT CIG = ¢.0353
AIRSPEED FOR MIKINUM SINK VEINS = 78.3 HPH
HINIMUH FOWER REGUIRED FOR LEVEL FLIGHY  THEM = 39.42 NP
HINIMUH ERAG BHIN = 143.4 LB
HININUN SIHK RATE RSHIN = B47.3 FPH
HAXIMUK LIFT-TO-IRAG RATIO LDHAX = 9.17
LIFT COEFFICIENT AT MINIHUN SINK CLMING = 1,12
MAXTHUR TDEAL CLIMB RATE RCSTAR = 3300.0 FFM
REFERENCE PROP AIRSPEED FOR .74 EFF YPROF = &7,4 HFH
IDEALIZED STATIC THRUST T5 = 570.4 LB
PRGPELLER TIF HACH WURBER NP = 0,771
AIRSFEED RATE-OQF-CLIME EROF EFF CINE RATE REYNOLDS Ni)
Ui HEH) RCIFEMI ETh RSIFFHD RE = RHO®URC/HU
87,0 1175.9 §.46278 895.8 0.254E407
70.0 1235.7 0.6418 88%.4 0.24BE407
80.¢ 1364.0 0.6B24 867.9 0. I0LE+07
70.0 1443.3 0,7147 89%5.3 0.344E+07
100.0 14820 0.7404 941.3 0.382E+07
1100 1445, 4 0.7607 1064.7 Q. A20E+07
120.0 1357, 4 0.7748 1205, 7 0. 459E+07
13G.0 1220, 2 0.789% 1385.2 0.497E+07
180.0 10344 0.759%7 1604.6 0.535E+07
150.0 800.1 0.8078 1865.7 0.573E+07
160.0 917.0 G.8144 170.5 0.612E+07
170.0 183.6 0.8197 2521.3 0. A50E+07
174,8 4.5 0.8219 2705.8 0. 568E407
PERFORBANCE RATING PARAMETER FE = §.1209

0.43BE+08 LB HFHZ

KINETIC EMERGY PARAMETER Hy2



FROGREREM: index.html Ver: 1.0 Rewv: 0370172010
DESCEIPTION: www.neatinfo.com main msnu

BY: Jan Zumwalt - www.soomaviation.com

COMMENTES @ Practical caloculation of aircralt performance

Compiled and ran on the free Pellec C compiler
hotp: ffwew - gnaorgaskhordet . com/pellesc/
Ver info:
V1.0 users will note slight wvariations in output compared to the basic
version of this program due Lo differsnt round off error in mach
packages.

*/

fincludse <stdio.h=
#include <math.hs=

i
This section is ussy variables that can be customizZed to a particular
aireraft. 2ee The book for descriptions.

e

/

const fleat altitude ft = 0.00; S Definss the value of PL as [ixed
const fleat air density =lug = 0.00237; ff (s=alevel)

const float pl = 3.12158%; /) Defines the wvalue of PL as fixed
const fleat vel delta = 1.00; S airspeed incrament for sach iteration
const fleat wvel stall clsan mph = EFL00; FiVEL

const fleat ¢l max clsan = 1.53; £

const fleat <l max flap = 2.10; 'y

const fleoat gross 1k = 1&500.00; i

const fleat useful load 1b = e00._00; L

const fleat plans efficiancy = 0.744; o

const £leat bhp = 150.00; S Defines the valus of Pl as fixed
const £loat vel max mph = 180.00; !

const float prop dia in = TZ.00; r

const f£loat prop dia ft = Tz J 12; i

const float wing span ft n 20.82; il

const Cloat prop max rpm = 2700.00; £

S end of user editable custom variabless

vald main(}

{

float wing load 1b_ft =l max clsan * pow(vel stall clean mph,2) [ 3%1; I
fleat vel stall flaps mph = agrtlwing lead 1lb £t * 291 / cl max £lap); SSOVED
fleat wing area ft = gress_lb / wing load 1b ft; A
flocat wing aspsct = powiwing span £t,2) / wing area ft; L
[leat wing_chord ft = wing_span_ft / wing_aspect; A
float wing span effective = wing span ft * sgrt (plane efficianay); P
fleat wing cherd sffective = wing arsa ft / wing span_ effective; I
fleat wing lead effective = gro== lb / wing span effective; A
fleat drag_area ft = .8 = bhp * 146625 / powivel _max mph,Z2); A
£

fleat «d drag = drag area ft / wing area ft; A
fleat wel sink min ft = 11.29 * sgrtiwing leoad sffective) /

sqrtisqri{drag area fr)); A
fleat pwr min reg hp

sgrt (wing load effective); L
fleat rate sink min ft = 33000 * pwr _min_reqg hp ,/ gross_lb; £
float 14 max .BBGEZ * wing span_effective [ sqgroidrag area_ft); //

L03822 ¢ sqril osgroidrag area ft)) * wing load effeckive *



float drag_min = groess_lb / 1d_max; £

float ol min sink = 2.07 % sqreoidrag arsa fr) [/ wing chord effective; [J/
float rate climb ideal = 33000 = bhp / gross lb; i
float prop tip mach = prop max rpm * prop dis £t * (0B236 [/ 1100, A
float prop vel ref = 41.% * powi{bhp / powl(prop dia ft,2),.33333); !
float static thrust ideal = 10.41 # powibhp * prop dia ft,.66666); £
printf {("\nh\t wing lead 1b ft = 5.02f", wing_load 1k ft);

printf ("\nit vel =tall flaps mph = %.02f", wel stall flaps mph);

printf ("\n%t wing area ft = %.02f", wing_arsa ft);

printf ("\n\t wing aspect = 2.02f", wing aspect);

printf ("\n\t wing cherd ft = 5. 02f", wing chord ft);

printf (*\n\t wing span sffactive £.02f", wing span effective);

printf (*\nh\e wingimhmr&_e[[ecLLue ¥.02f"%, wingﬂchoranﬂ? sckive) ;

printf("\ni\t wing lecad effective = %.02f", wing load e wotive) ;

princf (*\n\t drag area ft = %, 020", drag area fto);

printf (“\nht od drag = %.04f", =d drag);

printf("\n%t wvel =ink min ft g.02f", wvel sink min ft);

printf("\n\t pwr min req hp = %, 02f", pwr_min_reqg hp);

printf("\nit rate sink min ft = %.02f", rate sink min ft):

printf ("\nit 14 max = %.02f", 1d max);

printf ("\n%t drag min = %.02f", drag min};

printf (" nht ¢l _min_sink = £ 0Z2f", =1 min_sink) ;

printf (*\n\t rate climb_ideal = %.02f", rate climb_idsal);

printf ("\n\t prop_tip mach = 5.028", prop_tip_mach);

printf ("\n\t prop vel ref = 5.02f", prop vel retf);

printf{*\n%t static thrust ideal t,02f", static thrust ideal);

printf [("yn\n") ;

A e R R e e E T P P
")

printf ("yn\t airspeed ‘t climb rate ‘“t prop =ff \t =ink rate “t rennclds num");

printf ("\n\t wi{mph] \C ro(fpm)  A\C eCa “Eoora(fpm) AT re=srhoe*wvEo/mu") ;

EIETIRIE D WM Smome oo o o o e e e 5 1 Y e 5 0 2 0 3 e 2 Y R i 2 1 1 3 5 Y £ e S e S e e e e e
"
float =ta = 1y
float fp 07
float ro = 1;
flocat rol 0;
[loat rez = 05
float romax = 0
float rec = 0;
float rah = 0;
float rmu = 1;
floakt r= = 0;
fleat =2ig = pow(l - altitude £t / 145800,4.265);
Jf float © = 518.7 - .00356 * altituds IrC;
floak £1 = .3333;
float t2 = 0
float v = vel stall clean mph;
fleat vh = 0j
float vmax = 0;
float vt = 0;

while i(rc = 0)

!

wh = v / wel =ink min ft;

r=h = .25 * {pow(vh,4}) + 2) / vh;

rs = rgh * rate sink min fo;

v = v / prop_vel ref;

L2 = sqrt(l + 23271 * powl{vt,3]);

eta = 92264 * vt * ipoew! 1 + £2,tl} - pow(t? - 1,tl)) *+ _8%;
re = rate_climb_ideal * eta - rs;



if

rec

}

rez = Ia;

rec = g2ig * v * wing cheord ft * 2324 / rru;
[rc = 0) brealk;

romax = fmaxirc, romax) ;

WIN&EM = fmax{v,vmax) ;

princfi*nic  %.01f At £.01Lf N\t %.02T = ¥.01E L F.08Y,w, ro, seta,
1y

Vo= v e wel delba * reZ Jolrez - reld;
ip = remax * useful lead 1k 33000 / bhp = (1 - (vel =2tall flaps mph / vmaz))
W2 = gross 1b * pow(v,2);
princf("\ninitc performance parameter. ... ..... fo = k. 04", Ip);
printf{"\nt kinetic energv parameter...... abor) = 5.02£",wv2);
printfi"\n%t maxioum rate of olimb. . ... ... romax = %.02L0%, ramax) ;
princf (" \nYt maxioum spesd. . ..o, vax o= %.02E" ,wvmax);
printf{"\n%t ussful lcad 1lb....... useful load 1b = %.02£" ,useful load 1b);
L R R S (R T +"h;
printfiv\nhe | Thank vou for using [ =1 ;
printf{rinit | Air-Performance 1.0 [+
N L A R 4 R i e D +")

princf("wnin'tc Press «Enters kev to exit... ");
while {{getchar({)) != '\n'l; printf{"\n"};

I
OUTPUT.
airspeead climb rate prop eff£ zink rate rennclds num
vimph! rof{fpm) eta r={ fpm) re=rho*v*c/mu
&7.0 1175.5 0.63 Bo9s.1 2581021
5.0 118,32 0.&3 B9l1.1 2550255
&9.0 121a.2 OLad BES.6 2537480
T0.0 1225.32 0.64 BazZ. e 2675704
T1l.0 1253.5 0.&5 gio.l 27132928
Ta2.,0 1271.0 0.65 B?s.1 2752153
170.0 182.4 Q.82 25271.4 458132
71.0 147 .3 0.82 2559.0 6536362
172.0 LLo.7 Q.22 2607.2 L7457
173.40 725 0.82 26358 66126811
174 .0 35.8 0.82 2675.0 BEE103E
performancs paramster......... Ip = 0.1208
kinetic snergy parameter...... w2 = 45937500.00
maximum rate of elimbk.. ...... romax = 1482.42
maximum SpEed. .o e et ns e wmax = 174.00

useful load 1b....... useful lead 1lb = &00.00

| Thank vou for using |
| Rir-Performance 1.0 |

Press <Enters keyv to exit. ..

rs,



APPENDIX F. AIRPLANE EFFICIENCY FACTOR, e; GROUND EFFECT

The airplane efficiency factor, e, is used to modify Prandtl’s lifting line theory for wings so that the
theory can be used for performance calculations for complete airplanes. This is dene by multiplying the
actual aspect ratio of the airplane wing, AR, by the factor “e" to obtain an effective aspect ratio, e2AR, that
is then used with the theory {see Part 2). Agreement of results is good as long as the airplane efficiency
factor is so chosen that the lift-dependent part of the drag acts as it it were the induced drag of an airfoil
with an effgctive aspect ratio eAR.

If we compare the drag of the ideal airplane with effective aspect ratio eAR to the drag of the airplane
with each of the components added to form the total drag, we will see how to calculate the drag area and
the airplane efficiency factor. First, for comparison, we write the term CpS, where Cpy is the drag coeffi-
cient {including induced drag) and S is wing area.

c, 2

L
Cns5=|C + 5 . F.1
D ( D,0 ?TEAR) ( )

The term Cp S is defined as the drag area, Ap. If we add together the contributions to the drag -

o ¥ g'-'i.l-"" £ i
of the airplane for each component, we have A
cross-sectional area of fuselage

2
CpS = Cpwing®!! * KuingCL?) + Cp fuseStusel * Kfuse ¥aeg
3 L'

" —
parasite drag of the wing parasite drag of \— angle of attack
the fuselage of fuselage
{F.2}
c 2
+"'GD,#511 + AR (1+8)S
e ad i v -
parasite drag induced drag
of other parts of airfoil

where the term K, ;. gives the change in the parasite drag versus lift coefficient as determined from the
airfoil section data {see Appendix H). The angular-dependent drag coefficient for the fuselage is referred
to the cross-sectional area of the fuselage, Sg,qe- The term CD,?T S, is meant to represent the component
drag of the other parts of the airplane, such as the drag of struts, landing gear, antennas, tail surfaces, etc.
And, the induced drag of the airfoil includes the theoretical correction of the planform in the term (1 + & ).
For an elliptical planform Prandtls lifting line theory tells us that & will be equal to zero.

If we cormpare the two expressions (F.1) and (F.2) at zero |ift conditions (@ =0, C_= 0), we see that
the drag area is given by

F.5}
Ap= CD,wing S+ CD,fuse Styse * ED;rsr o o C {
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This expression is discussed in Appendix G where the drag area is estimated by adding the drag areas for
the airplane components,

To compare the lift-dependent parts of the two expressions, we first need to determine the lift-slope
with corrections for finite aspect ratios. The change with aspect ratio of the slope of the curve of the lift
coefficient, Cy , versus angle-of-attack, ¢, is given by Wood (1963),

dC

L AR

= 0.110 ———— (1/deg). Jsy
G0yeq S

Therefore, if we take a linear approximation for the variation of lift coefficient

(F.7)

we can solve for Cgeg and substitute into (F.2) and equate the ELE dependent parts with the induced drag
part of {F.1):

(AR +3 12 Stuse

1
5= (1+8) + 7AR CD;winnging + "Cp fuse®tuse 012AR S St
Y o .

bl w

1, wing efficiency factor fuselage correction

Cw

1.lIlI|llll|IIIl||Ill
_— . Elliptical Wings (Prandtl Theory) |

f 2:1 and 31
B \ : Tapered Wings

Wing Efficiency Factor, e,
on
i

|
0. TR T T B T T N R NN TNY R R AR N I
0 & 10 16 20
Aspect Ratio, AR

Figure F.1. Variation of Wing Efficiency Factor with Aspect Ratio.
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The first three terms on the right hand side are grouped together in terms of the wing efficiency factor.
This factor, e, is plotted as a function of aspect ratio for various wing planforms by Wood (1963}, (Figure
F.1} resulting in the recommended-practice line for the various wing planforms. However, if the airfoil
section that we choose is a modern low-drag airfoil, these curves may not be very accurate, since the drag
coefficient may have a “drag bucket” (as described in Appendix H) and the I{Wiﬂg term describing the
shape of Cpy vs C| curve will be small. This will cause a considerable error for airplanes with high aspect
ratio wings, such as sailplanes. For an estimate of the airplane efficiency factor for sailplanes, see the paper
by Martin (1977). The value for the wing efficiency factor for delta wings is estimated from data in
Appendix E of the hook by Nicolai {1975).

The last term on the right hand side of {F.8), used to correct for the effects of the drag dependence of

the fuselage on angle of attack, is plotted in Figure F.2 for round and square fuselages in terms of 2l1/el fuse
versus aspect ratio, AR (from Wood, 1963). SquE‘: S

Stuse/S

Allfe)g o,

Aspect Ratio, AR

Figure F.2. Effect of Fuselage on Airplane Efficiency Factor.

The airplane efficiency factor for the T-18 can be calculated from the Figures .1 and F.2 and a know-
ledge of the size of the components of the aircraft. Following the calculations of Henderson and Roemer
{1977), we first use the aspect ratio of the T-18 (AR = 5} to find the value of the wing eﬁiciem?v fantni‘,
e, From Figure F.1 for the wing efficiency factor for a rectangular wing with an aspﬂ:-ect ratio of bis
0.85, so that 1/e,, = 1.176. The additional term for the effect of the fuselage is determined from Figure
F.2, together with the wing area and an estimate of the frontal area of the fuselage, Sg oo For an aspect

ratio of 5 and for a rectangular fuselage, we find from Figure F.2 that
StyeefS

1.6
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%
If the fuselage area is estimated at about 3 x 3 square feet (9 ftzi; then N ﬁ#f'ﬂ
-

—

g &
"M”E}fuse y.'ﬁ b 6 = 0.167

: 2
Therefore, Fiv Fai

(1/e) = (1/e,,) + Al1/e)g,qn = 1.176 +0.167 = 1.343,

Thus, the airplane efficiency factor ise =(1-?:4—3-}= 0.744, This factor is used in the sample caleulation for
the effective span, by, using relation{ 3 ).

