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SUMMARY

The classical theory of range performance is reviewed, and some further
relationships derived. The first part of the paper deals with "specific range',
which is the instantaneous range performance of an aircraft at a point on a
cruise trajectcory, in terms of distance covered per unit quantity of fuel
consumed. The secon. part of the paper is concerned with the integration of
specific range ov.r a given flight trajectory, to give the 'integral range' on
a given quantity of fuel; comparisons are made between the ranges obtained using

various cruising techniques, and scme numerical examples are included.

This Repoert is a combination of two Technical Memoranda issued in 1970,

and replaces these in a form suitable for wider distribution.

Departmental Reterence: Aero 3323
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1 INTRODUCTION

There are three main ingredients in the calculation of the range of an

aircraft:

(1) it's performance during climb, cruise and descent, for a range of

conditions of weight, speed and altitude,

(ii) estimation of fuel available after taking into account payload and

reserve fuel requirements, and

(iii) choice of flight trajectory such as cruise speed and height, climb and

descent paths, distance for diversion, and time for holding*,

The procedure for estimating range, given the above information, is
described in Ref.l; since this Report was not given a wide circulation, much of
it is repeated in Appendix A for convenience of the reader. If such information
is not available, range performance has to be obtained from estimates of drag,
thrust and fuel consumption characteristics. The most important part of this,
except for very-short-range aircraft, is the performance during cruise,
generally referred to as the 'specific range', which is the instantaneous value
of distance covered per unit quantity of fuel consumed (at a given aircraft
weight, speed and altitude). Typically, specific range is quoted in nautical
miles per pound of fuel; miles per gallon is now rarely used because of possible

confusion between US and Imperial gallons**, and because of differences in

density between various fuels.

For civil aircraft, specific range is normally the subject of guarantees
between the manufacturer and airlines, and checks on specific range performance
at a number of speeds and altitudes form an important part of the flight-test
programme of a new aircraft. The results of such tests are also of great

interest to the airframe and engine designers, because they provide a means
2

4

of checking original design estimates for drag and fuel consumption®.

Estimation of specific range is described in section 2, and the theory
for the particular case of a parabolic drag polar is discussed in section 3.
Section 4 deals with maximum specific range in general, and sectinn 5 with

maximum specific range for the classical case when a parabolic drag polar can

* This Report is written in terms of a typical civil transport mission; however,
much of the Report is also relevant to military aircraft missions.

*% One Imperial gallom = 0.1605 ft3 = 1.201 US gallons = 4,546 litres.
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be assumed; relationships For cruise at constant spced, constaut engine
setting, and constant altitude are derived. Numerical examples are given in
Appendix B.
Integratiou of the specific range over a given flight trajectory, for a

ctiange of aircraft weight equal to the fuel cyisumed, gives the range. This
is discussed in cections 6 and 7 for cruisin; techniques such as the Breguet
"cruise~ciimb’, and cruising at constant altitude with either lift~to-drag
Laric, speed, or thrust kept constant. Compariscns are made of the ranges
obtained using thes. vavious cruising techniques and numerical axamples are
given in Appendix C. All rheory in these secticns is bagsed on the assumption
thiat the specific fuel consumption remaine essentially constant along the
cruise tvajectory considered., This is a reasonable assumption when cruise
speed is constant, but may not be strictly correct il rhere is a large change
of speed over the cruise trajectory. The use of a power-law approximation

to the variation of specific fuel consumption with spced is discussed in
Apperdix D, There can also be a variation of specific fuel consumption with
tawperature, i.e. with variation of height in the rroposphere. However, siuce
mwost cruise-climb trajectories are used omly by long-range aircraft flying .

in the stratosphere, this is rarely a problem.

