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Chester H. Wolowicz
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and

James S. Bowman, Jr. and William P. Gilbert
Langley Research Center

INTRODUCTION

Experimental data for scale-model aircraft are used to define the
aerodynamic characteristics of full-scale aircraft, verify theoretically predicted
aerodynamic characteristics, and provide data where theory is deficient. To apply
the data to a full-scale aircraft or its components with maximum validity, certain
similitude conditions must be met. The similitude of the geometric configurations
is a fundamental requirement, as is the similitude of the angles of attack.

Reynolds number and Froude number, as well as Mach number in the case of
compressible flow conditions, are pertinent parameters for steady-state (static)
or dynamic test conditions. A number of other similitude parameters may be
important, depending on the test objectives and aircraft elasticity.

In general, any one experimental technique will not satisfy all the similitude
requirements for correlation of wind-tunnel data with free-flight data or for
correlation of free-flight data obtained from models of different scale. Most tests
are designed for certain similitude conditions at the expense of other parameters.
For example, an elastic, rigidly mounted wind-tunnel model tested at full-scale
Mach number and dynamic pressure through an angle of attack range does not
properly account for the effects of mass on elastic deformation except at one
angle of attack at a steady level-flight condition. Inertial aerolastic effects that
occur in maneuvering flight must be accounted for theoretically. A comparison of
the aerodynamic characteristics of one free-flying model with those of a model of
different scale or a full-scale aircraft at the same Mach number may not be



N

appropriate if Froude number similitude requirements are not met. A difference
in Froude number could result in dissimilar angles of attack.

Although there are many references of limited scope in the literature on
similitude, a comprehensive report is needed to clarify and summarize the many
techniques for wind-tunnel and free-flight model testing with regard to similitude
requirements, test objectives, and comparison of model and full-scale results.

The fulfillment of this need is particularly appropriate in that remotely controlled,
subscale, powered and unpowered models of advanced aircraft are currently being
used to investigate stability, control, and handling qualities at routine as well as
high-risk flight conditions. One of the prime factors necessary to determine the
limitations of data obtained from a model is the degree to which the similitude
requirements have been met.

This report provides a comprehensive review of the similitude requirements
for the most general test conditions, from low-speed incompressible flow conditions
to high-speed supersonic conditions. The fluid is considered to be a continuum
that obeys the perfect gas laws for a fixed value of the adiabatic gas constant.

The similitude requirements are considered in relation to the scaling requirements,
test technique, test conditions, and test objectives. Limitations in test techniques
are indicated, with emphasis on the free-flying model.

Scaling procedures are illustrated for free-flying models in incompressible
and compressible flow. For incompressible flow, the kinematic properties are
preserved by using velocities scaled from Froude number similitude requirements
(Froude scaling). For compressible flow, the compressibility effects are pre-
served by using velocities scaled from Mach number similitude requirements
(Mach scaling). In addition, summary tables and nomographs are presented to
facilitate a rapid assessment of the scaling requirements for free-flying models
and of the extent to which the requirements are satisfied for both Froude and Mach

number similitude.

Although this report covers parameters encountered in dynamic model
tests, it does not include discussions of other similarity effects that may be
important in individual cases, such as the scaling of a viscous damper in the
control system of a model with free control surfaces or, a more remote example,
the scaling of physical parameters for an icing test. To prepare for such situations,
the experimenter should refer to books on dimensional analysis, such as
references 1 and 2.

SYMBOLS

Physical quantities in this report are given in the International System of
Units (SI) and U.S. Customary Units. Details concerning the use of SI are given
in reference 3.



a generalized linear acceleration, m/sec2 (ft/secz)

a, normal load factor, g
b wingspan, m (ft)
CD’ CL’ CY aerodynamic drag, lift, and side-force coefficients,
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(CD) crossflow drag coefficient
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respectively (fig. 2)
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pq

Re

mean aerodynamic chord, m (ft)
tensile and compressive modulus of elasticity, N/cm2 (lb/inz)

bending stiffness, N-—cm2 (lb—inz)

force, N (Ib)
shear modulus of elasticity, N/ cm2 b/ inz)
torsional stiffness, N—cm2 (lb—inz)
. . 2 2
acceleration of gravity, m/sec” (ft/sec™)
. . 2 2
mass moment of inertia, kg-m” (slug-ft™)

. 4 . 4
second bending moment of area, cm~ (in")
mass moment of inertia about pitch axis, kg—m2 (slug—ftz)

. 4 .. 4
second torsional moment of area, ecm~ (in")
radius of gyration, m (ft)
characteristic dimension, m (ft)

Mach number

moment, m-N (ft-1b)

crossflow Mach number (figs. 3 and 4)

mass, kg (slugs)

V2
Froude number, -E

number of fundamental units in dimensional analysis

number of physical quantities considered in dimensional
analysis

pVi
Reynolds number, —LH— = YVL



(NRe) crossflow Reynolds number (fig. 3)
n
N Strouhal number !
Str 'V
n scale of model
p, q, r roll, pitch, and yaw rates, respectively, rad/sec
. 2 2
pf fluid pressure, N/m” (Ib/ft")
q pitch acceleration, rad/sec2
_ ] 2 2 2
q dynamic pressure, 1/2pr » N/m”™ (Ib/ft")
C_lc stagnation pressure in compressible flow (eq. (9)), N/m2 (lb/ftz)
R spin or turn radius, m (ft)
RVS velocity of sound ratio, VS /v s
m A
S wing area, rn2 (ft2)
T, T0 free-stream and stagnation temperatures, respectively, K (°R)
t time, sec
u linear velocity along the x-axis, m/sec (ft/sec)
u linear acceleration along the x-axis, m/sec2 (ft/secz)
1 velocity , m/sec (ft/sec)
VS velocity of sound, m/sec (ft/sec)
- . o 3 3
v specific volume, m~/kg (ft"/slug)
w weight, N (Ib)
4 normal linear acceleration, m/sec2 (ft/secz)
a angle of attack, deg or rad
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™

-

o R =R

rate of change of angle of attack, rad/sec
generalized aerodynamic attitude, deg or rad
angle of sideslip, deg or rad

rate of change of angle of sideslip, rad/sec
adiabatic constant

helix angle, rad

control surface position, deg or rad

aileron, elevator, and rudder positions, respectively, deg or
rad

rate of change of aileron, elevator, and rudder positions,
respectively, deg/sec or rad/sec

absolute viscosity, N- sec/m2 (b-. sec/ftz)

kinematic viscosity, p/pf, mz/sec (ftz/sec)

mass density of fluid, kg/m3 (slugS/ftg)

reduced-time parameter, tV/l
bank angle, deg or rad
generalized angular displacement, deg or rad

amplitude of oscillatory motion, deg
oscillatory amplitude in yaw, deg (fig. 5)
generalized angular rate, rad/sec

generalized angular acceleration, rad/ sec:2

frequency of oscillation, rad/sec



Superscripts:

a,b',c, ... exponents used in dimensional analysis (appendix)
Subscripts:

A airplane

m model

SIMILITUDE REQUIREMENTS FOR FORCES AND MOMENTS

For similitude of the nondimensionalized aerodynamic characteristics and
kinematics of a model relative to a full-size aircraft, the dependence of one
physical quantity on others involved in the experiment must be the same for the
model and the full-scale airplane. If the number of physical quantities associated
with a stipulated phenomenon are Npq in number, and if these quantities can be

expressed in terms of no more than N fu fundamental units, the general physical

relationship between the phenomenon and the physical quantities can be expressed
in the form of N_ - N, independent dimensionless parameters using dimensional
analysis. bq fu

Although dimensional analysis requires that certain conditions (dimension-
less parameters) be fulfilled in the model test for similitude, the completeness of
the conditions to be fulfilled is dependent on the completeness of the number and
kinds of physical quantities taken into consideration. In addition, once the
dimensionless parameters are determined, it is necessary to ascertain which
individual parameters will have important effects under various conditions.

In this section, consideration is given to the general similitude requirements
for model tests. These requirements are derived from the functional dependence
of the forces and moments on the geometry, kinematics, and aerodynamics of the
aircraft. The forces and moments on an aircraft due to the motion of the aircraft
through the fluid depend on the properties of the aircraft and the fluid, as well as
the linear and angular velocities and accelerations, and displacement.

The pertinent properties of the fluid are its mass density, pf; absolute
viscosity, u; and elasticity as defined by its velocity of sound, Vs . The pertinent

properties of the aircraft include its configuration, represented by a characteristic
dimension I; attitude relative to the fluid, a'; mass, m; mass inertia, I; and elastic
bending and torsional rigidity, EI' and GJ', respectively (based on beam theory).
The pertinent rate quantities include linear velocity, V; angular velocity, Q; and
periodic oscillations typified by frequency, w. The pertinent accelerations include
linear and angular accelerations, a and €2, respectively. Gravitational effects are
characterized by the acceleration of gravity, g. Time, t, and angular displacement
of a control surface, &, are also pertinent parameters. These quantities can be



summarized as

F=f(pp u, Vg, L@, V, a, 8, Q, Q,w,g,t,mI,EI', GI") (1a)
M! =f(pf, W, Ve, L, o', V,a, 8, Q, Q, w,g,t,m, I, EI', GI") (1b)

where F is force and M' is moment.