Ground-effect changes the effective airplane efficiency factor. When the airplane is flying within
one wing span of the surface, the induced drag of the wings is greatly reduced. This result is due to the
“image system’’ that potential flow theory uses to make the ground plane into a streamline, In this case,
the vortex system from the image wing interacts with the vortex system of the wing itseif to reduce the
particle displacements as the air flows over the wing. The effect is to greatly enhance the airplane effi-
ciency factor according to Figure F.3. Wing efficiency is multiplied by the factor Kgq, Which is a function
of the height above the ground divided by the wingspan, h/b.

g 3

o =

v »

’E kems

" _—

e =

g =

= C
2—-

e =

=3 -

o -

i .
1"'||1|I|n|||ulil:ul:n|l|||:|||:|I||||I|||_uu:

0 A 2 3 r 5

Altitude/Span, h/b

Figure F.3. Altitude Dependence of Ground Effect Factor.
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APPENDIX G. DRAG ANALYSIS

The art of estimating the drag of a complete airplane is a skill that can be developed by study and
practice, practice, practice. Since the topic is broad enough to be dealt with in a book by itself — for
instance, Fluid Dynamic Drag by Dr. S. Hoerner {1965) — the discussion presented here can only be con-
sidered as an introduction to the subject. For preliminary analyses, the drag of the airplane can he estimat-
. ed by considering the drag of the major components of the airplane. |f we calculate the drag area of each
component and add them together with additional factors to account for interference effects, we can use
this drag area in the performance analysis discussed in Part 1 of the text. In the preliminary stages the size
has not been completely specified, so the drag area that is calculated the first time through may not be
accurate enough for the final performance calculation. For example, we need to find the contribution of
the fuselage and the horizontal and vertical tail surfaces to the drag area, but the dimensions of these
compaonents cannot be completely determined until we make an analysis to find theé moment arms and
tail areas that will satisfy the stability requirements. Since the templates that are used to calculate the
rate-of-climb performance can be easily used to find the effect of a change in the drag area, it is only
necessary at the beginning stages to make as good a first estimate of the drag as we can, and then refine the
estimate as the design progresses to a more finalized form.

As a first approximation the drag area can be split into two terms: one due to pressure drag (caused
by the separation of the boundary layer resulting in a net pressure difference between the front and rearI G
halves of the airplane) and the viscous drag (directly related to the shear stresses caused by the flow of the
viscous air over the surface of the airplane). In the pressure drag term, the drag area will be proportional

to the frontal area of the airplane — the projected area that would be seen by an observer at the front of the
airplane. The skin friction drag term will be proportional to the total wetted surface area — the surface of

the airplane that would get wet if the air surrounding the airplane were water. We can assume for a first

approximation that the drag area, Ap, can be represented by
.'[‘\L‘r .,,ﬁ-;‘.i' |
Ap cDJf)Af Cp,wSw| - (G.1)
L

where Cpy 4 is the drag coefficient for the pressure drag, CD,w is the drag coefficient for the skin friction
drag, As is the frontal area, and Sw is the wetted area, respectively. |f we take values of 0.04 and 0.003
for Cp § and Cp ,,, we can get reasonable first estimates for the drag area of a fairly streamlined airplane.
fHEﬂ‘IEi:nbEr to use the correct reference areas, Ag and Sw, the frontal and wetted areas, for this calculation.)
The wetted area will be twice the wing planform area plus the surface area of the fuselage and tail. This

approximate analysis should only be used in the very early design stages.

For a better estimate of the drag area, we can add the drag areas of the various components, where the
individual drag coefficients of the components, D[},rr , are determined from data or books such as the
one by Hoerner, The individual drag coefficients are based on various reference areas, 5;, which depend
on the component being described. For instance, the drag coefficient for the wing is usually based on the
planform area of the wing. The drag coefficient for the fuselage, on the other hand, may be based on the
wetted area or the frontal area. It is important, therefore, to know which reference area is being used in
the definition of the drag coefficient so that we can calculate the drag area correctly.
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FLAT PLATE DRAG

The lowest possible drag for a fiat-slided airplane component is that for the laminar flow over a flat
plate aligned with the flow velocity vector. In laminar flow, the Reynolds numhber is so low that the viscous
forces doniinate the inertia forces and there is a smooth flow of air over the plate, {See Appendix | for the
definition and a nomogram for the Reynolds number). For laminar flow over a plate, the drag coefficient
hased on the surface (wetted) area is given by the Blasius formula

- 1328 (laminar) (G.2)
Re

H

where the Reynolds number, Rey , is based on the length, 2, of the flat plate (or the chord length if we are
considering the drag of the wing). However, small disturbances in the boundary layer — the thin region of
air that is slowed down next to the surface — cause the flow to become unstable and to break down into
turbulent flow where there is rapid mixing and higher drag. For turbulent flow, the drag coefficient based
on the wetted area of the flat plate is related to the Reynolds number by an approximation to the data of

Schoenherr {see Hoerner, 1965}

1
Cow= . (turbulent) (G.3)
O (3.46l0g1q Rey - 5.6)2 '[

If the flow starts to become turbulent when the Reynolds number reaches a critical value, the flow is
said to be transitional, For the flat plate the transitional Reynolds number is usually in the range of
300,000 to 700,000. In the transition regime, the drag coefficient can be taken to be acurve fit of the form

Cow = Cow (turb) - 1?[]0.1"He£ (transitional} (G.4)

where the constant 1700 is chosen to match the transitional data.

The drag coefficients for laminar, turbulent and transitional boundary layer flow over a flat plate {equa-
tions G.2, G.3 and G.4) are plotted in Figure G.1. These drag coefficients are based on the wetted area and
can be considered as lower bounds for the drag of any flat-sided aircraft component. In the case of aircraft
fuselages, we can first calculate the Reynolds number based on the fuselage length, find the drag coefficient
from Figure G.1, and then multiply by the fuselage wetted area to obtain the drag area. For the wings, we
can do better, because we will be choosing a particular airfoil (see Appendix H} and we can find the zero-
lift drag coetficient from the airfoil data. Otherwise we can use the curves in Figure G.1 to estimate the
drag area for our wing. Similarly, for the tail surfaces, we can use the data for the particular airfoil section

that we choose for those components.
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WIRES AND CIRCULAR STRUTS; STREAMLINED STRUTS

The drag of wires and struts can sometimes contribute a considerable fraction to the total drag of an
airplane. The mechanism for the drag of a circular cylinder (strut or wire) is different from that of the flat
plate, For the flat plate, the skin friction at the surface is integrated to give the drag. For blunt bodies, it
is the pressure drag that gives the major contribution to the drag. In potential flow theory, it can be shown
that the pressure forces are equal on the front and back of a body in an ideal fluid without viscosity. This
means that the drag is identically zero — d"Alemberts paradox— since there is no difference in pressure {and
since viscous forces are not considerad). Air, however, has a small value of viscosity, which causes a con-
siderable change in the flow pattern on the back side of the cylinder. There, the flow separates, leaving a
low pressure region directly opposite the high pressure region on the front side of the cylinder, causing a
large value for the pressure drag. Theory cannot predict the shape of the drag coefficient for cylinders as a
function of the Reynolds number except for very small values, The drag coefficient for a cylinder as a
function of the Reynolds number is plotted in Figure G.2 based on the data collected by Hoerner {1965).
The Reynolds number, He'D, is based on the diameter, D, of the cylinder. Therefore, to obtain the drag
area for a strut or bracing wires, calculate the Reynolds number based on the diameter (see Appendix 1),
find the drag coefficient for a cylinder at this Reynolds number from the curve in Figure G.2, and multiply
by the length and the diameter of the tube or wire.

—r
=
=

D
Anrfﬁﬂ‘:f_f
L ILI :"ﬂ

= —
_-—--—_———-—-..4‘ Cvliﬁder
-
N Nﬁh% B86%
0% 25%T o ]
5 \ }‘ \ Thickness
{percent of chard)

L n_i L b LE 5 3 g b 2 4l

.0

™ 2 a2 a2 244

172
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Figure G.2. Drag of Streamlined Struts,



For cylinders, there is a critical Reynolds number, Re, =6 x 1D5, above which the drag coefficient
reduces to a value about one-third the sub-critical value. The high drag of the sub-critical flow is caused by
the large separated region on the back side of the cylinder as described before. However, at the higher
Reynolds number, the boundary layer on the cylinder becomes turbulent closer to the leading edge stagna-
tion point. It is this turbulent boundary layer that is better able to negotiate the adverse pressure rise on
the back of the cylinder. Since the turbulent boundary layer can traverse further into the pressure gradient,
the boundary layer on the cylinder does not separate as soon as the old laminar boundary layer, and the
extent of the separated flow on the rear of the cyliner is smaller. This smaller area of low pressure causes
the sharp decrease in drag for cylinders with turbulent boundary layers. We can use this to advantage
to decrease the drag of a cylinder if we glue sand onto the front side of the cylinder to act as a boundary
layer “trip” to cause a turbulent boundary layer. The same principle holds for golf balls, where the dimples

cause a turbulent boundary layer and lower drag.

The drag of streamlined struts and flying wires can be much lower than the drag of circular struts and
wires with the same cross-sectional thickness. The characteristics of the variation of the drag coefficient
with respect to Reynolds number is similar to that of the circular cylinder and decreases as can be seen in
Figure G.2. The drag coefficient decreases with increasing Reynolds number until a critical Reynolds
number is reached., Then, the drag coefficient dramatically decreases as the turbulent boundary layer on
the surface finds it easier to negotiate the pressure increase on the backside of the streamlined section.
This prevents the large area of laminar separation and the associated high drag. The data presented in the
book by Hoerner has been replotted in Figure G.2 so that the drag coefficient is based on the frontal area
of the strut. This way we can see exactly how much drag we can save by streamlining the flying wires or
struts. For instance, at a Reynolds number based on thickness of 8 x 10° (roughly corresponding to a 1
inch strut at 100 mph), we can decrease the drag by an arder of magnitude — from 0.35 to 0.035 — by
adding a streamlined fairing with a thickness-to-chord ratio of 0.25. Alternatively, we see that a streamlined
section can be ten times larger than a circular wire and still have the same drag. Note that the Reynoids
number in the figure is based on the thickness of the strut or wire. At each Reynolds number an optimum
thickness ratio will give the least drag. This yields the value for the chord that should be chosen for a strut

with a given cross-section,

DRAG AREA FOR A HANG GLIDER PILOT

The drag area for an average man in various positions is reported in the book by Hoerner (1965). In
an upright position relative to the wind the drag area is found to be about 9 ft: in a seated position, as in
my Seagull V hang glider, the drag area is found to be about 6 ft2 : and for a prone position (with arms at
the side) the drag area is about 1.2 #t2, These numbers, together with the values for the drag coefficients
for the boundary layer on the sail, wires, and circular struts can be used to give a first approximation to the
drag area for a hang glider where the pilot, wires, struts and sailcloth are all hanging out in the breeze
together. For the sample calculation of the powered Quicksilver, it was assumed that the drag area was

about 16 Ft2 (6 ft2 for the pitot and 10 2 for the hang glider).
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FUSELAGE DRAG

The drag of a fuselage is mainly caused by the pressure difference caused by the separation of the
boundary layer. To reduce the drag we would like to keep the frontal area of the fuselage to a minimum,
Once we have made the frontal area as small as possible, we need to choose the fineness ratio of the fuselage
to streamline the structure as much as paossible. The choice of the fuselage shape is often dictated by other
considerations, such as the length of the structure to support the horizontal and vertical tail surfaces.

If we are free to choose the optimum fineness ratio {length-to-diameter ratio, #/d}, we can use the data
plotted in Figure G.3. This information has been obtained from Hoerner, but has been replotted in terms
of the drag coefficient based on frontal area and the Reynolds number based on the maximum diameter of

the fuselage. We have assumed that the wetted surface area is related to the frontal area by the following

expression
Sw _ ., 8

—_— = 3,
Ag d
which is a good approximation for normal streamlined shapes. We see from the figure that there is a
different optimal shape for each Reynolds number regime. At low values of the Reynolds number, a fine-
ness ratio' of 8 gives the minimum drag: at high Reynolds numbers, the optimal fineness ratio is about 3;
and at intermediate values, a fineness ratio of 5 gives the least drag.

To find the drag area of the fuselage, calculate the Reynolds number based on the maximum thick-
ness, Rey (see Appendix [). Then, find the drag coetficient for the chosen value of the fineness ratio, £2/d,
from Figure G.3. Finally, multiply the drag coefficient by the cross-sectional area to obtain the drag area.
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DRAG OF AIRCRAFT COMPONENTS

The drag of various aircraft components is discussed throughly by Hoerner {1965) and the reader is
advised to consult that source. In that book are representative values for the drag of fuselages, with various
canopies, engine nacelles, radiator installations; floats and boat hulls; flaps and dive brakes; landing gears;
external loads; windmilling and stopped propellers; and a multitude of other practical examples. As an
example, the drag of the landing gear can be estimated from the following values from the drag coefficient
based on the wheel frontal area (diameter x tire width)

Mose wheel and strut 0.5—-08

Main gear with well 0.16—-0.3 Cp
faired wheel pants

Main gear with wheels 0.3-05

and struts exposed

The cocling drag is complicated and depends upon the ratio of the frontal area to the area around the
cylinders, the pressure drop between the intake and the space behind the baffled cylinders, and the flow
velocity between the cylinder fins. The cooling drag can contribute a significant amount of drag area if we
are trying to obtain a fast clean airplane. For the further details of the analysis of this and other difficult

drag-related problems, see Hoerner!
When all of the drag areas of the airplane are added, we should add another 10 percent to account for

additional interference drag, hecause the drag of the combined parts is usually more than the drag of
each component considered separately.
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APPENDIX H. AIRFOIL SELECTION

Several decisions must be made in the selection of an airfoil for a design. First, the wing should be
thick enough that it can be built to withstand the aerodynamic loads that will be applied during flight. This
means that thicker wings will be more appropriate if we want to build a cantilever wing, because we can
build a deeper spar. A thin wing can be built, but it will have an increased weight. A thick wing, however,
usually has a larger value for the minimum drag coefficient. |f we want to keep the drag of the airplane to
a minimum, we should choose a thin profile that has a low drag coefficient.

One problem with thin profiles is that they usualiy have bad stail characteristics. That is, the shape of
the lift coefficient versus angle of attack curve (Cy vs @) is too sharply curved at the maximum. A sharp
curve at the stall condition will be sharply felt in the cockpit when the airplane stalls. A smoothly rounded
shape will have a2 good stall characteristics because the airplane will start to mush as the stall is approached,
giving a warning that a stall is imminent. Of course, if we are designing an aerobatic airplane, we would
look for a sharply breaking stall in order to perform some of the aerial snap maneuvers. For racing airplanes
we would not be that interested in the characteristics near stall, so thin airfoils would be appropriate.

We also have to consider the value for the maximum lift coefficient, CL max+ For a wing without
flaps, the maximum lift coefficients are greatest for wings which have the thickness-to-chord ratio of 0.12
{12 percent thickness airfoils}, However, if flaps are to be used, we find from the NACA data reported by
Abbott and Von Doenhoff {1949} that the thick airfoils (18 to 20 percent) will have the highest values of
the maximum lift coefficient.

To reduce the trim drag and the torsion loads on the wing, we should look for an airfoil that has z [
moment coefficient near zero. Trim drag is caused by the tail when it has to overcome the pitching i
moment of the wing to make the airpiane stable. Also, the large torsion loads on the wing caused by the
large moments will lead to heavier construction.

The airfoil sections developed by NACA use a numbering system that can be used to estimate the
properties of the section by interpretation of the numerical designator. In our example, the T-18 uses the
NACA, 631-412 airfoil. The G is the series designation — a family of low drag airfoils with thickness distri-
butions designed to give low drag and high lift characteristics. The 3 denotes the chordwise position of the
minimum pressure in tenths of the chord measured from the leading edge for the basic symmetrical sectlun
at zero lift. This can be seen in Figure H.1 where [uN} peaks at x/c = 0.3, since the variation of (v/V)2
is proportional to the negative of the pressure coefficient. This follows from Bernoulli‘s equation.

