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PREFACE

This publication contains edited versions of the prepared Lecture Notes and supple-
mentary Seminar Contributions from the AGARD-VKI Lecture Series on ‘“‘Aircraft
Performance Prediction Methods and Optimisation”, at the von Kadrman Institute for Fluid
Dynamics during the week 24-28 April 1972,

The aim of this Lecture Series was to provide an up-to-date account and appraisal of
performance prediction methods and their practical utilisation for subsonic and supersonic
aircraft. The basic topics comprised range/radius, airfield and flight-manoeuvre performance
aspects related to both combat and transport aircraft. Special reviews were added on
problems of aerodynamic prediction, aircraft mass estimation, and engine selection.
Parametric and optimisation techniques for aircraft design synthesis were also discussed.

The Course was well supported as regards both the number of attendees and their
technical quality. The organization was carried out under the auspices and with the
support of AGARD, in collaboration with the von Kérmdn Institute who had the responsi-
bility for the general administration and local organization. Professor Paul E.Colin
(Associate Director of the VKI) deserves particular commendation for his extensive efforts
towards the success of the Course, in his capacity as its Chief Administrator and Joint
Technical-Director.

A special tribute must be paid to the Lecturers for the quality of their presentations,
the valuable analysis contained in their lecture notes provided for distribution during the
Course, and their participation in the discussions. Various supplementary contributions to
these discussions and the concluding Seminar are also gratefully appreciated, particularly
in respect of attendees who provided appropriate texts subsequently for publication here.
Finally, our acknowledgements are due to the official and private organizations through
whose helpful cooperation and courtesy it was possible to offer such technical experts as
lecturers and contributors.

John Williams (RAE, UK)
Editor and Joint Technical-Director of Course
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RANGE AND RADIUS-OF-ACT!ON PERFORMANCE PREDICTION FOR
TRANSPORT AND COMBAT AIRCRAFT

Robert K.Page

1. INTRODUCTION: DEFINITIONS

To explain the double descriptive term in the title of this section of the Course: with the emphasis in the NATO
context of operational military aircraft the purely technical term ‘range’, meaning the distance an aircraft can fly
between take off and landing as limited by its fuel capacity often has to be given a special qualification, in that
instead of taking off from A, flying to B and landing there, the aircraft will return from ‘overhead’ B and land again
at A, In the first case the air and ground ranges are identical and equal to the straight line distance AB, in the
second case the air range will be AB + BA = 2 x AB, but the operational interest is in the ground distance AB,
which is then termed the ‘Radius-of-Action’ and is thus equal to half the air range capability of the aircraft. In
certain cases, e.g. for search and rescue, combat air patrol or maritime reconnaissance operating the time, rather
than distance will be the parameter of interest, either alone or in conjunction with a specified radius-of-action, but,
of course, the two are simply related as -

. distance
time = —— .
cruise speed

‘Duration’ and ‘Endurance’ are alternative terms for the time the aircraft can spend at a specified condition of speed
and height.

It is usual, when predicting the performance of an aircraft for assessment to assume still air, i.e. zero wind con-
ditions. Similarly, for comparative purposes ISA temperature conditions only are adequate, but in some specialised
instances (such as combat aircraft with appreciable periods at specified engine ratings) calculations may have to be
done at some specified non-standard ambient temperatures.

2. THE PLACE OF TilE RAHGE/RADIUS SECTORS IN
THE TOTAL MISSION OR SORTIE PROFILE

The justification for including this section originates from the primarily military, and especially combat emphasis
in the Course. In contrast, for civil airline transport operations, range flying (especially if, as is usual, the distances
covered in climb and descent arc credited to the total range) makes virtually the whole of the total flight apart from
the take off and landing circuits. The only ‘allowances’ are those made for possible diversion to an alternate destina-
tion, and ‘loiter’ or ‘stacking’ whilst awaiting ATC permission to land, and even these are from the technical viewpoint
of performance prediction equally range and duration operations. For combat aircraft on the other hand there will
commonly be operational requirements for ‘combat’ or ‘turget area attack’ phases, as well as diversion and pre-landing
Joiter, that not only are NOT reckoned as contributing to the operational range/radius, but in total may be the same
order of magnitude in their final requirements, and hence must be dealt with to the same order of accuracy.