To determine the dependence of the forces and moments on the quantities on
the right side of the respective equations, dimensional homogeneity is established
through a dimensional analysis. The resulting dimensionless combination of the
physical quantities constitutes the similitude requirements for model testing.

Three fundamental units are involved in the mechanics of forces and moments:
the unit of length, I; the unit of time, t; and the unit of mass, m. All the quantities
in equations (1a) and (1b) can be expressed in terms of these fundamental units, as

indicated in table 1.

A dimensional analysis of equations (la) and (1b) using the Lord Rayleigh
method (see appendix) and the dimensions of the physical quantities listed in
table 1 results in the following equations in which the force F and moment M' are
the stipulated phenomena that have been expressed as aerodynamic coefficients.
The aerodynamic coefficients are functions of the fourteen dimensionless param-
eters, which represent the requirements for complete static and dynamic similitude

of the model relative to the airplane.
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Table 2 identifies the individual similitude parameters, defines them in
general terms, and gives examples of their normally applied definitions. The
equations of motion of an airplane, in their customary dimensionless form, are
defined in terms of these nondimensional parameters. Thus, for the lift equation,
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where, for dimensional homogeneity,
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and where the derivatives of the moment coefficients have the same format as those
of the lift coefficient.
Although the reduced linear velocity, AT/LL, is not included in table 2, it is

readily obtained from the product of the reduced linear acceleration and time
parameters. Thus,
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The equations of motion, as exemplified by equations (3) and (4), include

the relative density factor, ni (eq. (3b)); relative mass moment of inertia,
p fS c/2
I
Z’ 3 (eq. (4b)); aircraft attitude; control surface position; and reduced
S(c/2)

Pr
velocity and acceleration parameters. The force equations also include Froude
number, gE/ZV2 (eq. (3b)). Not evident from the equations of motion is the
dependence of the aerodynamic coefficients and their derivatives on Reynolds

number, Strouhal number, Mach number, and the aeroelastic bending and torsion
parameters.

In the following sections, the implications of several key similitude
requirements are discussed.

Reynolds Number

Reynolds number is the ratio of the fluid's inertia forces to the viscous
forces in the boundary layer of the fluid. It is an important parameter in deter-
mining the dynamic similarity of flow around models and full-scale aircraft. When
the model data are obtained at much lower Reynolds numbers than those encoun-
tered at full-scale conditions, the inertia forces of the fluid on the model are much
lower in proportion to the viscous forces than those on the full-scale airplane.

As a consequence, the flow conditions are no longer dynamically similar.

The point of transition from laminar to turbulent flow, the thickness of and
velocity in the boundary layer at any streamwise station on a surface, and the
angle of attack at which the flow field separates from the surface are all functions
of Reynolds number. The boundary-layer (viscous flow) conditions on any
configuration affect the drag coefficient throughout the angle of attack range and
the maximum lift and stall characteristics of the aircraft. The precise effect
depends on the particular airfoil and planform used, and on the interference
effects of the fuselage and nacelles or pods.

As Reynolds number increases, the point on the surface along the flow line
at which the boundary layer changes from laminar to turbulent moves forward.
The precise point or locus of transition is affected by the geometry of the surface
or body and by the resulting pressure distribution, surface roughness or wavi-
ness, and the magnitude of the velocity fluctuations in the airstream. As a result,
it is difficult to extrapolate model test results of natural transition effects obtained
in present test facilities to full-scale Reynolds numbers. Efforts are frequently
made to simulate flow conditions typical of higher-than-test Reynolds numbers by
artificially fixing the transition using strips of roughness particles (grit) or
other flow-tripping devices. The test results at several Mach numbers are then
extrapolated to full-scale Reynolds numbers.

11



The effect of Reynolds number on stability derivatives and aerodynamic loads
at other than near-stall conditions poses problems that have been recognized only
in recent years and are only partly understood. Prior to the mid-1960's, Reynolds
number was thought to have little effect in the transonic region where the charac-
teristics of the flow were thought to be primarily determined by Mach number.
However, both Reynolds and Mach numbers are important in the transonic region,
as was effectively shown during the development of the C-141 airplane. Data were
obtained in wind-tunnel tests where the Reynolds number based on mean aero-

dynamic chord was as high as 8.5 X 106 in the transonic region for both natural and

artificial boundary-layer transitions. However, when extrapolated independently,
these data offered little guidance in the prediction of full-scale values of approx-

imately 50 X 106. Figure 1 (from ref. 4) shows the variation of Cm as a function

0

of Reynolds number and free and fixed transition for the C-141 airplane at a Mach
number of 0.825. The data for natural and artificial transitions appear to converge
with increasing Reynolds number; however, an extrapolation of the results of
either technique alone to full scale could produce highly erroneous results. The
extrapolation of the convergence point for the two sets of data produced a value of
Cm slightly higher than that obtained from flight data. Such convergence was not

0
achieved in the case of the pitching-moment coefficient, Cm .

Figure 2 (from ref. 4) shows the scale effects on the wing-section pitching-
moment coefficient of the C-141 airplane at the 38.9-percent and 63.7-percent
semispan stations at transonic conditions. The figure shows model data obtained
with the boundary-layer transition free and fixed at 0.10 chord, and with vortex
generators at 0.55 chord. (Tests showed that the data obtained with the vortex
generators at the 0.55-chord location most nearly duplicated the flight test
transition data.) In addition, the figure shows flight results and the extrapolation
of the model data that correlates with the flight data. It is evident that in the
absence of flight data, extrapolation could produce erroneous results. It should
also be noted that in comparisons such as this, aeroelastic effects associated with
both flight and wind-tunnel data may be as important as the Reynolds number
effects.

Many difficulties associated with the simulation of full-scale Reynolds number
conditions in model tests are expected to be alleviated through the development of
the National Transonic Facility wind tunnel (refs. 5 and 6). This tunnel is expected
to be capable of providing data for Reynolds numbers up to approximately

45.72 X 106 per meter (150 X 106 per foot) and for Mach numbers ranging from
0.2 to 1.2. The facility is based on the cryogenic concept in which low temper-
atures are used to increase Reynolds number through the reduction of viscous
forces. Thus, many of the practical problems of high-pressure test facilities

are avoided. Another anticipated capability not attainable in flight or pressure-
tunnel tests is the separation of Reynolds number effects from aeroelastic effects.

12



Mach Number

Mach number, the ratio of vehicle velocity to the velocity of sound of the
compressible fluid medium in which the vehicle is flying, is the parameter that
assures the similitude of the fluid-compressibility effects on aircraft having
geometric similitude. Since the essential characteristic of a compressible fluid is
that a change in absolute pressure causes a change in the density of the fluid, the
measure of the compressibility of the fluid is the rate of change of pressure with
density, op f/ op 7 at adiabatic (isentropic) conditions. This quantity is equal to
the square of the velocity of the propagation of a disturbance in the fluid, VS2 .

The quantity apf/apf is also equal to ¥ (pf/pf) from the adiabatic relation where

pf (\_1)Y is a constant. Thus,

8p /09, v’ = Y®;/pp (6)

Applying the above relation to the incompressible-flow equation q= 1/2pV2 ,

universally used as the reference dynamic pressure in the equations of motion,
results in the relation

2

~- _ |4

q-= (1/2)pf —V 5|V
s

2 _ 2 _ 2
s = Q/2pM” [y pp/pp)] = (v/2)p M )

or

— _ 2 _ Fluid inertia force
q/pf = (r/2)M” = g9 pressure force (8)

Hence, equation (7) shows that the reference free-stream dynamic pressure can
be expressed as a function of the adiabatic exponent of the fluid, free-stream static
pressure, and free-stream Mach number. Equation (8) shows that Mach number
indicates the ratio of the fluid's inertia force to its pressure force.

The true stagnation pressure for compressible flow can be obtained from the
following expression (ref. 7):

5C=§(1+1/4M2+%M4+...> €))

The corresponding stagnation temperature, as a function of free-stream temperature
and Mach number, is obtained from the equation

- y-1,2
T0~T(1+ 5 M) 10
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Equations (9) and (10) show that the differences in true and incompressible-
flow dynamic pressure and temperature are negligible for Mach numbers less than
approximately 0.20. Although the free-stream Mach number may be low, signifi-
cant compressibility effects may be present in the local flow. For example, near
the upper surface of a thick wing at high angles of attack, the local Mach number
may approach unity even though the free-stream Mach number may be only approx-

imately 0.30.

An interesting example of the effects of the interaction of Mach number and
Reynolds number on the crossflow drag of a cylinder in the Mach number range
from 0.20 to 0.40 was reported in reference 8. As shown in figure 3 (from ref. 8),
at Mach numbers above 0.20 the cylinder drag coefficient peaks at Reynolds numbers

between 4 X 106 and 8 X 106 as a function of Mach number, with a critical variation in
the drag coefficient occurring at a free-stream Mach number of approximately 0.46.
As the Mach number of the flow around the cylinder approaches the critical peak
value, the compressibility effect causes the point of flow separation to move forward,
resulting in an increase in the drag coefficient. Figure 4(a), which is a cross-

plot of figure 3, shows this increase in drag as a function of free-stream Mach

number at a Reynolds number of 7.5 X 106 . Figure 4(b) shows that at a constant
free-stream Mach number, an increase in Reynolds number in the region around

7 X 106 causes a thinning of the boundary layer with a resultant rearward movement
of the separation point, a narrowed wake, and, thus, a decrease in drag. These
counteractive effects of Mach and Reynolds numbers result in the peaks shown

in figure 3. As noted in the reference, for free-stream Mach numbers equal to or
greater than the critical Mach number, the adverse compressibility effect on flow
separation is considerably greater than the favorable effect of Reynolds number.