2 ESTIMAT(ON OF SFECIFIC RANGE -

The rate of change of aircrafc weight, being equal teo the rate at which

fuel is consumed, is given by

aw . ()

whece ¢ = gpeciric fuel comsumption (stc)
t = tioe
T = thrust

W« airveraft weight,

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

AR = Vdt & - T dwW (2) .

whers R os cange

V > cruise true alrsapeed.
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Mow in sready level cruising flighr, because the incidence and attitude
are small, 1t can be assumed that 1ift is equal to weight, and that thrust is
equal to drag, un the expression for specific range becomes
dR \ 1 VL
™ T o T Weohd )
which, for speed in knots, sfc in 1b/1b/h, and aircraft weight in pouads, has
the units of nautical miles per pound of fuel,
In come theoretical studies (e.g. Ref.3), it is more convenient to work
in terms of an vverall efficiency of the powerplant, np o defined as
) _ Vv
"p T CH )
whera H = the calorific value of the fuel.
The expression for specific range then becomes:
L S S ) 5)
dw T "o WD
The calovific value of kerosene is 18550 btu/lb. For use¢ ipr a range
equation, H needs to be expressed in appropriate length units Thus it
sheuld be noted that
: v 6
18250 btu/lb = 18550 x 778 ft 1b/1b = 14,43 x 10" ft
14.43 x 106 ft = 4.398 Mm
= 2733 mile (statute)
= 2373 n mile (UK)
= 2375 n mile (international).
3 SPECIFIC RANGE BASED ON A FARABOLIC DRAG POLAR
The sinslest expression for the total drag coefficient of an aircrafet,
and one which accords very closeiy with actual drag characteristics for a wide
ranse of «ivcraft Iypes is
. . . . K 2
(.D B (,n + LI) = (,n + :;*A- LI. ((1)

T



where C_. = drag coefficient at zero lift*
C. = lift-dependent drag coefficent

K = lift-dependent drag factor

A = aspect ratio ,
C. = 1lift coefficient = L/} pVZS = W/qS
o = gir density

8 = wing area.

Thus the ratio of drag to lift is then

C
c D
e (74)
! L L
which on substitution for CI gives
D . o ve ), 2k [ws (78)
L "Dy \WIS) T oA \[2 '

Thus the lift-to-drag ratio, required for usc in equation (3), can be
obtained by taking the reciprocal of D/L in equations (7A) or (7B}, depending

on which is the mest cunvenient form to use.

When a number of results are required, over a range of speeds for example,
a conveniert method is to base the calculation on conditions for minimum drag.
Differentiation of equation (7A) with respect to CL gives the condition
H(D/L)/’Z)CL = 0 for maximum lift-to-drag ratio (and for mwinimum drag) as:

K .2
C = — C and C = 2C . (8)
DO TA Lmd Dmd DO

wiery the suffix md 1is for minimum-drag conditions.

It follows that

TAC !
A
C = ——— 9
L K )
med
*ove cuast be admitten cint, foroa cattoood wine . the term 'drae coefficient at

zero 1ift' 1ia net very mesningful. For the purpose of performance computa-—
tise, however, cgunation {(6) cvan be used as a 'bes* fit' over the range of
rift coefficiencs which are of interest.

164
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L ] TA
(5) R o (10)
max

and

4
2w K
Vmd = (E‘s’) wAC ) an
Po

Combining equation (10) with equations (7A) and (7B) gives

nd /

el (12)
vk
5 C
de

£
=
o
~
1]
3
i

Equation (12) is a perfectly general functicn 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.

m=V/V 0.9 1.0 1.1 1.2 1.3 1.4 1
md

c
.

(L/D)/(L/D)max 0.9782 1.0 0.93821 0.9370 0.8765 0.8096 C.7423

Using such values, specific range can be obtained from the expressicn

L
W WD - w71 - (13)
m +

Equations (7B), (12) and (13) above are in a form from which it is
convenient to calculate D , L/D and srecific range at a given speed. If one
wishes to estimate the speed and specific range of an aircraft at a given
thrust, then equation (7B) has to be solved as a quadratic in V2 , 1.e.

2
(v)+__‘_‘ﬂ_2__= 0

NADZSZCD
0

2.2 2T
(V ) -
pSCD

0
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the solution of which is

= 14
v PSC, ] (14)
0 .
l1.e.
2
me = _g_._ - (15)
v
md

A numerical example is given in Appendix B.

