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This report is the first issue of the Air Force Academy Aeronautics Digest.

Future plans call for publication of the Digest twice a year. The contributions
represent recent work reported in a concise, scholarly and timely manner by students
and faculty of the Department of Aeronautics, members of other Academy departments
and F. J. Seiler Research Laboratory, researchers directly or indirectly connected
with USAFA-sponsored projects and authors in fields of interest to the USAFA. 1Ir
addition to complete papers, the Digest will include, when appropriate, abstracts of
lengthier reports and articles published in other formats. The editors will consider
for publication contributions in the general field of aeronautics, including:
-Aeronautical Engineering
--Flight Mechanics
--Propulsion
--Structures
-Fluid Mechenics
-Thermodynamics and Heat Transfer
Papers on other topics will also be considered on an individual basis. Contributions
should be sent to:
Editor, Aeronautics Digest
DFAN
USAF Academy, CO 80840

In this first issue it seems appropriate to mention why publication of this digest
was started. As part of the normal Aeronautical Engineering curriculum, the Depart-
ment of Aeronautics sponsors a tremendous number of student projects. Many of these
projects are well worth permanent documentation for possible use in future research
programs. We also feel that the preparation of work in a concise, journal style is
conceptually valuable for those students whose work is worthy of publication. No
other outlet for student papers in aeronautics now exists.

In the Aeronautics Department, and, in fact, the U.S. Air Force Academy, many
faculty members are involved in formal research, and others work on academic problems
for use in the classroom or for personal clarification of some principle. In many
cases the formal researchers have acquired minor, secondary or preliminary results but
have not come to the point of preparing a project report. In the case of those invest-
igators of academic problems, many of their studies represent original work not prev-
iously published. While the extent of these studies may not warrant submission to a
professional journal, it is, nevertheless, important to retain a permanent record for

future use.
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In discussing these points with Capt Donald Bishop of the Department of History,
he suggested that the Aeronautfics Department would do well to start {ts own journal.
At the time the statement seemed humovous, but, as time passed, the idea seemed to make
more and more sense. The result of Don's suggestion vou now see before vou., NWe hope
that this issue will be the first of many more to cowme.

The Aeronautics Digest is edited by Capt E. ), Jumper, PhD and Capt M. J. Tower,
PhD with the cooperation of the Department of Eoglish. In particular, the Digest would
like to thank Capt K. E. Stevenson, Jr. who served as liaison officer from DFENG, gave

many helptul suggestions and provided the tinal editorvial review.
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AERODYNAMICS OF A TUMBLING REENTRY VEHICLE
*
Michael M. Tower
wok
Bertram Conroy

Wk
Steven H. Slick
Abstract

Experimental wind tunnel data is presented for a right conical blunt nosed model at
angles of attack of 907, 135", and 180 , through a mach number range of 1.2 to 3.0. The
axial and normal force coefficients obtained from the tunnel data acquisition system
are converted to litt and drag coefficients and extends the theoretical data published
by the National Aeronautics and Space Administration, NASA, bevond the zero to 90~
range. The results of this paper could be included in the aerodynamic routines of a
ballistic trajectory reeuntry vehicle computer code for more accurate trajectory pre-
dictions of a tumbling reentry vehicle.

I. Introduction

With the advent of Intercontinental Ballistic Missiles, ICBM, to world political
confrontagion, defense of the continental United States becomes tremendously complex and
expands the frontiers of technology. This paper addresses a small portion of the I1CBM

defense problem,

Consider the scenario of a first strike attack by Russia on the United States.
Farly warning radar will detect and tract the Russian 1CBM's near their trajectory
apogeey and linked with high speed computers with trajectory prediction codes, can deter-
mine point of impact in a matter of milliseconds. The known ballistic trajectory can
then be integrated with an Antiballistic Missile, ABM, guidance control system to launch
and intercept the 1CBM. However, it is likely that several high altitude precursor
nuclear weapons will be detonated to disrupt communications and blind radar. Added to

this ABM detonations will further clutter the atmospheric war zone.

At first glance these air bursts should not bother the ABM system, since the tra-
jectory of the ICBM was already determined by our early warning radars and trajectory
predictionst unfortunately, associated with the atmospheric bursts are shock waves with
pressure and density discontinuities. If a time staggered ICBM happens to intersect the

shock waves of a previous detonation the trajectory will be significantly altered.

The ICBM reentry vehicle can skip off the high pressure behind the shock wave and

. ;
Captain, USAF, Assistant Professor of Aeronautics, DFAN

*\
C1C, USAF Academy
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unintentionally extend {its range similar to the NASA fears that the Apollo Spacecraft
returning from the woon might skip oft the Earcth's dense atmosphere and be plummeted into
outer space. Alternatively, at the correct intersection angle and with the increased
drag due to the higher density, the reevtry vehicle will fall short of its desired

target, see Figure 1.
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Modified Ballistic Trajectories due to Encounter with a

Nuclear Shock Wave

Figure 1.
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This signficantly complicates the ABM's guidance control. The 1CBM's trajectory
has been modified (like a maneuverable I1CBM) such that the ABM system can no longer

predict an intercept point. So - work has been done at the Air Force Weapons Laboratory,

e =

Kirtland AFB, NM to couple a six-degree-of-freedom trajectory code with an atmospheric

nuclear burst model to predict modified trajectories for reentry vehicles that had

