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The use of the energy-state approximation for airplane performance optimization is ex-
tended to maximum-range problems. Until now it has been applied only to minimum-
time and minimum-fuel climb problems. Numerical performance results for typical super-
sonic aircraft are presented for both range and climb problems. These compare favorably
with the results obtained using more complicated dynamic models.

Nomenclature A = influence function
“ = fuel mass expended, slugs
Cop drag coefficient p = atmospheric density, lb-sec?/ft?
Chy drag coefficient at zero lift ¢ = maximum range for an unpowered glide, ft
Cr lift coeflicient
Cr, ldift coféﬁcient slope, rad —* Subscripts
rag,

energy per unit mass, ft2/sec? f = ﬁnal. value

variational Hamiltonian max = maximum value

lift, b min = minimum value

Mach number (V/a) 0 = Initial value

range traversed, ft s = :%talhng speed value

aerodynamic reference area, ft? 1 = intermediate value

thrust, 1b

velocity, fps Superscripts

fpee.d (Jf sound, fps (=) = average value

specific impulse of powerplant, sec (") = time derivative

fuel flow rate, slug/sec
acceleration of gravity, 32.2 ft/sec?
altitude, ft

mass, slugs )
dynamic pressure, lb/ft? rl"HE amount of difficulty and expense experienced in
time, sec calculating optimal flight paths depends primarily upon
harizontal distance, ft the complexity of the dynamic model used to describe the

angle of attack, rad i . . e
flight-path angle, rad aircraft. The models used range from a simple point-mass
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angle between thrust axis and zero-lift axis, rad q.uam—steady ?epresenta‘mon to models that .m(_:lude deﬂec-
n induced drag parameter, rad tions of the airframe. For performance prediction, a point-
mass model for motion in a vertical plane is usually quite
- adequate. Figure 1 shows the nomenclature commonly
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Fig.1 Nomenclature used in analysis of supersonic inter-
ceptlors.

m = —f (5)

where the state variables are velocity V, flight-path angle
v, altitude &, horizontal range z, and mass m, and where
T = T(V,h) = thrust, D = D(V,h,a) = drag, L = L(V h,c)
= lift, & = angle of attack (measured from zero-lift axis),

|

g = acceleration of gravity, f = f(V,h) = fuel flow rate, and
e = angle between thrust axis and zero-lift axis, assumed
given. Since both a and e are small, Egs. (1) and (2) can be

simplified by using the small angle approximation
sin(fae + €) = a + ¢ cos(a + €) =21 (6)

This paper is concerned with further approximations that
may be used in aireraft performance optimization.

Point-Mass Approximations

For aireraft capable only of subsonic speeds the quasi-
steady approximation, where accelerations are neglected
completely, is adequate for performance analysis.! How-
ever, the subsonic acceleration ecapability of supersonic
aireraft is so great that it cannot be neglected if accurate
performance prediction is desired. Furthermore the kinetic
energy (3mV?) of an aircraft flying at supersonic speeds is
comparable to its gravitational potential energy (mngh),
relative to the ground and thus, it is possible to trade ve-
locity for altitude or vice versa. At subsonic speeds, the
kinetic energy is almost negligible compared to the potential
energy.

The latter considerations led to an improved approxima-
tion which we shall call the energy-state approximation$
where, indeed, it is assumed that kinetic and potential energy
can be traded back and forth in zero time without loss of
total energy.2~® Although performance optimization using
this approximation often leads to unrealistic discontinuities
in velocity and altitude, these correspond closely to zoom
climbs or dives that appear in more accurate solutions.
Total energy may be considered as the state variable of the
system, and is continuous.

A further improvement in accuracy, at the sacrifice of
added complexity, is to treat both velocity and altitude as
state variables (they are then continuous) with flight-path
angle as the control variable. Acceleration normal to the
flight path is neglected and the resulting approximate equilib-
rium equation (lift = component of weight perpendicular to
the flight path) is used to determine angle of attack.