4 MAXTMUM SPECIFIC RANGE

Maximum specific range, at a given aircraft weight, will occur when
(V/c)(L/D) 1is a maximum, and different values will be obtained depending on
the cruise condition specified, i.e. whether constant speed, constant engine
setting, or constant altitude. On the assumption that engine specific fuel
consumption does not vary along the cruise trajectory for each of these cruise
techniques, the relationships between lift and drag to obtain maximum specific
range are derived below, and it is shown that these relationships are indepen-—

dent of the way in which drag varies with lift.

4.1 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.

4.2 Constanc engine setting

At a civen engine rev/min, engine performance in the stratosphere (where
temperature s constant) is such that thrust may be assumed to be directly
proportional to air density, and specific fuel consumption remains constant.
Usually, also, thrust is sensibly independent of speed (at subsonic speeds).
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)
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4 3
| v- () - () ()
! o>, Po%p
' and it follows that
! 4R _ L 315 L (7
dw cW \pS 3/2 ’
i C
‘ D
Thus the condition for maximum specific range in the stratosphere, at a
. . . . . 2 .
given engine setting, occurs when CL/C;/Z is a maximum (or when CL/B/CD is
‘ a maximum).
4.3 Constant altitude
The obtain the relationship between lift and drag for maximum specific
range at a constant cruise altitude, V 1in equation (3) can be eliminated by
substituting
b . }
Vo= (“%’) (18)
PoML
giving J C1/2
R 12y L (19)
aW c \pSW CD ’

Thus the condition for maximum specific range at a given zltitude

P {p constant) occurs when C£/2/CD is a maximum.

4.4 Summary of conditions for maximum specific range

J In thee three previous sections it has been shown that maximum specific

range in the following cruise conditions is obtained when

For constant speed - CL/CD is a maximum.

For constant engine setting - C%/3/CD is a2 maximum.

' P For constant altitude - CII'/Z/CD is a maximum.
i

It is emphasised, once again, that these conditions have been derived

without meking any assumptions in regard to the way in which 1ift and drag

vary with speed. However, they apply only to the case of specific fuel

consumption constant.

: It should be noted that pi appears in the denominators of the

».%‘ . expressions for specific range, and this is one fundamental reason why high
o cruising altitudes are chosen for jet aircraft when good range performance is
required.
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5 MAXIMUM SPECIFIC RANGE WITH A PARABOLIC DRAG POLAR

The relationghips between 1 ft an’i diag for maximum specific rang:
obtained in section 4, are now used with the theowy of section 3, to obtain
relationships for maximum specific range, for the case where an aircraft's

drig charzcteristics can be represented by equation (6), Numerical examples

are given in Appendix B.

5.1 Constant speed

From section 4.1, we have that maxiwum specific range at a constant speed
occurs wher. drag is a minimum, and equations (9), (10) and (11) then apply. 1In

particular, we get from equation (11) that

/ ou\

r— 2W K _ .
Vma 9 = (S“O“‘;" TAC, = Ve (20)
0

is a constant fov a given aircraft at a given weight, vhere (Ve)md is the
minimum drag speed in eas(Ve =V /o) , and o is the air depsity relative

to sea level coanditions.

Hence the maximum specific range condition for any required true airspeed,

v , is obtaiued at an altitude deofined by
reqd
)
e’ md :
R . (21)
reqd
.7 Constant engine setting
. . . . . . IR I .
Maxumum specitic range in this case is obtesined when ¢ /(.l s
" ]
maximum, and equation {74) gives
G
I K .0/
le} nA 1
L
. C e . . . /e
which on differentiation with respect to U{ T gives
R R I . AR .
{ . e (0] t.e, O ' R (A
b YA L D SRS e
( S e 0
where the suft ' x es  refers to conditions at a constant engine settling. Lt

tollows thay

164
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TAC 4
Do ] 23
C —— = —C = 0.707 C
Les 2K V2 Lmd Lmd
4
C
(C—L) 1/5-2- Egé‘ -2-3-@(3) = 0.943 (%) (24)
D D max max
es 0
i
_ 2u i _ 2
es " pSCL = 2%V i = 1.189 de (25)

5.3 Constant altitude

Maximum specific range in this case is obtained when Ci/CD is a maximum,
and equation (7A) gives