F'“‘J‘ 2=p +—2-;r:1r"~i'2 : {H.1)
to give
P-Py
e (-;‘}—)2 _ (H.2)
Ly v

The pressure distribution affects the boundary layer growth on the airfoil.

177




Peak at x/o= 0.3

1.6
.i""'.-
ol A
2 T
4y 8 >
Vv
4
| "]
0
0 2 A B B 1.
xfc

Figure H.1. Velocity Distribution on the Basic
Thickness Form, NACA 634-012,
at Zero Angle of Attack.

Returning to the airfoil designation, the subscript 1 represents the extent of the ““drag bucket” around
the design lift coefficient. In this case, the low drag region extends plus and minus 0.1 around the design
lift coefficient, 0.4, represented by the number 4 in the airfoil designation. The drag bucket can be seen in
Figure H.2 where the drag coefficient is plotted against the lift coefficient. The last two digits indicate the
maximum thickness of the wing relative to the chord. In this case, the thickness is 12 percent of the chord.

Details of the numbering system for other NACA series sections are described in Abbot and Von
Doenhoff {1949). New airfoils are currently being developed at NASA, notably the GA{W)}-1, GA[{W)-2,
and the GA(PC}-1 which have good performance in both low speed and high speed cruise flight. More
information about these airfoils can be found in the references. Additionally, Dr. Wortmann and Dr,
Liebeck have been actively developing new airfoil sections for sailplanes and for high-lift applications. The
airfoil_ design procedure starts with a given pressure distribution which will give favorable conditions for
the development of the boundary layer. Then, an inverse technigue is used to find the airfoil that cor
responds to this pressure distribution.

To interpret and evaluate the data describing the aerodynamic characteristics of wing sections, we have
to know which sets of data are applicable to our specific case. We notice three different sets of Reynolds
numbers in Figures H.2 and H3: 3.0 x TUE, 8.0 x 1(]5, and 9.0 x 1ﬂE; a standard roughness curve at
Reynolds number & million and two curves for a 0.20c simulated split flap deflected 60 degrees. Therefore,
we first have to estimate the Reynolds number for the stall and cruise design conditions. This can be done
using the information on Appendix |, where we have a nomogram to find the Reynolds number given the
airspeed (mph) and the chord length of the airfoil. Since we do not yet have a chord length, we have to
make a first guess, and then modify it if the guess is too far wrong. Assuming a chord length of four feet
and a stalling speed of 67 mph, we find from Appendix [ that the Reynolds number is about 2.5 million.
That means that we should use the curve for Re= 3.0 x 106, in the stall region where the lift coefficient is
farge since this is the closest value for Reynolds number of the data. At higher speeds, say 200 mph, the
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Reynolds number is about 6.5 million so we will have to assume that our conditions will lie hailfway
between the data for Reynolds number of 8 and 9 million. The low drag data with the drag bucket in
Figure H.2 corresponds to wings that are nearly perfect, as far as the condition of the surface is concerned.
If bugs or dirt build up on the surface, the drag rises to the standard roughness curve — a considerable

increase.
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Figure H.2. Lift Dependence of Section Drag Coefficient and
Moment Coefficient about the Aerodynamic
Center for the NACA 634-412 Wing Section
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Assuming a smooth surface, let us find the important data from the figures. First, we find from
Figure H.2 that the minimum section drag coefficient is about 0.005 at values of the lift coefficient
between 0.1 to 0.6. If we multiply this values times the wing area (86 ft2 for the T-18} we find that the
drag area associated with the wing is about 0.43 square feet. If we have a poor surface condition and the
drag coefficient increases to 0.1, the drag area will also double to become 0.86 square feet.

From Figure H.2, we find that the moment coefficient about the aerodynamic center is =0.075, and
the position of the aerodynamic center is 0.271. These values are important guantities to be used in the
stability analysis to determine the size and location of the horizontal tail surfaces.

25

1.5

Section Lift Coefficient
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Angle of Attack
V at Zero Lift.
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Section Angle of Attack, o/ ldegrees)

Figure H.3. Angle of Attack Dependence of the Section
Lift Coefficient for the NACA 63,-412
Wing Section. (See Figure H.2 for Legend).

180



From Figure H.3, we find that the maximum lift coefficient is about 1,52, This wil! be used in the
stall analysis to determine the wing loading that will let us satisfy our desired stall speed. Next, the slope of
the curve of lift coefficient versus angle of attack is used in the stability analysis and in the gust loading
analysis (corrected for aspect ratio effects). From the data, we see that the lift coefficient increases from
zero at w=-3 degrees to 1.1 at @= 7 degrees. This gives a lift-slope value of 0.11 per degree — in agreement
with the theoretical value of 0.110 per degree {or 2w per radian). The angle of attack for zero lift 0, =-3
degrees is also important since it will be used to position the wing relative to the fuselage to reduce the drag
of the fuselage in flight, The angle of attack at stall is about 14 degrees — anather consideration when
positioning the wing relative to the fuselage is to find the airplane geometry in the landing configuration,

The application of flaps increases the maximum lift coefficient appreciably, from 1.5 to about 2.5.
This will allow us to have either a smaller wing, which will reduce our drag area, or tand at a lower approach
speed. Notice that the pitching moment is increased substantially, so that we will have to increase the tail
moment by adding “up’ elevator to maintain equilibrium conditions. The angle of attack for zero-lift is
changed to -13 degrees with the application of 60 degrees of flaps. These effects will have to be taken into
account when analfz ing the requirements for control surface deflections,
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APPDENDIX M. HOW TO CALCULATE DRAG AREA, Apy, AND AIRPLANE EFFICIENCY
FACTOR, e, FROM FLIGHT TEST DATA.

As described in Part 2 (starting on page 120), the present performance analysis is based on a para-
boli¢ fit to the drag polar for the whole airplane. That is, the drag coefficient, Cp. can be represented by
i
= +
Cp=%p,0*TeAR

where CD O the zero-lift drag coefficient, and e, the airplane efficiency factor, are the two parameters
to be determined from theoretical analyses {Appendices F and G} or from flight test data.

if the other constants for the airplane are known (W, the gross weight, b, the wing span, and o, the
density of air relative to the standard sea level density), then two separate tests will enable us to find the
drag area (Ap = CD,DS] and the airplane efficiency factor, e. First, record the power-off sink rate as a
function of airspeed, making sure that the glide angle is less than about 20 degrees so that the small angle
assumption is not violated. Then, record the thrust horsepower required for various level flight speeds,
which reguires that the engine power output divided by the propeller efficiency be known for the manifold
pressure, engine RPM, propeller RPM, and flight speed. Charts for this purpose are usually available from

the engine and propeller manufacturers.

Then, plot the sink rate, Rg, versus airspeed, V, on the 2x2 logarithmic graph paper described on page
75. Then, draw a “‘best-fit"”" curve through the data with the plastic sink-rate template. From the graphically
determined reference sink rate, HS,min* and speed for minimum sink, Vimins the drag area and efficiency
factor are given by

W Rg
Ap = 1,11na—&3.”ﬂ and e = 14603 W
7VminS b Vimins Rs,min

This value for the drag area will include the effects of the drag of the windmilling propeller.

The corresponding “best-fit” curve for logarithmic plot of THP versus V will locate the minimum
required thrust horsepower, THP ..., and V ..,5, the speed for minimum sink rate {or minimum required
power), Then, Ap and e are given by

. 2
Ap = 36656.3 - Lmin and e = 4425 {W/b)
T THP yin Vimins
oV minS

These expressions are basically restatements of relation @ on the nomaogram.

An alternative graphical method, as discussed by Kohlman (1973}, can be used to calculate these
factors. Ploty (=V THP or V W Rg/33000} versus x (= v ) on linear paper. Then determine the slope,
A, and the intercept, B, for the best straight-line fit of the data

vy = Ax + B.
Then, the drag area and the efficiency factor are given by

(W/b)2

Ap = 146625 Afo and e=1.0427
aB
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APPENDIX I. REYNOLDS NUMBER, Re = pVE/u

The Reynolds number is a dimensionless quantity representing the relative importance of inertia
forces compared to viscous forces. For large Reynolds numbers the flow is dominated by inertia forces and
the fluid motion will most likely be turbulent. At low Reynolds numbers, the viscous forces tend to damp
out disturbances, and we can have laminar flow, where the fluid particles slide over each other in smooth
filaments or laminae. At intermediate Reynolds numbers, a transition occurs and the laminar changes to
turbulent flow. The condition of the surface will determine, to a certain extent, what the transition
Reynolds number will be. For instance, a2 smooth surface can support the laminar development of the
boundary layer on a wing for a greater distance than a rough or dirty surface. The advantages of maintain-
ing laminar flow is one of lower drag, since the drag coefficient may be half as much for laminar flow as for
turbulent flow. {See Appendix E for a discussion of the drag of laminar and turbulent boundary layers.)

I p‘u’z is proportional to the inertia forces (pressure) and pV/E is proportional to the viscous forces
{shear stress), then the Reynolds number is the ratio

~ {p"u"z] . inertia forces _ pvi
® = (1 Wi , viscous forces ]
2

Viscosity, ., is a function of absolute temperature only,

TS.!"E 8 slug
k=2270 T35 * 17 Teses

where T is given in degrees Rankine (degrees Fahrenheit plus 460}. The density, p, is a function of the pres-
sure and temperature and can be found from the equation of state (see Appendix J). n

At standard sea level conditions

_ -7 slug
B 3.737x 107 £—

and

b =0.002377 slug/ftS .
SL
}f we express the airspeed, V, in mph and the characteristic length, £, in feet, the Reynolds number is

Rep = 9324 V {mph) 2{ft)
SL
if the characteristic length is given in inches, the Reynolds number is
Hel = 777 V {mph)# {in)
SL

These expressions for the Reynolds number at sea level based on the length are depicted on the nomogram
in Figure 1.1.

To find the Reynolds number for an airfoil under stall conditions, we locate the stall speed on the V-
scale and the length of the wing chord on the £-scale. Then, connecting the points with a straight line we
regd the Reynolds number on the middle scale. For 67 mph and 4 foot chord, the Reynolds number at
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stall is about 2.5 x 108 (or 2.5 million). We can find the Reynolds number at other speeds by keeping the
chord length fixed and changing the value for V. At a cruise of 180 mph, we find that the Reynolds
number is about 6.5 million. These values allow us to choose which sets of experimental data curves to
use in selecting the airfoil.

For comparison, the Reynolds number for the Wright Brothers airplane is included. Also plotted for
reference is the transition Reynolds number for flow over a flat plate (Re,, =~ 530,000) indicating the upper
limit for laminar boundary layer flow. This can be used to find the extent of laminar flow on the leading
part of the wing. (At a given value for airspeed, what is the length £ that gives the transition Reynolds
number?} The critical Reynolds number for cylinder drag is also included, where the characteristic length
is taken to be the cylinder diameter.

Airspeed V, (mph} Reynolds Number
‘ at Sea Level Re 2.5L Length, /2 (ft)
500 - im § w0
1
1x 03 20
400 == 8 i
4
300 == - 0
2
1x II‘J?
200 4 T-18 Cruise it
Q- .
4
150 + I
%
100 == N -1 x 10°
83 1
T §~a— Criticat Re 107} .8
=t / 4 for Cylinder 8 6
T Flat Plate Drag 6 s
60 Transition 2 -3
% 1x 10° 3 ,
4ﬂ 6 2 *
4
A
* 2 1= 08
i i
' 06
1x 1{]4 B
0T .04
;] 4 o
15 + 4 3
02
2 2
T 1x10° o

Figure 1.1. Nomogram for Calculation of Sea-Level Reynolds Number.
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APPENDIX J. EQUATION OF STATE, p =pRT

The equation of state relates the pressure of a gas to its density and absolute temperature. |n the case
of air the gas constant, R, is equal to 1718 ftr“"}fset:z °R. The pressure, temperature and density are related
to each through the nomogram given in Figure J.1, where the pressure is also given in units of atmospheres
and the density also given in terms of the density ratio, o= p/ Pg)- The density altitude can also be re-
lated to the corresponding density ratio (Appendix D), Therefore, we can quickly find the density altitude
if we know the pressure and the temperature,

At sea level,
_ 2
pgL = 0.002377 slugs/ft>
TSL= 68.7°F = B18.7°R

where the temperature in degrees Rankine is obtained from the temperature in degrees Fahrenheit plus 460.
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Figure J.1. Nomogram for Equation of State and the Corresponding Density Altitude.
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APPENDIX K. HOW TO FIND THE SOLUTION OF A CUBIC EQUATION.

In the course of the idealized propeller analysis, we obtained a cubic equation for the propeller effi-
ciency,

3

w3
T
n 'IE'U'

n- & -0 (K.1)

where V is a dimensionless airspeed (= W‘u'pmﬂi. This is an equation of the form
x3+ax+b=0 , {K.2)
This form of the cubic equation can also be obtained from the cubic equation given by
y3+py2+ﬂl’r’ +r=0 {K.3)
if we substitute y = x - p/3, and take

a= _:13.. {Sq‘_pzl and b = 21? {Epa - 9pg + 27r) . (K.4)

To find the solution, let

3 3 5 3
4l b l’hz % - _E_‘JE_ a . K.5
_J_E*L Tt 5 o B_‘/E T 5 (K.5)

Then, the values of x will be given by

A+B A-B A+B A-B
- A+B, - + VB, - - V3. (k)
2 2 2 2
If =t;—+ 27 >0, one real root and two conjugate imaginary roots will
23
T H% o LT 2? = Q, three roots of which at least two are equal will exist,
b2 . a3 .
¥ +f}7 < 0, there will be three real and unequal roots.
2 3 T 53\ 2 .
For our case, bT + A = (2 v ) [i + %(%—VB):I =>0. Therefore, the one root that we
27 a

are interested in is given by

1/3 3 K.7)
={X) % 21 &3 _ el 1) 2r 53
n (4) V{“:{?+ 1+ 55V J'H 1+2?V}
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APPENDIX L. TABULATED PERFORMANCE DATA FOR VARIOUS AIRCRAFT

The performance data for various aircraft have been tabulated in this appendix along with calculated
values for the performance rating parameter, Fp, the kinetic energy parameter, WV, axz, and the approxi-
mate drag area, multiplied by density ratio and divided by propeller efficiency and power-altitude factor,
ocAp/ne. The performance rating parameter is calculated from the expression

W, R .
F o= —uCmax |, Vmin [ _,

P~ 33,000 BHP V max

where W, is the useful load {Ib) = W — W,; HC,max is the maximum rate of climb, {fpom); BHP is the
engine brake horsepower; V .. is the minimum level flight speed (mph); V., is the maximum level
flight speed {mph); W is the maximum take off weight (Ib); and W, is the empty weight (Ib). The minimum
speed was taken to be the stall speed with flaps extended in most cases {except for helicopters and airplanes
that are limited by induced drag instead of stall). The data was obtained from Jane's AH The Worlds
Aircraft 1977-78 and other sources, including the 1979 Aircraft Directory by the Editors of Plane and
Pilot, some aircraft manuals, and various sets of theoretical calculations,

No changes were made in the numbers supplied by the manufacturers. Therefore, direct comparisons
of the performance rating parameter, Fp, should be made with care.

In addition to the performance rating parameter, the kinetic energy parameter, vaaxz, is calculated
for the various aircraft. Fp vs WV ., “ is plotted for each of the aircraft in Figure 67 in Part 1 of the text.
If your airplane dogs not appear on the list, the end of the table has room to fill in the appropriate data
and calculate the numbers in the last three columns. Then the data point can be plotted and compared

to the other airplanes of this section.

The third quantity of interest is the estimate of the drag area from the sea-level engine brake horse-
power and the maximum level airspeed. The modified drag area. cApfme (with Ap in ft€), is calculated
from the equation

- 3
N9 Viax

cAp 146625 BHP, |

Appendix D or Figure 43 for other altitudes. This equation is only an approximation because the contri-
bution of the induced drag has been neglected. [f the maximum speed is much larger than the speed for
minimum sink rate (or stall speed if that is the limiting airspeed) the maximum airspeed will be proportional
ta the cube-root of the available horsepower and the expression will be more accurate. |f the airplane is
underpowered, it will run out of power before the induced drag becomes negligible and the calculated drag

area will be smaller than is calculated.

where the density ratio, o, and the power-altitude factor, o, are, unity for sea level and can be found from c

The data for :rADfnm is plotted in Figure 12 of Part 1 and is used as follows: (1) Locate the airplane
and find the value of cAp/me ; (2} estimate the propeller efficiency { 7 = 0.8 is a good first guess) and the
ratio o /¢ from Figure 43 for the desired altitude; (3) multiply each of these values times cAp/my to find
an approximation for the drag area, AD; {4} if it is reasoned that the induced drag is still important for the
speed to which the data applies, take some fraction of this drag area for the final value of Ap. A feel for
the magnitude of the drag area will be helpful when it comes time to calculate the performance for the next

design problem.
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Other quantities that may be of use for a sample calculation for the performance of the airplane using
the Airplane Performance and Design Nomogram are:. b, the wing span (in feet); Dp, the propeller diameter
{in feet and inches); and S, the wing area {in. square feet).