=

intersected the burst shock wave (Ref. 1). Good results were obtained in predicting
B Circular Error Probabilities, CEP, for reentry vehicles passing through the influence

of a nuclear burst,

i A key to any trajectory code is the vehicle aerodynamics. Accurate calculations of

lift, drag, and pitching moments are imperative. These parameters can alter the re-

entry angle and range. The lift, drag, and moment coefficients can be determined
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theoretically or experimentally for a given shape as a function of angle of attack, Mach

number and Reynolds number.
3
In the course of time, position stepping a trajectory code, angles of attack, Mach 3
number and Reynolds number are known at the previous time interval and all parameters
can be then extrapolated to the next time interval. Mach and Reynolds effects on lift,
drag, and moment coefficients can be scaled, however it is more complicated theoretically

to predict how these aerodynamic coefficients vary with incidence. 1t is well documented

how lift, drag, and moment coefficients vary with angle of attack from + 85 (Ref. 2).
For spinning reentry vehicles the gyroscopic effect limits the incidence to generally
less than 10 ., For the case where the reentry vehicle intersects a nuclear shock wave,
the incidence will always be less than 90 ., Thus, for the trajectory codes, the aero-
dynamic characteristics of the reentry vehicle can be calculated and the ballistic tra-

jectory predicted.

For the original scenario proposed, there is one further complication that this
paper specifically addresses. Many of the Russian ICBM reentry vehicles are not gyro-
scopically spinning and have a tendency to tumble (even a spinning reentry vehicle could
possibly tumble if it encounters a blast shock wave at a critical angle). Thus, in
order to predict the aerodynamic characteristics of Russian reentry vehicles the lift,
drag, and moment coefficients must be determined for a full 360 angle of attack, rather
than the widely published + 85 angle of attack data, It is the intent of this paper to
relate experimental data for lift and drag coefficients for a Russian type 1CBM reentry

vehicle at angles of attack greater than + 85 .

I1. Experimental Approach

In order to obtain lift and drag coefficients from 90 to 180  incidence, solid
aluminum models were designed and these were constructed by the Air Force Acadeny
Instructional Technology Division. The model dimensions are depicted in Figure 2. The

shapes are typical of the Russians SS5-9 1CBM.

4 8 16*

.0134

All Dimensions in Meters

I.g—_—.o:.‘)s i

Figure 2: CGeneral Model Shape
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Figure 4: Model orientation, a = 135°

y.

Figure 5: Model orientation, a = 180°
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Using the flat plate approximation for the base, the literature suggests a drag coeffi-
cient of 1.60 (Ref. 3). The drag was taken as 607 of the maximum allowable axial load

of the balance, which is 334 N. The dynamic reference pressure, % p V¥ is established by
tunnel operating conditions and can be obtained from a chart in the tunnel operation
manual (Ref. 4) for the worst case, which was 91 KN/m2 . This determined a model base

area of 0,177 square meters.

Testing was conducted at four Mach numbers for each of the three angles of attack.
The Mach numbers tested were over the full supersonic range of the Trisonic Wind Tunnel
from 1.2 to 3.0, The typical Mach number profile of a Russian SS-9 reentry vehicle is
Mach 20 at 100 KM down to Mach one at impact. Thus the tests covered the low altitude
reentry phase. Data was collected with the assistance of Fred Jayne during November
1977. The balance data was collected and automatically reduced by the Hewlett-Packard
Data Acquisition System in conjunction with the Burroughs TC-500 computer.

IIT. Discussion of Results

The theoretical NASA data is tabulated for a sharp-nosed right cone at Mach 9.6.
The NASA data thus had to be corrected for Mach effects and for cone bluntness to be
compared with our model data. The following discussion and equations correct the data

for Mach and geometric effects,

The axial and normal force coefficients, CA and CN’ respectively, for the cone are
plotted at Mach 9.6 and a stagnation pressure coefficienc of 2.0 according to Newtonian
Drag Theory. A better approximation for the stagnation pressure coefficient can be

made for low supersonic Mach numbers, i.e., M < 3 by the following equation,(Ref. 2):

k3 5 2
; c, y+1(1 ) (2)

max &y + 3) M2

where Yy - 1.4 for air

M - free stream Mach number

To modify the tabulated NASA axial and normal force coefficients for Mach effects, each
number is multiplied by the ratio:

Gay e =

where the numerator is determined from equation 2,

A blunt cone can be generated by superimposing the axial and normal force coeff-

icents of a sharp right cone and a hemispherical shape. The superposition can be
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achieved by the following equations (Ref., 2):

£ 2
h l\)‘ 2
v - 0 = =t 2 T + e - \ 4
LA (} 1 = ( : s0C Hc (4)
cone sphere
h*® h ) 2
- a - — 6 — & :
(N ( N 1 3 ( N sec Hc )
cone sphere

where ¢, - axtal force coefficient of sharp cone and hemisphere
C - normal force coefficient of sharp cone and hemisphere

h, a and GC are given by figure 6.

¥

—
—

—-—‘-—s——-— —
— -—
point of
tangency

Figure 6: Definftion of h, a, and Gc

Once the axial and normal coefficients have been modified to reflect the blunt cone
geometry, they can be resolved into lift and drag coefficients, C‘ and (Tn. respectively,

by the following equations:

L = G + )
(n (A cos o (N sin « 0

G ™ = @ > o )
¢, Cy sin o + Cy cos & (7

where @ - angle of attack.