C

(@]

b _ %0, x 3/
C C; A L
L L
which on differentiation with respect to CL/ gives
c, = >xc¢ ie. C = %cD (26)
0 h h )
where the suffix h refers to conditions at a constant altitude. It follows
that
TAC }
Do i
C = T = — CL = 0.577 CT (27)
Lh Y3 “md “md
4
LY _ /3 [ ua Y3 (L L
{\D)h - D) . 7(5) = 0.866 (ﬁ> (28)
D0 max max
/ 4
2 N 1 _
Vh Eﬁﬁf—— 3 de = 1,316 de . (29)
Ly

The effects of variation of sfc with speed (at constant altitude) on
specific range are discussed in Appendix D.
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6 PRELIMINARY REMARKS ON INTEGRAL RANGE

The distance covered during cruising flight (in still air) is obtained
by integration of the 'specific range' over a change of aircraft weight equal

to the weight of fuel consumed, i.e.

Wi—WF
. dR (
cruise range R = - ™ dw (30A)
W.
i
and
dWw = dWF (30B)
wh -R. T ific range from equation (3)
ere 7 = of = specific g om eq
W. = aircraft weight at start of cruise

W, = weight of fuel consumed.

It is often sufficiently accurate to obtain cruise range by multiplying
a mean specific range by the weight of fuel consumed, since the variation of

specific range with weight is usually close to linear.

Thus, we have, approximately, that either

- (4R /

W -
1
R = -
2[

102

or
Ry, (4R) |y (32)
aw), " \aw/ |"F

where the subscripts 1 and f refer to initial and final conditions,

respectively.

For instance, in the example from an aircraft performance manual given in

Fig.1, for an initial cruise weight of 260000 1b and 80000 1b of fuel consumed,

we get
Method Method (g%) n mile/1b Range n mile Error 7
Integration 0.0380 3040 -
Equation (31) 0.0382 3056 +0.5

Equation (32) 0.0377 3016 -0.8
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However, Sor theoretical work and early project studies, it is more
convenient to obtain cruise range from direct integration of equation (30A)
over a chosen cruise trajectory. In some cases, it is then necessary to
assume a law for the variation of aircraft drag with speed, such as those

given in equations (6) and (7).

The integration of equaticn (30A) is discussed in the next section, which
ccllects together and extends 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.

7 RANGE EQUATIONS

7.1 General remarks

It can be seen from inspection of equation (3), that one simple* class
of cruise trajectories that can be considered, consists of those where speed
and/or the ratio of lift to drag are kept constant throughout the flight.
Keeping the ratioc of lift to drag constant, also means that the aircraft

incidence and lift coefficient will remain constant.

Examination of the basic equation

L = W = Cqu = chpvzs (33)

shows that (ignoring Mach number effects) flight at constant 1ift coefficient

can be achieved in the following ways:

(1) speed (V) constant. This requires the cruise altitude of the
aircraft to be steadily increased as fuel is consumed, in a way such that air

density is proportional to the weight of the aircraft,

or v1i) altitude (p) constant. This requires the speed of the aircraft
. . . 2 .
to be st.adily reduced as fuel is consumed, in a way such that V  1is

proportional to the weight of the airecraft,

or (i1ii) dynamic pressure (q) proportional to the weight of the aircraft,
However, an infinite variety of combinations of p and V 1is then possible,

and this case is not amenable to a general theoretical approach.

Case (i) above is generally referred to as the Breguet 'cruise-climb'

technique; it may not be acceptable in many situations because of the

* i,e, simple from the analytical point of view.
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2quirements of Air Traffic Control. Case (ii) which requires a steady
decrease in speed during the cruise is unlikely tec be acceptable to airlines as
a normal operational procedure. These scmewhat 'academic' cases are considered

in sections 7.2.1 and 7.2.2, respectively.

The more practical procedures from the operational point of view, of
cruising at constant altitude with either speed or engine thrust kept constant,

are considered in sections 7.3.! and 7.3.2, respectively.