Even though the performance data for each airplane are not complete, the table was left as is so that
the remaining quantities may be filled in as they become available. The list is somewhat subjective; all of
the possible airplanes of the world are not given. That is one reason for the additional empty space at the
beginning and end of this table — you can put in your missing favorites.

2 oA
BHP h Dp s WH W Umnx U;,U H[:_mgx wu wvmnx Fp L

{hp} {f1) {in) !ﬂ:zl' {ib) (it} | (mph) limph}| (fpm) | (b {ib mphz} (=t ;lz:l
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3| spot 60 150 (329" |g2" | 146 | 1414 | 2150 | 127 |58 | 680 | 736 |3.5x107 | .055 [10.7
Beechcraft e P
4. | Bonanza V25 | 285 |33'6 70" | 181 2051 | 3400 | 200 |59 | 1167 | 1349 |15x108 | .120 | 45
Beacheraft g " B
5. | ponanss F33a | 285 [33%6 70" | 181 2112 | 3400 | 209 | 59 | 1167 | 1288 | 1.5x10% | .115 | 4.6
Beechcraft o ey 8
&. Bonanza A36 285 |33'6 70 181 2157 3600 | 206 | GO | 1030 | 1443 | 1.5x10% | (112 | 4.8
Beachcraft Tg e e ]
T Baron 95-B55 520 | 3710 BB 199.2 3226 5100 | 231 (84 | 1693 | 1874 | 2.7x10% | 118 | 6.2
Beechcraft d e *
8 | boke BED 760 |39'3 62 | 2129 | 4380 | 6775 | 283 |84 | 1601 | 2395 | 5.4x 108 | .108 | 43
Beechcraft o o i 8 |
2 | Locen A BAD 760 |50°3 79" | 2939 | 5277 | se00 |24V (81 | 1275 | 3523 | 64x10%| 121 | 7.3
1, | Beecheraft 1100 [so3*  {7v | 20394 | 5717 | seso | 256%| 87 | 1955 | 3933 | 6.3x 108 | 140 | 96
King Air C30 ’ )
Ballanca 17-30A - e T 8
.| Super Vik 3008 | 300|342 68 1615 | 2217 | 3325 | 188 (70 | 1085 | 1108 | 1.2x10% | .076 | 6.6
Bellanca e 7
12.| Citobria TECA 115 | 335 165 1067 | 1850 | 117 | 51 725 | 583 2.3x10¢ | .062 |105
Bellanca . e 7
13.| aKCAB Docathionl 150 | 320 170 1280 | 1800 | 135 | 53 880 | 520 | 3.3x107 | .056 | 8.9
Ballanta P T §
14, 19-25 Skyrocket 11 435 | 350 610 182.6 2300 4100 | 3219 65 1900 | 1800 | 4.5« 103 1891 | 1.78
15. E;;’““ 100 | 32°8.5° |5'9" | 157 1000 | 1800 | 125 |48 | 670 | 00 | 25x 107 | 075 | 7.5
Cassna T, 1 P T ?:'
6. | Seyhawk/100 160 | 3510 63 | 174 1379 | 2300 | 142 |1 770 | 921 | 48x107 | 087 | 79 R
7.] Lo 180 |35%" |64 | 174 1533 | 2500 |160 |53 | 840 | 967 | 64x107] .091 | 64
Cardinal
Cassna _— rpur i)
L ' 4 1703 1097 | 8.1x 107 | .106 | 5.0
18. | Cardingi RG 200 | 35% 86" | 17 2800 | 180 |57 | 925 | 1097 | 9.1x 1
Cessna 4o 610" 170 1152 | gax10? | .13
19. | 130 Skywagon 230 | 3510 610" { 174 1548 | 2800 -I 55 I_nm X 69
20. g;;*:::,, 230 | 35'10"  |6'10" | 174 1717 | 2050 {170 |57 | 1010 | 1233 | 85x107 ] .108 | 69
Cessna 10 |50 87 | 335 56 | 1010 | 1663 | 1.1x 108 | 116 | 78
21.| 185 Skywsgon 300 | 3510 10" | 174 16 _u_ 178 X
72.| Semna 300 [3570~ |e'8” | 174 | 1808 | 3600 | 180 |625| 920 | 1792 [ 1.2x 108 | 108 | 7.5
Stationair
cmﬂa b puiF Pl a’
23. | gcuwagon 207 300 |35 1"_ | g8" | 174 1996 | 3so0 | 173 |67 | 810 | 1804 | 1.1x10%] .000 | 85
Cessna - - i)
24.} 910 Centurion 300 | 369 6'B 175 2175 | 3800 | 207 |64.5( 860 | 1625 | 1.Ex 10" | 096 | 5.3
25, g*;g’““ 570 381" 167454 179 3347 | 5500 | 238 |81 | 1662 | 2153 | 3.1x10% | .126 | 6.2
* — 73,000 f1. + — 11,500 ft. # — 12,000 ft. 1| —Cruising Speed ® — 75% Power at 8,000 ft, § — 29,000 ft
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'{f
FacToRYBuT|ewr | bt | o $ W w v v s w | Wi e 1 7%
] L] max | 5.0 )C max max
AIRPLANES | fnp) | () | (i} | 62 | ) | Gb) |(mph)[(mph){ (Som) | (6] | ttbmphd)| (=} {:123]
Cestra v
26.\337 skymaster | 120 | 382" 322,. 2025 | 7190 | 4830 1206 |70 | 1100 ) 1840 | 20x 108 | 098 | 70
21. g::;ﬁ“’ 620 |38'1.3" [6'4.5%| 184 3878 | 5990 |281™|82 | 1es0 | 2112 | a7x108| 21 | 41
Castna . , M t 8
28.| 40 Utiliner 600 [39'10.25"|6'4.5"| 195.72 | 3804 | 6300 264" (81 | 1610 | 2396 | 44x10% | 135 | 48
29, | oy | 820|311 |E'a5v| 19572 | 4135 | 8360 [275” |81 | 1560 | 2215 | 48x10% | 121 | 44
Emﬂa Titﬂﬂ e} e T H
30. | A rbassador 750 |46'4 76" | 242 4804 | 8400 |267']81 | 1575 | 3596 | 6.0x 108 | 150 | 58
3. ET"Q':'L?.‘“‘“ 140 | 26°8" 1876 | 1140 | 1750 [126 |54 | 1000 | 610 | 28x107 | 073 119
32. 25;‘_’;;[-;*" 180 |26%" 1976 | 1230 | 1800 | 132 |57 {1400 | 570 | 3.ax107 | 076 [115
Gﬂlmmm r " I ?
33- | American e 115 | 24" 55" |60 10082 | 1066 | 1600 | 136 |60 750 | 534 | 3.0x107 | 059 | 6.7
Emmmm N u ?
3 American Chestah 150 [31'6 61 140.12 | 1303 | 2200 | 157 |61 660 | 897 | 54x107) 073 | 5.7
35. E’w“w“:i"n?:ﬂw 180 |316" |61 [ 14012 | 1311 | 2400 |170 |61 | 850 1084 | ggx107| 100 | 5.4
Grumman American ool v
36. { GA-7 Cougar 320 | 35°10.25% 61" | 184 3800 | 200 |69 | 1200 15x 108 5.9
Haiio Super o " T
3. | couter .25 295 | 39'0 80" | 23 2080 | 3400 | 167 1150 { 1320 |95x 107 | .128 | 9.3
n ;m LAS200 | 299 380" |62 | 170 | 1550 | 2060 [ 146 |45 | 1200 | 1140 | 57x107 | 143 | 94
ug kanear
Maule M-5-210C oy e w 7
39-1 | \inar Rucket 210 |30710* |62 | 1578 | 1325 | 2450 |1s8 |56 [ 1250 | 1125 [6.1x107 | 131 | 7.8
Mavle M-5-236C e o 7
40. Lunar Rocket 235 | 30°10 6’6 1579 | 1375 | 2450 (172 |56 | 1350 1075 | 7.2x107 | 128 | 68
41. | Meyers 2000 285 |30~ | 6710”] 1615 | 1940 | 3400 | 216 |54 | 1400 | 1460 | 16x 108 | 183 | 42
42.| Mogney Ranger | 180 [350" (62" | 167 1626 | 2575 |169 |56 | 800 1050 | 74x 107 | 85 | 55
Hﬂm e El T
43.| oot 200 | 35 5 167 1640 | 2740 {177 !62 | 1005 | 1100 [86x 107 | .109 | 523
44 | Mooney 201 200 | 350" 6'2° | 167 1640 | 2740 {202 635/ 1030 | 1100 | 11x108 | 118 | 36
Pipar PA-18 - # 7
45, [ o b 150 150 | 35'2% 1785 | 946 | 1750 [ 130" |43 | sgo | 804 [ 3.0x107 | .104 100
45, Per FAZSISD | gpo |3y |87 | 2078 | 3221 | 6200 | 215 |68 | 1400 | 1979 | 24x108 | 115 | 74
41, ?ELEMNH w0 350" gz | 170 | 1200 | 2150 | 143 |47 | 631 | 860 [44x107| 07e | 75
Fiper PA:28-161 o o 8| 70 a6x107 | 078 | 85
48 Cherokes Warrior |1 160 | 350 &'z 170 1336 | 2325 | M0 | 576 203 X
a9, PP PAZSET | ygg tagoe  [euwe | 170 | 1418 | 2550 | 147 |65 | 740 1134 55x107 | 0a7 | 83
50. E:""ﬂﬁf:;zm o0 |35 |62~ | 170 | 1622 | 2750 | 175 [e3.5| 831 1128 | 84x107 | 090 | 55
* — 20,000 ft. +~16000ft.  #— 75% Power
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W
A
FACTORY BUILT| BHP | b D s W w v v ‘r w | w2 e | Z%D
n . max | “£0 ["C,max max
AIRPLANES [ thp) | i) | Go) | 0% | 66D | by |(mph) [tmghd) fFom) | G5} | Gbmohd)| (D ’['ffi]
Pipar PA-28-23 "
51, | porer 2238 {935 13210 166 | 1592 | 3000161 |61 | 800 | 1s08| 7.8x 107 | 000 | 83
Pipar P
2. oot PAS2 | soofszexe e | 1745 | 184 | sac0{1m |54 | 1050 1696 | 89107 | 118 83

53 FPiper PA-12R-300

* | Chevokea Lance 300 | 32'9%" |gg” | 1145 1973 3600 190 | 60 1000 | 1627 | 1.3x108 | 112 | 64

igdt Pl L) - e r *
Nevalo €. G20 | 40" |6 | 229 3991 | G500 267 |73 | 1445 2509 ) sax108i 128 s

Piper PA-31-350

5. | e G | 700{408" (6% 229 | a29| 7000 270" | 85 | 1380 2781 | s.1x108 | 135 | 52
56. Eﬁ;:;ﬁ‘f'” 1240 [4z8%” |79~ | 228 | 4978 | oovo|3267)88 | 2800 4028 | 9.6x10%| 201 | 52
57.| Elper P34 ao0|sgrou (69" | 2087 | 2823 asv0|225%| 70| 1340| 1747 [ 23108 422 | 54
58. | Pitts §-1 180 178" |4 | 98§ 720 1150|176 [62 | 2600 430|3.6x107 | 122 | 43
59, | Pitts §-2A 200 |20, 125 1000 | 1575|157 |59 | 1800| s&75(39x107 | o8| 76
B0. | g ol BTORCO | 1430 | 4grg- 201 | sosa| ssos|2er |7a | 2665) 2839 7.8x10% | 122 | 94
B1. | ok 1128 | 200[35°727 &%” | 1638 | 1773 2800{ 173 |6t | ee0| 1027 |84x107 | 089 | 53
g2, | Ruckwell 260329 |65 | 152 | 1858 | 3140] 189 | 625 | 1088| 1282 | 1ax108 | 109 | 56

Commandsr 114

Rockwell Shrike T "
63. | commander 5005 580 | 49°.5 6’8 255 4635 §750| 215 | 68 1380 2115 3.9x108 | 101 | 86

Rockwell Turbo P P .
64. | o ommander 6aog | 1400|468 810" | 266 6195 | 10325| 330™} 89 | 2821 4130| 1.1x10% | 184 | 57

Rockwell - - il B
65. | cormander 700 | 590[42°5:5" 687 | 2002 | #400| we00[ 266" |80 | 1450 | 2200| 47x10% | .105 | 5.1
i [ ]
66. mzﬁ: 1680 (463" |82 | 2775 | 7400 12500| 325 | 96 | 2530| s5100{ 1.3x10% | 184 | 72
. ®
7. | hvearingsn 1850|463" (96" | 2775 | o200 | 12500{ 310 | 89 | 2400 | 4300 | 1.2x10%| .113 | 03
Swearingan o s §
68,1 CA 226TC Meworl] 1880[4673 887 | 2775 | 7450 | 12500| 2843| 98 | 2400 | 5050 | 1.1x 16" | .130 [10.8
Tayloreraft F-19 7
B9. | sy ortsman 100 100 360" 19371 900 | 1500|127 a3 | 775| 600|24x107 | 083 | 72
Ted Smith .
LR a8 s80( 34’2 |6%" | 110 3720 | 5500{ 260 |77 | 1800 | 1780{3.7x 108 | 418 | 48
Uni'ﬂir b w L T 3
it el 1803311~ |64~ | 155 1300 | 2400|152 [ 81 | 1000] 1100]|55x107 | 111 | 7.6
72, mmz.‘““ 150{ 300" |62 | 142 126| 1817|148 [52 | 14s0| esz[40x107 | 131 | 62
Lockheed - i 1746 155 115 | 1900 | 7968 10y
73, |2 Hercules | 18082| 13277 139" 76331 | 155,000 | 388 79689 |23 x 1010 179 |ago0
Lockheed . . 10
. |15 Orion 19640 |89 13'8" | 1300 | 1491 |135,000{ 476 | 129 | 1950 | 73508 [3.1x 10"0] .161 [26.7
* — 15,000 ft. T — 11,000 f. # — 12,000 ft, T — 20,000 ft, @ 16,000 ft. § — 10,000 f.
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N
MILITARY | 8HP ) b Dy | 8 Wy | W [Vme| V0 femed Y Wia | Fp l%ﬂ
o | (00| Gnd |t ] 6D | Gb) fmh) fmph) thpm) | 0 | g pn?) | ) | 2
1. ?;?:f;fm 1325 6375 | 8BOD | 410 3500 | 2425 | 1.5x 109 28
2. | paaee VOuSt | 5260 Boo4 | 12039 |25 | 80 | 3120 | 3345 |22x10% | 114 | 43
3. | gurtielisht 1 1200 5381 | 6789 (365 | 72 1408 | 9.0 x 10° 36
4 | Dauntios 1200 6450 | 10500 |255 | 78 | 1428 | 4050 { 6.8x10% | .101 |10
5. [ Grumman 1000 4125 | 5876 | 325 | 66 | 3300 | 1461 [6.2x 108 | 116 | 43
6. ggl';‘a‘;“““ 2000 9153 | 12500 | 400 3000 | 3347 | 2x10° 46
B 2100 7070 | 9300 | 425 5700 | 2230 | 1.7x 109 a0
B | S Fury 2560 9240 | 12350 | 450 4320 | 3110 | 2.5x 10° a1
g, |Messaschmitt | 1200 4180 | 6090 | 390 3320 | 1910 | 9.3 x 108 20
10 ostene | 1720 7126 | 11600 | 437 { 80 | 3475 | 4475 |22x10% | 228 | 30
1. | Rer fmerican | gs0 4158 | 5300 | 205 | 67 | 1600 | 1142 |2.2x 10°% | 068 | 9.4
12, | Republic P47} 2300 3900 | 12500 | 440 |100 | 2500 | 2600 |24 x 10% | 066 | 4.0
13,
14,
15.
18,
17,
18,
19,
20,
2.
22, -
23,
24,
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5,