The next most accurate approximation is to treat V, A,
and v as state variables with « as the control variable.87?
The mass may be approximated as a function of time. The
most accurate approximation, short of considering out-of-
plane motions or motions relative to the center of mass, is

§ Also called the energy-climb approximation when applied
to minimum time-to-climb or minimum fuel-to-climb problems.
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to treat V, &, v, and m as state variables and « as the control
variable.®

Quasi-Steady Approximation

Both components of the acceleration are neglected leading
to

0= T{,h) — D(a,V,h) — mg siny (7)
0~ T(V,]’l)[a -+ (:] + L(a,V,h) — mg coxy 8)

where (7) and (8) express equilibrium parallel to and normal
to the flight path, respectively. To maximize the rate of
climb [Eq. (3)] at a given altitude, one may choose a to
maximize V siny subject to the constraints (7) and (8),
which determine V and v for given values of 2 and e.  Multi-
plying (7) by V/mg, we have

Vsiny = V(T — D)/mg 9
Assuming cosy =~ 1, we may use (8) to determine «(V,h)
and find V for a given 4 to maximize the excess power, the
right-hand side of Eq. (9).
Energy-State Approximation

Here, the total energy per unit mass F i3 eonsidered a
state variable

E =1V + g (10)

The time rate of change of E is obtained by differentiating
(10) and using (1) and (3) to eliminate V and /

E=V( - D)/m (11)

Since the flight-path angle does not appear in {11), it is
possible to use only the one state variable E for performance
optimization if the acceleration normal to the flight path
(V) is neglected, and if nearly horizontal flight ix assumed
(cosy = 1). Tt is usually reasonable to neglect ulso the
component of thrust normal to the flight path [7" sin(a + €)].
With these approximations, Eq. (8) becomes simply

Lo,V h) = myg (12)
which may be used to determine « in terms of ¥V and &, i.e.,
a = a(V,h) (13)

Furthermore, & may be expressed in terms of £ and ¥
h=(E—3V/g (14)

Thus, V may be regarded as a control variable =ince both
hand a can he expressed in terms of ¥V and the state variable

=

Minimum Time to Climb

To minimize the time to climb to a given altitude and
velocity using the energy-state approximation, it is clear
that we must maximize E with respect to V for » given E,
i.e.,

i (VIT(E,V) — DEW)]} (15)

Table 1 Lift and drag coeflicients as a function of
angle of attack and Mach number for airplane 1

M 0 04 08 0 10 1.2 14 16 1.8

CLe 3.44 3.34 3.4

3.5 4.44 3.44 3.01 2. 86 2. 44

Cp, 0.013 0.013 0.013 0.014 0.031 0.041 0.039 0.036 0.035

7 0.54 0.54 0.54 0.7 0.93 0.93
Cr Craa CripV28 S = 530 {12

9

8

1

5 079 0.78 0.89

7 3
D

I}

Cp = Cpy + nCrqa’

CpipV2S
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Table 2 Lift and drag coefficients as a function of angle of attack and Mach number for airplane 2

A 0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
Cig 2.240 2.325 2.350 2.290 2.160 1.950 1.700 1.435 1.250
Cp 0.0065 0.0055 0.0060 0.0118 0.0110 0.0086 0.0074 0.0069 0.0068

Cr = Crpa CrzoV?8 S = 500 ft2
Cp = Cpy+ 7Cry0? Cp3oV28 n = 1.0

where h and « are expressed in terms of E and V.9 This
operation, in prineiple, allows us to express V = V(E), a
feedback law. Figure 2 shows a typical (h,V) plane with
contours of constant E on it. A typical optimum flight path
is sketched as the ares BC and DF. It is possible to move
along £ = constant contours in zero time according to this
approximation, so the minimum-time path from point
A’ to G is a rapid dive to B’, motion along B’C to C, then a
rapid dive from C to D, motion along DF to F, and a rapid
climb (a zoom) to G.¥* Notice, however, that the rapid
dive and climb portions may violate the assumption that
cosy =< 1. If the initial zoom dive from point A’ goes
below A = 0, obviously the constraint A > 0 requires leveling
out and flying just above A = 0 to point B; takeoff is such a
special case where the initial altitude is zero (for example,
point A).

