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SUMMARY

The present methods for obtaining a climb technique
for jet propelled aircraft do not include the effect of kinetic
energy variation with height. By introducing the concept of
'energy height' to include the geometric height and the height
equivalent of the kinetic energy, a more exact treatment of the
optimum technique has been possible. A new method has been

suggested for obtaining the energy height clirb funetion.

The energy height optinum clirib has been compared with
the existing techniques to assess the advantages when specified
end conditions are included, the comparison being illustrated by

considering a modern fighter project.

Although no great advantage comes fron using the
energy height optinum climb between given energy heights, a
suggestion for zoom climbing at the end of the steady clirb has
been shown to give a'Saving of 1 nin, 43 secs. in the mininun
tine to a height of 40,000 ft., for the aircraft considered.

An extension of the energy height nethod shows how a
saving of up to 10 secs. in the time to naximun speed at sea

level is possible.

* Part of Thesis presented for Diploma, June 1951,
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; Introductigg

The full tactical operation of a military aircraft
requires the knowledge of a climb technique which enables the
aircraft to reach the greatest possible height and distance in
the shortest possible time, using the ninimum anount of T,
and at the same time reaching the highest possible end speed,
A study of the parameters involved shows that there is no gen-
eral solution to this problemn. It was decided, thercfore, to
divide the study into four main parts, each part covering a
specific operational requirement, and capable of further sub-

division to meet the detailed tactical employment of the aircraft.

Part I deals with the first operational case 'optinun
climb’. This is defined as the case meeting the requirement
to reach a certain height and end speed as quickly as possible,
It is, in essence, the technique required of a fighter to inter-
cept a bomber which is in visual or radar sight of the operational
unit.

Part IT covers the 'distance clirb' case. It rep-
resents the requirements of a fighter to intercept the eneny at
a particular radius from a nilitary objective, and so prevent
the jettisoning of bombs during the interception phase causing

unplanned, but nevertheless serious, danage,

Part ITII deternines the initial climb technique in
a long range flight. This is the heavy bomber, reconnaissance,

sea patrol, or heavy bosber fighter-escort case.

Part IV deals with the initial climb requirenent in
a time endurance flight. This case covers all 'patrol' tactical
requirenents, whether it is the fighter awaiting vectoring
instructions, or the close support aircraft awaiting information
on targets from the ground troops, or the search sircraft in a

coastal or reconnaissance role.



2, Notation

100

Thrust

Trve air speed

Equivalent air speed = V. /o

Rate of c¢limb

Optimmm speeds for climb

'Quasi-optinum' speeds

Speed for minimum dvag

Geometric height of aircraft above ses level
Energy height of aircraft = H + V2/2g

dH_/at

dt/dHe

dH_/at

Drag of aircraft

Drag of aircraft in straight level flight

Induced drag of aircraft in straight Jevel flight
Weight of aircraft

V/vﬁd

vﬁ/vﬁd

4 o X 2
o T O
nin

Relative air density

Il-a

VilVina

Inclination of flight path above horizontal

2 2
X (‘1) = 0.0268 X ‘f‘f)
4 2 b b
T po 100" =

Induced drag factor in equation C
Wing-span

Drag at 100 f.p.s. at zero 1lift,

2
= oDz + KCr /(na)



3. PART I, OPTIM'M CLINB

3.1. Introluction

The short duration of radar warning, and the high
speed and altitude of bomber aircraft has made the minimum time
required to climb to any given altitude from ground level the
nost important cheracteristic of fighter performance, A few

seconds lost can spoil the chances of interception.

In general the optimumn technique will be narkedly
influenced by the end conditions. Tdeally, an acadenic survey
should determine the shortest possible time to pass from any
one combination of height and speed to any other, and the flight
technique to be adopted during the transition between the two
states.  Such a generalisation would alnost certainly prove
too unwieldy in practice. The pilot under the high stress and
enotion of an operational duty cannoct be expected to have the
nicety of mathematical appreciation of the tranquil scientist.
Conscquently the end conditions studied in this report have been
restricted to those most likely to occur in nilitary operations,
and the transition stage between end conditions reduced to the

simplest possible ternms.

