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test _ ata. 
By Barnaby Wainf an 

he goal of an aerodynamic test 0 1· 

analysis is to define the funda
mental characteristics of a con

figuration. The raw results of aerody-
namic testing are dependent in part on 
the geometry of the configuration and 
partially on the dimensions of the test 
article. These dimensions include phys
ical size, airspeed, weight, ai1· density 
and others. This size dependence makes 
it difficult to compare the results of 
different tests on the basis of raw 
forces. If one wing produced 100 
pounds of lift when tested, and another 
produced 150 pounds, what does it 
mean? The difference could be because 
the airspeed was higher in one test, or 
that one wing was bigger than the other, 
or one wing had a higher-lift airfoil. 

Another problem arises because 
people use different systems of physi
cal units. In the United States, for 
example, we use slugs, pounds and feet 
as our units of mass, force and length 
respectively while most of the rest of 
the world uses kilograms, Newtons and 
meters. To avoid confusion over units, 
it would be desirable to put data in a 
form where the same number has the 
same meaning r·egardless of the sys
tem of physical units being used. A 
per·son working in the metr·ic system 
should get the same answer as someone 
working in English units. 

To be useful to the designer, the test 
data must not only give raw force; it 
n1ust describe the fundamental charac
teristics of the configuration. It should 
be equally applicable to a small wi11d 
tunnel model and a full-size airplane, 
pr·oviding a basis for applying test data 

1 to predict the characteristics of the real 
1 airplane, and making it possible to com

pare realistically the results of multiple 
tests. 

These concerns have led to the use 

• 

of nondin1ensional quantities, which 
have no units such as pounds or feet. It 
is independent of the physical dimen
sions of the object or phenomenon it 
describes. Through proper analysis of 
data, it is poss ible to put it in nondi
mensional terms, thus removing from 
the result the size and unit dependence 
that n1akes comparisons difficult. 

The most commonly known nondi
n1ensional quantities in aerodynamics 
are the force and moment coefficients. 

Lift Coefficient (CL) 
The lit·t coefficient is a measure of 

how much lift a given shape will gen
erate. It is determined by the geometry 
of the configuration (shape and angle of 
attack) and not by how big it is or the 
airspeed. We will use the lift coeffi
cie11t as an example of how nondimen
sional quantities are generated and used. 

Suppose we conduct a wind tunnel 
test of a n1odel of an airplane. When we 
are done, we know how much lift the 
n1odel gene1·ated at each angle of attack 
tested. We also know the dimensions of 
the model, the test airspeed, and the 
density of the air in the wind tunnel. 

For us in the U.S., the lift we have 
111easured has units of pounds force. 
This value of raw lift is a function of 
the size of the model, airspeed and air 
density as well as shape and angle of 
attack. We want to reduce this data to a 
table ot· Ii t·t coefficient versus angle of 
attack which is independent of size, 
ai1·speed a11d air density. 

Reference Area 
The fi r·st step in nondimensionaliz

ing the lift removes the influence ot· 
the size of the model. We convert the 
data into units of pounds of lift per 
squa1·e foot of lif'ting area by dividing 
the lift (in pounds) by the wing area 
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( in square feet), yielding a quantity 
with units of pounds per square foot. 

The wing area is called the refer
ence area for the lift coefficient. The 
proper definition of reference area is 
very important, and confusion in this 
area has caused many errors. It is pos
sible to use any area for a reference 
area and derive a lift coefficient. The 
potential problem arises when we try to 
use that data later on. For the data to be 
useful, we must know what the refer
ence area used to reduce the data was 
and how to derive an appropriate ref
erence area to use when applying the 
data to a model or an airplane of dif
ferent size. For this reason, reference 
area is almost ·always an area that is 
both easily measurable and clearly 
defined by the geometry of the air
plane. 

For most airplanes, the reference 
area for aerodynamic force coefficients 
is the wing area, which comprises the 
exposed area of the wing and the area 
of that portion of the wing that would 
be inside the fuselage if the leading 
and trailing edges were extrapolated 
to the airplane centerline. 