The wind tunnel results ave plotted in figures 7-13 along with the corrected theo-
retical data provided by NASA (Ref. 2). The theoretical data is plotted for angles of
attack from zero to 85 and then the experimental data extends the curves {rom 90" to

180", Both lift and drag coefficient data ave presented.

The experimental data blends in guite well with the NASA theorvetical data. The
experimental data shows the highest drag when the model {8 pointed rearward futo the
flow which {s what one would expect. The drag drops somewhat near the 90 incidence

which i{s also plausible due to a reduction in base drag.
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The lift coefticient veaches a maxiwmum near 1357 angle of attack. This {s a result
of the large tlat plate area of the base being exposed to the free stream, The lift
coefficient {s expected to return to zero at 1807 fncidence because of axial symmetry;

the experimental data contirms this requirement,
1V,  Conclusions

Although only three i{ncident angles at tfour Mach numbers were tested, general con-
clusfons can be drawn since we expect the experimental portion of the curves,plotted in
figures 7-1} to join smoothly with NASA's theoretical data and to be drawn smoothly
between points. The highest values of lift coefficients occur near 135  and the highest

drag coefficients are obtained for a rearward orientatfon, 180" {ncidence.

The data contained in this paper can be used to predict lift and drag coefticients
for a tumbling reentry vehicle, With a proper curve fit to the data, the results can
be incorporated into the aerodynamic subroutine of a ballistic trajectory reentrv code.
More accurate results can then be obtained by including the reentry vehicle's orientation
through a full \M\'\\.

In the way of recommendations for further studies, more data points should be tested
the tull range of aungle of attack from zero to 180‘; along with many more Mach numbers.
Higher Mach number testing {s required for the higher altitude portion of reentry where

the Mach number {s near 20,
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DRAG REDUCTION THROUGH HIGHER WING LOADING
%
pavid L. Kohlman

Abstract 1

Drag reduction of typical light aircraft is discussed in this paper. The principle
means of drag reduction can be achieved by reducing the wing area, thus reducing para-
site drag. Reducing wing area naturally involves other modifications if the aircraft is
expected to have the same or better performance. The modification constraints and
related configuration changes are addressed here, such as reduced span or chord, full
span Fowler flaps, and the use of the recently developed general aviation airfoil devel-
oped by Whitcomb.

I. Introduction

The wing typically accounts for almost half of the wetted area of today's production
light airplanes and approximately one-third of the total zero-lift or parasite drag.
Thus the wing should be a primary focal point of any attempts to reduce drag of light
aircraft with the most obvious configuration change being a reduction in wing area.

Other possibilities involve changes in thickness, planform, and airfoil section.

This paper will briefly discuss the effects of reducing wing area of typical light

airplanes, constraints involved, and related configuration changes which may be necessary.

II. Constraints and Benefits

The wing area of current light airplanes is determined primarily by stall speed
and/or climb performance requirements. Table 1l summarizes the resulting wing loading for
a representative spectrum of single-engine airplanes. The maximum lift coefficient with
full flaps, a constraint on wing size, is also listed. Note that wing loading (at maxi-
mum gross weight) ranges between about 10 and 20 psf, with most 4-place models averaging
between 13 and 17. Maximum 1lift coefficient with full flaps ranges from 1.49 to 2.15.

Clearly if CL can be increased, a corresponding decrease in wing area can be

max
permitted with no change in stall speed. If total drag is not increased at climb speed,

the change in wing area will not adversely affect climb performance either and cruise

drag will be reduced.

Though not related to drag, it is worthy of comment that the range of wing loading

in Table ! tends to produce a rather uncomfortable ride in turbulent air, as every light-

*
Professor, University of Kansas
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Table 1

WING LOADING AND Cl-“b\\ FOR TYPICAL SINGLE-ENGINE AIRCRAFT

5 CL‘
Aircraft W/S -~ PSF max
Cessna 150 10.2 1.73
Cessna 172 13.2 2.15
Cessna 182 16.9 2.03
Cessna 210 21.7 2.01
Beech C23 16.8 1.89
Beech V358 18.8 1.85
Grumman Tiger 17.1 1.92
Bellanca 300A 20.6 1.64
Mooney M20E 15.4 1.85
Piper PA-28-140 13.4 1.73
Piper PA-28-180 14.4 1.51
Piper PA-28-200R 15.6 1.49
Piper PA-32 19.5 1.92

Table 2

WING LOADING AND ClMA\I FOR TYPICAL TWIN-ENGINE AIRCRAFT

C

Aircraft W/S - PSE e
Beech Baron 25.6 1.42
Beech Duke 31.8 1.64
Beech Queen Air 29.9 1.78
Cessna 310 30.7 2.02
Cessna 402 322 2.02
Cessna 421 35.2 1.86
Piper Seneca Il 21.9 1.80
Piper Navaho PA-31-350 30.6 1.66
Piper Navaho PA-31P-425 34.1 1.93
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plane pilot is well aware. The only way to reduce this gust sensitivity is to increase

wing loading.

Typically, wing loading tends to increase as performance (cruise speed) increases.
This is particularly evident in Table 2 which presents data for twin-engine aircraft.
But gust response is proportional to the ratio of calibrated cruise speed to wing load-
ing [Vc/(w/S\] and thus improvements in ride due to higher wing loading are partially,

{f not completely, offset by higher cruise speed.