Also in sections 7.2 and 7.3, each of the equations derived for various
methods of cruising at constant altitude are compared with the Breguet
equation for cruise-climb, for the same initial conditiens of aircraft weight,
speed, altitude and fuel-fraction. Values of the 'ratics of range' so obtained
are plotted. This has been done in order to show the loss of range relative
to the Breguet cruise-climb technique, and also to simplify computation. Thus,
once a 'Breguet-range' has been obtained, for given initial cruise conditions,
the range using other cruise tecliniques can quickly be found Ly application of
the appropriate 'ratio of range', rather than having to substitute values into

each range equation in turn.

A typical variation of specific range with aircraft weight and speed is
shown in Fig.2, with cross-plots showing the various types of cruise trajec-—
tory, at constant altitude, that have been considered. The worked examples
in Appendix C relate to this Figure.

7.2 Cruising with lift-to-drag ratio congtant (CL and a constant)

7.2.1 Speed censtant, altitude increasiog {(p = W)

Integration of ecgquation {3) with (V,/¢)(1./DY coustant throughout the
g 1 g

cruise, gives the Breguet equation

W.
vV L 1
R w —— y —
Br O los, () (344)
£
1.¢
VL / !
R, = —=log [———re] . R
Br D los, \! - wpm) (Hak)
3
7.2.2 ﬁl}i&}g%; constant, speed dacrvqs@pﬁ>(vt i, W}

An example of such a crulse trajectory is shown by the line AB fo Vig.?.

From equations (3} and (33) we get
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b [.4 3
w.\![c W
R = %(—5?1) Ei- I:x— (1-%)] (35A)

V. W_\*
il F .
R = 2 =D I_ - (l - ﬁ"")] (35B)
1
2W,

§
where V, = [—==) = initial _ruise speed.
i pSCL

7.2.3 Comwparison of runge at constant altitude with Breguet range

For the same conditions at start of cruise (i.e. aircraft weight, speed
and altitude), and L/D constant throughout the flight, the ratio of the cruise

ranges from equations (35B) and (34B) is given by

21 - (1 - wF/wi)il

Range at constant altitude
B > (36)
reguet range lo 1
Ee (1 = WL
Equation 36 gives
HF/Wi 0.1 0.2 0.3 0.4 0.5
Katio of ranges 0.974 0.946 0.91¢6 0.883 0.845

The above vslues are plotted in Fig 3.

Thus there is & significant loss in range, particularly at the larger
values of WF/Hi » if flight is constrained to the cruise technique at censtant
altitude of section 7.2.2. In addition, this technique gives a lower average

speed.

7.3 Cruisiug at constant altitude

7.3.1 Speed constant (CL « W)

For this method of cruising, the aircraft incidence has to be sieadily
decreased as fuel is consumed, in such a way that the lift coefficienr ia

proportional to the aircraft weight. In addition, the engine thrust neceds to
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be steadily decreased during the course of the flight. An example of such a

cruise trajectory is shown by the linme AC in Fig.2.

From equation (3), and noting frem equation (7A) that

E];)_=f_1?_.+_!.<_c = qSCD0_+ KW
CL CL mA L W TAgqS
we obtain
v dw

B
cySCh [+ xw/nagsic
0 D,

which on integration gives

il- 4 }
W. W
\Y TA -1 "1 K -1 't K .
= 222 e —_ |- - 2 (P . S A
R c ke SO 95 {FAC tan U5 [7AC (374)
L
and using equations (9) and (10) we get
C C
L. L
q -1 -
R = 2 Y (L tan ! .t - tan | —f- (37B)
c \D max CL CL
md md
which can be rearranged as
v L) . CLi -L,Lf \
R = 2 E" (6' . tan CI - CI CI FTL . (37C)
ma “ind OUF Tmd

Furthermore, since at constant speed and altitude

W.

¢, o= C P
L. I.. W.
t 1 1

and using equation (12), equation (37C) becomes
W /W, )
V {L 2 -1 3 .
R = - (—) m, + . tan LI - . (37D)

- \D/. i 2 .
‘ i b m me o+ (1 = W_/W.)/m}
1 ¥ 1 1.