For complex wing planforms, peo
ple sometimes use a simplified geom
etry to define a reference area that is not 
the true wing area. While there is noth
ing fundamentally wrong with this pro
cedure, it does add an element of poten
tial confusion, and one must document 
carefully how the reference area is to be 
derived. Nonstandard reference areas 

can also make results mislead ing, as 
they ignore part of the wing area-and 
may thus ignore some important con
figuration effects on aerodynamics. 

Removing Airspeed 
Before our digression into the pit

falls of reference area, we had reduced 
our raw lift data to units of lift per unit 
area, thus making it independent of the 
physical size of the airplane. This seems 
to solve our size-dependence problem. 
As long as we know lift per square 
foot, all we do is multiply by wing area 
to get the lift. A remaining problem is 
that our lift per square foot applies only 
to one specific airspeed and air density. 

To remove the effects of airspeed 
and atmospheric conditions from data, 
we must divide lift per square foot by a 
quantity that characterizes the effects of 
both airspeed and air density on the 
aerodynamic forces generated by the 
model. 

The quantity we use is dynamic 
pressure and is symbolized in equa
tions by the letter Q. Dynamic pres
sure is a measure of the kinetic energy 
in the airstream and is directly related to 
how much force the airstream can exert 
on an object. 

If we allow the airflow to run into a 
wall that brings it to a halt, the pressure 
of the air rises as the kinetic energy of 
moving air is converted to potential 
energy in the form of increased pres
sure. The difference between the stag
nation pressure-which is the total 
pressure of the air at a stagnation point 
where the airstream is brought to a halt 
by an obstacle-and the static pres
sure-which is the pressure in the 
undisturbed free stream-is dynamic 
pressure. As dynamic pressure is a 

TABLE 1 

Quantity 
Lift 
Wing Area 
Airspeed 
Air Density 

English Unit 
Pounds Force 
Square Feet 
Feet/Second 
Slugs/Cubic Foot 

Metric Unit 
Newtons 
Square Meters 
Meters/Second 
Kilograms/Cubic Meter 

TABLE 2 

AIRCRAFT 
Indoor free flight airplane 
Typical light airplane at stall speed 
Typical light a irplane in cruise flight 
Subsonic airliner in cruise 

REYNOLDS NUMBER 
20,000 
2-3 MILLION 
4-8 MILLION 
30 MILLION 

measure of the ability of a air having 
a given density and airspeed to exert 
aerodynamic force on an object, it is 
the appropriate quantity to use in 
reducing our aerodynamic force data. 

Note that by dividing our original 
lift data by reference area, we came 
up with a quantity that had units of 
pounds per square foot (or Newtons 
per square meter in the metric sys
tem). Dynamic pressure also has units 
of force per unit area, so when we 
divide lift per unit area by dynamic 
pressure, the units in the numerator 
and denominator cancel, and we are 
left with a pure number with no phys
ical units. This number, called the lift 
coefficient, is nondimensional. It is 
the same for a given airplane shape 
and angle of attack regardless of the 
size of the airplane, the density of 
the air, or the airspeed. (This is not 
completely true because Mach num
ber and Reynolds number get into the 
picture, as we will see later, but to 
the first order it is correct.) 

The beauty of this is that the plot 
of l ift coefficient versus angle of 
attack lets us determine the lift of the 
airplane at any airspeed and for any 
size airplane or model of the same 
configuration. The data we took from 
our wind tunnel model can be applied 
directly to the full-size airplane, and 
the lift characteristics of different air
planes can be compared directly. The 
lift at a given angle of attack, air
speed and air density can be calcu
lated by multiplying the lift coeffi
cient at that angle of attack by the 
wing area and the dynamic pressure. 
Equations for all of these quantities 
follow: 

CL =L/(SQ) 

Where L = lift, S = wing ar~a, Q = 
dynamic pressure ( 1/2 Rho v- where 
V = airspeed and Rho= air density) . 

lt is essential that all of these quan
tities be measured in a consistept set 
of units. The proper units are shown 
in Table l. 