It is also evident in Table 2 that even though wing loading is higher than for
single-engine afrcraft, it is translated directly in%o higher stall speeds. Twin-engine

high lift systems produce virtually the same CL as shown in Table 1 for single-engine
max

airplanes. Thus there appears to be an equal potential for reduction in wing area of

single and twin-engine aircraft by ewmploying improved high lift systems. How to

achieve higher CL for light aircraft i{s discussed later.

max

Buty assuming for a woment that improvements in CL are available, making higher
max
wing loading possible for a given airpiane or class of airplanes, it is important to

consider how the wing area should be reduced. The ecasiest and most tempting way is by
reducing span. Not only does this leave the inboard wing structure, mechanisms, and
wing-body junction unchanged, but it reduces wing bending moments making possible a
lighter wing. But reducing the span increases the span loading, thus reductions in

parasite drag through a decrease in wing area are countered by an increase in induced

drag.

On the other hand, reducing wing area by a decrease in wing chord decreases parasite
drag almost in direct proportion to chord decrease, and if span remains constant there
i{s virtually no change in induced drag. From an aerodynamic point of view this is most
desirable, but it introduces possible structural and weight problems because aspect ratio

increases while spar thickness and internal volume decrease if the same airfoil section

is used.

To understand the potential and the constraints of drag reduction through wing area

reduction, consider the following simplified analysis.

Assuming that the parasite drag coefficient and span efficiency factor remain un-
changed, the parasite drag is directly proportional to wing area and induced drag is
inversely proportional to the square of the span., Then the wing drag at any given

flight conditfon may be written as:

’t:-.

b 2
b ¢ R
0, =D, ==— + (1 - b, ) — (N
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Y,

where D is the reference wing protile drag; D {s the total drag of the reference

J
}R NR

wing. The span and chord are denoted as b and ¢ with a subscript R indicating

reference values., For simplicity an untapered wing is assumed. Normalizing equaction (1)

with respect to the original reference wing drag, nw , gives :
R
D, b 2
D o= Wit p -Fﬁi"_ + (1 - P) .. (2)
o RER b2

where P = , the ratio of parasite drag to total drag.

If only the wing chord i{s reduced, then the change in total normalized wing drag is

de

<

R

dD = P (3)
Thus the percent reduction in total wing drag is equal to the percent reduction in
chord length times the original ratio of parasite to total wing drag. Clearly, the

benefits of wing area reduction increase with air speed.
Consider a typical light airplane with the following characteristics:

Gross weight = 2800 pounds

Aspect ratio = 7.4

Wing area = 174 fe®

Drag coefficient of body and empennage, CD = 0,017
“BvH

Wing parasite drag coefficient, (‘.D = 0,009
Q,

W
Alrplane efficiency factor, e = 0,75
Cruise altitude = 8,000 ft

If only the chord is reduced, then, as shown in Reference 1, the resulting normal-

ized total airplane drag, is shown in Figure 1. Although substantial drag reduct-

D
T'
fons are possible, constraints are imposed by the requirement to cruise at a reasonably

low lift coefficient and stall margin, and to keep stall speeds low enough for good take- 3
off and landing performance. Even with these constraints, however, significant reducc-

fons in wing area, cruise drag, and gust response are possible for today's general

aviation fleet.
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Figure 1. Effect of wing chord reduction on total drag
of a typical single-engine light aircraft.
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o analyvze the effect of reducing span while holding chord constant, differentiate

equation (2) with respect to span b. Then

b
1 R £
dn - P=-2 (1 =-P) db (4)
b
2 ¥
R
. ) dD
For decrease in span to result in a net decrease in drag the condition JT\. > 0
for b =« b must be satisfied.
N
This {s true only 1if
y
P> =% £

In other words, a reduction in drag by reducing span can be achieved only if parasite
drag is more than double the induced drag at the flight condition in question. While
this may be satisfied during high speed cruise, it is rarely true during a climb., And
when P 2/3 a reduction in span increases induced drag more than it decreases parasite

drag. For a tapered wing, P must be even larger than the value given in (5) to achieve

drag reduction.

¢ y . I
The limit to favorable span reduction is found by solving for the value of oG
R
N
which vields \:‘ = 0, assuming P > 2/3, Again from equation (4) it is easily shown
dB
that
dD
o = 0
b "
B 2 (1-1
when e = L4 e (6)
b ¥

R
Equation (6), plotted in Figure 2, establishes the boundary of favorable span re-
duction of a coastant chord wing as a function of the reference wing parasite drag

ratio, P.
11, Technical Developments

It {s clear that wing area reduction can be achieved only {f corresponding increases

in C can be designed into light airplanes in a practical manner. Several recent

max
deve lopwents indicate that this i{s a very rveal possibility.

One promising development is a new family of general aviation airfoil sections.

T™wo members of the family, the CA(W)=1 and CA(W)=2, have been defined at this time.

19
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As shown in Reference 2, the characteristics of these airfoils are:

- high CL compared to conventional airfoils (see Figure 3)
max
- gentle stall characteristics
- fairly thick section. The GA(W)-1 is 177 thick. This helps to maintain spar
depth with reduced chord lengths.
- very little increase in C_ at climb lift coefficients (see Figure 4). This

D
o

combined with decreased wing area offers the potential of significant increase in
single-engine climb performance of twins.