Figures 1-3 show the expenditure of fuel for the various segments of the total sorties for some combat aircraft.
Figure 4 shows for comparison similar information applicable to a bomber or a medium-range transport. The points
to notice are

(i) the proportions of the total fuel used that are consumed in range flying and in fixed allowances,

(i) for the combat aircraft, even some of the range fuel is consumed whilst Nying under precisely specified
conditions of speed and height.

On the diagrams, the parts marked with a heavy line are ‘pure’ cruising, whene height and speed may be chosen
to optimise the results, those with a broken line have height or speed (or both) restrained to prescribed values.

{n Example | (a subsonic low-level strike sortic), rather less than half is used for cruising at best cconomy
conditions (though at a fixed height) and about § for a high-speed cruise or ‘dash’ for which both height and speed
are fixed. A variation on this type of sortic is the Hi Lo Lo Hi where the economic cruise is made at altitude in
which case rather more than § of the total (allowing for two climbs) would be pure cruising.

i



1.2

Example 2 is a special type of Hi Lo Lo Hi strike sortie, in which the aircraft when within a certain distance
from the target on the run-in is required to be below the line of sight of a radar beam at or near the target; and in
the particular example this actually prohibits any initial high-level cruise at all, so that the only unrestricted cruise
is on the return, amounting to § of the total fuel requirement. The third example is a different type of mission, a
Combat Air Patrol at a fixed distance from base at a height probably loosely defined as “high’. *medium’ or ‘low’
level, at a speed optimised for endurance. Because of the relatively very high fuel consumption during the super-
sonic attack phase. cruising accounts for only about half the total fuel requirement, and more than half of this will
be restricted to a particular height level.

The fourth example is a high-altitude bomber (which for the present purpose is regarded as a transport on
which the effect of dropping the load half-way is to slightly reduce the fuel requirement for the return lkeg). For
this example § of the fuel is used in pure cruising — or 4/5 it the diversion is included (though this latter may be
restricted in height or speed by ATC).

The conclusion to be drawn from these examples is that the degree of sophistication of methods justified for
optimising cruising conditions and estimating fuel consumed will be judged against the kind of mission being studied.
that.is whether cruising is likely to account for the major or only a small proportion of the total fuel used.

3. DATA REQUIRED FOR THE PREDICTION PROCESS

In this section the data required will be listed; the methods by which those items not likely to be directly
available may have to be calculated or estimated is dealt with in other lectures in the course.

The data can be grouped as follows:
1.1 Weight

1.2 Lift and Drag
1.3 Fuel capacity

1 Airframe:

2.1 Thrust (or power) ratings

2.2 Thrust and fuel consumption variations with forward speed and height

2.3 Variation of fuel consumption with thrust at all appropriate speed and height
combinations

2.4 Installation arrangements in multi-engined aircraft as atfecting possibility of cruising with
some engines shut down.

Commenting on ¢ach of these:

1.1 Weight is all-important, primarily because, as will be shown in a later section, a ‘limiting case’ for
cruising (to which various conditions approach more or less closely) is the speed for maximum L/D
ratio, at which the thrust required, and to a first approximation, the fuel consumption are directly
proportional to the aircraft total weight.

For range calculations, the weight data required are the weight less usable fuel, the usable internal fuel,
the weight of any drop-tanks and their contents, and the weight of any weapons or other stores
released in fligh,

1.2 Drug is required as a function of lift coefficient over the range of Mach numbers relevant to the level
flight envelope, and also for the total height band, to take account of Reynolds number variations.
Also, limiting values of lift coefficient from buffet onset considerations may be relevant to high
altitude cruising.

For analytical purposes, and in general unless and until wind-tunned tests show the contrary, it is
usual to assume 2 lift drag relationship of the form:

¢, = C +K("
1] DO l/\l.

4. CHOICE OF METHODS APPROPRIATE TO THE STATE OF THE PROJECT

We have scen, in Section 2, how the proportion of the total fuel usage that is accounted for in the cruise
phases of a flight varies considerably with the type of mission considered. When the proportion is relatively small
(say kess than one half) and in addition we are dealing with the preliminary *feasibility’ phase of a project. it would
be unnecessary and inappropriate (o use methods incorporating such detail of refinement and accuracy as are
desirable when an aircraft has been more closely defined and when (as for the transport or strategic bomber) the
cruising phase is predominant.

<
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As examples of areas where some degrees of approximation or simplification resulting from alternative methods
can be introduced:

(i) Fuel consumption can be calculated for a mean weight (that can be checked from the result of the calcula-
tion and re-approximated if necessary), rather than doing a step-by-step process or integration depending
on the variation of aircraft weight as fuel is used.