As a result, large drag increases occur, as shown by the isolated test points in
figure 3 for Mach numbers of 0.45 and 0.50.

The compressibility effect on stagnation temperature (eq. (10)) must be
considered at high supersonic and hypersonic Mach numbers. When the tempera-
tures at some points in the flow field of the full-size aircraft reach levels that
cause significant dissociation, ionization, changes in the adiabatic constant v,
or heat capacity lag, then the temperature effects must be duplicated in the model
tests. For example, a model test at a Mach number of 5 and a free-stream
temperature of 278 kelvins (500° R) produces a stagnation temperature (as shown by
eq. (10)) of 1667 kelvins (3000° R). For these conditions, perfect gas relations
should not be assumed.

Mach number effects reach a maximum at a free-stream Mach number of
about 5. Near this Mach number, a strong coupling of Mach and viscous effects
generally begins. This coupling is associated with the proximity of the shock
waves and body surfaces. The shock waves interact extensively with the boundary
layer, thereby inducing hypersonic flow conditions. As Mach number is further
increased, Mach effects decrease as boundary-layer interaction effects increase.

At a Mach number of about 15, the viscosity temperature effects behind the shock
wave become significant.

14



Reduced Angular Velocity and Strouhal Number

Although the reduced angular velocity parameter, g%l_, and Strouhal number,

—c%l, are similar in form, they are different. The reduced angular velocity

parameter applies to the angular rates of the airplane (p, g, and r) and the
control surfaces (Se, Sr’ and Sa) . Strouhal number, on the other hand, is related

to the oscillatory frequency, w, of a periodic motion.

The Strouhal number, or reduced frequency parameter, is used to establish
similitude for the unsteady flow effects caused by the oscillatory perturbations of
the aircraft. Flight data from oscillatory maneuvers should be compared with
forced-oscillation wind-tunnel data (ref. 9) obtained at the same or similar Strouhal
number and amplitude of oscillation, as well as the same angle of attack, Mach
number, and Reynolds number. For flight data from nonoscillatory maneuvers,
caution should be used in comparisons with oscillatory wind-tunnel model data.
When the flow is separated, results from curved-flow wind-tunnel tests may be
required for correlation (ref. 10).

Although reduced angular velocity, QV—Z, is the proper parameter to apply

aC
to the dynamic derivatives (for example, Cnr = T(%%‘/i?)’” these derivatives may be
significantly affected by unsteady flow effects (Strouhal number), particularly in
the case of aircraft with delta and swept wings at high angles of attack where the
flow is separated. Where the oscillatory frequency effects are significant, flow
separation may cause pronounced changes in the boundary layer, and the time
required for the flow to adjust to changing conditions may be appreciable. For
the high angle of attack data of figure 5 (from ref. 11), separation effects are
largest at low Strouhal numbers and decrease with increasing Strouhal number.
For attached flow conditions, changes in attitude have a much smaller effect on
the boundary layer, which causes the derivatives to be less dependent on
frequency .

The effect of the amplitude of oscillation on the stability derivatives appears
to depend substantially on the angle of attack of the wing and the Strouhal number
(refs. 9 and 10) as well as the derivative concerned. Figure 5 shows typical
effects of the amplitude of oscillation and Strouhal number on the derivatives
for yaw damping, directional stability , and effective dihedral for a delta wing
at several angles of attack. The combined form of the derivatives shown in
figure 5 is a consequence of the phasing of the forces and moments resulting
from the perturbed motions of the forced-oscillation technique.

Reduced angular velocity is one of the principal similitude parameters used
in spin-tunnel testing to relate the spin characteristics of models and full-scale
aircraft. This parameter, which is assumed to be proportional to the tangential
velocity , QR, of the model about the vertical spin axis divided by the vertical

15



velocity of the airstream in the tunnel, is normally referred to as the helix angle,
v'. Thus,

y' =tan ! —%.Ii = f(%l) (11)

In spin model tests it is also important to account for differences in Reynolds
number (ref. 12). For example, differences in crossflow Reynolds number for the
forebodies of long-nose configurations may cause prospin yawing of the model but
antispin yawing of the actual airplane.

Froude Number

2
Froude number, ‘l/_’ must be duplicated to assure similitude of inertial and

gravitational effects on maneuvering vehicles having geometric similitude. The
number was originally developed in relation to ship studies to provide a similitude

criterion for equating the pressure coefficients, p f/ p fVZ , at corresponding points

on a ship and its model, and the nondimensional shape of the wave emanating from
the hull of the ship and its model. Froude number is significant in the takeoff runs
of flying boats, which do not begin to plane until a critical or hump speed (where
wave-making resistance is maximum) has been passed. This critical speed, which
is a function of Froude number, is determined from model tests.

The physical significance of Froude number as applied to flight is illustrated
by the following examples. For a constant-altitude banked turn with an instantane-

ous radius of turn R and corresponding rate of turn Q (or %) , the bank angle is
given by
2 2 2
_ -1 MRQ" _ -1ve _ o (V
® = tan W - tan Rg f <—lg> 12)

The corresponding normal load factor is expressed as

2\2 1/2 2\2 1/2 2
- _1|(V 2 _1{v _elV
o —5[6{—) *9] [(RE) ”] -1(%) as

Thus, to obtain the same load factor and bank angle in a coordinated turn, the
model and the full-size airplane must have the same Froude number.

In spin-tunnel tests, a model spinning at an angular rate 0, having a
turning radius R about a vertical axis, and subject to a vertical tunnel velocity
V will describe a helix angle (eq. (11)) and be subject to a centrifugal force

F =MQ2%R (14)

16



Combining equations (11) and (14),

2

—R—tan v' (15)

El"q
<:

which, with R proportional to a representative dimension | of the model, yields
2 2
F_V 2 _eVT Ql
W R——gtan v' f<lg V> (16)

Thus, the ratio of inertial force to gravitational force in the spin-tunnel test is a
funection of both Froude number and helix angle (reduced angular rate).

For an airplane in steady, level, 1g flight, the lift coefficient is given by

_ w _ m c\ _ m 1\
c, = YA (9—2> =1, I (an
1/2pf pfSc \" pfl \%

Thus, the similitude requirements for level flight entail both relative density factor
and Froude number.

When the airplane is subjected to a pullup maneuver and experiences linear
acceleration along the z-axis as well as centrifugal acceleration, the lift equation

becomes
_mZ+qV+g _ m fc c c
Cp = X s =2 - 2+_§1v+ﬂ_2_ (18)
/2pf pfS (c/2)\2V 2V

The similitude requirements now include reduced linear acceleration and reduced
angular rate as well as relative density factor and Froude number.

Reconsidering equation (18) in terms of the load factor,

mga E _
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Comparison of equations (18) and (19) indicates that the matching of load factor
does not imply the matching of Froude number, because a, is given by

n a2 2V

2 -
a :2Y_. Zc , qc, gc (20)
2V ov?

Thus, in a pullup maneuver, an is functionally dependent on three independent

similitude parameters.
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Froude number similitude requirements for a free-flying model can be readily
satisfied if Mach number (compressibility) effects are negligible. If compressibility
effects are significant, similitude requirements will include Mach number as well as
Froude number and relative density factor, as shown by the following derivation of
equation (17).

= 2
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Because of the velocity constraint imposed by Mach number similitude for com-
pressible flow conditions, free-flight model simulation of a full-scale airplane
satisfying Mach number and relative density factor similitude would require that
the atmospheric gravitational field be scaled to satisfy Froude number similitude.
Since such scaling is not possible, Froude number similitude can be achieved only
under limited geometric-scale conditions, and thus, the model would normally be
flown at a different angle of attack than the full-scale airplane.

Although practical only in dynamic wind-tunnel testing, one approach to
satisfying similitude requirements for Mach, Froude, and Reynolds numbers
for a free-flying model and the full-scale airplane is to fly the model in a
pressurized wind tunnel that uses a particular refrigerant as the fluid medium.
As indicated in reference 13, the velocity of sound in this refrigerant is
approximately half that in air, and its density is about four times that of
air with little difference in absolute viscosity . To attain Mach number,

Froude number, and Reynolds number similitude for a full-scale airplane

at sea level would require a 1/4-scale model if the density of this refrigerant
were increased to eight times atmospheric density by pressurizing the gas
to two atmospheres at normal ambient temperature.

Relative Density Factor and Relative Mass Moments of Inertia

In the preceding discussion on Froude number, the relative density factor,
——m—3, was shown to be a basic similitude parameter in the aerodynamic force
Pfl
equations. This factor is important in model studies of flutter as well as those of
stability and control characteristics.