Another interesting development is the recognition of the efficiency of spoilers for
roll control on light airplanes. Among other features, spoilers permit the use of full-

span, or at least increased span, flaps. This will increase CL with no change in
max

airfoil or flap geometry. Several light airplanes are now using this concept: the
advanced technology light twin (ATLIT), a modified Seneca; the Redhawk, a modified
Cessna Cardinal; the RSTOL Seneca, a modification kit developed by Robertson Aircraft

Corporation; and the Mitsubishi MU-2.

Another method of increasing CL is to increase the Fowler action of conventional

max

single-slotted flaps. This can be done with very little increase in complexity or
weight. Figure 5 shows the very large values of CL (2-D) which can be obtained wieh
max

a GA(W)-1 airfoil using a 30% chord single-slotted Fowler flap.

IV. Flight Test Results

Additional confirmation of the ability to increase CL through both airfoil design
max

and flap design has been demonstrated in the Redhawk and ATLIT programs.

Table 3 , from Reference 3, shows maximum lift coefficients obtained on the Red-

hawk by using a 307 chord single-slotted Fowler flap. Note that the flap covers only

477 of the wing span.

The ATLIT, using full-span, 307 chord single-slotted flaps, and a GA(W)-1 basic
airfoil, generated the high lift data shown in Table 4. Clearly, significant

increases in CL are possible for this class of airplane.
max

Finally, Table 5, shows drag data generated during flight test of the Redhawk. The
most significant result is that parasite drag was reduced 10,57 by reducing wing area,
thickness, and span. This is a significant reduction, and it illustrates in flight

that a reduction in wing area can be an effective and practical means of reducing drag.
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Table 3

COMPARTISON QF STALL SPEEDS AND MANIMUM LUFT COEFFICLENTS

Notes:

Configuration 2 Redhawk _ Cordinal _ T
Vs' mph Cl. \/'s ,mph CL
max max
Cruise ’9.6 1.40 &64.7 1.38
Kruger tlaps only o9 .8 1.82 -
Fowlar tlaps 10° 7.2 1.75 -
Fowler flaps 107
and Kruger flaps 62.8 2.25 -
Fowler flaps 40° 84.4 2.14 55.0 1.84
(30° for Cardinal)
Fowler flaps 400
and Kruger flaps 56.0 2.8 - J

1
2

J.

. Gross weight - 2500 b

. Redhawk c.q. location 7.2% m.a.c. (109 in.)

Cardinal ¢.g. location 19% m.a.c. (109.3 in.)
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TAKEOFF GROUND ROLL PERFORMANCE MODEL
Fred H, Porter III

B 4 Abstract

An acceleration-during-takeoff-roll model is developed using two unknowns, a takeoff
drag coefficient and a rolling friction coefficient, The unknown coefficients are then
estimated using linear regression on acceleration versus velocity data obtained from ]
four different takeoffs with varying thrust, weilght and environmental conditions,
tinally the model is used to predict acceleration, time and distance as a function of
ground velocity for standard thrust, weight and environmental conditions,

;? I. Introduction

¥ Traditionally the standard takeoff performance data of an airvcratt has been evaluated
by applying individual, first-ovder corrections for non=standard power setting, weight,
temperature, pressure, and headwind, This method of evaluation provided an estimate of

performance on a sea level standard day for a specified power setting and aircraft con-

3
d
1
4
8

figuration, If performance was necessary under other than standard conditions the same

process was applied and, although tedious, produced reasonable results (Ref, 1. 3

By choosing a general linear model for takeoff acceleration as a function of ground
velocity, we can simplify the traditioval procedure. Unknown drag and volling friction
coefficients can be determined by using a least squares (Lt on test data {ov severval
different takeoff conditions, We can determine the unknowns (drag coefficient and
rolling friction coefficient) in a general takeoff model, With these coefticients the
model may be used, within the limitations of the assumptions, to determine takeoff

acceleration, time, and distance quickly and explicity for any set of coanditions,

“ II, The Linear Model

A, Assumptions
The model incorporates several assumptions as follows:
l. The aircraft remains at a constant lift and drag coefficient throughout the i

ground roll, Constant landing-gear strut extension fixes the aircraft attitude and

*
i ! Lt Col, USAF, Assistant Professor of Aeronautics, DFAN
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angle of attack, therefore it is not unreasonable to assume the operating point on the

drag polar stays the same,

2, The runway slope is zero, (Test data used in this paper were taken on a zero-
slope runway which simplified the regression; however, the model may be modified to

accommodate runway slope.)

3. Net thrust is parallel to the velocity and remains constant throughout the take-

off roll, Any dependence of thrust on velocity was assumed to be slight and was absorbed

in the regression coefficients,

4, Alrcraft weight and configuration remain constant throughout the takeoff roll,

5. Wind, ambient pressure and temperature remain constant throughout takeoff roll.

Any side force component is negligible,

Figure 1. Forces During Takeoff Roll,
B. Equations

Under the assumptions of part A, the significant forces affecting an aircraft during
takeoff roll are shown in Figure l,where T is the net thrust, L is the lift, D is the
drag, W is the aircraft weight, y is the rolling friction coefficient, and x is the

‘

distance.

Summing the forces horizontally yields?

%'}('-T-D-u(w-L) m
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Using the usual definitions for 1ift_and drag, Eqn (1) is solved for acceleration,

%, ylelding:
s _ 8B m N e o ~ )
=B (T-c bpWS-puN+uC bW s) ]

where g is the acceleration of gravity, C  is the drag coefficient, p is the air density,

D

V is the longitudinal component of air velocity relative to the aircraft, S is wing area,

and CL is the lift coefficient, Eqn (2) is rearranged to separate the unknown coeffi-

cients, and the parametric coefficient C_ ' is substituted for CD - u CL .