(ii) Omission of the acceleration and deceleration phases between successive legs of the sortie that are flown
at different speeds.

(iii) Similarly to (ii). where there are large changes of height between successive stages. as in a Hi Lo strike
sortic, the total change in ‘cnergy height’ (which includes the accompanying change in cruise speed with
height) can be calculated with the value of rate-of-change corresponding to some mean height, instead of
doing a step-by-s.ep summation.

(iv) When, from previous experience, it is known that the variation of fuel consumption (or fuel per unit
distance) will have a fairly *flat’ optimum and also the final choice of speed will in the final analysis be
influenced by considerations of vulnerability as well as by fuel economy, some ‘sccond order’ factors
affecting the result can be omitted.

S. OPTIMUM CRUISING SPEEDS AND SPECIFIC RANGES

This aspect or the subjeci has been extensively treated in the literature of aircraft performance. It comprises:
the selection of the speed and height to give the best range and the variation from the ‘best’ value if external influ-
ences, e.g. ATC requirements force deviations from the optimum speed or height, the way in which the optima vary
as the aircraft weight is reduced when fuel is consumed, and finally the integration of the specific’ ranges (or instan-
taneous rate of change of distance with fuel consumption) to give the total distance flown for a given amount of
fuel. The treatment to be given here was developed by Peckham! a former colleague of the present author when a
member of Projects Division of Acrodynamics Department of the RAE at Farnborough: this assistance and advice is
gratefully acknowledged.

Before starting on the detailed analysis of this part of the problem it should be pointed out that any analytical
treatment in which a fairly large number of parameters is involved can be made tractable only if reasonably simple
expressions can be formulated for the variables, which will involve some approximations, ¢.g. the assumption of
constant values for those that vary only to a very small ext:nt, or the neglect of 2nd order terms. Whilst such pro-
cedures necessarily result in some degree of inaccuracy in the results, the resulting analysis is none the less valuable
in giving an insight into at least the qualitative relutionships between the primary parameters, and so is particularly
suited to preliminary ‘parametric’ project studies.

Two assumptions in particular will be noted:

(i) The relationship between drag and lift is taken as a simple quadratic expression: this is usually true in
practice, the conditions in which it does not hold are dealt with in the detailed discussion later.

(ii) ‘The engine specific fuel consumption is constant during the flight.’

This statement is true only to a certain limited extent,

5.1 Climb

For turbine-engined aircraft even the initial optimum cruise height (when very little of a possibly large fuel load
has yet been used) is likely to be at least in the region of 25.000-35,000 ft so that, unless some much lower level is
chosen for operational reasons, the cruise phase will be preceded by a fairly prolonged climb, and in general the
distance covered during this phase will be credited to the range or radius. Because (as will be shown later) cruise
cconomy improves markedly with height, it will generally pay to climb as quickly as possible, i.e. to use the highest
engine rating permissible, so long as this does not entail a very large increase in sfc, e.g. by the use of maximum
rcheat.  Climb optimisation is a subject in itself; but for most purposes, where the climb segment is short compared
with the cruise, considerable simplifications can be made in the interests of pilot work-load, e.g. fixing climbing speed
as at a constant Mach number.

5.2 Specific Range

5.2.1 Estimation of specific range is described in Section 5.2.2 and the theory for the particular case of a parabolic
drag polar is discussed in Section §.2.3. Section 5.2.4 deuls with optimum specific range in general, and Section 5.2.5
with optimum specific range for the particular case of a parabolic drag polar. All theory in the above sections is
based on the assumption that the specific fuel consumption remains essentially constant along the cruise trajectory
considered (this is not in general exactly true but otherwise the algebra would be intractable). Integration of specific
range, over a change of aircraft weight equal to the weight of fuel consumed. gives the range: this is discussed in
detail in Section 5.3.
a
[
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5.2.2 Estimation of Specific Range

The rate of change of aircraft weight, being equal to the rate at which fuel is consumed, is given by

dw T :

— = _ (T,

dt )
where ¢ = specific fuel consumption (sfc)

t = time

T = thrust

W = aircraft weight.

The instantaneous value of range in still air is then given by

\%
dR = Vdt = — —=dW, (2)
cT
where R = range
V = cruise true airspeed.

Now in cruising flight, because the incidence is small, it can be assumed that lift is equal to weight, and that
thrust is equal to drag, so the expression for specific range becomes

dR v 1 VL
— = 3)

W T Wb

which, for speed in knots, sfc in 1b/lb/h, and aircraft weight in pounds has the units of nautical miles per pound
of fuel.