The relative mass moment of inertia parameter, LS’ has the same signifi-
Pfl
cance for the moment equations as the relative density factor has for the force
equations. Thus, when the equation

. 2.-
I1.g=C_1/2
yq m/pr Sc (22)

18




is transposed and G is stated in nondimensional format, the moment coefficient is
given as

I . I . =2 I s 2
c :2_L_<i>= v V(gD Loy @l (23)
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For the model to have the same moment coefficient as the full-scale airplane, the

relative mass moment of inertia parameters, —1—5-, and the reduced angular

Pl
o
accelerations, 5 must be identical. For a rigid airplane, mass moment of inertia
\%

characteristics (including products of inertia) can be simulated on the model by the
appropriate distribution of several masses to provide the same reduced radius of

gyration, k/l, as on the airplane, assuming that the relative density factor, —m—3 , 1s
pfl

also satisfied. For a flexible airplane, similitude of actual mass distribution would

be required for the flying model to provide similitude of maneuvering inertial load

distribution and elastic deformations.

Aeroelastic Bending and Torsion Parameters

When the aerodynamic characteristics are affected by the flexibility of any
component part of the airplane, the required elastic similitude of the model and the
airplane is provided by the aeroelastic-bending and aeroelastic-torsion parameters,

EI' GJ! EI' GJ!

214 and o4’ respectively. These can also be expressed as — and—_—4. In

pr pr l ql ql
addition to elastic similitude, the similitude requirements for the relative mass

density factor, _m_3_’ relative mass moments of inertia, —I—S, and attitude, o and f,

pel p.l
f f
must be met to assure the similitude of inertial and aerodynamic load distribution
for the same Mach number, if compressibility is involved, or scaled velocity, if
compressibility is not a factor (low-speed flight) . If partially separated flow is a
factor in the simulation, the Reynolds number must be given careful consideration.

If all the preceding conditions are satisfied, the aeroelastic airplane will be

properly simulated by the model for free-flight and flutter tests. However, when
compressibility effects are a factor, the model must be flown at full-scale Mach
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number, and, as a consequence, Froude number similitude cannot be satisfied
except for the limited free-flight test conditions mentioned previously. Therefore,
in general the model will be flown at a different angle of attack than the full-scale
aircraft. Thus, the aeroelastic deformations will not be representative of the
full-scale airplane, except as noted.

In the wind-tunnel testing of a mounted elastic model, there are several
limitations that affect the data. These limitations are discussed later in this report

and in reference 14.

Variation of the angle of attack of an airplane at constant dynamic pressure
implies a variation in load factor and, thus, a variation in mass inertial loading
that affects the elastic deformation and therefore the aerodynamic loading of the
airplane. In static, mounted-model wind-tunnel tests, the structural flexibility
of the model combined with a specific dynamic pressure represents a specific load
factor on the full-scale airplane. Dynamic pressure must be varied (at the
expense of Reynolds number) with angle of attack to simulate the deformation due
to inertial mass and structural flexibility in the full-scale airplane.

MODEL TEST TECHNIQUES AND SCALE FACTORS

To obtain model data that are directly applicable to the full-size airplane,
the model test conditions must be scaled, on the basis of the scale of the model,
to satisfy the similitude requirements discussed previously. Scaling of the model
implies geometric scaling in every respect, including the gaps between the control
surfaces and the adjacent structure, and protuberances. Both the techniques and
the objectives must be considered to determine which similitude parameters are
pertinent to the test. The two general categories of test techniques are the
mounted-model and free-flying-model techniques.

All test techniques and objectives require Reynolds number similitude to
provide duplication of the transition from laminar to turbulent boundary layer
flow, proper scaling of boundary layer thickness, duplication of partially sepa-
rated flow conditions, and duplication of possible effects of the interaction of
Reynolds number and Mach number, as discussed earlier. In addition, all test
techniques and objectives require that angle of attack, angle of sideslip, and
control surface positions be duplicated.

Individual test techniques and the related scaling of the model test conditions
(scaling factors) and reduction of data in light of similitude requirements are
discussed in the following sections. Scaling factors for mounted and free-flying
models are summarized in tables 3 and 4, respectively.

Mounted Wind-Tunnel Models

Mounted-model testing, which eliminates the need to consider Froude
number, is a practically universal wind-tunnel technique. For rigid models, this
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test technique has versatility, providing static and dynamic characteristics as
functions of angle of attack, angle of sideslip, Reynolds number, and Mach number.
The characteristics thus obtained for the rigid model are due to flow fields and air
loadings that are not influenced by inertial loadings. Thus, the data are consid-
ered to be zero-mass data directly applicable to the conventional rigid-body
equations of motion in which inertial loads and moments are accounted for by the
inertia terms.

For mounted aeroelastic models, there are two categories of testing: (1)
static tests to determine aeroelastic effects on performance and stability and control
characteristics as a function of angle of attack, and (2) dynamic tests to determine
flutter characteristics. The static tests are complicated by the fact that the model
must be properly scaled for mass, mass distribution, and elasticity to simulate and
provide data for selected load factor, airplane-to-tunnel dynamic pressure ratio,
and Mach number conditions. Data obtained during the tests for other than
selected design conditions must be manipulated theoretically to provide corrected
predictions that properly account for aeroelastic deformation effects. For models
. constructed for flutter tests, mass distribution must also be properly scaled to
account for inertial effects.

Rigid models. - Scaling factors for model-to-airplane parametric ratios to
satisfy similitude requirements in static and dynamic tests of mounted and
restrained models for incompressible and compressible flow are summarized in
table 3(a). Incompressible-flow static test similitude requires geometric scaling
of the model and duplication of the angle of attack, angle of sideslip, control
surface positions, and Reynolds number. For compressible flow, Mach number
must also be duplicated.

For incompressible flow, when test facilities permit, the range of Reynolds
numbers anticipated for the full-scale airplane is obtained in the model test by
varying the wind-tunnel kinematic viscosity and velocity in accordance with the
following relation (from table 3(a)) for Reynolds number similitude.

% %
= ,V_én 1 (25a)
m A
For compressible flow, because of the restraint of Mach number similitude on
velocity , the above equation is modified to
\% \4
s s
e AL (25b)
m A

where Vs is the velocity of sound.

When wind~tunnel variables do not permit the above conditions to be
satisfied, Reynolds number similitude for both incompressible and compressible
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flow can sometimes be approximated by fixing the transition on the model's lifting
surfaces. This technique to achieve Reynolds number is not foolproof, as was
discussed in the section on the similitude requirements for Reynolds number.

In addition to the requirements for static tests, tests to obtain dynamic
aerodynamic characteristics require reduced angular rate similitude (table 3(a)).
Dynamic testing techniques employing curved flow (ref. 10) or rotary flow (ref. 13)
relative to a stationary model are limited to incompressible flow conditions. The
test procedure most commonly used for both incompressible and compressible flow
uses a model that is either rotating (ref. 15) or oscillating (refs. 9 and 10) in a
linear stream.

In using the curved-flow technique for a fixed-flow velocity, the curvature of
the sidewalls of the test section is varied to provide various angular rates of flow,
Q. For longitudinal tests where the y-axis of the model is vertical, © is equivalent

to the pitch rate, q, and both Cm and CL are obtained as functions of reduced

angular rate, g% (tables 2 and 3(a)), for each of a number of angles of attack.
From reduced angular rate, C and CL are obtained as functions of angle of
q
attack. With the y-axis of the model horizontal, Q2 is equivalent to yaw rate, r, and
both Cn and Cl are obtained as functions of reduced angular rate, %, from which
Cn and Cl are obtained as functions of angle of attack.
r r

In the rotating-flow technique, the flow is rotated through a cylindrical test
section at an angular rate Q and an axial velocity V. This technique provides CZ

and Cn as functions of 12)—3 and angle of attack.

In the rotating-model technique, the flow is linear, and may be compressible,
and the model is rotated at an angular rate Q. The technique provides the same
results as obtained from the rotating-flow technique but has the added versatility
of variable Mach number.

In the forced-oscillation technique, the model is oscillated about the pitch,
roll, or yaw axis at various frequencies, w, and amplitudes, cp'O, at each of

several angles of attack to assure data coverage for similitude in attitude, displace-
ment, reduced angular rate, and Strouhal number. The flow stream may be com-
pressible or incompressible (tables 2 and 3(a)). Since the amplitude of the angular

@' wl
rate Q is equal to cp'O(o , the reduced angular rate 9‘71 is equal to v Therefore,
Sﬂ. = ' w—l>: !
7et(eg T £(®'o> Ngy) (26)
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Dynamic derivatives obtained from curved-flow, rotating-flow, or rotating-model
techniques will not necessarily be the same as those obtained from the oscillatory
technique. As shown in reference 9, the oscillatory technique yields compounded
derivative values (that is, Cn - Cn- rather than Cn ). The differences become

r B r
more pronounced under partially separated flow conditions at high angles of attack
where amplitude and oscillatory frequency affect the flow field around the sepa-
rated area (fig. 5). The application of oscillatory model data to full-scale con-
ditions may therefore be questionable where large differences exist between model
and full-scale Reynolds numbers.