Data on lift, drag, thrust, and fuel consumption are given
in Tables 1-4 for two different supersonic airplanes. Air-
plane 1 iz the same one considered in Ref. 8, whereas
airplane 2 is the same as the one used in Ref. 9.

Contours of constant excess power are shown in Figs. 3
and 4 for airplanes 1 and 2, respectively, along with
contours of constant energy-height E/g. The minimum
time-to-climb paths are also shown, being the loci of points
vielding the maximum excess power at a fixed energy. Note
that the path for airplane 1 exhibits a discontinuity in
veloeity (a zoom dive) near Mach number 1, whereas the
path for airplane 2 does not.

The minimum time-to-climb path for airplane 1 to
get to W = 1.0 and A = 65,600 ft (20 km) is shown in
Fig. 5. It consists of an accelerating flight at sea level from
M = 038 to M = 0.87, a climb at nearly constant Mach
number (1 == 0.93) to A = 35,000 ft, a rapid dive to 24,000
ft and- W = 1.25, an increasing Mach number climb to & =
35,000 ft and M/ = 1.75, and finally, a zoom climb to h =
65,600 ft and M = 1.0. The minimum-time path computed
with four state variables using steepest descent® is also shown.
By rounding off corners, the energy-climb path is reasonably
close to the more accurate path. However, the time esti-
mate on the energy-climb path (from i = 0, 1/ = 0.38) is

Table 3 Thrust and fuel eonsumption® as a funetion
of altitude and Mach number for airplane 1

Thrust 7' (thousands of 16}

Mach Altitude /. (thousands of 1)

no. M ] 5 10 15 20 25 30 40 50 70
0 242

0.2 2810 246 21.1 181 15.2 12.8 10.7

0.4 28,3 25.2 219 187 15.9 13.4 11.2 7.3 4.4

0.6 30.8 27.2 23.8 20.5 17.3 14.7 12.3 8.1 1.9

0.8 3405 3003 26,6 23.2 19.8 16.8 14.1 9.4 5.6 1.1
1.0 37.9 34.3 30.4 26.8 233 19.8 16.8 11.2 6.8 1.1
1.2 6.1 38.0 34.9 31.3 27.3 23.6 20.1 13.4 83 1.7
1.4 36.6 38.5 36.1 31.6 28.1 24.2 16.2 10.0 2.2
1.6 s8.7 35.7 32.0 28.1 19.3 11.9 2.9
1.8 34.6 31.1 21.7 13.3 3.

L

# § = Treg slugs/sec, where ¢ = 1600 sec.

¥ Note the only difference between this and the quasi-steady
approximation is holding £ = const instead of h = vonst in maxi-
mizing V(T — D).

** Arcx CD and FG are corners, i.e., places where the control
variable V7 is discontinuous.

277 sec plus time to dive and to zoom; using the times from
the four state variable solution for these segments (40 sec
for dive, 60 sec for zoom climb) gives 377 sec. The time
for the four state variable solution with an initial weight of
42,000 1b is 332 sec.

Minimum Fuel to Climb

To minimize fuel to climb to a given altitude and velocity
using the energy-state approximation, we use the expression
for fuel consumption at maximum throttle (5) and divide it
into (11) to obtain

—dm/m = f(E,ZV)AE/V[T(E,V) — D(E,V)] (16)

Clearly we must maximize V(T — D)/(—m) to minimize
the fuel consumed in arriving at a certain energy level.
Contours of constant energy increase per 1b of fuel burned,
V(T — D)/(—myg), are shown in Figs. 6 and 7 for airplanes
1 and 2, respectively. The minimum fuel-to-climb paths
are also shown, being the loci of maximum energy increase
per b of fuel burned at fixed energy £. The minimum fuel-to-
climb path for airplane 1 to get to A = 65,600 ft and
M = 1.0, is qualitatively similar to the minimum-time path.
However, it does go higher during the subsonic climb to » =
44,000 ft and dives only to A = 33,000 ft at W = 1.30.
Similarly, the minimum fuel-to-climb path for airplane
2 is generally similar to but consistently above the minimum-
time path. No four state variable solution was available
for the minimum-fuel climb when this paper was written.