In some theoretical studies, it is more convenient to work in terms of an overall ¢{ficiency of the powerplant,
np ., defined as

np CH ’ ( )
where H = the calorific value of the fuel.

The expression for specific range then becomes

(@R nH HL ©
w1 "™wp

The calorific value of kerosene is 18,550 Btu/lb. For use in a range equation, H needs to be expressed in
appropriate length units. Thus it should be noted that

18,550 x 778 ft Ib/lb = 14.43 x 10° f1

4398 m

2733 mile (statute)

2373 n mile (UK)

2373 n mile (international).

18,550 Btu/Ib
14.43 x 10° ft

5.2.3 Specific Range Based on a Parabolic Drag Polar

The simplest expression for the total drag coeificient of an aircraft, and one which accords very closely with
actua) drag characteristics for a wide range of aircraft types is

K
Cp = Cpg +Cpj = Cpg +— C} , 6)
D Do Di po + — Ci (
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where Cpo = drag coefficient at zero lift*
Cpi = lift-dependent drag coefficient
K = lift-dependent drag factor
A = aspect ratio

C. = lift coefficient = L/4pV?S = W/qS
p = air density

S = wing area,

Thus the ratio of drag to lift is then

_=_=—+_CL' (73),

D
Sy Jp O, ) 7b
L= PO gst A {7b)
2K W I
or = e————
o b* V?

Thus the lift-to-drag ratio, required for use in Equation (3), can be obtained by taking the reciprocal of D/L
in Equations (7a) or (7b), depending on which is the most convenient form to use.

When a number of results are required, over a range of speeds for example, a convenient method is to base the
calculation on conditions for minimum drug. Differentiation of Equation (7a) with respect to € gives the condi-
tions for minimum drag (and maximum lift-to-drag ratio) as

K
Cpo = — Clmg and Cppg = 2pg . (8)
nA
It follows that
. Vin
rAC
Cimd = (TM') b))

L 1 A \?
—_— = - (10)
D/max 2 \KCpg
<2w)m( K 14
and Vmda = |— . (1)
pS 'ACDO)

Substituting Equation (10) into Equation (7a) gives

C v g Vpa\’ 1
0 = i —Lmd o .I. 4 [ = i m+—) . (12)
Dmm 2 CL Cl. md pi de v 2 “'lz

where m = V/Vpq .

¢ 1t must be admitted that, for a cambered wing, the term ‘‘drag coefficient at zero lift” is not very meaningful. For the purpose of
performance computation, however, Equation (6) can be used as a “best fit" over the range of lift coefficients which are of interest.

— »-



Equation (12) Is a perfectly general function that applies to any aircraft whose drag characteristics can be
represented by Equation (6), The variation of lift-to-drag ratio with speed is tabulated below and shown in Figure 5.

m = V/Vp4 0.9 1.0 1.1 1.2 1.3 1.4 1.5 20 25

D
-"—l‘)‘“— = (L/D)/(L/D)pax 09782 1.0 0.9821 0.9370 0.8765 0.8096 0.7423 0.471 0.312

or D/Dyyin 1.02 1.0 1018 1.068 1.14 1.24 1.35 2,125 3.285
Using such values, specific range can be obtained from the expression
dR V L vV 2L/D
—_— ._(_ﬂ& . a3)

dw cW D cW m? + 1/m?

Numerical Example

For an altitude of 30,000 ft (o = p/p, = 0.3747), and a speed range from 400 knots to 500 knots
(M = 0.675-0.85) estimate the specific range of an aircraft with the following characteristics:

A
W = 30,000lb, S = 300f¢, X =20, Cpg = 002, <« = 071b/Ib/h, W/S = 100Ib/f1?.

In addition, calculate the speed and specific range for a thrust of 2000 Ib.

From Equation (11),

2 x 30,000 2 1 e
Vid = X | —— = 595.5 ft/s = 352.6 knots.
0.00238 x 0.3747 x 300 20 x 0.02

Thus the speed range of 400 knots to 500 knots is covered by a range of m from 1.1 to 1.4,

L 1/ 20\" s
—_ = —(— = 15811 .
D/max  2\0.02

(14)

From Equation (10),

Thercfore
1 /L 15.811
—_—- = — = 75,29 x 1076 h/lb .
cWA\D/ 0.7 x 30,000
m 1.1 1.2 1.3 1.4 1.5
V knots 388 423 458 494 530
(L/D)/(L/D)max 0.9821 | 0.9370 | 0.8765 | 0.8096 | 0.7423
L
_W E (n mile/lb) 0.0287 | 0.0298 | 0.0303 | 0.0301 | 0.296
c

w 30,000
= = 1897 1b .