D
2
1/
For the same conditions at start of cruige, the ratio of the ranges from

equatians (37D) and (34B) 18 given by

P T Y ':\



Wy,

2
+ (1 - WF/Wi)/miJ

/W,
1

L) ol
Lo+ =)t

\ml mz’ tan l_mz

Range at constant speed and altitude ‘ i/ i

Breguet range log, (T

i
.. (38)

The above ratio of ranges is plotted in Fig.4, and it can be seen that
for the same conditions at start of cruise, cruising at constant speed and
altitude always results in a loss of range relative to t'ie Breguet cruise-~ciimb
technique. However, for low values of m {(i.e. less than about 1.3 at short
range and about 1.2 at long range), it gives a greacer range than the method of

cruising discussed in section 7.2.2; this can be seen by comparing Figs.3 and 4.

7.3.2 Thrust constant

The method of cruising described in section 7.3.1 above, requires that the
engine thrust be steadiiy reduced during the course cf the flight. A poasibly
more convenient method from the operational point of view is to leave thrust
constant, and tc allow the aircraft speed to increase steadily during the course

of the flight*  so that

: _ W _ W 2 b
. T(constant) = *(-Lm = i (17—D~5—— (m + 2) (39A)
max m
i.e.
2 1 2(['/D)max
m o+ ;]7 = e i) = constant (39B)
giving
) |
5 oo L/ (1./D)
2 V max max g
m o= 5 s 7oy A o } . (39C)
v : (L/D)
md
Further since
VZF (L) , . o
md o waxo 2 T v
(1.7D) mi D pSse
mii D

0

* Provided that limits on operating speed are not exceeded; in addition, the
relaticnships derived are not valid i{f the increase of speed results in a
drag tncrement due to the effects of compressibility.




i 2 -4
v o= B—Q%—'" [1 + {1 - ,.__W_q_-_”? (39D)
o | (L/D)maXT
1
"~ 2 % :
| l_' m 4t = w2 + i/m? ] (39E)
V’f + s mi | m] . :

]

Vi I+ [l - l‘/(rni2 + ]/mi)z]15

It should also be noted that when cruising at constant thrust, specific

runge is directly proportional to speed (see equation (3)). Hence in Fig.2,
lines of constant thrust are a family of rays from the origin, each one being
tangential to a specific-range curve (at a particular aircraft weight) at the

speed for minimum drag, Vg One example is the line AD in Fig.Z.

From equations (3) and (39D) we get that the expression for specific

range at constant thrust and altitude is

i
% 2
_dR 1 ( ! ) . W
dw ¢ )\psc. T T2 72
DO (L/D)maxT
vhich an integration gives
R = 2 Y—% 1o+ S (404)
’ psC Vv
])O
if
(1./1) i
. i
TEV L ma
R = T T% (l + -,;*~—'"“i~)i> . (40B)
) -t m {L/D)

On substitution of the limits of incegration, and after some manipulation,

we obtaln that

<

9
1

p 2 .2
, V. S+ 1 /m] W, V. m. + l/m., V.
R = =2.2(L RPN SR S ISR TR 1 SN S S S 4 (A1)
7D, ’ W\ K v L
i

R i om) t
i i

whe re Vi /‘\ff and \./f/\/i are functions of  w. and WF/W, , and can be obtaluned
i i

trom equation (39F).

et

164



19
Equation (41) is not in a very suitable form to compare with equation
. (34B) for Breguet range, and it is convenient to introduce the concept of a mean
cruige speed. Now for flight at constant thrust, cT = constant , and hence
the total cruise time is given by
W
1 ¥ )
t [dt = C—T-[dWF = T (42)
and the mean speed is given by
. Total distance R
= 5 = . {(43)
mean Total time WF7CT
Thus range can be expressed in the form
R = _‘.JE‘.V = E\’i__l':.
* ¢l ‘mean ¢T W, ~=can
] i.e.
R = Yi 1) F Ymean (44)
. c \D/. W. V.
! . 1 1 1
: where, from equations (4!) and (43)
b
: 2 2 y 2
v ., W m. + l/m% W Y m% + 1/m. V,
y mean 2 v ) 1 6 F) f + X 101 45)
Jmean < —) - - )y LAy 21
| v 3 ¥p 2u’ LVARS om? Vs
; i i
i
{
\ / and V./Vf and V_/V. are functions of m, and W_/W. which can be
| . b i FO
L obtalned from equatiocn (39E).
l ;- Thus for the same conditions at start of cruise, the ratio of the
i
i . . . .
" ' crulse ranges from equations (44%) and (34B) is given by
c
- « . v W./W,
‘ ange albt constant thrust and altitude - e an F i (46)