Minimum-Range Glide

Within the energy-state approximation cosy =2 1, the
horizontal range rate [Eq. (4)] is given by
i=V (17
Dividing (17) into (11) and considering the case T = 0
(gliding fiight), gives
dE/dz = —D(E,V)/m (18)

Clearly, to maximize range we should minimize the magnitude

CONSTANT ENERGY CONTOURS

CONSTANT-ENERGY
ZOOM CLIMB

— ——

CONSTANT-ENERGY DIVE

ST~
5
<
—— A
T~ VEARG MAX [V(T—D)JIE=CON\ST
\
3 AN W

VELOCITY

Fig. 2 Sketch of a typical minimum-time energy~climb
path. -
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Table 4 Thrust and fuel consumption® as a function of altitude and Mach number for airplane 2

Thrust T’ (thousands of 1b)

Mach Altitude & (thousands of ft)

no. M 0 5 15 25 35 45 55 65 75 85 95 105
0 23.3 20.6 15.4 9.9 5.8 2.9 1.3 0.7 0.3 0.1 0.1 0.0
0.4 22.8 19.8 14.4 9.9 6.2 3.4 1.7 1.0 0.5 0.3 0.1 0.1
0.8 24.5 22.0 16.5 12.0 7.9 4.9 2.8 1.6 0.9 0.5 0.3 0.2
1.2 29.4 27.3 21.0 15.8 11.4 7.2 3.8 2.7 1.6 0.9 0.6 0.4
1.6 29.7 29.0 27.5 21.8 15.7 10.5 6.5 3.8 2.3 1.4 0.8 0.5
2.0 29.9 29.4 28 .4 26.6 21.2 14.0 8.7 5.1 3.3 1.9 1.0 0.5
2.4 29.9 29.2 28.4 27.1 25.6 17.2 10.7 6.5 4.1 2.3 1.2 0.5
2.8 29.8 29.1 28.2 26.8 25.6 20.0 12.2 7.6 4.7 2.8 1.4 0.5
3.2 29.7 28.9 27.5 26.1 24.9 20.3 13.0 8.0 4.9 2.8 1.4 0.5
e f = T/cg slugs/sec, where ¢ = 2800 sec.

of dE/dz, i.e., Eq. (1) to express b = V siny for T = 0:

mI}n D(E,V) for fixed E (19) b= Vsiny = =V[(D/mg) + (V/g)] (22)

subject to the constraint that L = mg [Eq. (12)], and using
(14) to express & in terms of K and V. For airplanes 1 and 2,
this minimum is indistinguishable from the minimum with
respect to ¥ holding altitude A constant.

If the initial conditions are not on the maximum range glide
path, the airplane should either zoom climb or zoom dive,
with constant energy, to the maximum range curve (see
Fig. 8). At h = 0, no minimization is possible, and to stay
airborne one must accept the drag associated with L = mg,
losing speed (and increasing «) until stalling speed is reached.

The range covered is given by (18) as

mVdV

B = 5 (D)o

T Ey
Eo mdE f 20)

IOl Dmin(E)

where Ey = initial energy, K, = energy at & = 0 at minimum
drag for L = mg, and E, = energy at & = 0 at stalling speed
and L = mg. If the initial velocity is supersonic, the range
given by (20) is considerably greater than the range estimated
using the quasi-steady approximation, namely

ho mg _ E
o Duml) = <D>mx o @1

where (L/D)max is the average value of (L/D)max along the
path. This is explained by the fact that initially the ve-
hicle dissipates its kinetic energy against drag while main-
taining almost constant potential energy (i.e., altitude),
and only toward the end of the glide does the vehicle dissi-
pate its potential energy. The quasi-steady approximation
considers only the dissipation of the vehicle’s potential
energy. Another way to view this phenomenon is to use

R =

70 £ .50 x 03T
70— — ¢~

80 \100
~ . N N

60 MINIMUM - TIME ENERGY~CLIMB PATH
— ~ \ ~N

ALTITUDE, THOUSANDS OF FEET
N ol » o
(=] o (=] [~

=

.4 0.8 1.2 1.6 2.0
MACH NUMBER

Fig.3 Contours of constant excess power and minimum-
time energy-climb path (airplane 1).