D, =
M (L/D)max  15.811

6



Thus for 2000 Ib thrust,

V2 2000 1897\’ Y
—_— = — |l + | = | r— = |.3874, — = 1.1779. (15)
Viq 1897 2000 Vind
D 1897
T = —— = 0.9455 and, from Figure 5,
D 2000

V = 178 x 352.6 = 415 knots.

L—-
D

. v 415.3 2x 15.811
pectlic TnEe = W 0.7 x 30,000 \1.1779% + 1.1779"

1) = 0.297 n mile/lb.

5.2.4 Optimum Specific Range Performance

Maximum specific range, at a given aircraft weight, will occur when (V/c)(L/D) is a maximum, and different
values will be obtained depending on the cruise condition specified, i.c. whether constant speed, constant engine
setting, or constant altitude. (As weight is reduced by consumption of fuel for a constant engine setting, either
height or speed or both will increase).

On the assumption that engine specific fuel consumption does not vary along the cruise trajectory for each
of these cruise techniques, (the justification for making this assumption is that only small changes are considered)
the relationships between lift and drag to obtain maximum specific range are derived below, and it is shown that
these relationships are independent of the way in which drag varies with lift.

5.24.1 Constant speed

For cruise at a constant true airspeed, it follows directly from Equation (3) that maximum specific range will
occur when drag is a minimum (i.e. when the ratio of lift to drag is a maximum). The same is also true for cruise
at a constant Mach number in the stratosphere, where the temperature and speed of sound are constant. That is,
the height should be that where the V4 becomes equal to the chosen speed.

5.2.4.2 Constant engine setting

At a given engine rpm, engine performance in the stratosphere (where temperature is constant) is such that
thrust is directly proportional to air density, and specific fuel consumption remains constant. Usually, also, thrust
may be considered independent of speed (at subsonic speeds) over a limited speed band. For these conditions a
simple relationship between lift and drag to obtain best specific range can be derived, provided that there is sufficient
thrust at the maximum cruise rating of the engines for flight in the stratosphere to be attained. The required
relationship can be obtained by substituting in Equation (3),

2D\ m\ V2
vV =f— = [a— (16)
pSCD pSCD

_drR 1 farY? ¢ .
aw  cw\pes/ ¢ an

Ths the condition for maximum specific range in the stratosphere, at a given engine setting, occurs when
(lift)/(drag)®? is a maximum, or (lift)*?/(drag) is a maximum.

and it follows that

5.24.5 Constant altitude

‘fo obtain the relationship between lift and drag for maximum specific range at a constant cruise altitude, V
in Equation (3) can be eliminated by substituting

2w \7?
V = (F) 5 (18)
‘L



giving
dR 12\
il brrrd Bl (19)
W c\psW/ ¢

Thus the condition for maximum specific range at a given altitude (p constant) occurs when (1ift)?/(drag) is a
maximum.,
5.2.4.4 Summary of conditions for maximum specific range

In the three previous sections it has been shown that maximum specific range in the following cruise conditions
is obtained when:

For constant speed — L/D Is a maximum
For constant engine setting —  L¥3/D is a maximum
For constant altitude = LY3/D is a maximum.

It is emphasised, once again, that these conditions have been derived without making any assumptions in
regard to the way in which lift and drag vary with speed. However, they apply only to the case of specific fuel
consumption constant.

It should be noted that p"? appears in the denominators of the expressions for specific range and this is
one fundamental reason why high cruising altitudes are chosen for jet aircraft when good range performance is
required.

5.2.5 Optimum Specific Range Performance with a Parabolic Drag Polar

The relationships betwecn lift and drag for maximum specific range, obtained in Section 4, are now used
with the theory of Section 3, to obtain optimum specific range relationships for the case where an aircraft’s
drag characteristics can be represented by Equation (6).

5.2.5.1 Constant speed

From Section 4.1, we have that maximum specific range at a constant speed occurs when drag is a minimum,
and Equations (9), (10) and (11) then apply. In particular, we get from Equation (11) that

zw | i) K "
° )

is a constant for a given aircraft at a given weight. where (V¢)p,q is the minimum drag speed in EAS
(Ve = Vy/0).and o is the air density relativ. to sea level conditions.