Aeroelastic models. - As mentioned earlier, there are two categories of
aeroelastic-model testing: (1) static tests to determine aeroelastic effects on
performance and stability and control characteristics, and (2) dynamic tests to
determine flutter characteristics. Normally, the model used for dynamic flutter
tests cannot be used for static tests because of its fragile structural design. This
fragileness results from the fact that the mass and mass distribution scaling of the
model is designed for the limited fluid density changes obtainable in the test
facility where full-scale dynamic pressure and Mach number are simulated.
Therefore, static tests in such instances are normally conducted with another
model properly scaled for stiffness characteristics but not scaled for mass. In
test facilities that permit large changes in density ratio, pf /pf (such as a var-

m ‘A
iable pressure tunnel using a particular refrigerant), scaled mass and mass dis-
tribution can be obtained along with scaled bending and torsional stiffness. A
single model sturdy enough for both dynamic and static tests can then be used.
Pertinent scaling factors from table 3(b) for the same Mach conditions are as
follows:

3
m_=/p, /p n"m 27)
m (fm fA> A
5
I =(p, /p n'm (28)
m (fm fA> A
A A a,

Much flutter testing is performed in wind tunnels using cantilevered models
of aircraft structures such as the wing, tail, or empennage. These tests rely on
the separation of flutter mode frequencies and the unmodeled aircraft rigid mode
frequencies to achieve similitude. In flutter tests of complete models, the model is
mounted with spring-restrained freedom in vertical movement as well as pitch,
roll, and yaw. The resonant frequencies of the mount system are very low relative
to the model flutter frequencies, which minimizes the contamination of the flutter
data with mount effects. During the test, at any given Mach number and angle of
attack, the tunnel dynamic pressure is increased to the point where incipient
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flutter is encountered. Since the model is designed for a fixed dynamic pressure
ratio, am/(jA , the airplane dynamic pressure and pressure altitude for the flutter

characteristics are readily obtained from the tunnel dynamic pressure and Mach
number. Using the Strouhal number similitude parameter (table 3(b)), the
airplane flutter frequency is found to be

w, =w_R nulzw mn—1 30
s

For static tests, the fulfillment of aeroelastic-bending and -torsion similitude
requirements (eq. (29)) is of prime concern in providing scaled bending and tor-
sional deformation due to airloads. Although desirable, scaling of mass and mass
distribution is not as important because the data from mounted-model tests must be
corrected for inertial effects.

The static aeroelastic model is normally designed to simulate the airplane at
its cruise Mach number and dynamic pressure. Wind-tunnel tests are conducted at
the cruise Mach number but are limited to available tunnel dynamic pressures.
Thus, the ratio c‘lm/c_zA and model scale n are fixed, and, as a consequence, the

stiffness ratios (eq. (29)) are also fixed. When tested at the cruise Mach number and
scaled cruise dynamic pressure over an angle of attack range, the model provides
static longitudinal data (CL and Cm) that have the correct slope with respect to

angle of attack for the 1g environment of the wind tunnel. If mass and mass dis-
tribution are properly scaled, the a and Cm corresponding to the cruise CL point

in the data will be the only representative data for the cruise Mach number. All
other CL and Cm data points at the test Mach number will require correction for

inertial effects since they will be for other than 1g conditions at the cruise dynamic
pressure and Mach number.

Aeroelastic-model testing procedures for design and off-design conditions
are discussed in detail in reference 14. In addition, the reference includes
detailed information regarding correction of the data.

Free-Flying Models

Small-scale free-flying models are an important means of determining (1)
the dynamic behavior of airplanes at angles of attack up to and including stall, (2)
configuration changes necessary to improve stability and control characteristics
relatively inexpensively and quickly, (3) spin characteristics and recovery
techniques, (4) gust alleviation techniques to extend the fatigue life of the airplane
structure, and (5) methods for evaluating and improving control systems to develop
new concepts (such as control-configured vehicles). The smallest of these
free-flight models, such as spin-tunnel models, have no instrumentation; the
larger models, such as the wind-tunnel free-flight models and small-scale drop
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models, carry instrumentation for measurement of flight variables. Tests of the
small-scale models are recorded on motion pictures. These models are usually
suitable for mounting in wind tunnels to provide force data.

The complexity of many new configuration concepts has necessitated the use
of large-scale models. Such models employ remote-pilot control and thus can
perform many hazardous maneuvers (such as stall, departure, and spin) that are
normally avoided in full-scale testing.

Whether or not a free-flying model can provide adequate static and dynamic
simulation depends on the extent to which similitude conditions can be satisfied.
For incompressible flow, the models are Froude scaled to provide Froude number
similitude and thus assure similitude of inertial and gravitational effects during
maneuvers as well as during steady-state flight. Where compressibility is a factor,
the models, flown at full-scale Mach number, are Mach scaled. Mach-scaled models
generally do not satisfy Froude number similitude and hence do not satisfy angle
of attack similitude. The scaling factors for each type of scaling are summarized in
table 4. Scaling is discussed in more detail later in this report.

In order of their development, the free-flying models in current use are
spin-tunnel models, wind-tunnel models, small-scale drop models, and large-
scale models. The test techniques using these models are discussed briefly in
the following sections.

Spin-tunnel models. - The earliest use of free-flight models was in the study
of spin characteristics. The simplest test technique was to drop a small model in a
spinning attitude from a height of about 30.5 meters (100 feet) and take motion
pictures of its descent (ref. 16). This elementary approach was subsequently
replaced by tests conducted in the Langley 15-Foot Spin Tunnel (ref. 17).

The present Langley 20-Foot Vertical Spin Tunnel (ref. 12), which replaced
the 15-Foot Spin Tunnel, is a vertical return-flow tunnel with the air drawn upward
by a propeller located at the top of the tunnel. The maximum velocity attainable
is 29.6 meters per second (97 feet per second) with a corresponding maximum

Reynolds number of 0.18 X 1()6 per meter (0.6 X 106 per foot). The air can be
accelerated or decelerated rapidly. The model is kept near the center of the tunnel
at the desired height in the test section to facilitate visual study as well as the
photographing of the fully developed spin and the recovery from spin.

The models are normally of rigid fiber glass construction and are Froude
scaled (table 4). The geometric scale, n, varies from approximately 1/10 to 1/40,

and Reynolds numbers vary from approximately 0.05 X 106 to 0.20 X 106 based on
the wing chord. In spite of the large difference between full-scale and model-
scale values of Reynolds number, the spin-tunnel model results are representative
of full-scale conditions for flow over the lifting surfaces and provide good pre-
dictions of the full-scale spin characteristics. Data from force tests have shown
that there is little or no Reynolds number effect on lift at spinning attitudes.
However, the crossflow effects on the forward section of the fuselage may signif-
icantly influence the spin, especially for long-nosed military fighter aircraft
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(ref. 18). Strakes are often used on the forebody of the model to induce full-scale
crossflow effects in the low Reynolds number tests.

The models are hand launched in both steep and flat attitudes to obtain all
the spin modes possible with the configuration. The model seeks its natural
developed spin modes at angles of attack above stall. The aerodynamic controls
are deflected remotely to predetermined positions for recovery.

Model spin results and full-scale flight data are continually correlated and
filed for reference. These correlations provide the experience and knowledge
necessary to properly evaluate the model results (ref. 19).

Wind-tunnel free- ﬂy_ng dels. - The testing of free-flight models in a
conventional wind tunnel is pr1mar11y intended to obtain a qualitative evaluation
of dynamic stability and control characteristics for the full angle of attack range,
which includes stall. This type of testing, originally performed in small-scale
tunnels (ref. 20), is currently conducted in the Langley Full-Scale Tunnel, which
has an open throat test section with a height of 9.14 meters (30 feet) and a width of
18.28 meters (60 feet), and provides airspeeds from 0 to 48.75 meters per second
(0 to 160 feet per second). The test models are powered by compressed air and
flown in 1g level flight. By careful control of tunnel airspeed, model trim, and model
thrust, the models can be flown at angles of attack ranging from low to stall in a
single, continuous test sequence. The large test section provides the model con-
trollers with an unobstructed view of the model during the tests.

The models tested are normally rigid, Froude-scaled replicas of the full-
scale aircraft. Their geometric scales vary from 1/10 to 1/6 of the typical full-scale
maneuvering airplanes, which results in models with lengths of about 2.1 meters
(7 feet) , wingspans of 1.52 to 1.83 meters (5 to 6 feet), and weights of 224 to
267 newtons (50 to 70 pounds) . Such scaling, as noted in table 4, produces model
angular motions that are as much as three times as fast as those of the full-scale
airplane; therefore, several pilots are required to handle the piloting task. Since
the test section of the tunnel operates at an air density near that at sea level, the
ratio of the tunnel air density to that of the test altitude of the full-scale airplane
must be considered in the scaling of the model.

The test setup for this technique is illustrated in figure 6. The model is
flown remotely without restraint by two pilots, one controlling the longitudinal
motions and the other the lateral-directional motions. The model thrust is con-
trolled independently by a third operator.

A light, flexible umbilical cable is used to supply the model with compressed
air, electrical power, and pilot control signals as well as to catch the model
when a test is terminated or when uncontrolled motions occur. The cable is kept
slack during the tests by a safety-cable operator.

The model is instrumented to measure linear accelerations, body-axes
angular rates, and control-surface positions which are transmitted by way of the
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flight cable to strip chart recorders. Motion pictures are taken from several
advantageous positions. A ground-based minicomputer provides the desired
representation of automatic stability and control augmentation systems.