HOMEBUILT [BHP | b | Dp | S We | W |Vmax|Ys0 Hﬂ.mu‘ w, | Wi | Fa —%‘1-

AIRPLANES | hp} | (f0) i | @2 (1) (b} [{mph) imph}| {fom) | (b} | (b mph?) | (=) D)
1. | Asrocar Imp w07 [50° | 12 950 | 1550 | 150 | 50 | 800 | 600 | 3.5x 10
2. |Aerocar Mini Imp | 68 |26'6" |49 | 765 | 520 | oo | 150 | 45 [1200 | 280 | 1.8x107 | 108 | 2g
3, [percneering Miler | g5 [208" |59 | 126 B50 | 1100 | 100 | &5 50 | 11x107 125
4 o e | T8 |90 130 | 636 | 1150 | S8 | 45 | 800 | 520 | 11x107 | 088 |41
i 48 |23'35* (46" | 815 | 446 | 730 | 90 | 45 | 1700 [ 284 |5.9x105 | 009 | 97
B. fp"ahfm'ﬁ:ﬂm 100 |20°3.75" (410" | 67 510 | 750 270 | 70 | 1850 | 240 |6.5x107 | .100 | 74
. ﬁ;‘“";f}ﬂ:':r'e"“ ' 1o |61 |60 1032 | 1500 | 120 | 45 | 550 | 468 | 22x107 | 048 | 85
8. |BakengDuce (126 |30  [&2" | 138 898 | 1500 | 145 | 36 [ 2000 | 60z | 3.2x107 | 214 | 64
N e 65 | — — | 4o0 | 650 | 85| o0 | 500( 250 |4.7x10%| .058 [155
10, F;:‘;:?Sfﬂ"" 80 |16 86 475 | 850 | 135 | 50 | 2000 375 | 15x107 | .179 | 48
| ety 8 |28 7.75" 92 | 15 | 375 | 50| 26 | 200| 230 | 9.4x10% | o84 | 94
12. | Bede BD4 180|257  |g'a” | 10233 | 1080 | 2000 | 183 | 61 | 1400 | 920 | g7x 107 | .145 | 43
13, [gode 805 n |70 38 | 410 | 850 | 230 | 63 | 1750 [ 440 |a5x107 | 233 | 84
14, |Bade BD-6 55 | 216" 555 | 375 | 650 | 140 900 | 275 | 1.3x107 | 088 | 29
15. |Bade BD-7 140 [240" |50" | 935 | 960 | 2000 | 220 | 65 | 1500 [ 1040 | 9.7x107| 238 | 19
16, |Bede BO-8 200 |19a* |62" | 9667| g0 | 1300 | 210 | 48 | 2200 | 980 | 57x107| 123 | 32
17. {Beets G/B Special | 70 |25'0” 1042 | 603 | 925 | 156 | 35 | 2000 | 322 | 23xw0?| .216 | 27
18. |Banson B-BM 7| — |vor | — o47 | 500 | g5 15 | 1000 | 253 | 3.6x10% | 088 [17.2
1. | Birdman TL-1 15 |a40 (24~ | 1485 | 09 | 350 | ag| g | 200| 250 | 8.1x10% | 063 199
20. &Iﬁ’ﬁ%m 85 l1ge” 58 57 | 875 | 190 | 57 | 1750 | 300 | 3.2x 107 | 131 | 1.8
21. [T " 135 [18%" 68 590 | 900 | 225 | g0 | 2200 | 310 | 46x107| 112 | 17
22.| Cassutt Special | | 85 [14'11" 56 516 | 730 | 230 | 70 | 2000 | 214 | 3.9x107| 106 | 1.0
23. | Cassutt Spocial 1l | 85 13" 66 433 | 800 | 235 | 62 | 3000 | 367 | 44x107| 289 | 96
24. | Condor Shoestring | 100 | 190~ 565 BOO | 240 | 65 | 3000 | 235 | 46x107 | .156 | 1.1
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2 ahp
HOME BUILT Ly b DP 52 we W vmax US.D Hﬂ,ma: wu wmax Fn o
AIRPLANES | (hp} | {fd | BHP | (f) ( (b) | (o) | (mph}|(mph)| (fpm) | (b} | (b mpndy| =} (#d)
Cvjetkovic s
25 | At 65 | 276 1265 | 00 | 1300 |120 | s0 500 | 1.8x 107 5.5
% | R 125 | 250" |sge | 108 | 900 | 1500 | 160 | 55 | 1000 | 600 | 3.4x107 | 095 | 45
27, Svetkovic 150 | 255" |s5%®" | 1094 | 900 | 1500 {174 | 55 | 1530 | 600 |asx 107 | 427 | 42
d'A D-2 . . —
28, [ o 603 265 | 270 185 2150 | 155 | 55 | 2000 52x 107 03
d’Appuzza D-200 varr *
28. | junior Aero Sport | 180 | 218 10 | a0 | 1275 [160°| 65 | 2600 | 430 | 33x107| 119 | 64
Davis . . 7
30. [ DA 65 | 19'2.75 825 | 610 | 1125 | 120 515 | 1.6 10 55
i gﬂg 65 [ 15'7.25 |5~ | 57.2 | 460 | 775 |160 | 60 | 800 | 315 | z0x10'| 073 | 23
DSK Ai F
8L, ngm I;Il:::tm 65 | 20r4.5" | 53" | 64 525 | g3 | 146T| 50 | 1500 | 368 | 19x107| .69 | 3.1
33, ggﬁ_;g:;;;';:m 65 {20'45" |eav | 645 | 550 | 914 | 1667| 50 [ 1500 | 364 | 22 107| 173 | 25
34, [ Dk 402 180 | 2225 | g | 183 960 | 1900 | 190* 2000 | 940 | 6.9 x 107 3.8
35, |EAA Biplane 85 | 200 |50 108 710 | 1150 | 125 | S5 | 1000 | 440 | 1.8x107| 088 | 6.4
EAA I A r T
36. | Acro-Sport 180 | 197" |gw~ | 1155 | 733 | 1178 | 152 | 50 | 3500 | 445 | 27x 107 176 | 15
EAA Super e ., 7
3. Acra-Sport 200 | 197 6" 1155 884 | 1350 | 156 | 50 | 3700 | 466 | 3.3x107| 78| 7.7
3. piis 60 | 29107 45" | 13875 | 526 | 900 | 103 | 30 | 700 | 373 |95x106| 093] 8.1
38, E:f;:“'“iﬂ‘ 15 | 206" 82.5 624 | 1250 {195 | 53 | 1300 | 626 | 48x107 | 156 | 23
40, | Evans VP-1 60 | 240 [4'6” | 100 a0 | 750 a0 | 400 310
41. |Evans VP-2 B¢ | 270~ |50 | 130 840 | 1040 (100 | 40 | 400 | 400 | 1.0x107| 048 | 88
42, | Fike “E" 85 | 22'a%” | 627 | 1431 690 | 1100 [ 120 | 35 | 1000 | 410 | 1.6x707 | (104 | 7.2
43, | Flaglar Slooter 40 | 280" 48" | 115 380 | 650 | 90 | 34 | Goo| 260 [53x10%| .074 | 8.0
Flight Dynarmics reurr _ 7
4. | iohtsail VI 30 | 330 |62 | 195 1200 | 1700 | 95 | 40 | 500 | 500 | 15x107 | 048 | 154
45, | oppes P2 170 {199~ |sev | 777 | 676 | moo |207 | 58 | 3000 | 425 |a7x107| 164 | 28
46, | Fanks You-Two 34°0" 440 | ga0 | 60 400 | 240 | 2.4x 108
Grega GN-1 e 7
L5 Aircamper 55 | 29 150 1129 95 | 35 | 600 1.0x 10 11.1
4, [Harmon 75 |96 a2 | 78 350 | 600 | 120 | 55 | oo | 250 | 8.6x 10| o4s | 6.4
- | der Domerschiag . J :
* — 7,000 ft. §-5000f, 4 -7,500 ft.
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oA
HOME BUILT | BHP [ b Dy 5 We W | Vimax|Vs,0Po.mad W ‘Wﬁm Fp _,#1
AIRPLANES | (hp) | (it | Gm) | & | Gb) | (b} | (mph)fimph)| tfpm) | B} | b mpnd)| (=) )
Harmon 1-2 veaar .
= Mister America 65 198 4'6 76 430 G50 | 125 | 48 | gop | 230 | 1.0x 107 | 053 | 64
. %
50. Elia;fafnﬂ 1 150 | 260" |g2v | 190 | 966 | 1600 [ 100 | 45 [ 1200 | g34 | 1.6x107 | 085 |22.0
Hollmann *
5. HA-EP:Spumtar 130 — 66 | —— | 620 | 1050 | 12t7| 28 | s0p | 430 | 1.5x107 | 039 |108
52. g;:::‘;;lwing 14 170" | 40" 98 123 310 | 50 26 187 | 7.8 x 11]5 16.4
53, | Javelin Wichawlk 180 240" | gg- 185 T.Iﬂfl 2000 | 140 1700 | 720 | 3.9 x 107 96
ll i ¥ LIy
. B'a?ri:tr:uda 220 | 209" |72¢ | 120 | 1495 | 2300 | 2187| 62 | 2200 | gos | 1.1x108 | .75 | 34
55, | Keleher Lark-1B 65 | 2307 (57" 80.5 | 550 855 | 132 | 55 | 900 | sg5 | 1.5x107 | 075 | 4.1
K'j e T
bé. Kraft Super Fli 200 240 980 1400 | 200 3000 | 4720 | 56x 10 2.7
7, | Larkin KC3 100 | 26" |60” | 114 790 | 1246 | 115 | 42 | 550 | 456 | 1.6x 107 | .048 | 9.6
Skylark
McCarley i+ 1 7
58. | pini-Mac 55 | 200 68.3| 514 | 800 | 160 1000 | 286 | 2.0x 10 2.0
59, | focooneld 53 | 250" |45 | 94 | 456 [ 720 | 110 | 38| g50 | 264 | 87x10°% | .084 | 5.8
60. | Merkel Mark 11 720 | 25'6" |68 146 1200 | 1540 ) 163 | 55 | 2500 | 340 | 4.1x 107 | 078 | 7.4
61. | Miller JM-2 100 | 150" | 33" 66 630 | 1100 | 235 | 74 | 1600 | 470 | 6.1x107 | .156 | 1.1
62. | Miller Y¥M-2 g5 | 400" @2 | 184 775 1050 | 136 | 45 | 890 | 275 | 1.9x107 | .076 | 3.8
Mini-Hawk a - 7
B3. |1 TH.E.01TigerHawk{ 72 180" | 4'6 57 525 80D | 175 | 50 | 1000 | 275 | 25x107 | 083 | 2.0
Monnett
.| Sonerai 60 | 168" | 427 15| 440 700 | 175 | 46 260 | 2.1x 107 1.6
Monnatt
65. | Sonarsi 11 70 | 1887 | 4" 84 506 925 | 165 | 45 | 750 | 449 | 25x107 | 099 | 2.3
6. | Osprey 11 150 | 260" |ser | 130 | o7 | 1860 | 130"| 60 | 1000 | s | 26x 107 | 068 | 7.5
Stevenson/Owl
&7 OR-70 Fang 100 200" | 410" 66 580 B40 | 250 | 40 | 3000 | 250 | 5.3x 107 | 198 4
in-Del/Owl N
B8. "[.;IFT—‘.P IE I{lizlhaui:kie 00 | 200" 50" 66 563 850 | 255 | 69 | 3000 | 297 | s56x107 | 197 | .89
69. 'I:'ag:::r: Two 42 180" 310 590 {120 | 50 | 800 | 290 | 85« 105 | paq | 38
Payne Knight e 7
T0. | wister KT-85 g0 | 150 _I__au 535 960 | 160 | 60 | 900 | 425 | 25x107 | .080 | 32
Pazmany g 120 | 51 | 1000 | 526 | 1.9x107 | 086 | 8.
M.|o11 Laminar g5 | 280" 116 800 | 1326
72, |Pazmany 150 | 280" 16 | 9oz | 1447 | 153 | 54 | 1700 | 545 | 3ax10? | 121 | 61
% — Max. Cruising Speed +— 7,000 fr. # — Calculated from 1834 cc 1 — 75% Pawar
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oA
AIRPLANES | () (fe) inp | (2) Ik} b} [ mph) [{mph) | (fom) | (I} | (b mphdy | (- e
| 50 | 26" |58” | 83 | 578 | 850 | 125 [ 48 | g0 | 272 | 1.3x107 | oes | 38
74, |PDQ.2 40 | 20" 30 | 800 {80 |40 | 500 | 240 |38x108 | 045 [ 115
Pletanpal o " :
75. g4 R 60 | 290 50 145 622 110 | a8 500 BB
Pawell P-70 o ' 7
76. e 65 | 326 155 750 | 1275 | 104 | 30 | 625 | 525 |14xt0' | .108 | 85
R & B Aircraft - " '
77. | G rasshopper 30'0 575 25 | 1000
78, fgeng Fobinson | 5@\ y72m ase | 64 | 380 | 900 | 200 [ 45 | eo | 520 [3ex107 | a9 | 1.1
79, Fand Robinson 60 | 208" |44” | 30 440 | 800 | 180 | 45 | goo | 360 [26x107 | 108 | 15
RLU-1 N * s
80. Breezy 90 | 130 165 700 | 1200 | 75 | 30 500 { 6.8x 10 219
Rotor Way e
81. | Searpion Too 183 — |50 — Bos | 1235 goo | 430
Rutan . S
82. [\an Viggen 150 | 190" |s5707| 119 850 | 1700 | 163 1200 | 750 |45x107 5.1
Ruten o
83. \Vrurioze 100 | 2274 §7 | 535 | 1050 655 | 1700 | 515
& i 3'}“ r - L
8. Si::::-ﬂide 300 | 300" {68~ | 130 | 1700 | 3000 | 230 |69 | 1600 | 1300 |1.6x 108 | 1a7 | 36
g5. |Toqusia 301 300 | 292" |ee” | 126 | 1700 | 3000 | 239 |69 | 1600 | 1300 |1.7x108 | 149 | 32
ﬁndlin‘?r HH"I Apyer i ?
886, Hawker Hurricans 150 250 64 101 1005 1375 200 | 67 1850 310 |55% 10 095 27
87. | Skyote ne | 200" |2 | 123 595 | 895 {115 |48 |900 | 300 [r2x107 | .00 | 11.4
Smith DSA-1 .
B8: | piniolane 108 | 170" | §11°| 100 616 | 1000 | 135 |55 | 1260 | 384 |1.8x107 | 080 | 64
Smyth S" e | .
89, | i gor 125 | 24110 | 57" | 86 | 867 | 1450 | ‘185 800 | 583 [5.0x107 | .89 | 29
Sorell -
90. | Lioerbipe 180 | 22'10" g4 | 150 | 1236 | 1991 | 172 [40 | 1500 | 675 |s7x107 | .122 | 5.2
Spancer Amphibian
91| irerafts1zE | 285 | 374" 7o | 184 | 2190 | 3200 | 147 |43 | 1000 | 1010 | gax10’ | 076 | 13.2
Spezio DAL-) ;
92. ¥ uholder 150 | 4% 1207 | 900 | 1506 |150 |55 | 2400 | 600 34x107 | 184 | 85
Sport A/T " ar
93. | Minicoupe 65 | 240" |4g7 | 835 | 497 | B850 (105 |48 | 750 | 353 |94 x10%| .067 | 82
84, | Stephens Akro 80 | 246" |gqv | 100 950 | 1300 |170 |55 |4000 | 360 |28x107 | .160 | 54
95. |Stewart Headwings | 36 | 283" g5 | 97095 437 | 700 | 80 |38 | 400 283 |45x 105 | .o4g | 103
Stowart ’
96. | Fon Fighter 125 | 208" fgor | 130 726 | 1100 nsT__ a8 | 1200 | 376 | 1.5x107 | .04 [ 12.1
sk— 7% Power T — Max. Cruising Speed
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3
HOME BUILT | gup b By S W, W [Vimax|Ys.0Femad Yo | Wi | Fo | ohg
AIRPLANES i 12 b
ol (B | ) | G | OB | (b} |(mph) {imph)| (fpm) | OB} | 4y mph?) | ) | o
Stoip SA-300 - 7
9. Standuster Too 180 | 240 192 ) 1105 | 1650 | 180 7600 | 545 | 5.3x10 45
Stﬂlp SA-500 y)
98, | goortes 00 | 250" 83 750
Stolp SA-700
99, Ag!:d wetor | 180 | 190" 105 740 | 1190 | 180 | 70 | 3000 | as0 |39x107 | 139 | 45
stﬂ[n SA‘?E“ e
100, |y e 11 200 | 215 130 55 | 2300
Stolp SA-900 .
10%. |y Star 65 | 237 141 35 | 600
Taylor o Y
102, ar Toy 140 | 304 1365 | 1170 | 1650 | 124 1000 | 480 | 25x 10 10.8
103. [ Tumner T-40A 86 | 252 899 | gag| 1410 |150 | 54 | 750 | s82 | 32x107| .100 | 8.7
104. 1};‘6‘;’5""" 125 | 268" 1025 | g9g0 | 1550 |175 | 50 | 1400 | 570 | 47x107 | .138 | 3.4
105. | Turner T-40C 150 | 20" 102 g2a | 1850 | 190 | 47 | 1500 | 822 | 60107 | 187 | 3.2
'l ;:l;rrp T-18 180 | 200" |53~ | 86 | gpo | 1sue [200 | 65 | 2000 | 606 | 6Ox 107 | .138 | 33
107. }:“"'::’:t“ TEV 180 | 240 |g2= | 133 | 1154 | 1725 |160 | 56 | 1100 | 573 | 44x107 | 078 | 57
Turner w —
108 1o roll) CP-16 B | 49 96
109.|Van's RV-3 125 | 19°11" |58" 90 695 | 1050 | 185 1900 | 355 |4.0x107 | .123 | 25
Volmer VJ-22 o Y
10, | ortsman 85 | 36% 175 | too0 | 1500 | 95 600 | 500 | 1.4x 107 | 058 145
WAR . 7
MLl ewuifigo | 100 | 200" |50 70 | 30 | 900 | 185 | 55 ( 1000 | 270 | 3.1x10" | .067 | 2.3
Wendt WH -1 . T 118 1 7
112 e 75 | 300" |51 900 400 (131 | 57 | 500 | 500 | 74x10 | 057 | 49
113.| estell Speclel ) 125 | 231107 834 | 1157 | 1747 [140 | 15 | 1500 | 590 | 34x107 | 182 | 67
White WW-1 o 7| 1a0 | 55
4. e Jhger D.IX 115 | 200" |58 115 534 888 |145 | 54 | 2400 354 | 1.9x10' | 140 | 5
Wittman o - 7
115 Taitwind W-8 100 | 26" |54 00 | 700 | 1200 [165 | 55 | %00| 600 [35x107 | .100 | 33
Zinno * . ;
118 Olympian ZB-1 A8| 786" | 8B N2 148 290 | 22 | 15 g0 | 142 | 14x107{ 171 | 66
197, Am. Eegle 122) 380 |z9ov | 72 | 160 | 360 115 | 38 | 450 [ 200 | 4.8x 10 | 150 | 12
Cloudstar -
* *
119 gm""’m"" +4"§= 96° (126" | 720 70| 209 | 116 85| 174 139 |28x 10% | 041 |23
ey | GOSSAIEY » ' - ! 16 *
120 groatons A8 95 176" | 5M 55| 209 | 158 96| 303 154 [52x710% "
* — Estimated
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l 2
HOME BUILT ‘ BHP b Op S W W [Vmax|Vs0 'F-E;_,,.,H,Ef W, | WVSax | Fa Tﬁl
AIRPLANES | thp} | {f) | fin) | (D) [ (B) | (b) (mph) {{mph)| pomi | 00) | g mph?) | =) )
i Christen
121, ot 1 200 | 19117 |64 | 125 | 1025 | 1578 | 184*| sa | 2100 | 563 | 53x107 | 20 | 47
Fisher — Van
122 gorman P510 | 200 1450 | 1850 | 200 1500 | 400 |7.4x107 37
K8S Aircraft
123, gp1025 Cavalier | 125 | 274" | & | 118 | 008 | 1500 185 | 4o | 1700 | 608 |5.ix107 | .184 | 28
K&S Aircraft ropan . 7
128, g, | 200 | 273 |6 117 | 1000 | 1500 | 220 | 55 | 2500 | 500 |7.3x107 | .142 | 238
i
125, | er 8 | 258 |&2°| wo | 805 | 1250 |130 | 52 [1030 | 445 |23x1007 | 128 | 43
126.| Polliwagon 81 | 260 | 48" | 90 | seo | 1100 |1667| 38 | 700 | 540 | 31107 | 200 | 25
127.| Quickie 18 | 168" 2757 | 240 | 280 | 126 | 49 | 360 | 240 |7.6x708 | 089 | 13
Quickie Alrgraft . ;
128. oo coration 02 | 64 | 168 67 | 475 | 1000 | 180 | 64 | 800 | 525 |3.2x107 [ 128 | 1.8
128 uten 220 | 202" | g9 | 1223 | 1610 | 2000 | 21a%| 25 [ 1600 | 1200 [13x108 | 127 | a8
ﬁ i L)
130.f Ealeo F8.L 160 | 26'3 1075 | 1212 | 1808 | 212 | 62 [1140 | 596 | 8.1x107 | 081 | 25
131.f ghompsen 55 | 24° & | 400 | 350 | 550 | 45 | 30 | 500 | 200 | 1.1x10% | 18 |88,
Thompson . 7
132.| piatol Hurtant 6 | 23 75 | 688 | 1200 | 120 [ 70 | 600 | 512 | 1.7x107 | 060 | 55
133, E;"; 150 | 23" 58" | 110 | 890 | 1500 | 202 | 48 | 1650 | 610 |6.1x107 | .156 | 27
134, pira 150 | 24° 116 | 100 | 1500 | 175 | 50 500 | 4.6 x 107 4
“jki-l'lg r T L T 20
136.) o 45 | 22 a4 | 97 | 580 | 1075 | 150 800 | 485 |2.4x10
Watzon GW-1 . e 6
136.) Windwagan 30 | 18 #2"| 54 | 213 | 485 |135 | 45 | a50 | 212 |88x10% | 064 | 18
137. T&[‘:‘“""’” 185 | 28° 39" | 168 | 160 | 380 | 50 | 18 | 60D | 220 |9.5x10° | 138 {217
% — 6,000 ft 1 — 75% Power, B500 ft #f— 70% Power {Added in Revised Printing, 1381}
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Abbreviations, 143
Absolute ceiling, 8591
Advance ratio, 135
Airfoil, 16, 177-181
Airspeed, for best climb angle, 81
cruise, 82-84
for best rate-ofclimb, 81
maximum, 27-30, 80
stall, 16
Altitude effects, 8591
Angle of attack, 180-181
Aspect ratio, 21-24
Atmosphere, 85, 165-168
BASIC, 159
Bernoulli's equation, 132, 177
Boundary layer, 170-171
Brake horsepower, 17-28, 49-65
Ceiling, 8591
Cessna 172, 105-108
Chord, 21-24
Circular cylinder, 172-173
Climb angle, 81, 130
Component drag, 169-175
I.Ccrm;:mttﬂ.rr program, 159
Crawdad, 108-114
Critical Reynolds number, 170-173
Cruise speed, 82-84
Cubic equation, 134, 187
Delta wing, 22, 166-167
Density altitude, 8591, 155-158
Density ratio, 185-186
Design procedure, 5-8