Breguet range

A\ 1
i loge (‘r‘*“““—f_ wF_ w‘;)

L s

el kg

The ratio vmean/vi is plotted in Fig.5, and rhe ratio of ranges in
Fig.6. In general, there is a loss of range reiative to the Breguet technique,
except at low values of m, and WF/Wi. Comparison of Figs.4& and 6, shows
that at the higher values of m, and WF/Wi , there is very little difierence
in range between the constant-speed aud constant-thrust techniques (tor the

jame initial cruise conditions).
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8 INITIAL CRUISE CONDITICNS FOR MAXIMUM RANGE

All the 'ratios of ranges® given so far have been based on the same .
initial cruise conditions of aircraft weight, speed and altitude. Ib many
circumstances, this is 2 fair basis of comparison, but on occasions it may be
more realistic to make comparisons on the basis of initial cruise speeds in
each case which give maximum range, (but still retain the same initial weight

and altitude).

For the cruise techniques of sections 7.2.1 and 7.2.2, in which the 1lift
coefficient is held constant throughout the flight, it can be seen from
equations {(34B) and (35B) that maximum range will be obtained when VL/D is

1 maximum. From equations (28) and (29) we have that (VL/D)max is obtained

w!.qn
mo= o = 3t 2 1316 ana L = 0.866 E)
v ) D
md max
and since
v, . __m
L mz + l/m2
we obtain that
m 1.0 1.1 1.2 1.3 1.316 1.4 1.5 ]
?
Breguet range 0.8774 0.9479 0.9865 0.9998 1.000 0.9996 ©0.9769 J

{Breguet range)mlx

1.

.. (47)

Thus the ratios of range obtained by cruising at censtant speed, or
constant thrust, to maximur Breguet vange, can be found by multiplying the
'ratios of range' from equations (28) and (46), respectively, by the ratio of

Breguet range to maximum Breguet range given in (47) above.

For example, for cruising at constant thrust and WF/Wi = 0.2 , we get
R/R
" Br R R
. r Br/ Br ‘ R/R
. (same V. max Br
i i max

equation (46)) (equation (47)) !

LI 1.062 0.8774 0.932
[ 0.989 0.9479 0.937
1.2 0.953 0.9865 0.940
1.3 0.934 0.4998 0.934
.4 (0.922 0.999%6 0.927
1.5 0.915 0.9769 0.894
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The above table alsc shows that the initial speed to give maximum range,

using the constant=-thrust technique, is about 1.2 de in this particular case.

9 NOTES ON UNITS

In the context of aircraft performance (civil aircraft performance in
particular), agreement has not yet been reached on the most appropriate metric
units to be used. In fact, current international agreements, such as ICAO
standards, are largely in terms of British units. The main difficulties

relate to:

Distance (range)

The SI unit is metres, and for typical ranges kilometres (km) or
megametres (Mm) would be used. However the international nautical mile*
(1852 m exactly) is internatioually recogniged by ICAQ and is used in a

'navigational' context; it is aiso a recognised unit in the metric system.

Speed

The SI unit is metres per second, but if ranges are quoted in nautical
miles, then to be consistent speeds should be quoted in knots. Moreover, the
majority of airspeed indicators are calibrated in knots, current Air Trarffic
Control speed instructions are given in knots**, and meteorological information

on wind speeds are quoted in knots.

Height
The SI unit is metres. However, the majority of altimeters are cali-
brated 1n feet, and ATC instructions and meteorclogical information relating

to height ave given in feet*%,

Force, weight and mass

The ST unit of forve is the newton (I N = 0.224809 ibf) and the unit ot
mass 18 the kilogramme (1 kg = 2.20462 1b). 1f forces such as thrust, drag,
1ift are quoted (quite correctly) in newtons, then it is logical to quote
aivcratt weight  fuel weight etc. in newtons also. An alternative procedure

is always to write weight as W » mg , and to quote aircraft mass, fuel mass

*  The preaent UK nautical mile, 6080 f¢ 11853.18 m) is roughly 0.0b% greater
than the iunternational wnautical mile.