Although it is possible for a single pilot to fly the model, such an arrangement
is not suitable for research purposes because the pilot would have to concentrate
intently on keeping the model in flight and at the same time evaluate its flight
characteristics in detail. Because the model angular rates are high, considerable
piloting skill is required. In addition, when flying a model by remote control,
the pilot must fly with only visual cues since he cannot sense accelerations as he
does in a real airplane. The lack of motion cues often results in delayed control
inputs, which can be significant when attempting to fly a model in a relatively '
restricted test section at high angles of attack where the motions are lightly damped.
Therefore, each pilot concentrates on one mode of oscillation only. The quick-
response control surface actuators provide the pilot with relatively tight control.

Typical investigations include dynamic stability and control studies, includ-
ing augmentation requirements, at angles of attack up to stall, and the evaluation
of pilot control techniques. A representative flight test involving a model of the
XB-58 airplane is discussed in reference 21. Typical differences between the
characteristics of the model and the full-scale airplane due to differences in
Reynolds number are discussed in the reference.

Small-scale drop models. - Wind-tunnel free-flight tests permit observance
of the dynamic characteristics at angles of attack up to stall, including divergence.
Spin-tunnel tests provide information regarding full-spin and recovery character-
istics. However, for the study of the transient motions that occur from the onset
of stall until a spin is fully developed, the use of small radio-controlled outdoor
models is particularly advantageous. This technique is valuable in determining
why aircraft of some designs enter spins more readily than others or are more
difficult to recover. The information obtained with free-flight models for the
post-stall and spin-entry regimes provides a necessary supplement to the results
from spin and conventional wind-tunnel studies.

For the Langley drop-model technique (ref. 22), unpowered models are
launched from a helicopter (fig. 7). The altitude at which the model is dropped
depends on the launch technique employed. In one technique (ref. 23), the model
is either released from the helicopter into a forward gliding flight at an altitude
of about 915 meters (3000 feet) and an airspeed just below the stall speed of the
model, or it is rotated and launched in a spinning attitude while the helicopter
is hovering. In a more commonly used technique (ref. 24), the model is trimmed
for approximately zero lift and launched from an altitude of about 1525 meters
(5000 feet) and an airspeed of about 40 knots. The model is then allowed to dive
for about 5 seconds, after which it is maneuvered by remote control into the stall
region, where various control manipulations are used to study pertinent aspects
of the test. When the model has descended to an altitude of about 183 meters
(600 feet), a recovery parachute is deployed.
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Drop models are normally 1/7 to 1/9 scale and are constructed of fiber glass
to withstand high landing-impact loads. The models are Froude scaled to simulate
the actual airplane at an altitude of approximately 9150 meters (30,000 feet).

Since mass scaling is a function of air density ratio, p f /p £ and n3 (table 4),

m ‘A
the models are relatively heavy, weighing up to approximately 890 newtons
(200 pounds) for high density airplanes., The models are equipped with electrically
powered, proportional actuators for operation of the control surfaces and deploy-
ment of the recovery parachute. Model velocity, angle of attack, angle of sideslip,
control-surface positions, linear accelerations, and the three-axes angular rates
are telemetered to the ground from onboard instrumentation. The models are
controlled from two ground stations manned by separate pilots and equipped with
separate communication systems, motorized tracking units, and telephoto cameras

(fig. 8).

Reference 25 discusses drop-model studies of an automatic spin-prevention
concept based on the automatic activation of control surfaces when the airplane
crosses a threshold defined in terms of angle of attack and yaw rate.

Large-scale models. - In recent years, flight evaluations of high-risk
technologies, particularly as applied to highly maneuverable aircraft, have been
conducted on large-scale remotely controlled models. Using this technique, the
cost and risks of such studies, as well as the time required, can be minimized.
This approach, which was developed at the NASA Dryden Flight Research Center,
uses both powered and unpowered models. The models are approximately 3/8
scale or larger and have a complete set of stability and control instrumentation.

Data are transmitted by way of a pulse code modulation (PCM) telemetry
downlink to the ground station, displayed on the ground cockpit instrument panel,
recorded on analog strip charts for flight monitoring, and made available to the
ground computer. The ground computer, which contains control laws for augmented
control systems, generates control signals based on the telemetered motion vari-
ables and the pilot's inputs (from the ground cockpit). These control signals
are transmitted to the model through the telemetry uplink (refs. 26 and 27).

Scaled dynamic responses are controlled by a single ground-based test pilot who
is flying the model from his simulated cockpit.

Reference 28 reports some initial results from flight tests of an unpowered
3/8-scale model (Froude scaled) launched from a B-52 airplane at an altitude of
13,714 meters (45,000 feet) and a Mach number of 0.65. Flight data were obtained
over a wide range of conditions in a relatively short time using normal piloting
techniques. References 27 and 29 show that through the use of a remotely aug-
mented flight control system, control laws can be readily varied without changing
flight hardware.

Since large-scale powered models can be flown at both high and low speeds,
special attention must be given to both Froude and Mach scaling.
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SCALING LAWS USED FOR MODEL TESTING

In this section, scaling procedures are illustrated for the incompressible
and compressible flow test conditions of the free-flying model. For incompressible
flow, the kinematic properties are preserved by using velocities scaled from
Froude number similitude requirements (Froude scaling). For compressible
flow, the compressibility effects are preserved through adherence to Mach number
similitude requirements (Mach scaling). To facilitate the assessment of the
scaling requirements and the extent to which the requirements are satisfied,
Froude- and Mach-scaled nomographs are presented (figs. 9 to 16). The atmos-
pheric characteristies used in formulating the nomographs are from reference 30.

Froude Scaling

As an example in the use of the Froude-scaled nomographs, assume that a
1/2-scale model of a 77,844-newton (17,500-pound) high performance airplane
having a wing area of 56 square meters (600 square feet) is to be built on the
basis of Froude scaling. Assume that calculations have shown that such a model,
complete with propulsion system, radio control, and instrumentation, will result
in a model-to-airplane mass ratio, mm/mA , of 0.3. Although the stability and

control characteristics are of concern in the proposed flight program, the eval-
uation of the stall, departure, and spin recovery characteristics in the clean
configuration is the primary objective. The predicted CL is 1.2.

max

Starting from the lower left-hand plot of figure 9 and assuming an n of 0.5
and an mm/mA of 0.3, it can be readily determined that to obtain relative density

factor similitude, the air density ratio, p, /p

f m f A
the relationship between the model test altitude and airplane altitude. By follow-
ing the tracer lines for this example, the following additional required scale
factors are determined:

, must be 2.4, which establishes

Im/IA =0.075

qm/qA =1.2
T = G =0.075
Y, I,

In addition, based on a pm/pA of 2.4, the simulated airplane altitude for each of

several model altitudes can be determined from the lower right-hand plot of
figure 9. Using these data and figure 10, the following table of Mach number and
Reynolds number ratios can be constructed.
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. Simulated airplane
Modelln a(lfttl)tude, altitude, MA/Mm (NRe)m/ (NRe)A
| m (ft) }
3,000 (9,843) 10,680 (35,040) 0.64 0.72
6,000 (19,685) 12,795 (42,040) 0.66 0.76
9,000 (29,528) 15,045 (49,360) 0.68 0.80
12,000 (39,370) 17,500 (57,480) 0.71 0.82
15,000 (49,213) 20,445 (67,070) 0.71 0.85 |

The data in the above table indicate that for this Froude-scaled model,
Reynolds number similitude is not possible at any test altitude, although the
difference may not be significant. In addition, the lack of Mach number simil-
itude may result in model data that are not fully representative of the full-scale
airplane. In this respect, consider the airplane stall condition (CL =1.2)

max
that governs the lowest flight velocity. For this condition, the following
relationships are obtained.

1

Model altitude, Airplane altitude, VA’ Vm = V (n) /2 MA M =M M

m (ft) m (ft) m/sec (ft/sec) m/sec (ft/sec) m A
3,000 (9,843) 10,680 (35,040) 76.5 (251) 54.1 (177) 0.258 0.165
6,000 (19,685) 12,800 (42,040) 90.5 (297) 64.1 (210 0.308 0.203
9,000 (29,528) 15,040 (49.360) 104.0 (341) 73.5 (242) 0.356 0.242
12,000 (39,370) 17,500 (57,480) 130.0 (428) 91.9 (303) 0.438 0.311
15,000 (49,213) 20,440 (67,080) 164.0 (538) 116.0 (379) 0.554 0. 393

These data show that Mach effects tend to be more significant with increasing
test altitude in comparing model data with full-scale results.

To determine the mass ratio and simulated test altitudes that will provide
Reynolds number similitude for the Froude-scaled 1/2-scale model, the tracing

is started from the upper left-hand plot of figure 10 with (NRe) /(NRe)
m A

equal to 1 and n equal to 0.5. Thus, at a model test altitude of 9000 meters
(29,528 feet), the simulated airplane altitude and Mach number ratio will be
16,350 meters (53,640 feet) and 0.682, respectively. Using the lower right-
hand plot of figure 9 and tracing to the left from the point where the model and
airplane altitudes intersect, the mass ratio, mm/mA , is determined to be 0.370.