Dimensiontess airspeed, 75-79, 127, 134

Drag analysis, 169-175

INDEX

Drag area, 27-37, 169-1756

Drag bucket, 167, 179

Drag coefficient, 121

Drag effects, 93-94

Dynamic pressure, 121

Effective aspect ratio, 21-24, 65-68, 124

Effective chord, 21-24, 4547, 125

Effective span, 21-26, 43-44, 126

Effective span loading, 25-26, 33-37, 126-127

Efficiency factor, airplane {e}, 165-168
wing {EWL 166

Elliptical wing, 21-24, 166

Equation of state, 185186

F laps, 93-94

Flow chart, 4

FORTRAN computer program, 159-163

Frontal area, 169

Fuselage, 165-168, 174

Gas constant, 185

Glide angle, 69, 120-122, 128

Gossamer Albatross, 99-102

Gossamer Condor, 99-102

Ground effect, 21, 168

Hang glider pilot, 173

Hang glider, powered, 102-105

Brake horsepower, 49-55, 133-137

Ideal rate-of-climb, 49-50, 75-81

Induced drag, 123-124, 165-168

Kinetic energy parameter, wv?nax, 115-117

Laminar boundary layer, 170-171

Lift coefficient, 120

Lift coefficient for minimum sink, 45-47
65-68, 125

Lift slope, 166, 181



Logarithmic graph paper, 75

Mach number, 57-59, 138

Man-powered aircraft, 99-102

Mass flow rate, 132

Maximum level flight speed, 27-30, BO

Maximum lift coefficient 15-18, 180

Maximum lift-to-drag (L/D} ratio, 43-44, 61-70, 128

Minimum drag, 33-37, 69-70, 128

Minimum power required for level flight, 33-41,
129

Minimum sink rate, 39-41, 61-63, 122, 125-127

NACA, 177-181

Nomogram 13, 149-151

Normally aspirated engine, 85-91

Performance data, 115-117

Performance rating parameter, Fp, 115-117

Performance relations, 138-139

Power-altitude factor, 85-86

Power coefficient, 135

Power effects, 96-98

Power setting, 82-83

Pressure, 185-186

Propeller, 51-69, 131-138

Propeller diameter, 51-59, 133, 135

Propelier disk area, 132-133

Propeller efficiency, 76-79, 132-134, 187

Propeller rotational speed, 57-59, 135, 138

Quicksilver, 102-105

Range, 82-84

Rate-of-climb, 75-81, 87-98

Rectangular wing, 21-24, 166

Relation (1), 15-18, 121

Relation(2), 19-20, 121

Relation (3), 21-24

Relation (3), 25-26, 126

Relation (5), 27-30

Relation (8), 31-32, 125, 169

Relation (7), 33-37, 126, 128-129

Relation (8), 39-41, 129
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Relation(9), 43-44, 128

Relation (0) , 4547, 125

Relation (17) , 48-50

Relation (12) , 51-55, 134, 136-137
Relation (13) , 67-59, 138

Relation @ ,61-63

Relation (5) , 6568, 125, 128

Relation @ ,B69-70

Reynolds number, 178-179, 183-184
Section moment coefficient, 179

Service, ceiling, 90-91

Sink rate, 39-41, 61-63, 75-80

Span, 21-26

Specific fuel consumption, 84

Speed of sound, 67, 138

Stall analysis, 16

Static thrust, 51-bb, 136-137
Streamlining, 93-94

Struts, 172-173

Template 75-79

Thickness ratio, 172

Thorp T-18 Tiger, 8-11

Thrust horsepower, 27-30, 33-41, 129-130
Transitional boundary layer, 170-171
Transitional Reynolds number, 170-171, 184
Turbocharged engine, 8591

Turbulent boundary layer, 170-171
Twin-engined aircraft, 96-97

Units 153-154

Useful load, 115

Viscosity, 183

Weight, 19-20, 25-26, 3941, 49-50, 120-122
Weight effects, 92-93

Wetted area, 169, 174

Wing area, 19-24

Wing efficiency factor, By 166

Wing loading, 15-20, 121

Wires, 172-173

Zero-lift drag coefficient, 31-32, 65-68, 123-124



“The fundamentals of aerodynamics are simple and are easy to apply in aircraft design, vet in most texts
the design pracedure is complicated and the fundamentals are obscured.

In this unusual and valuable book, the key aerodynamic relationships are clarified with easy-to-use and
easy-to-understand nomograms, As a result, the reader can immediately make valid performance calcula-
tions for his new design, and see the consequences of changing design features. He can gain confidence
that the method works by following through the sample calculations of existing designs given in the text.
If he wants to study the full theoretical backup, that is also available,

This will deservedly be a widely used book.”

Paul MacCready

President, Aerovironment |ne.
Developer of the Gossamer Condor
and Gossamer Albatross

In A Practical Guide to Airplane Performance and Design, author Donald R. Crawford leads you through
the procedure of designing your own aircraft, using novel techniques that eliminate tedious calculations.
Using a unique nomogram and a plastic template, you will be able quickly to predict the performance of
any unpowered or propeller-driven aircraft of total weight from 200 to 4000 pounds. The procedure is
illustrated through the detailed sample calculation of the performance of the Thorp 7-18, a popular home-
built aircraft. Additional examples are presented for four widely different aircraft ranging from the man-
powered Gossamer Albatross to the Cessna 772, Technigues for making rapid parametric studies of the
effects of weight, drag area, wing span, engine horsepower, propeller diameter, and altitude are described,
including a discussion of “ground effect’’, service and absolute ceilings, power setting, and range. Additional
topics include methods of drag analysis, airfoil selection, and Reynolds number calculation, as well as a
description of low speed aerodynamics and simplified propeller theory. A computer program is presented
as an alternative method of carrying out the analysis for those with access to a digital computer. A Practi-
cal Guide to Airplane Performance and Design will be an invaluable aid to professional, student, and

amateur designers alike.

Crawford Aviation
P. 0. Box 1262 « Torrance, California 90505
{213} 3759227

ISEN 0-9603934-0-4
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ICAO STANDARD ATMOSPHERE

i SPEED OF srabmallc
ALTITUDE DENSITY PRESSURE TFMPFR TEMPERATURE SO VISCOSITY
Ft RATIO SQR RT(qg) RATIO ATURE RATIO 2 ¥

q 8 °F 8 KNOTS FT2 SEC
0 1.0000 1.0000 1.0000 59.00 1.00:00 661.7 000158
1000 08711 0.9854 0.9644 5543 09931 639.3 000161
2000 0.9428 0.9710 0.9298 51.87 09862 6372 000165
3000 0.5151 0.9366 0.8962 48.30 0.9794 654.9 000169
4000 0.8881 05422 0.8637 44.74 D.9723 632.6 000174
S000 0.8617 0.9285 0.8320 4117 0.9630 030.5 L00178
6000 0.8359 098143 0.8014 37.60 09587 479 000182
7000 0.8106 0.9004 0.7716 3404 009519 6436 000187
8000 0.7860 0.8866 0.7428 047 0.0430 643.3 000192
9000 0.7620 0.8729 0.7148 26.90 0.9381 640.9 000197
10000 0.7383 0.8393 0.6877 2334 09312 638.6 000202
15000 0.6292 0.7932 0.5643 351 0.8969 626.7 000229
20000 05328 0.7299 0.4395 -12.32 0.8625 614.6 000262
25000 0.4481 0.6694 03711 -30.15 0.8281 602.2 000302
30000 03741 06117 0.2970 -17.98 0.7937 589.5 000349
35000 03009 0.3367 0.2355 -63.82 0.7594 376.6 000405
* 36089 0.2971 0.343 02234 -60.70 0.7519 373.8 000419
40000 02462 0.4962 0.1851 -69.70 0.7519 573.8 000306
45000 0.1936 0.4400 0.1435 -69.70 0.7519 373.8 000643
50000 0.1322 0.3902 0.1145 -69.70 7319 5738 0008 18
55000 0.1197 0.3460 0.0900 -69.70 0.7519 373.8 001040
60000 0.0941 0.3068 0.0708 -69.70 0.7519 573.8 001323
65000 0.0740 02721 0.0557 -69.70 0.7519 573.8 001682
70000 0.0382 02413 0.0438 -69.70 0.7519 373.8 002139
75000 0.0458 02140 0.0344 -69.70 0.7519 373.8 002721
80000 0.0560 0.1897 0.0271 -69.70 0.7319 3738 003460
85000 0.0280 0.1673 0.0215 -6+.80 0.7613 5774 004499
20000 0.0217 0.1472 0.0168 -36.37 0.7772 5834 00391
95000 0.0169 0.1299 0.0134 -48 34 0.7931 5893 00772
100000 0.0132 0.1149 0.0107 -40.11 0.8089 5952 01004