Dividing Eq. (22) by Eq. (17), we have the slope of the glide
path:
(dh/dx) = —(D/mg) — (V/g) (23)

Since V < 0 along the glide path, the second term on the
right-hand side of Eq. (23) appears to decrease the drag
and thus stretch the glide.

Using the aerodynamic data of Tables 1 or 2, we have

D/mg = (CpgS/mg) + [n(mg)/CragS] (24)

where ¢ = 4V2p(h). Tigure 9 shows contours of constant
drag for lift = weight and the Mach number-altitude profile
of the maximum range glide path for airplane 2 at a
weight of 34,200 Ib.

Maximum Range at a Fixed Throttle for a Given
Amount of Fuel

To obtain maximum range for a given amount of fuel at a
fixed throttle setting, using the energy state approximation,
it is convenient to let the fuel mass used be the independent
variable instead of time or range. Let

u = my — m = fuel mass used (25)

Dividing (5) into (11) and using (25), we have
dE/dp = V(T — D)/f(me — pu); E(O) specified (26)
As in the climb problems, it is also necessary to consider the

6 FT-LB
SEC

V(T-D)= O X IO

90’5 =70 x10% FT

40 MINIMUM-TIME ENERGY-
CLIMB PATH

30— 30

ALTITUDE, THOUSANDS OF FEET

\,

|

X\

4\ ]
1.2 1.6 2.0 2.4 2.8 32
MACH NUMBER

Fig. 4 Contours of constant excess power and minimum-
time energy-climb path (airplane 2).



NOV.-DEC. 1969

N o » o @ -
o o (=] o = (s}

ALTITUDE, THOUSANDS OF FEET

o

(<]

MACH NUMBER

Fig. 5 Comparison of exact and energy-state minimum
time-to-climb paths (airplane 1).

constraint
Vo<V < @E) (27)
where V,(£) is the stalling speed and V < (2/)Y2 insures
> 0.
"The range may be written in terms of u through use of Eq,.
(5), (17), and (25):
Vi
o JEV)

(28)

where u; = amount of fuel to be used in the flight.

Now (28) can not be maximized by simply maximizing
V/f with respect to V for fixed £. This maximum turns out
to be at A > 0 for all E, and there is no way of getting to this
altitude with ¥V > V, from takecoff without first putting some
energy into the vehicle. Thus, we expect that the optimum
path will start out very close to the path that maximizes the
right-hand side of Eq. (26); this is the same path used for
minimumn fuel to elimb.  However, after gaining some energy,
the path will move up to high altitudes where the integrand
of Kq. (28) is large.

Using the caleulus of variations, the optimal path can be
found by solving a fairly simple two-point boundary value
problem. The variational Hamiltonian is

1= (V/f) + NV(T — D)/f(me — p)] (29)

The influence funetion X must therefore satisfy

dN/du = —OH /OK |y (30)
and, since final energy is not specified,
AMups) =0 (31)
20,70 %=8{X103FT
—— NEIENT
60 s ™~

60 ——

~
MINIMUM-FUEL ENERGY-CLIMB_PATH
~— ~ ~ ~ ~

IHOUSANDS OF FEET

ALIVIUUE,

MACH NUMBER

Fig. 6 Contours of constant energy increase per Ib of fuel
burned and minimum-fuel energy-climb path (airplane1).
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Fig. 7 Contours of constant energy increase per kb of fuel
burned and minimum-fuel energy-climb path (airplane 2).