Mach Scaling
The tracing of the Mach-scaled nomographs (figs. 11 and 12) for Mach-
scaled models (Mm/MA = 1) is similar to that explained for the Froude-scaled

nomographs. In applying the nomographs, it can be seen that Froude number
ratios, (NFr) /(NFr) , based on the actual gravitational field, are generally
A
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significantly different from unity. As a result of this lack of Froude number
similitude in Mach scaling, the model lift coefficient (and hence, angle of attack)
is correspondingly different from that of the full-scale airplane. This is indicated
more directly by the following relationship.

(«

( amsm maga

) \ -

L m _ mmgm mAgA _ qASA mmgm

) - - = (31a)
L A qum qASA

Substituting the Mach-scaled scaling factors from table 4,

((oNy) P
L m _ 1 L1 fm 3gn_1_ (31b)
€ Pr 2\ P 9,
A _mp 2 A
Pr Vg
A
or
(CL) <CL(Z) a g
m _ m., m__n_  °m (31¢)
(CL) <CLa> o, R, 2 g,
A s

Since Froude number similitude in Mach scaling requires that the model

2
RV

gravitational field g,, vary as a function of 9 , and since this is not possible

in atmospheric flight because g__ is equal to , in general it will not be possible
m Ia

for am/aA and (66) /(86) to be unity. One exception is when the model is sized
m A

such that n is equal to R However, except for this special case, the model

\%
s
will be at a lower angle of attack and lift coefficient than the full-scale airplane

while flying at the same Mach number. Correspondingly, the CD and Cm

similitude requirements will not be fulfilled. Hence, the performance parameters

CL and CD from the model data will not be representative of the full-scale airplane.

Another factor to be considered is that bending and torsional stiffness are

dependent on the dynamic pressure ratio, (pf /pf )RV 2 » as well as model scale,
m ‘A s
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whereas mass and mass-moment-of-inertia ratios are dependent on p £ /p 7 and
m ‘A

model scale only (table 4). Thus, where aeroelastic effects are pertinent, the model
testing must satisfy pf /pf and dynamic pressure constraints. The nomograph

m ‘A
in figure 11 is useful in this respect.

Although Mach scaling provides the correct scaled relationships for obtaining
dynamic force and moment coefficients and derivatives, these data presuppose
angle of attack similitude. Hence, for the dynamic stability and control derivatives
that are sensitive to angle of attack and aeroelastic effects, the model results
will not be representative of the full-scale airplane.

CONCLUDING REMARKS

This report has provided a comprehensive review of the similitude require-
ments and scaling relationships that apply to wind-tunnel and free-flight model
airplane testing. These requirements and relationships were considered in
relation to test techniques, test conditions (including supersonic flow), and test
objectives. The limitations of the test techniques were discussed with emphasis
on the free-flying model. Limited comparisons of typical model and full-scale
results were also presented.

Particular emphasis was placed on the scaling problems and limitations
associated with atmospheric flight tests of large-scale models for compressible
flow conditions. It was shown that conventional Mach scaling may be inadequate
for simulating the stability , control, and handling qualities characteristics of
the actual airplane because of the inability to satisfy Froude number similitude
requirements for steady 1g flight test conditions. Because of this deficiency,
the model data based on Mach scaling may not be representative of the actual
airplane for stability and control derivatives that are sensitive to angle of attack
and aeroelastic effects.

Dryden Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., May 23, 1978
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APPENDIX—REQUIREMENTS FOR DIMENSIONAL HOMOGENEITY

The dependence of one physical quantity, such as a force or moment, on
a number of other physical quantities, and the requirements for dimensional homo-
geneity in physical equations can be determined using the method of Lord Rayleigh
(ref. 31). '

In equation (1a), the force F was given to be dependent on a number of
other physical quantities. To establish the dimensional homogeneity requirements
and the dependence of the force on the other quantities, each physical quantity
on the right side of the equation is represented as a power product where the
exponents a', b', ¢', and so forth are to be determined.

' .' 1 ] ] ] ] ] 71 e g1 1] | 1 1 1 T
F=po W0V S @)V a8 ol el o gl M P ey ¥ g™ (32)

In addition, each physical quantity in the equation is expressed in terms of its
fundamental units (from table 1).

B a' L b' B ¢! , ~ f' ~ gv B
= it h arh oo™ ah oMah (33
Al kV l' -

o I _ ' ' p' 5 q' _
@2 o h ar?h o™ m™am?® mPch mide?)

- 1
mlt 2 d

,nv

On the basis of the pi theorem of dimensional analysis, the sum of the expo-
nents for each of the fundamental units (m, !, and t) on one side of equation (33)
must be equal to the sum of those on the other side. Hence, from equation (33),

m: l=a +b'+n"+p' +q' +r (34a)
I 1=-3a"-b'+c'+d +f'+g +1'+2p" +3q" + 3r (34b)
Bo-2=-b'-c'-f'-2g" - i -2/ ~K' -2I' + m' - 2q' - 2r' (34c)

Since only three fundamental units are involved, any three exponents can
be expressed in terms of the remaining but indeterminate exponents. Selecting
p [ I, and V as the fundamental quantities of concern and solving for the exponents

a', d', and f' associated with these physical quantities, the following expressions
are obtained from equations (34a), (34b), and (34c), respectively.

a'=1-b'—n'—p'—q'—r" (353)
d=1+3a+b" -c -f'-g -1'-2p'-3q" - 3r (35b)
fl=2-b' -c¢' -2g'-i'-2j' - k' -2U'"+m' - 2q' - 2r (35¢)

33



Substituting equations (35a) and (35c¢) for @' and f' in equation (35b),

d'=2-b'-3n"-5p' - 4q' A"+ g+ i+ 2+ K 1 - m' (35d)

By substituting equations (35a), (35d), and (35c) for the exponents a', ¢', and f',
respectively, in equation (32) and collecting the terms with the same exponents,
we obtain the following:

]
bt/v_\¢ ! it/ . 9N\ k'
2,2/ p (__s_) ne'/al\d Qi ! wl
Feevt (prl) v/ @ 2z @ <V> 2 <7)
(0" G o ot e
2 1 3 5 24 24
1% 1 l VA \%
pf pf pf Pf l
or
F :f(pfw Y o, a5 Ql o o v
1/2pr212 TR V2 vV g
vt m I _E' _GJ' (37
l, 3’ 5, 2 E
ppl” Pl pV 4 pr2l4

which is in the same format as equation (2a). Equation (2b) is obtained similarly.
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TABLE 1.—PERTINENT QUANTITIES USED TO ESTABLISH DIMENSIONAL
HOMOGENEITY IN FORCE AND MOMENT EQUATIONS

Symbol Description Dimension
F Force mlt.2
M’ Moment mi%t 2
or Fluid mass density mi”3
u Coefficient of absolute mi bt
viscosity
Vs Velocity of sound (index of lt—l

fluid elasticity)

I Characteristic length l

a' Attitude of aircraft — - —
\% Linear velocity lt~1
Linear acceleration lt_2
ts) Angular displacement - = =
(control surface)
Angular velocity t_1
Angular acceleration ;2
w Oscillatory frequency tnl
g Acceleration of gravity 112
t Time t
m Mass of aircraft m
I Mass moment (or product) mi™2
of inertia
. . . 3,-2
EI Bending stiffness mlt
GJ' Torsional stiffness m13t_2
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(1/2)pr213
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a

o)
Ql/v
ar? /vt
al/V2

wl/V

v
Df l/p
V©/lg

VIV,
m/pfl3
I/pfl5
fv214
GJ'/pfvzl

EI'/p

4

tv/1

General definition

Aerodynamic force coefficient
(Newton force coefficient)

Aerodynamic moment coefficient
(Newton moment coefficient)

Aircraft attitude (relative
to airstream)

Control surface position
Reduced angular velocity
Reduced angular acceleration

Reduced linear acceleration

Strouhal number, NStr‘

(reduced oscillatory frequency)

Reynolds number, NRe
Froude number, NF;"

Mach number, M
(fluid compressibility parameter)

Relative density factor

Relative mass moment of inertia
Aeroelastic-bending parameter
Aeroelastic-torsion parameter

Reduced-time parameter, t

TABLE 2.—SIMILITUDE PARAMETERS AND DEFINITIONS

Applied definition

a, B
5,86 ,86 ,
e a v
- 5c¢c 5b
qc rb "e’ "a_
2V 2V’ 2V’ 2V’
4V2 4\/2

< Fluid inertia force>
f e,
Viscous force

< Inertia force >
Gravitational force

< 'Fluid inertia force >
Fluid pressure force

m

m
flpp/pp) P, SE/Z" p,5b/2
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TABLE 3.—~SCALING FACTORS FOR MOUNTED AND RESTRAINED WIND-TUNNEL MODELS

(a) Rigid models. Aerodynamic coefficient = f(a', &, M, NRe’ Ql/v, NStr' tv/1)

Scaling factor

Incompressible flow

Compressible flow

Parameter Ratio Dynamic tests Dynamic tests
Static 5 Static
| tests “ur"eg flow Oscillating tests Rotating | Oscillating
‘ . ° model model model
\ rotating model
Length lm ’ lA n n n n n n
Vehicle attitude a'm/a'A 1 1 1 1 1 1
Control surface deflection 8m ISA 1 1 1 1 1 1
Mach number M /M T 1 1 1
m/ A
Linear velocit =
Inear velocity VinlVa VinlVa VilVa VinlVa Vs, Mm /Vs Ja Ry, Ry, Ry
| pf Vm pf AVA Va v m Va
Reynolds number* (NRe) I(NRe> n={;= =1 SRy n=1
m A “’m IJA m A Vm s
Reduced angular rate (%) /(%) - - - 1 N 1 1
m A
Angular rate Q[0 ---- VifVa)[n (Vm/VA)/” ————————————— Rvs/n Rvs/n
Radius of curvature of flow "m /r' A [ Y U
in curved flow tests L
1
Strouhal number <w—vl / <7> T T IR 3 O U 1
m A |
Oscillatory frequency P4 B B Vi /v A) / Y A | Rvs /n
T
Reduced time <i> <£Z> ---- 1 1 1 1
! m ! A
Time talta T (VA/Vm)n (VAle)n ____________ "/Rvs "/RVS
Angular displacement (p‘m/cp'A JE 1 1 | e e oo 1 1

*Normally difficult to scale for similitude; transition grit usually employed on model to approximate Reynolds number similitude.