D

gp Vs

¥=8r.¢c'—— -4

W p 2w 3)

(1]

The unknown coefficients, C_ '

D and y , can be determined by linear regression using test

data,

The longitudinal component of true air velocity is the sum of the aircraft ground

speed, VC , and headwind component, Vl , of the wind velocity. Using this sum Eqn (3)

t

becomes :

s Hamys ¥ ﬂ§ ( 2 9.y -] ) % /
X wl CDg2w VG+-\GVH+V“ us 4)

yielding a statement of acceleration as a function of ground velocity and headwind for

the takeoff roll,

ITI, Regression Coefficients

The resulting coefficients of the regression process, C_ '

D and y , are determined by

fitting one or more sets of takeoff data composed of pairs of observed accelerations &1

and ground velocities VC . Eqn (4) is rearranged as follows :
1

o - 8 it 2 10 ) 2 [
- ¢y Zw(vc+h\G\H+\“ )*u 5)

o |4

New variables, ai and bi , are assigned for simplification,

X
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In terms of a, and b‘ each observation can be expressed accOrddngly as:

i

. a e ("1" hl tu e (6)

L} i
: The ™ of equations, then, for n observations {s |

i N

¥ g k‘1\' b, + y (7

t
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In matrix notation let

B A -
-
=
=

! a, b, 1
1 A =]a, and B =|b, 1
.‘ - LR
g ;n gn 1
|

and Eqns (7) become

|

| G

i A=B [ D (8)
i “

|

| The least squares solutfon of Eqn (8) is (Ref. 2)

i -1

§ ["D - [nT s] B A )
i u

; IV. General Takeoff Performance

!

.

Once the unknown coefficients have been determined by linear regression as described
{n section III, Eqn (4) can be used to make predictions of takeoff performance. A more

i convenient form of Eqn (4) for prediction purposes is:

I S G SV C S
D e LA PR . A (10) 1

30

L
T SR TR T e S E e < . S RPN AN W T = ae—nce




Since the third, fourth, and fifth terms remain constant for a given takeoff prediction

Eqn (10) can be written

- 2
X avG + bVG +c
where a, b, and c represent the appropriate constants,

The takeoff time t is determined by integration of Eqn (11), Since

then

av
/;t 3 / s TN
aVG +bVG+c

after integration (Ref, 3)

The takeoff distance is determined in a similar manner. Since

dx
ac = Ve

then

/;x —f devG
L 2u 2
aVG +bVG+c

and the integrated expression is :

k » b
X =X =50 [nVGa +bVG+c] -'2';(1:3 -t)

(11)

(12)

(13)




V. Comparison of Model and Data

Velocity and acceleration pairs from four observed takeoffs are shown in Figure 2.
These data were recorded during takeoff tests on a Lockheed C-140 Jetstar during a flight
evaluation conducted at Edwards AFB in August 1961 (Ref, 4). Different combinations of
aircraft gross weight, ambient temperature, ambient pressure, and surface wind occurred
for each test, and these data were used to determine the best regression coefficients
C.' and yy . The predictions of the resulting model are also shown in Figure 2, Details

D
of each data set and information on the '"goodness of fit" are contained in the Appendix.

140 Takeoff Acceleration
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Figure 2, C 140 Takeoff Acceleration
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The uncertainty of the average takeoff thrust is clearly evident in Figure 2, The
thrust-level had not stabilired on data set 2 until nearly I{ft-off speed. It s quite
possible that throttle adjustments were made after break release, 1In spite of the un-
certainties the takeoff roll can be predicted quite accurately, Table 1 compares the

takeoff roll predicted by the model to that predicted by the usual data reduction method

used at Edwards AFB (Ref. 1),

Table 1

Comparison of C 141 Takeoff Performances

Parameter Model Prediction Reference & Prediction
|

takeoff ground rollx { 3840 feet 3870 feet

takeoff timet j 31 secs N/A

«

Predictions are based on sea level standard day conditions, no wind, no ruanway slope,
an aircraft gross weight of 40,000 lbg, a net thrust of 2,825 lby per engine, and a lift-
off true ground speed of 135 knots.

VI. Conclusions and Recommendations

A reasonably accurate model for prediction of takeoff acceleration, time, and
distance can be made by estimating drag coefficient and rolling friction coetficient
from observed velocity and acceleration data, The model can be used to predict perform-

ance under a variety of takeoff conditions with equal ecase,

This method of modeling should be evaluated extensively on other data from tests on

different afrcraft,
The followlng applications are suggested:

le This model should be included in flight handbooks in equation form for direct

computation of takeoftf performance.

4 The model should be programmed into inertial measuring svstems on board airvcraft,
The takeoff predictions could be computed in a "take-off mode" during takeoft roll to

provide the pilot continued comparison of actual performance versus estimated, Decisions

i3
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to abort could be made early significantly reducing the accident rate,

3. The model should be installed as in recommendation 2 to reduce fuel comsumption,
thrust used, and engine wear on takeoff, With accurate takeoff predictions displayed to
the pilot the throttles could be set to the minimum thrust level required to achieve a
safe takeoff., This would increase engine life, save fuel, and reduce the risk of engine

failure,
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WIND TUNNEL TESTING OF SCALED HANG GLIDERS
* Ak
Eric J, Jumper, Mark C, Kargul,
vk
and Glen R, Schlotterbeck g

Abstract

This report examines the feasibility of aquiring accurate aerodynamic characteristics
for hang gliders using scaled models in a wind tunnel, First, the paper discusses the
results of a literature search, next the parameters and equations applicable to collect-
ion and interpretation of data collected in the wind tunnel, and finally the results of
wind tunnel tests conducted in the USAFA 2' x 3' subsonic wind tunnel.