The optimality condition is

V = arg max H(V,E,u,\) (32)
14

except on the constraints (27) where V. = (2E)"2 or V =
V.(E). The two-point boundary value problem consists of
solving Egs. (26), (30), (31), and (32), simultaneously, keep-
ing in mind (27).

At takeoff, N is large, so from (29) and (32), the flight path
is close to the minimum fuel-to-climb curve [maximum of
V(T — D)/f with respect to V for given E]. Near the end
of poweled flight, N is small, and the flight path is close to
maximum dltxtude where the largest valuea of V/f occur.

Figure 10 shows the Mach number-altitude path for maxi-
mum range at full throttle for airplane 2 using 2400 lb
of fuel with a takeoff weight of 36,000 lbs. Note that it
starts off on h = 0, then climbs very close to the curve for
maximum V(T — D)/f, and veers up sharply to high altitude
near the end of the flight. The terminal point of a four state
variable solution to the same problem? is also shown in Fig.
10. Note that the present solution achieves about 7% more
range, which may be due to the fact that, in Ref. 9, a quasi-
steady constant-altitude cruise condition was assumed for
the final segment of the flight.

Maximum Range for a Given Amount of Fuel Using
Full Throttle Followed by a Glide

To obtain the maximum total range for a given amount of
fuel, clearly the powered part of the flight (T # 0) will be

CONSTANT ENERGY CONTOURS

a8 e CONSTANT-ENERGY
2 ~ ZOOM CLIMB
5 \
I
~

CONSTANT—~LIFT

SLOWDOWN
040" Vo
~ \\ \
0 \ \

VELOCITY

Fig. 8 Sketch of a typical maximum-range glide path.
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Fig. 9 Contours of constant drag for lift = weight and
maximum-range glide path (airplane 2).

followed by a maximum-range glide. Thus, the range may
be written as

R = &) + f v (33)

A RANGE

MAX [A—_]
12.0 \,/ MASS FUEL Jp.consT

90 ~
\ 80
- ENERGY-STATE (RANGE=1.48 X I05FT) ™

4.0

80

70

! b
1 "EXACT" (OENHAMY
(RANGE=1.38 X I05FT)

60

50 'i 2.0 X 10% FT/SLUG

40

150 {70
11030
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>
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Fig. 10 Maximum-range path at full throttie for a given
amount of fuel (airplane 2).

where ¢(£;) = maximum range for an unpowered glide
starting at energy Ey and ¢ is the time when powered flight
ends.

380
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50+ END OF

ALTITUDE, THOUSANDS OF FEET
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Fig. 11 Maximum total range path for a given amount of
fuel (airplane 2).
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Fig. 12 Maximum-range profiles for a given amount of
fuel (airplane 2).

It is again convenient to use my — m = u (fuel mass used)
as the independent variable instead of time. It seems
likely that for long flights, the powered part of the flight will
contain a cruise portion that uses less than maximum thrust
(partial throttle). However, data on fuel consumption at
partial throttle were not available to the authors. There-
fore, as a first step in exploring the use of the energy-state
approximation for maximum-range problems, full thrust
was used for the powered part of the flight. Using (28) we
have

kb Vdu

R = ¢(E) + o f(E—V)

(34)

The two-point boundary value problem to be solved is
almost the same as the previous one [Eqgs. (26), (27), (30)
and (32)]. The only difference is that Iiq. (31) is replaced by

Nus) = 00/0K; (35)

An expression for the boundary condition (35) can be ob-
tained from (18):

k(ﬂ/) = mf/’/Dmin(Ef> (36)

which turns out to be relatively insensitive to the final
energy Fj.

Figure 11 shows the Mach number-altitude path for maxi-
mum total range for airplane 2 using 2400 Ib of fuel
with a takeoff weight of 36,000 Ib. This path starts out
very much like the path of Fig. 10, but instead of going to a
very high altitude near the end of powered flight, it goes to a
very high cnergy level to take advantage of the long super-
sonic glide. At the end of powered flight, there is a short
constant-energy zoom climb to the maximum-range glide
path (which is the same as the one shown in Fig. 9).