Drag Coefficient (C
0

) 

Drag data are reduced to coeffi
cient form the same way as lift data. 
For a complete airplane, the only dif-
1,: rence is that the aerodynamic force 
ll'e start with is drag instead of li ft. 
The reference area is still the wing 
area, and the dynamic pressure is the 
same. 
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For individual nonlifting compo

nents such as bodies, struts, and wheels, 
the reference area for the drag coeffi
cient is usually the frontal area of the 
component. This is another place where 
reference area can get a careless work
er into trouble. 

Suppose, for example, we want to 

determine the effect of a fixed landing 
gear wheel on the overall drag coeffi
cient of an airplane. There are test data 
available from several sources giving 
the drag coefficients of wheels. It 
appears simple to add the drag coeffi-

cient of the wheel to the drag coeffi
cient of the airplane. Unfortunately, 
the C0 of the wheel uses the frontal · 
area of the wheel as reference area 
while that of the airplane uses the wing 
area. Simply adding the two will pro
duce an incorrect result because they 
were nondimensionalized using differ- ' 
ent reference areas. 

Before we can add the C0 of the 
wheel to that of the airplane, we must 
convert it to the airplane reference area. 
This is done by multiplying by the old 
reference area (wheel frontal area) and 

Figure 1. The 
reference area for 
nondimensionalizing 
lift coefficient is 
the wing area, 
including the area 
inside the body. 

Figure 2. On 
airplanes with 
unusual planforms, 
a simplified 
equivalent wing 
reference area is 
used, which can 
lead to confusion. 

then dividing by the new reference area 
(in this case the airplane wing area). 
Once the C0 is based on the same ref
erence area as that of the airplane, the 
two can be added together. 

. ·itching-Moment Coefficient (CM) 
In addition to lift and drag, the 

airflow over the a irplane also pro
duce s pitching moment. Pitching 
moment is nondimensionalized the 
same way as lift and drag except for 
one difference. A moment has units of 
force times distance rather than sim
ply force, as is the case for lift and 
drag. We therefore need to divide the 
rnoment by a characteristic length as 
well as by reference area and dynam
ic pressure. The reference length used 
is the mean aerodynamic chord (MAC) 
of the wing. CM = M/(S Q C) 

Where M = pitching moment, and C 
= wing mean aerodynamic chord . 

,\ irflow-Related Quantities 
In addition to describing the forces 

on the airplane in a nondimensional 
fashion , we need to characterize the 
conditions in the free stream airflow. 
Dynamic pressure alone does not give 
enough information to ensure that we 
can match the flow conditions of a 
given test. 

There are two phenomena that 
affect the way air flows over an object 
and must be taken into account in all 

· aerodynamic measurements. The first 
is called compressibility. When air is 
flowing relatively slowly (well below 
the speed of sound), it behaves like it 
is incompressible. This means that 
the density of the a ir remains con
stant everywhere in the airstream 
regardless of the change in pressure. 
Strictly speaking, thi s is true only at 
zero airspeed, but compressibility 
effects are so small that they can be 
neglected at low speeds. 

At higher speeds, the air no longer 
behaves incompressibly, and the char
acter of the airflow starts to change. 
When airspeed exceeds the speed of 
sound, even locally, shock waves 
form, caus ing even more dramatic 
changes in aerodynamic forces . 

Measuring airspeed alone is not 
sufficient to take thi s into ' account 
properly. We also need to know how 
close to the speed of sound we are. 
The nondimensional parameter that 
tells us thi s is Mach number (M), 
which is the a irspeed divided by the 
speed of sound in the free-stream 
atmosphere surrounding the airplane. 
The speed of sound varies with alti
tude and temperature, so it is impor
tant to make sure the Mach number is 
computed us ing the correc t local 