I, Ilatroduction

A, Background
There is no longer a question about the important role the wind tunnel plays in
acronautic design; ever since the Wright brothers' tfirst powered tlight, aerodynamicists
have appreciated the wind tunnel's contribution to understanding the aervodynamic and
control characteristics of an aircraft design prior to flight testing., It comes as no
surprise, then, that there are those who have wanted to apply wind tunnel techniques to
the design of hang gliders, What does come as a surprise, however, is the presence of

an immense inertia spposing the use of wind tunnels in hang glider design.

At least one manufacturer of hang gliders openly expressed a need for some sort
of unmanned testing of new designs, and the wind tunnel was one of the options exploved.
The manufacturer was Sun Sail Corporation of Denver. In an interview with Glider Rider
the co-owners, Brian Jensen and Scott Rojohn, commented on the state of the testing art
and the need for unmanned testing (Ref. 1), Jensen and Rojohn typified commercial hang
glider manufaeturers; they were not well versed in aerodynamics, Untypical was the
technical expertise of Rojohn, whose background was in electro-mechanics, structures and
materials, As is true for most manufacturers, both men had years of hang gliding exper-

fence and were well versed in traditional hang glider testing = build them and fly them,
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lo present, handling characteristics came from so called "public testing" - if the
accident record was low that meant the handling characteristics were pood. In the words
of Jensen this meant the "burden of testing ended up on the unsuspecting public." Jensen
went on to say that "old designs are becoming obsolete before they are really understood,
And, because of that, the potential problems of the old ones are being transfered to the
new ones and added to all the new things that are coming out in the new ones.... We are
going to have a lot of bad things happen if we don't start trying to understand what's

really happening in the design of these things,"

Because of the nonavailability of a wind tunnel for testing their designs, Jensen
and Rojohn designed a mount for their pick-up truck, Using a fish scale they obtained
information about the forces required to change angle of attack and were able to modity
This

the hang gliders by trial and error to eliminate "bad handling characteristics",

rather crude approach to design was an important first step and Jensen's interest did not

stop there.

We first contacted Jensen in January of 1977 while trying to locate a so called

"high performance" hang glider design to use as a model for wind tunnel testing. Jensen

was extremely cooperative and loaned us one of his designs called the Swift, Jensen has

followed our work to see if our results warranted enough confidence to overcome the un-

favorable inertia concerning tunnel testing.

B. Scope
The purpose of this project was to demonstrate the feasibility of using the wind
tunnel as a tool for designing hang gliders. The approach was to 1) locate full scale
hang glider data from any available source, 2) construct and wind tunnel test scale
data was available, and 3) draw conclusions

models of full scale hang gliders for which

based on comparisons between the full scale and model data,

I[I, Available Data

We found only one good set of data on a full scale hang glider-type wing contigura=
tion, NASA Technical Note D=1946 (Ref, 2). The wing type was a standard conical Rogallo

wing shape. The work reported an entire range of aerodynamic data taken in full scale

40
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wind tunnel tests, The data had been validated through actual flight tests in an asso-

ciate program, thus could be considered actual full scale flight test data,

Flight test data for the swift was not nearly as complete as for the standard Rogallo
wing. We were forced to reduce pertinent data points from rather unsophisticated and
uncontrolled observations reported on in advertisements and popularized hang glider

articles.

Also refered to in this paper is work reported on by Robert Lee Bass (Ref. 3) who ran

wind tunnel tests on small scaled models at the University of Texas at Austin.

III. Theory

The theory used in this project was rather simple basic aerodynamics, In the follow-
ing we will simply give references to the equations used for reducing the swift flight
test data, Additionally reference will be made to part of the data reduction technique

for reducing our wind tunnel data simply because it is not readily available elsewhere,

A, Reduction of Swift Flight Test Observations
Reference 4 reported the maximum glide ratio and stall speed of a slightly more
advanced swift than we tested, In order to get a ball park estimate of the actual {light

characteristics, we backed out the approximate maximum lift to drag ratio, L and

/D !

the maximum coefficient of 1ift, C using the following equations (Ref. 5),

L

= max glide rvatio

Silieis
0oV%ca11 §

where CD is the coefficient of drag, W is the weight of the man/hang glider combination,

o is the air density, V the stall speed and S is the planform area of the actual

stall
swift,




PR SHERSIPES PSS 2

% iy

a4

v

T it

B. Wind Tunnel Test Reduction Parameters

Of concern to the correct reduction of the wind tunnel data and the interpre-
tation of that data, which will follow in another section,are the calculation of the mean
aerodynamic chord, the calculation of the correct pitching moment, and the concept of the
Oswald Efficiency.

1. Mean Aerodynamic Chord

By definition, the mean aerodynamic chord (MAC) 1is the length of a line drawn
through the centroid of one side of a wing parallel to the airplane longitudinal axis,
In the case of a triangular wing (the classic Rogallo shape for example) the centroid of
each side of the wing is simply located 1/3 the distance from the root to the wing tip.