Figure 12 shows the range vs altitude profiles for the
maximum-range paths that correspond to Figs. 10 and 11.
Maximum-range glide curves have been added to the paths
shown in Fig. 10 to clearly illustrate that they are not maxi-
mum total range paths.
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Fig. 13 Sketch of a typical path for maximum range in a
given Llime.
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V(T-0)=40 X 108 FT LB/SEC

E=CONST

t¢ =302 SEC
RANGE=0.745 X 108 FT

.f.z.m/%// //

RANGE = 0.435 X 108 FTl

Maximum Range in a Given Time

From Eq. (17), the range covered in a given time interval,
0<t<tis

b o
R:fo Vi (37)

To determine the flight profile for maximum range, the in-
tegral in (37) must be maximized subject to Eqs. (11), (27),
and (5), with mitial energy specified. If we negleet the
mass variation and use an average mass in Eq. (11), then
Fq. () 18 not needed and the problem has only one state
variable f£. (A more accurate estimate would be obtained
by using an estimate of m as a function of time.) Thix ix
a calculus of variations problem in which the constraint
Vo< @2E)yY? (e, A 2 0) plays an important role. The
variational Hamiltonian is

H =V 4+ \NV(T — D)/m] (38)
where the influence function A must satisfy
At =0 (39)

sinee the final energy is not specified.

[t ix not necessary to solve the uler-Lagrange differential
equation for N in this case because /1 = const is an integral
ol the two-point boundary value problem. In fact, applyving
(39) to (38), we sce that

=Vit) =V, (40)
Using (40) in (38), we may solve Tor M) :
NG = (V; = V)/V(T — D)m (41)
The optimality condition is
V = arg Ill‘i/i,\ H{EV N) (42)

where V< (2E)V2. Note the maximum operation is per-
formed in (42) with £ and A fixed. If the maximum occurs
for V. < (21)12 then

UIOViE=00r 0 =14+ (Nm)QQWIV(T — D)] (43)
Substituting (41) into (43) yields the optimality condition
WV —D)] = =V(T —D)/V; -V

if V< 2KV (44)

A

MACH NUMBER

2.8 3.2 3.8 4.0

The value of V', depends, of course, on t; and must be deter-
mined by iteration.

Examining (38) in view of (42), it is clear that the optimal
path will start (with N large) near, but at an altitude below,
the path of maximum excess power, V(T — D). As the
flight progresses (with decrease in A), the optimal path will
veer toward i = 0 where V is large.  The optimal path will
spend some time near (and including) the end of the flight
on the constraint boundary A = 0, 1.e., V = (2E)V%  Figure
13 shows a sketeh of the veloeity-altitude path for maximum
range in a given time. Segment AB s on A = 0. Arc
BCD is an inereasing energy path with the initial part of the
are just below the minimum-time climb path. At point
DD where excess power V(T — D) is zero, the airplane has
maximum energy with ¥V = ¥V, Are DE iz a powered
flight with deereasing energy (T — D < 0) and segment
EF is a dash just above the ground at A = 0. [t can be
shown from (44) that the time taken in the descent portion
of the optimal path depends on the curvature of V(T — D)
with respect to V, at a fixed value ol E, the descent being
more rapid at lesser values of curvature. The possibility of
a short constant-energy zoom dive (in general, not all the
way to A = 0) arises in cases when cither V(T — D) has two
focal maxima with respeet to V' oat a fixed value of I or
V(T — D) varies linearly with respect to 1 at a fixed value
of I, the zoom dive being over the range of linear variation
in the latter case. A zoom dive all the way to i = 0 occurs
if the curvature of V(T — D) with respeet to Vs nonnega-
tive at A = 0 at a fixed value of E.

Figure 14 shows two Mach number vs altitude paths for
maximum range for given times ¢ = 214 sec and ¢; = 302
see, respeetively. The optimal path for t; = 302 =ec starts
out closer to the minimum-time climb path, attaining higher
energy in the process; before it veers to the ground fowards
the end of flight to take advantage of the larger values of V.
Note that the constant encrgy curves are not parabolas in the
altitude vs Mach number space. The final part of this flight
path undoubtedly exceeds dynamie pressure Limitations and
engine  constraints.  If  these in-flight coustraints  were
known, an optimal path could be found that satisfies them.