* GEOPOTENTIAL OF THE TROPOPALUSE
Standard Altitude Table



HC [ 5] ']
1 [ '
{feet) f-ﬂfFaSLJ {TafTaSL] {pfaSL]
. 1.0000 1.0000 L., 0GQ00
100, 0.9964 0.9993 - .9971
2003, 0.9928 0.949860 1,9942
30q, ¢.5892 0,997% 0.9913
s00., 0. 9856 0.9972 0.9883
300. 0.0821 0.9966 1.9855
600. 0.9785 0.9959 0.9826 FIGURE 10.
700. 0.,9750 0.9852 0.9797
Bo0. 0.59714 0.9945 0.9768
400. 0.9679 0.94938 0.9739 PAHTIAL TABLE
1000. 0.9644 0.9931 0.971] U.S. STANDARD ATMOSPHERE
1100, 0,609 0.9924 0.9682
1200. 0,47 54 0.9917 0.9654
1300. .9539 0.9911 0.9625
l400. 0.93504 0.9904 0.9597
1500. 0.9470 0.9897 n,9368
1600. 0.9455 0.9890 0.9540
1700. 0.940L 0.9883 0.9512
1800. 0.93R6 0.9876 0.9%84
14900, 0.9332 0, 9869 0.9456
2000, 0.9258 00,9842 0.9428
2100, 0.3264 0.9856 0.9400
2200. 0.9230 0.9849 0.9372
2300, 0.9196 0,95842 0.9344
2400, 0.9163 0.9835 0.2316
;ggg* gzégi g'ggif g‘gi:? Hote: For theose whe have sclentifie
Z?DD+ D.QGEE 0.961& D+9233 calenlators or home computers,
2300: U:QDEQ D:QEG? nZgzoa the following equations may be
2900, 0.0996 0.9801 0.8179 used:
3000, .B962 0.9794 0.9151 B=1-EK R
3100, 0,89249 0.9787 0.9124 1 ¢
3200, 0.858%6 0.9780 0.9097 where
3300. 0.8564 0.9773 0,069
3400, 0.88351 0.97466 0,0042 -6
3500, 0.8738 0.9759 0,9015 Ky = 6.87535 x 10
3600. 0.8766 0.9752 0.8938 §=1(1 -FK H }5.2551
3700, 00,8733 0.9748 0.8961 1 e
1800, 0.8701 0.9739 0.8934
3900, 0.8669 0.9732 0.8908 o= (1 -k n)+298l
4000. 0.8637 0.9725 0.8881 1 e
4100 0.8605 0.9718 0,.8B54
4200 0.8573 0.9711 0.B828 Explanation of Greek Charactera
4300. 0.8541 0.9704 0.,BE0]L
&400. 0,.8508 0.a6497 0.8774 Engineers find it very convenient
4500, 0.8477 0.9691 0.8748 te use another alphabet to deseribe
4600 0.8446 0.96B4 0.B722 numetlical relations or functions. In
L700. 0.8414 0.9677 0.B605 this case the following Greek characters
4800. 0.8383 0.9670 0.8669 are uged:
4900, 0.8352 (1.9663 0.8643
5000. 0.8320 0.9656 0.8617 8 "delta"” (lower case)
5100, 0.8289 0.9649 0.8591 UVsed to deseribe the vatio of ambilent
5200, 0.8258 0. 9642 0.B565 atmogspheric preasure to standard sea
53001, 0,8227 0.9636 0.8530 level atmospheric pressure,
3400, ¢.5197 0.9629 0,8513
5500, 0.8166 0,9622 0,8487 f “delta" (upper case}
5600. 0.8135 0D.9615 0.8461 Used as a prefix to indicate that the
5700, 0.8105 0,9608 0,5435 number is a small increment of the
SB00. 0.8074 0. 9601 0.8410 base quantity,
5900, 0.8044 0.9594 0,8384
/000 . 0.8014 0.9587 0.8359 o "aigma" (lower case)
T000. 0.7716 0.9519 0.8106 Used to describe the rtatio of ambient
8000, 0.7428 0.9450 0.7860 gir density to standard sea level air
S000. 0.7148 0,83E1 b.7620 density.
10000. 0.6877 0.9312 0,7385
11g00, 0.6614 0.9244 0.7155 2] "theta" {(lower case}
12000, 0.&8360 0.,9175 0.6932 Used to describe the ratio of ambient
13000. 0.6113 0.9106 0.6713 alt temperature teo standard sea level
14000, 0.5874 0.8037 0.6500 alr temperatvre (@ Kelvin).
15060, 0.5643 0.,B969 0,.6292
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Appendix B

(information not in the original book)

Aviation Math Symbols
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pstan,  cquivalent airspeed at the stall

design cruising speed

design dive speed

indicated airspeed

positive load factor stall speed
negative load factor stall speed

(a) wind speed
(b) the wave speed in a given fluid

work done by a force

(a) a characteristic dimension (often the length of a
bounding surface in fluid flow)

(b) a location along the chord line of an airfoil,
measured from the leading edge and
expressed in fractions of the chord length

(c) distance from the ac of the front wing to the
airplane’s cg

distance from the ac of the front wing to the point
where the aircraft has neutral stability
(the neutral point)

a location perpendicular to the chord line of an airfoil,
measured from the chord line and in fractions of
the chord length (used in specifying the coord-
inates of an airfoil, + for the upper surface, - for
the lower surface)
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m o= e oo =l 1o

E;.EH-Q-::’ﬁG"EIHDd‘ﬂ{-g =

angle
Beta
(3amtna
Delta
Epzileon
fela
Ets
Thera
Ioka

change or press/ratic

temp/ratic

Kappa

Lambkda

KM

I

#i

Omicron

Fi 3.141

Rho  density

Sigma densikty/ratio
Tau

Upsilon

Fhi
Chi
Pai
Dmedga

trig angle, i.e. =in, cos

angle
degras
approximate

= les=z than or squal
= more than or egual
e plus or minus
on infinity
¥ ELm
0 = (°F-32) * 5/9
*F = [(®C * 5/9) 4+ 32
R = “F + 440
°K = °C + 273
£t/ min = mph * 88
ft/=ec = kt * 1,£9
o fsea = mph * 1.47
kt = mph * 0,87
kt = s
1.59
mph = kt * 1.15
Note: unit of measure may be in subscript.
For example, a distance (X)) may be given as
g or ¥,
a = acceleration
AC = asrodyvnamic center
AR = wing aspect ratic (no dim)
b = wing span
< = chord
ep = poefficient of force (no dim)
T3 = center of gravicy
&h = coefficient of 1lift (no dim)
O nase = max Ty (no dim)

d = di=tance
D = drag
Dpin = minimum drag
D; = inducsd drag
D, = parazite drag
D, = total drag
EAS = sguivalent air speed
F = force
Fo. = braking force
Frp = fricticn
f = feest
ft/m = feet per minube
fc/ = feet per saecond
¢ = gravicy - 32.2(ftc/s?)
H = head (total pressure)
h = heighc
hpp = horze power
IS = indicated air speed
k = Cconstant
Kz = kinetic energy
£ = knot
L = 1lift
L/D = lift to drag ratio {no dim)
Lo Dha = max lifc/drag ratiao (no dim)
o = mass
MAD = mean aerodynamic chord
mph = mile per hour
i) = welght on wheels
by = efficiency
ne = prapulsive efficiency
B = alr densicvi{zlugs)
By, = power available
Fg = potential energy
Pr = power regquired
q = dynamic pressurs
EWM = repold numbalr
ROC = rate of olimb
= = zurface area
sl = alug
8L = ==a lewvel
T = thrust (lk}
t = Lims
T, = thrust available
TAE = trus air speed
Tg = Ltotal senergy
T = Lhrust regquired
1 = friction cosfficient (no dim)
WV = velocity
Ve = velocity at ztall
Wy = wvelocity best angle
Vy = wveloccilty best ROC
0} = weight
X = distance or unknawn
b = he=ight or unknown
5 _ L)
Py (hg)
TDE‘L
B = o
a
O = 5*E|=i*TEI



a* V2 (kis)
293

F(ib)
W (1B)/32.2(g)

a(fps?) =

F(lb)
m(sg)

Vit () + V0" ()
2% d( ft)

322(8) .1y
= e Ew TRy — DY — F(Th
0 16y D) - F ()]
ap . Span__ span®

- Cho"d(meﬁn] N ared

CAS = IAS & AV'chart”

) L(h)
1/2% p(sg) =V (fps)* S(E)

205 % v(lb)
o * V' (k) S(f)

d({ft) = V,. (fp=) * tis]

- Fsm":{fib‘g}-i_lz;nd(}rps} + t{g)
2 - L
[V e (f5) & wind( fps)]
Aeareors (£} = ]
2%al fps”)
w, ) |’
- . w2V
Gz sakeors (£8) = dy 1 (1) {W;(fb)]
a, :
d1 takeaif {ﬁ)*ligzl
o ery o Ve Up)Ewind ()]
2% a( fps}*)
W, (Ib)
_ E- I
4 rana (£ = ) . (D) [i—Vl{Ib)]
nd(fps) |
Cd, (|1 imAUES)
_Lana (f) |: E‘Jl_,’fmﬂ' {ﬁ)ﬂ)

dl _lamel (* [ﬂ:|
.

2

D (1b) = Wrplalt)*V (fps)*S(EL?) *Cy
Dipi, = drag induced at (L/Dimax(lk}

S ¥

DF - J.I‘_’:Ilmm E VE
2 P
o2

D = D'T-'“ e K..l...
2 V.

EAS = CRE + AV'chart

F, =u * N

T(IbY =1/ (Jt)
B 325
. _ W(b)

mizg) = —32(“@3)

v, (fpas) - | 2+ Wb

VC o * Plalt)* S(fi%)

) 1
TAS = EAS * density = Pus|—
(4]

Vieyg ( fPE} o ——

Vorex = 2Fa(fps?)Ed(f)

o [2o5*wany
peie C. *xo*3(fi1)

S(££?) = W, (U6)* L, (71)
i, (1) +1, (Ib)
o) - L)
al fps®)
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(5) Hyp alt (3)

Y e
haiEﬂH

hl.'p = '\fm = aH = ﬂk

sin Ze cos £h

base base

= =

cos L sin £ h

alt = +Jloyp’ +bas® = bas

tan Za
bas
= = h}fp * Ein i’D’.
tan Zbh
b h * Cog Ao ai
tan “h

alt * tan Zb = hyp * cos Za

hyp * z2ine Zb

|

alt
Tan ¢ = —

has
La =390 - b
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Ba*V, = Ba*V = By*V,
FEep
g, = % * P *v? _ N (kts)
295
H = Py + q1
A=V (It
vatkey = AU G)
Ay (f17)
@ = o=l _(k:s}
295
Er = H - 4@
: e
ﬂq{ftz} = Az(ﬁ ) Iz{k”
v, (k1)
@ = O (hts)
295
Pz = H - Iy
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No. 14

AERONAUTICAL EQUATIONS

The follwwing is o bisl of somoe impoertonl acronautiesl equalions. We have selecled o number of basic formu.
Iag which the homebuilder may hove peod e wse. We bove modiliod hese oguations so el they can bo
used with familiar terms. For example, ¥ is in miles per hour rather than feel per second which s come
monly used in engipeering. Wach formula is given wilh a general deseriplion and possible use.,

L=C,eo ¥
391

1—This ig the general equation used for delermin-
ing the amount of 1ift that a wing or surface may
produce, The HEL coellicicni (C,) is nbtained from
wind {unnel charls on various airfoils. The sym.
bol = represents the density ratio of the air. For
zpa lewel this term is 1.0, For 10,000 foet Lhe
value is .738. V represenis the airerafl speed in
miles per hour and 8 is the wing area in square
feet, The same formula can be used for deter-
mining lhe drag of any surface by substituting
the lift coefficicnt for the drog coefficlent ()
For the drag of a wing the wing area iz also uszed.
In some technical reporls you may find a drag
cocificient based wpon the frontal area, The let
ter & is substituted Lor this frontal area,

M= Cm, «¥3C
KL

2—Thls equatlon gives ihe homebuilder the pilehing
moment about the wing's aercdynamic center. It
i5 similar to the above equation but the term C
is added which represents the average chord of
the wing, The chard of the wing must be o
pressed in fect and the resulk will be Lhe pitching
moment in oot pounds.

_ v
Pll. = ﬁﬁ
3—This [5 a very useful eguation deseribing the
(Py) power requited (in horsepower), If you
know the drag {in pounds) and the speed (miles
per hour). This equation can be used In roverse;
if you know the power required at a ceriain
specd you can defermine the tofal drog. It is
also inlevesting Lo nole thal if V = 375 miles
per howr, one pound of deag requires ane horse-
power., Since drag always equals thrust, otie
horsepower at this speed produces one pound of
theust, A jet engine, for example, producing 1060
pounds of thrust al 375 miles per hour equals
exactly 100 horsepewer, The faster you go. one
pound of thrust is grealer than one horsepower,
or the slower you go, it is less than one horse-
power,

This is a pald adverliserment, caniribuled hy Bede
Alrcraft, Inc., designers of {ha” BD-4 homebuilt.

EHF = P
L)
4—This cyualion takes into account propeller efficl
ency. The term BIP represents brake horse-
power, It is the hersepower that the engine pro-
duces or the horsepower of the crankshafl, The
term (Py) Is power requived by the alrplanc.
The term + is propeller efficieney and is approxi-
mately B0 o B35 Due to propeller losses the
engine must produce more power o equal (Pp)
power Tequired.
RAC = 3320[}0#:.. HP)
3—This is the formula for determining the rafe of
climb of any aiverafl, The term (A HP) repre-
sonts the exeess power available. In other words,
when an alrplane is flving along in level flight
it reguires a certain amount of heesepower.
When the pilot pushes the threftle in and pro-
tfuces more power out of the engine, the air-
craft will aulomalically begin to elimb if the
airspeed i5 held consianl, The extra hersepower
or (A HP) is what produces the rate of climb.
The lerm W is the aiverall [ying weight in
pounds. By using this formula the rate of ¢limb
comes oul in feet per minute, A homcbuilder
may use this equatlion in reverse by measuring
the rale of climb of his aircraft at [ull throltle
for a given airspeed. If you know the weight of
Lhe aircraft st Lhis tine you can ealculate {by
using the formuola) the exeess harsepower avail-
able (A HP). Therefore, with the maximum en-
gine horsepower known, and multiplying this by
propeller efficiency, you will obtain maximum
power available. Now By subtracting the (A HP)
from this term you end up wilh the power re
quired for level flight of that airplane at that
specifie specd.

At = b = it
e §

G—This is Lthe formula vsed Lo delerming the aspect
ratin of a wing. The letter (h) equals wing span
in feel. The letler {¢) equals the mean aerody-
mamic chord. Somelimes the mean acrodvnamie
chord is nol known, =0 Lthe second lerm can bp
used and this is dividing wing area inte the span
seuared,

BEDE AIRCRAFT, INC.

# 355 Richmond Reod #* Clevelond, Ohio 44143

Phone: (216) 731-6474

E6 SEPFTEMBER 1571




Sredacrporpess lormuias useiul in
soiving uniform motion problemns

Legend
¥ velocity ¥, final velocity S dislance
¥, initial velocily Ve average velocity { lLime
Ghren Yo nd Suooested formulas
v, o+ ¥
Vo Vs s s- (L),
- i~ Vi
T s ; 5!%‘;—1
ml
Foag 5 = F"lr+—z—
Ky &= F
T F! Var pl'& I 2 2
5
ri.ll..-f FI F|= F-: - af
F,_l,s Pl l'r|= F'iz"“'hs
_¥ w
Sax ¥, V;-—T*-—E'“
Vot ¥ =k o
V-L.H'.S Va F?I! uw+ E
25
oSt [ V:ET"' ¥
)
NN LEYS
Va5 | = s = :
¥, — ¥,
. Vo : re——
-V
Wy Ut a o= =
-
V¥ S a a= ‘?H -
]
Yio 81! a T

a acceleration



Impact ¢ force (1g = weight of object)

64

\ Equiv.
52 Speed free fall
\ \ mph fps height ,ft
80 117 213
v 60 88 120
20 25 '3
44 10 i5 3.4
g

40 \
36

\ "\ 80 mph impact
8 '\ \ speed

24 \ "\

ﬁﬂmpﬂ L
20
18.59'\ "“w\
16 \ 40 mph o i
12 A T~
8 20 mph T
.l-‘-'""""--...l.____
4 10mph ""*--...,_,______
O
0 1 2 3 4 5 & 7 8 9 10 11 12 13

Stopping distance, ft

Stopping distance. aﬁci impact
speed vs. impact g force devel-
oped (uniform deceleration).