A% [CAQ atandard.
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etc. in kilogrammes. Unfortunately, in many countries weights are quoted in
kilogrammes (kilogramme-force, or kiloponds, being meant, which is not a

recognised SI unit).

The position becomes even more complicated with derived units such as
specific fuel consumption. On a weight basis, the units of sfc are N/N/h,
which has the same numerical value as the British umit. If fuel mass is used

ag the basis, the units of sfc would probably be kg/N/h,

164



PP S

—————_

-

164

23

Appendix A
A.l INTRODUCTION

The procedure for estimating the range performance of a civil aircraft is

shown in Fig.Al; there are three main ingredients in the calculation:

(1) Performance éuring climb, cruise and descent, for a range of conditions
of weight, speed and altitude. Manufacturers' brochures normally present the
information for climb and descent in terms of fuel used, time, and distance
covered, and for cruise in terms of miles per pound of fuel. Examples are

given in Figs.A2, A3 and A4 and described in section A.2.1.

(ii) Fuel load. This is obtained by subtracting from the all-up weight of the
aircraft, its empty weight and payload. The fuel available for range is the
fuel load less the fuel reserves and various allowances for taxying, take-off,
approach and landing. Definitions of these weights and allowances are given in

section A.2.2.

(iii) Flight trajectory. This involves choice of cruising speed and height,
climb and descent paths, and the distance for diversion and time for holding.

This is discussed further in section A.2.3.

The range is then obtained by calculating the distance covered, and fuel
used, during the climb and descent phases, the remaining fuel available being
used for cruise. When doing this calculation it is also convenient to calculate
the time spent during each phase of the flight, since this information will be
needed for estimating the direct operating cost. A sample calculation is given

in section A.3, and the presentation of a payload-range diagram is discussed in

section A.4.

A.2  BASIC INFORMATION REQUIRED

A.2.1 Climb, cruise and descent performance

Typical examples of manufacturers' presentations of such performance data
are given in Figs.A2, A3 and A4. Use of these charts 1s straightforward, but

the following points need to be watched:

1) Climb data does not usually include an allowance for the fuei and
time consumed, and distance covered, during take-off and acceleration to climb
speed. The distance covered during this phase is not normally credited towards

range.
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(ii) Similarly, descent data does not usually includ. an aliowance for
the fuel and time consumed, and distance covered, during deceleration to
circuit speed. The distance covered during this phase is not normally

credited to range.

(111) Occasionally, allowance is made for acceleration tc cruise speed
from climb speed, and acceleratior or deceleration from cruise speed to descent

speed. The effects are swall, however, »nd can normally be neglected.

{iv) The fuel consumption rates are usually based on the engine
manufacturers’ estimated values. In some instances, though, a guarantee
tolerance may have been applied. Assumptions vegarding engine off-takes and

10osses should be noted.

The above pitfalls can be avoided provided that intreductory remarks and
footnotes in brochures are studied before commencing work. This is very
important if proposals from different manufacturers are being compared, since
there are nearly always small differences in accounting and presentation

between firms.

A.2.2 Fstimation of fuel available for range

At tirst sight this is straightforward, the basic equation being:

Fuel for range = (Aircraft 'all-up' weight)
-~ (aircraft empty weight + payload + fu:l reserves

+ fuel ailowauces) .

However, each of these items needs to be defined precisely if errors

in calculating the fuel available are to be avoided.

A.2.2.1 'All-up' weight

This is a term sometiuxs used to denote the weight of an aircraft prior
to a fiight, but it does oot have a precise definition. To avoid confusion,
the following definitions are preferable:

Rawp weight

This s the weight of an aircoaft prior to engine starting. Its waximum
valtue is fixed by strucrural considerdations.*

* In the seunse that a given take~off weight, or vamp weight, implies an initial-
cruise weight, at which various manoeuvre and guat loadings have to be met.
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