Irregular shapes, however, must use the following equation for determining MAC

2
MAC = _Cc2dy 3)
cdy
where ¢ is the chord at location y and y is the distance from the wing root, For deter=-
mining the MAC on the swift the wing was divided into difference sections and the integral

was approximated by a summation.

(4)

where E; is the average cord for section of width A vy oo

C. Pitching Moment
Pitching moment information from the wind tunnel tests is given referenced to the
electrical center of the force balance in the tunnel. In order to get meaningful infor-
mation the pitching moment curve must be mathematically shifted to the location on the

model corresponding to the center of gravity of the prototype.

Of interesc to this project was the slope of the pitching moment coefficient

curve when pitching moment coefficient was plotted against the coefficient of 1lift. The

coefficient of moment, CM , 1s defined as
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where the M was the moment at a given angle of attack, L'\1 was then plotted against (I] at

the same angle of attack, Having C, vs C, the slope in the liniear portion of the curve,

M L
C\‘ could be found, The negative of G is known as the static margin, SM, or
- i
1 i
e e :
SM (.M(‘ (6)
L
Generally (I\‘ is plotted in relation to the center of gravity of the prototype in these
Me
L

cases stability judgements can be made, and the SM has a physical significance (it is the
distance from the center of gravity to the neutral point, the point where the moment is
zero, divided by :\, In the case of the wind tunnel data, however, the SM obtained
purely from the data is in relation to the electrical center of the force balance, and {is,
therefore, the distance of the neutral point from the electrical center of the balance
divided by ¢ . In order to find the SM about the CG location for the prototype, the

neutral point must be found by

yp BC EC (7

Then the new SM for the CC 1is found by

b - X
NP CG
SM 8)
CG (
-
or substituting tqn (7) into Eqn (8)
M. 4 K~ X

SM = : EC : EC CG . 9)
b o0 ‘

We were then able to use the SM(,(, found from bqn (9) to make stability judgements about

the model/prototype.
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D. Oswald Efficiency

If the coefficient of drag for a given wing is plotted against the coefficient

of 1ift squared the linear portion of the curve for an ideally load distributed wing is

given by

c? (10)

where & is the aspect ratio of the wing. For a non-ideally loaded wing Eqn (10) is
modified by the inclusion of the Oswald efficiency factor, e, which is a measure of the

efficiency of the wing (i.e., how close it comes to an ideal wing) where e = 1 would

correspond to an ideally loaded wing. Thus Egn (10) is modified as shown in Eqn (11)

C. =06 #=—— G2 (11)

For conventional lowspeed aircraft the efficiency factor has a value of about 0.91 to

0.77 (Ref 3).

IV. Experiment

A. Data and Observations
Data was taken on four different flexible wing models in the USAFA 2' x 3'
subsonic wind tunnel. The models were sting mounted and strain gauge sensors sensed
sting oriented axial, normal and torsional forces. The signals from these sensors
together with angle of attack with respect to the tunnel axis and air flow information
were reduced to yield Cpo CD and CM (about the electrical center) vs angle of attack.
Ihe experiments were repeated at various airspeeds ranging from 35 ft/sec to 62 ft/sec.
In addition to the force coefficent data, observations were made about the condition of
the wing at various airspeeds and angles of attack.
B. Models
Four wind tunnel models were tested. The models were made from two planform
areas: Swift (or high performance planform), and Flexi-Flier (standard Rogallo plan-

form). Each of these two planforms were tested in two geometric configurations. In the

case of both the Swift and the Flexi-Flier the configuration change was a change in the
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Figure

Figure 2.

1.

Flexi{-Flier Configurat{ons==Standard Rogallo Plantorm

CONFIGURATION A

CONFIGURATION B
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Switt Configurations==High Performance Plantorm
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leading edge shapes (see Figures 1 and 2). Acrvlic spray was also used to modify the
porosity of the wing material (in the figures unspraved is referred to as "porosity” and

spraved as '""no porosity").

V. Results
A. Data
The results of testing are presented in various conventional formats in
Figures 3 through 7. 1In all of these the angle of attack was measured from the keel.
The titles explain the contents of each of the figures. Figure 9 presents the Flexi-

Flier data in a modified manner adjusting the angle of attack to be measured from the

top of the billow.‘lu , instead of the keel. E

B. Observations
l. Flexi-Flier
a. Flutter

In all contigurations the Flexi-Flier fluttered excessively at angles,
, from =107 to + 157, Flutter was present to a small degree at all
angles Ot attack. Starting from + 15° and reducing the angle of attack, :
the flutter started at the trailing edge of the wing: as the angle of
attack was decreased the flutter grew in amplitude and frequency as well as
enveloping more of the wing. The wing was totally enveloped by + 4° and as
the angle continued to decrease the wing billow reversed becoming more or
less stable at =10V,

While the trend was the same in all Flexi-Flier configurations, the
worst flutter condition was in configuration A with no acryvlic spra&. When
the acrvlic sprayv was applied, the material became stiffer: this reduced
the severity of the flutter. In configuration B nylon threaded cellophane
packing tape was added to the trailing edge, further reducing the severity
of the flutter.

b, Adrspeed Varifations

Airspeed variations did not seem to affect the data. All data taken at

different airspeeds on the same configuration overlaved each other exactly.

Visual observation of the billow shape and later comparison of photographs
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