Appendix C

(information not in the original book)

Design Notes
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DRAG and POWER

The loHowing lable sts vaiious shapes and Dheir drag coeflicient. The pounds of drag Lhal this shape produces at 150 miles
por hour, the power reguired to pull this shape thru the air at this speed is also listed. For 8025 efficient propefler the amount
ol power requircd far the engine lo overcome this drag is alsa given. It can lF.'.EEiI}l Be seen that a small one inch diameler rodd
praduces more than iwice as much drag as a streamline airfoil with a four foot chord, To get high Speed oul of an aircraft it
is of the wimosl impartance lo maintain streamline shapes on all exposed surfaces, or be forced to wuse brute powar.

Shape (Inches}) | C,, Frontal Area | Drag Lbs, HP,, SHP
Ft.2 @ 150 mph
— o |12 0833 5.73 2.29 2.86
= [I____'.} E 1.4 083z 6.71 .68 3.35
—:\t;l j 70 0833 3.35 1.34 1.67
Ced
1)
. - L
— J; 50 833 2,39 A5 1.20
L— L -II r
- 1
—_ A 20 66 1.91 i} B
LT
"
i ‘»l_____;;-] 010 4.0 2.30 B2 115
— t:;.'_‘_::}—i 006 4.0 1.38 55 .58
WALA §S; OVF
{:H::\H ns
P % 20 2.35 27.06 10,82 13.52
2 CEFSMA PTPE SIRLES
T
— @)___T 669 86 33.10 13.24 16.55
WD FH  FIRE § WHEEL
BEAC DN _{
— [O1= 55 .06 1.89 76 95
.
D=Cy8e¢ V2 D = Drag, pounds
391 Cp = Drag Coefficient
B 8 = Plan form areca or frontal area
HPy = E-E- ¢ = Density ratio
375 Densily at Alt,
SHP = HPy, Density at S.L,

V = Air speed, miles per hour
NPy, = Horse power required
SHF = Shaft horse power, power produced by engine

n

HOTE: All arcas Hsted are for frontal area except for the two airfoil
sections where Lhe area is delermingd by plan form. The
values given above are for the 12" span except for tha last
threa.

This i= a paid adverlisemant, contribuled by Bade
Alreraft, Inc., designers of the BD.4 homebuiit.

BEDE AIRCRAFT, INC.

®* 355 Richmond Rogd #  Cleveland, Ohio 94143

Fhone: (216) 731-5474
- J




8

FIGURE 3-8 LS C

The effect of horizontal loca-
tion upon rudder response
during spin recovery. {(a} An
early type of rudder design
subject to blanketing by the
horizontal tail. (b) Horizontal
tail location for improved rud-
der effectiveness during spin
recovery. (¢} Rudder extended
below the horizontal tail for in-
creased effectiveness during
spin recovery. {d) Bonanza-
type V-tail design provides
fully effective tail surfaces dur-
ing spin recovery {inverted V
tail is similar). (e) The T-tail
configuration has the fin and _‘-__’_____.-———"‘
rudder completely effective

with no blanketing. il fel

fal firt el

FIGURE 3-3 ;
The use of controlled, pro-
gressive wing stall to provide :

stall warning through tail huf- Wing r:rn'rs.fnll—//

feting. Flaps-up condition. (a) begins Forward and
R t - . Fward an
oot stall begins and weak tur autboard

bulence flows over the hori-
zontal tail (about 10 to 12°
ACA). (B) Wing stall is well ad-
vanced with strong turbulent
flow preducing tail buffeting.
Mote ailerons still effective
(about T4 to 15 ADA). fal -0



Bede Design _ No. 26 )

The chart shows the difference of lift coefficient for a conventional single engine propeller driven
aircraft as compared to the lift coefficient measured from the wing from a strain gauge. Curve 1 is a
plot of the aireraft lift coefficient at full power elimb condition. Line 2 iz the lift coefficient at O
thrust. Line 3 would be the lift coefficient if the total lift was generated purely from the wing panels.
When the total lift coefficient equals 1.0 on the vertical scale the lift coefficient measured by the
strain gauges was only 8. Therefore, additional lift was being penerated by the propeller and its
slip stream as well as the fuselage. At the same total lift coefficient power off, line 2 crosses a CL of
1.0 when the strain gauge measurement reads only 92, At this point the difference between curve 1
and 2 represents the eflfect due to power and the difference between line 2 and 3 represents the lift
due to the fuselage.

124

//
1.0
81

O

OB-_
T
0
T
A 44
L
21
0 : 4 4 : .’ {
D -Z -4 tE !3 I-Q |.2 In“

Q. WING=STRAIN GAGED

This i5 a paid advertisement. contriputed by Bede
Aircrailt, Inc., designers of the BD-4 homebuill,

/) BEDE AIRCRAFT, INC.
. # 355 Richmond FRood * Clevelend, Ohio 44143

Phone: (2160 731-6474
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entlre wing stall at one thme. This rasulis 0 a total los o

Bede Design

STALL PATTERNS

The manner {n which 2 wing stalls 1s very Important for safely, |11 undasiranie to harn the wing tipe stall first becnuse this results
in & losz of alleron control, also IF one wing stalls first 1§ Frndutrzs a rapld rell In that directlon, It 15 also undesirable 1o have he

)

No.12

Hift which causes a rapid pltch ovér and requires excesshva altitude to

recover, The most ideal 5 to have the statl inltlate at the root section or near the Tuselage and gradually move out toward the tip

with Increasing anglé of attack, The plan form of

eXamples:

Wil

SHARF EDGE

TYPE

1-stralght wing
Mo twist
Simllar to J-3 Cub

Z-Brask along leading edga
o bwist

J-Break In Ivading adge
writh large twist of tp
sactlon
Ceszna type

A-Tapered wing
Mo twist

5-Tapercd wing with twist

G-5tralght wing with .
leading cdpo s1ol at tip
section

F=Stralght wing with siall
sirip on leading edge

B-5Stralght wing with sharp
edge alona tho fuselage
B34 type

g-Straight wing with leading
edod sweep near Tuselage
Yankoo {ypo

1-5tralghtt wing leading edge
swapl back near root
Wittman Tallwind type

11-Tapered wing thick airfall
at tip thinner section at
rosk

oD-5 type

ADVANTAGES
faax imum 1t up to stall
Mo advarse drag in cruise

Marme

Partial wing stall
Alleron control in stalt

Structure advantages for
main spar

Falr stall pattern

Good stall pattarn

Gaod allergn cantrol

Good stall pattern

Ginod stall pattarn

Good stall pattarn

Good stall pallarn al
root section

Exeellent stall pattern
Mo adversa drag |n crujse
Gaood lIft distribution

the wing ha: a great effect on the stall pettern, The fallowing are some

DISADVANTAGES

Entire wing stalls at one Hme
Excassive altitude for rcovery
Mo alleron contral

Stall oecwrs whers Bropk
leading adgs
Causes loss of alleron control

L ow maximum |t of wing
Excessiva drag In crufsa

Tip section stalls flrst
becauss of smaller Reynolds
number and thinner alifall
Mo alleron control
Rofis In stall

Wing does not generale
max fmum It

Excassihve drag at crulse
due Lo twist

Imcreates drag at eruise

Para complicated and coslky
ta bulld

Increase drag for crulse flight

Onaly can be wsed on high wing
eonfllguration

Mane

MNone

Mong

This is

a paid advertisement, contributed by Bede
Aireralt, ing, designers of the BD-4 homebujlt,

® 355 Richmond Rood *

BEDE AIRCRAFT, INC.

Phone: (216)

131-6474

Cleveland, Ohio 44143
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TAIL VOLUME

The primary function of the tail of an aircralt is lo add adequate stability to the aiveraft. The
horizontal tail and vertical tail, therelore, contribute to inducing horizontal stability and vertical
stability asccordingly, Attached to the tail surfaces, of course, are rmovable control surfaces known
as elevitor and rudder, These surfaces give the pilol conbrol in manervering the airerall Lo 2 position
as desived by the pilol. Generally speaking the tail surfaces are the only things contributing to
making the aireraft hove posilive sLability. The wings and fuselage of 3 normal aireraft generally
are destabilizing. The tail must be of proper design, therefore, to overcome these effects and add
to the total stability. In determining exactly how much stability the Lail will contribute, there is a
term  known as Tail Volume. The tail volume for a horizontal tail iz as  follows:
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For Lhe verlical tail volume the following formula should be used:
Syp Ly

5. (b

Vye=

Terms:

¥y = Horizontal tail volume

Vyp = Vertical tail volume

Syr = Horizonial tail arca

Sy = Vertieal tail aren

Lipr = Distance from 25% chord <f the M.AC, of The horizontal toil to 25% chord of Lthe M.AC. of Lhe wing.
lyr = Distance from 25% chord of the M.AC, of Lhe verlical tail to 23% chord of the M.A.C of the wing.
8. = Wing area

b = Wing span

M.A.C., = Mean acrodyonamic chord

What we can learn from these two terms is that piteh stability or direclional stability can be
directly effected in propartion to the Tail Volume, In other words, if the tail volume of an aircraft
is increased 50 percent the stability that the tail produces is increased 50 percent. Il we have an
aircraft with a given size wing area and mean aerodynamic chord the horizontal tail t'urmlula can be
increased Ly increasing the tail area andfor tail length. For aircraft with long wing spans,
it can be seen from the serond eguationm that, the vertieal Tail Volume would be reduced. The

following is a list of Tail Volumes for several light aircraft,

Ve Wy Vier Vo

Ereoupo .36 028 Ryan Mavion .62 036
Cessna 1404 A0 Rk Y Cessna 185 A4 Kiky
Aeronca 15 A o A3 -4 Nt AMS
Cessna 170 A T8 55 BD-54 15 84
BD-FHE i) 032

The pitch stability of any aircraft can be increased with more forward CG location of the aireraft.
An mircraft with a high Tail Velume ean, therefore, fly with adequate stability with a CG further
alt than an aireaflt with low Tail Velume A honebuilder can comparve the Tail Volume of
his aircraft with those listed above. The lower the herizontal Tail Volume ig, the further forward

your CG must be,

Thit is & pajd adverlitemenl, contributed by Beda
hircradt, Inc, designers of the BD-4 homcbuilt,

BEDE AIRCRAFT, INC.

355 Richmond Road ® Clevelond, Ohio 44143
Phone: (2161 T731-6474
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The followig lisk is a delailed breakdown of the weight of all ltems that make up a 1lght alrcrafi, We hove [nclueded the welght ol
each item for 3 Cessna 150 and 8@ BO-4, This table can be heipful to a designer In being sure that all items are accounted for in
preliminary weight estimates, The actual weight for 8 Cessna 150 and the BD-4 also glvas the designer a refative idea of the weight

,' of variouw; componcnts, The efaine far the Cessna 1650 i3 2 100 horsepower Cantinental with a fixed pitch prop. For the BO-4 it is
a LAD horsepowar Lycoming cnging with a constant specd prop,
d
i
5 WING CESSMA 150 BD-4 Solecior valve 0.6 0.6
fi Basic structure 73.5 81.0 Strainer and drain 1.0 1.0
I Wing tip 2.2 6.0 Engine primaer 0.3 0.2
i ACCRSS COVRTS o6 0.0 Engine controls 2.2 4.0
Falring and tillet 1.4 0.2 Starting syslem 160 16.0
Strut 8.9 0.0 Fropeller 19.0 S6.0
Aileron 19.4 3.5 Spinner and base 0.1 1.B
Flap .7 5.3 Attaching bolis 1.2 0.2
Wing attach bolts 1.8 1.0 Tatal 2681 1gs5.3
wing assambly [one side) 1ie. 7 ar.o INSTRUMENTS
Total 2ls4 134.0 Compass 0.6 0.6
EMPENNAGE Gauge panal {inel. all temp. & prissure
Horizontal stabilizer astermbly 17.3 3.0 and fuel gauges) 1.3 1.3
Elevator “9.H 0.0 Funal gquantity transmitters 0.6 0.6
DOorsal and fin assembly B.9 10.5 Alr spead Indlcator 0.8 0.8
Rudder 4.7 2.1 Pltot swstem 0.9 1.2
Misc, muts and Dol ls 1.0 .0 Tachonmwler and drive 1.3 1.3
Total 41,7 46,56 Altimeter .9 o5
FUSELAGE Stall warning horn & actuator 0.6 0.0
Basic structure 129.1 1580 Total . 7.0 6.7
Floorboards and seat pan 8.5 2.4 HYDRAULIC AND PNEUMATIC
Baggage shell 0.7 0.7 Master Cyllnders [2) 1.1 1.1
Instrument panel — Stationary 2.3 ~3 Hoses and lines 0.6 2.0
Instrusment panel — Shock mounted 0.8 .8 Mizc. fittings & attaching paris 0.5 0.5
Cabin daoar — teft 6.9 6.0 Parking brake 0.3 0.0
Cabin door — right 6.7 i M 4] Tatal 2.5 A6
Windows — side 2.0 2.0 ELECTRICAL
Windshield 5.4 8.0 Genaralor 10,2 16,6
Total 1G6G.4 1686.8 Battery 226 296
ALIGHTING GEMAR Ballery bux 1.5 1.5
Gear spring 48.8 250 Baktery contactor 1.1 1.1
Axlg, ret. nut, & attach balts & nuts 2.0 2.0 Battery cabtes 1.5 3.0
Wheaol, tire & brake disc. 216 21.8 Generator reguiator 1.6 1.6
Brake assambiy a8 ag Lwitches, rhenstat & cireuil breakers 0.6 0.6
Step 1.0 a.o wiring 1.2 1.0
lialm gear attach boils 1.8 3. Mavigatioan 0. 0.4
Mose gear assembly 19.4 12.0 Cranwe 0.2 0.2
Mase whool, tire, axle & bolt 9.7 B.0Q Total an.9 4 E.G
Steering 1.8 0.0 FURMISHINGS AND EQUIFMENT
Total 1021 718 Assist straps 0.3 0.0
SURFACE CONTROLS Seat cushlons 10,0 13.0
Controf wheel and tube 1.4 0.0 Seal back 9.1 170
E Control calumn 2.7 a0 Soeal belts 1.6 2.5
Rudder padals and shaflts 3.8 a.a Glove box and door 0.g 0.0
Flap handie assembly 1.4 1.0 Carpet 2.3 2.0
Elevator trim adj. assembly 0.5 0.3 Wiek platos [2) 0.5 1.0
Rudder 2.6 2.6 carpat — Baggage compariment {1 -] 0.0
Aileromn 7.2 2.0 Headflnar and attachlng wires 2.0 4.0
Elevator d.0 4.0 Cowl panels 1.7 0.0
Elevator trim 2.4 2.7 Instrumenl panel covers 0.8 .0
Flap 5,1 3.0 Door panels 2.2 4.4
I akal 30,5 23.4 Ash trays [2) o4 ood
MACELLE Shields — rear door post 1.1 aa
Cawl assembly 13.4 13.0 Haggage compartrment — trim & insulation 1.6 o.0
Engina mount 7.9 11.0 Baggage shell — removable 1.8 0.1
Engina mount balts, nuts, ate. 7.5 2.5 Insulation 2.8 2.8
Tolal 24.3 26.5 Sound deadener 1.7 1.7
PROPULSION Mige. attaching hardware 0.3 0.3
Basic angine 1o, 2 286.0 Total 42.6 52.3
Carburetor air box & scoop 2.5 2.0 HEATING
Adr Tifter 0.6 .G Heater valve and contral 1.0 1.0
Exhaust systam 104 12.0 Ajr ducts and clamps 0.7 a.7
Cooling systam 2.4 3.0 Shrouds 0.5 Q.6
Fuel tanks (2} 14.8 0.0 Fresh alr venls 1.2 ol-2
Plumbing and fusl lines 2.8 2.8 Total 3.3 3.5
This is a paid advertisement, contributed by Beds
AlreraM, Ing,, designers ol the BD-4 homebwilt.
BEDE AIRCRAFT, INC.
# 355 Richmond Rood #  Cleveland, Ohio 44143
Phore: (216} 731-6474 i
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Appendix D

(information not in the original book)

Graphs & Charts



2 Gycle by 2 Cycle Log-Log
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