TABLE 3.—Concluded

T 1
(b) Aeroelastic models. Aerodynamic coefficient = f<a' , 0, M, NRe’ —rﬂ~3-, LS’ ET gJ_>

-4’ -4
l l 1 l
7 prl” ppl” Al q
Parameter Ratio Scaling factor
Length lmllA n
: - ;
Vehicle attitude a'mla A 1
Control surface deflection SmlaA 1
Mach number Mm IMA 1
Linear velocity Ve IVA RVS
Fluid mass density p p p p
fml fA fm/ fA
Dynamic pressure amIaA <pf /pf >RV 2
m{ ‘A s
Reynolds number* (NRe)m I(NRe)A (vA/vm)RV n=1
Relative density factor1L <__m__3_> /<L3> 1
pel pel
f m f A
+ 3
Mass mo My <pfm/pfA>n
- . T 1 1
Relative mass moment of inertia —z <———-5- 1
pel pel
Tl N ;
. Lt n
Mass moment of inertia ImIIA (me,pfA>
1 / t
Aeroelastic bending (slope) <%—> <%> 1
ql ql A
. . . . ~ =y 4 2 4
Bending stiffness (EI )mI(EI )4 (qm/qA)n = <pf /pfA)RV n
m s
Area moment of inertia ror, (c-gm/c_lA) (EAlEm>n4
1
1 Aeroelastic torsion GJ 1
P (angular twist per unit length) m A
. . N N 2 4
Torsional stiffness GJI / (GI", (qm/qA)n = (pf pfA>RV n
m s
Area torsional moment mIJ' (&m/aA> (GA /Gm) n
of inertia
Strouhal number <V) /(u—‘),—) 1
m A
Flutter frequency © lmA RV /n
s

*Similitude normally not attainable; transition grit usually employed to approximate
similitude.

TSimilitude and scaling requirements usually not satisfied on performance and stability
and control models.
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TABLE 4.—SCALE FACTORS FOR FREE-FLYING MODELS

Aerodynamic coefficient = f{a', 8, N, M, N, _, e » Ngo s —~tV, L I , ET' s SEA
Fr Re’ V Str’ 2 3 5 2,4 2,4
pr pr pr 2 pr 2

(a) Flow and dynamic scale factors

7 . Scaling factor
Parameter Ratio —
Froude scaling Mach scaling
Length Qm/QA n n
Vehicle attitude a'm/a'A 1 1*
Control surface deflection ZSm/SA 1 1
2 2 g
Froude number <z—/——> /(X—) 1 A Ry, 2(l/n) =1
g m g A gm s
Gravity field 2
ravity fie gm/gA 1 RVS (1/n)
. 1/2
Velocity Vm/VA n RVS
‘ o vz,
Mach number Mm/MA n /Rvs 1
Fluid density P /P P /p 7 p p
fm fA fm fA fm fA
. - = 2
Dynamic pressure q._/q (p /p ) n <p /p )R
m’ A fm fA fm fA Vs
Reynolds number N N ) (v, /v )n3/2 (v,/v_JRy n
Re m Re A A" 'm A" TmTV
Reduced angular rate (QTQ) /(9—Q> 1 1
\%4
m A
Angular rate Q /0 n1/2 R n
Ang m’ %4 vs/
Reduced time (%) /(L‘i> 1 1
2
m A
. 1/2
Time tm/tA n n/Rvs
Angular displacement cp'm/cp'A 1 1
. . L -1 2/ 2 «
Angular acceleration Qm/QA n RVS /n
Linear displacement sm/sA n n |
. . 2
Linear acceleration am/aA 1 RVS /n
Strouhal number (9‘/1) / 9&-) 1 1
m A
Oscill f / "1/2 R, /n
scillatory frequency w o, n Vs/

*In Mach scaling, ability to satisfy attitude scaling is dependent on satisfying Froude
number similitude.
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TABLE 4.—Concluded
(b) Mass, moment of inertia, and aeroelastic scale factors
Scaling factor
Parameter Ratio Rigid model, Flexible model
Froude and : :
Mach scaling Froude scaling Mach scaling
Length Qm/SZA n n n
i
Relative density factor _ﬂg _r_n_3 1 1 1
pr PfQ
m A
3 3 3
Mass m_/m p p n P p n p p n
moA (fml fA) (fm/ fA) (fm/ fA>
Relative mass moment of inertia -1—5— LS 1 1 1
Pyl ppl
. . 5 5 5
Mass moment of inertia 1 /1 p p n p p n p p n
mA (fm/ fA) (fm/ fA) (fm/ fA)
Radius of gyration km/kA n n n
Aeroelastic bending (slope) EIZ ) E12 7y T 1 v 1
pr 4 pr 14
m A
. > T "N e D oo . o a 4 = a a 4 =
Bending stiffness (EI )m/ (EI )A (qm/qA)n (qm/qA)n =
2 4
Pe [Pp\M Pe |Pp\ Ry 0
<fm/ fA) (fm/ fA> vs
A t of inerti I, e (q /_)fi‘in‘l: (q /')iA—n4:
| rea moment of inertia A - 9,/ Em q,,/9, Em
E /E
A\ 5 A 2 4
p p 7 n p p 7 IR n
(fm/ fA) Em> (fm/ fA)\Em> vs
Aeroelastic torsion GJZV i % ﬂ ———————————— 1 1
pr 2 pr 14
m A
: : i N - = 4 _ - = 4 _
Torsional stiffness (GJ )m/ (GJ )A (qm/qA)n = (qm/qA)n =
0 p n p p. \R n
(fm/ fA) (fm/ fA) Vs
Area torsional moment of inertia B A it (q._/q,) G—A n4 = (q./q,) G—A 4
€ m' A /94 ¢ )" A’ 9a Gm” -
G G
A5 A 2 4
o p G_>” p p < )R n
3 (fm/’A><m (f/f>cm Vs




Wind-tunnel data—

—O—  Fixed transition
——  Free transition
—=——  Extrapolation
<  Predicted full-scale Cm based on extrapolated data
0
A Flight data
'.04 r—_*” [ — - - ™ 1
-.06 _—G‘ﬁ(“ - — J
To— _ 4 _J'
: ;_—_ _____ — ——
-.08 ——— . - -t
o 4
-.10 /__
pl L] el L L]
1 5 10 50 100 x 10
NRe
Figure 1. Effect of Reynolds number on wing-body zero-lift

pitching moment. M = 0.825; C-141 airplane (ref. 4).
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Wind-tunnel data—

—O— Transition fixed at 0.10c
—O—  Transition free _
—O—  Vortex generators at 0.55¢
A Flight data
———Extrapolation
0 1 1
M=10.825c, =0.4 M =0.850, ¢, =0.3
L L
-.04
-.08 O
m
-.12 XN
_\\ —§\\
'.16 D\ 3 ‘\ ~ .- A
N,
-.20 ;Jli 6 6
1 5 10 50 100 x 10 1 5 10 50 100 x 10
NRe NRe
(a) Spanwise station 0.637 (b/2).
Wind-tunne! data— _
—O— Transition fixed at 0.10c
—I3—  Transition free _
—O—  Vortex generators at 0.55¢
A Flight data
——— Extrapolation
0 T T 1
M =0.825, ¢ =0.4 M =0.850, ¢ =0.3
-.04 '
-.08 i
C ‘\
m ~
-.12 N N
. K
-.16 |- “\‘T’A‘ g Q
-.20 6 6
1 5 10 50 100 x 10 1 5 10 50 100 x 10
NRe NRe

(b) Spanwise station 0.389 (b/2).

Figure 2. Scale effects on wing-section pitching moment
coefficient of C-141 airplane (ref. 4).
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Figure 3. Variation of crossflow drag coefficient with crossflow
Reynolds number for circular cylinders at supercritical Reynolds
numbers and crossflow Mach numbers from 0.25 to 0.50 (ref. 8).
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Figure 4. Peak in crossflow drag coefficient of cylinder as combined
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