Hence the maximum specific raiige condition for any required true airspeed is obtained at an altitude defined
by

\Y
_(_e)m_d g 21
Vreqd

5.2.5.2 Constant engine setting

Maximum specific range in this case is obtained when L¥3/D is a maximum, and Equation (7a) gives

D = Coo + X cas
L¥3 C}®  nA Lo
which, on differentiation, gives
C 2K Cc? i C 3 C (22)
= — , ie. C = - ; 2
DO 1rA Les Des 2 DO

where the suffix es refers to conditions at a constant engine setting.
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It follows that

3 ACy | .
CLes = (T = "'2— Comd = 0707 Cy g (23)
(o 2/ A\ a2
L) - v: —) = Ve (L - 0943 (= (24)
Cin/es 3 Coo 3 D/ max D/ max
aw \"?

V“ = - = 4y d = 1.180V ' (25)

(pS(L,,) m m

5.2.5.3  Constant altitude

Maximum specific range in this case is obtained when L'2/D is a maximum, and Equation (7a) gives

P G + ) on
L' ? aAt

which, on differentiation, gives

4
Cpo = ——=Cin. ie. Cpp = 3('00» (26)

where the suffix h refers to conditions at a constant altitude.

It follows that

. ”A(‘DO i ! B
(Lh = S em—— (‘Lnld = 0.577 (lmd (27)
3K VK
L 3 / »A\"? 3L L
-] = \/— = Y = = 0.866 |— (28)
D/h 4 \KCpo : D/max D/ max
Vy = T =3 v, = 136V (29)
h pSCyp md G md - -

Equations (21), (25) and (29) are collected on Figure 6.

5.2.5.4 Numerical examples

For the aircraft characteristics used as an example in Section 5.2.3, calculate the maximum specific range (and
thrust requirements) for the following cases:

(i) A Mach number of 0.8 (in the stratosphere).
(ii) An engine setting as in (i).

(iii) Cruise at 30,000 ft (o = 0.3747).

The results of the calculations are shown on Figure 7,

5.3 Cruise Height Schedules and Integrated Range

5.3.1

This section collects together, with some extensions, the classical theory of range performance of jet aircraft in
cruising flight, for conditions where engine specific fuel consumption can be assumed to remain essentially constant
during the flight. Most of the theory can be found scattered amongst standard text-books on aerodynamics in the
references cited in 5.3.6, but is summarised here for convenience to the user, together with some worked examples.

[ 9
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The distance covered during cruising flight (in still air) is obtained by integration of the “specific range"
(i.c. the distance flown per unit quantity of fuel consumed) over a change of aircraft wvight equal to the weight of

fuel consumed.

Wi - Wy
i.e. cruise range R = f (Q) aw (la)
W aw
A
and dw = dW,;. ("’)
where - i'l l = cific range
daw T i ’

V = cruise speed
= specific fuel consumption
T = thrust
W, = aircraft weight at start of cruise
Wi = weight of fuel consumed.

For short ranges it is often sufficiently accurate to obtain cruise range by multiplying a mean specific range by
the weight of fue) consumed, since the variation of specific range with weight is usually close to linear.

Thus we have, approximately, that

dR

cither R =|— W, Q)
AW/w - w12
1]/dR dR

or = =l—) +—=) | W. 3
2|\aW/, dw/

where the subscripts | and f refer to initial and final conditions, respectively.

For instance, in the example from an aircraft performance manual given in Figure 8, for an initial cruise weight
of 26,000 Ib and 8000 Ib of fuel consumed, we get

Method Mean (dR/AW) (n mile/lb) Range (n mile) Error (%)
Integration 0.380 3040 -
Equation (2) 0.382 2056 +0.5
Equation (3) 0.377 3016 -08

However, for theoretical work and early project studies, it is often more convenient to obtain cruisc range from
direct integration of Equation (1a) over a chosen cruise trajectory. In some cases, it then is necessary to assume a
law for the variation of aircraft drag with speed such as* the single parabolic law:

D—lSV’C +KC’-SC +KC’ 4)
2 p Do T ML q Do T A L)
Also, it is necessary to express the equation for specific range in the form

VL
= B— (Equation (3) of Section 5.2.2). &)
c

The integration of this equation is discussed in the next section.

* Theoretically, it may not always be justifiable to express the drag in this way, e.g. for an aircraft with a twisted wing such that
minimum drag does not oc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>