Conclusions

The energyv-state approximation, properly interpreted,
is quite adequate for performance optimization of super-
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sonic aircraft. In addition to its use for determining flight
profiles for minimum time to climb to a given altitude and
speed, and minimum fuel to climb to a given altitude and
speed, this paper shows that the energy-state approximation
may also be used to determine flight profiles for 1) maximum-
range glide from a given altitude and speed to another alti-
tude and speed; 2) maximum range at a fixed throttle setting
for a given amount of fuel (or, what is the equivalent prob-
lem, minimum fuel for a given range at a fixed throttle
setting); 3) maximum total range for a given amount of
fuel (or minimum fuel for a given total range); 4) maximum
range in a given time (or minimum time for a given range).
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Lifting-Surface Theory for V / STOL Aireraft in

Transition and Cruise. 1

E. 8. Levineky*, H. U. Toomment, P. M. Yacer}, ano C. H. HorLanp}
Air Vehicle Corporation, San Diego, Calif.

This is the first part of a two-part paper in which a large-tilt-angle lifting-surface theory is
developed for tilt-wing and tiit-propeller (or rotor) type V/STOL aircraft. Part I deals with
the development of an inclined actuator disk analysis which forms the basis of the method.
Closed form solutions are obtained for the velocity potential at large distances behind the

actuator surface. Both the normal velocity and the nonlinear pressure boundary conditions
are satisfied across the slipstream interface. Effects of slipstream rotation are also evaluated.
In Part 11, the included actuator disk analysis is combined with a discrete-vortex Weissinger-
type lifting-surface theory for application to wing-propeller combinalions at arbitrary tilt

angle and forward speed.

Nomenclature

A, = propeller area

A, = area of fully contracted propeller slipstream

b = wing span

Cn, = zero lift drag coefficient

C"u, = propeller horizontal force coefficient based on propel-
ler area and slipstream total pressure

¢y, = propeller vertical force coefficient based on propeller
area and slipstream total pressure

[0 = section lift coefficient based on ¢,

Ci, = section ideal lift coefficient

C, D = unknown coefficients in Eqgs. (4) and (5)

c”y = section normal force coefficient based on slipstream
total pressure

c = wing chord length

D = drag force

e, e, €9 = unit vectors in cylindrical coordinate system

e. = unit vector in z direction

leceived September 26, 1968; revision received April 23, 1969.
The research was supported by the U. 8. Army Aviation Material
Laboratories under Contract No. DAAJ02-67-C-0059, and has
been reported in more detail in Ref. 15.

* Vice President. Member ATAA.

1 Former Staff Scientist, now Professor at Southeastern Massa-
chusetts Technical Institute, Department of Mechanical En-
gineering, North Dartmouth, Mass.

T Staff Scientists.

F = complex potential (inclined actuator disk theory)

G = integral defined by Eq. (24)

m = function of g = (1 4+ p)(1 — p)" G,

H = t(otal pressure

h = one-half of the vortex spacing on the wing

7 = integral defined by Eq. (24), also number of wing
control stations

P = (=1

J = propeller advance ratio

K = number of slipstreams

L = lift force

M = number of slipstream control points

N = propeller revolutions/sec

n = normal force/unit span

P, P’ = power, also potential influence function (P’ for
multiple slipstreams)

P = static pressure

q = dynamic pressure

R = radius of fully contracted slipstream

R, = radius of eylindrical control surface

R, = propeller radius

r, 6 = cylindrical coordinates, slipstream coordinate system

N = surface area, also downwash velocity influence co-
efficient,

T = propeller thrust

T, = propeller thrust coefficient = 7/4 (¢ + AH)

u, v, w = velocity components in slipstream coordinate system

v = veloeity

Vy = induced velocity inside slipstream