The high rate of fuel consunption of turbo-jet air-
craf't makes it probable that fighter aircraft will start the
interception direct from take-off without a prior period of
patrol. This consideration sets the initial conditions for the
climb, When the required interception altitude is reached there

are two tactical possibilities:

(1) for a head-on or beanm attack the speed of the inter-
ceptor is unimportant, and the main consideration is that
height should be reached in the least possible time so as
to cover the case of least warning

(ii) for a stern attack, or any attack in which 'closing—
in' or pursuit of the énemy is essential then the desired

height should be reached at the greatest possible speed,

These two requirements determine the final end con-~
ditions for the nost likely tactical enployment of the alrcraft,
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3.2, The Fundamental Equation

The fundamental equation for the longitudinal motion
of the aircraft climbing in g at angle v in still air can be
written approximately

T""D-.W SinY: . .no.an-o--(1)

i
f—‘-‘:

ul
g
If we further denote the total drag of the aircraft
in straight level flight by Dh and the induced drag in this
condition by K D, , then for rectilinear flight at the same
speed along a path inclined to the horizontal at angle vy the
induced drag is X D, cos® Y and equation (1) may be writtens

- 3
T - {(1—K) Dh + K Dh 0032 f}» ~Wainy = é %%

2 ; 5 2 i o 2 W av

1.e, T - Dh + K Dh 8ln ¥ =W sin vy = % at
. 1 dH

But sin Yy = g

therefore the abeve may be written:

2 ;
dH\ W dH W @av
T_Dh+KDh(V d't ﬁ -d"%'—g a”_E' 0-0.000100(2)

)
Y 4 1l &
o dH ..T-Dh+KDh (v 3%/ - e (3)

<\t
@]
£

or

42y
g

This is the fundamental equation for the climb from
which the requisite technique must be deduced,

3.3, Approximations used in the solution of the Fundamental

Equation

3.3,1 The variables involved

The variables T, Dh and K in the fundamental
equation are functions of air bressure, air femperature, W
and V. In a given atnosphere, therefore, they are functions
of W, V, and H,

The weight of the aircraft W is a variable during
the climb, but as a first approxination we may take W as

constant, and use the standard methods of rerformance reduction

/to deternine ...
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to determine the effect on the climb technique of weight varia-
tion with height.

We may then say:

| ar
E%- & & (H’ V, dd)-
~ 1 aHY
3.3,2 The term K Dh S

1 a1y 2
The term K Dhl(%-a%) f.e. K Dh sin” ¥ represents
the effect of the reduction in induced drag due to inclination
of the flight path to the horizontal. This term is small except
in zoon climbs, and will be ignored in the determination of the
first approximation of the climb technique between specified end
conditions. Its effect on a continuous climb for a fighter is
shown in a later stage of this report to be less than 0.2 per

cent.

The fundamental equation now becomes:

W ad vV av
?E{‘I-}-E aﬁ-} =T—Dh.

3.3,3 The term in dV/dH

For propellered aircraft the term in dV/dH, which is
a neasure of the acceleration along the flight path, may be
neglected, because the rate of climb is sufficiently small for

the acceleration to be neglected.

Thus for propellered aircraft the fundamental equation
becomes:

a
=V = T -D)

b &
c W

. PR |

In the case of jet propelled aircraft, however, the
speed in climb is so high that speed variations mean large
changes in the energy transformed, and the term can no longer
be omitted. Calculations in a later part of this report show
that for a modern project fighter with QOO sweepback the effect
of this term on estimates of the rate of a continuous climb is
proportional to V2, and may be as high as 12 per cent. Simpli-
fication of the equation without omitting the acceleration term
was achieved by the Germans who introduced the concept of 'energy
height', (reference 1).

Vi
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3.4, The concept of 'energy height'

The energy height He is defined as the sum of the
geometric, or standard altimeter height, and the speed height,
which is the height to which the aircréft could climb by virtue
of its K.E,

Thus He=H+§'§

Fran this definition, movement along a curve of con-
stant energy height proceeds ideally without consunption of
energy., This neans that the speed along the path with which a
definite energy height is attained is immaterial because any
other speed may be reached at the sane energy height without
consumption of energy.. Calculations done, therefore, with the
energy height, instead of the height of flight, need no correc-
tion for acceleration in the flight path. This can readily be
demonstrated from the equation of energy for the clirmb along a
small element of the flight path between heights H, and H
(so that T and D mnay be assuied constant).

i 2

We have from equation (‘1):

g e el 8
TV 8% = D, V 6t + 1.-.!(1{2-1{1) + W (v2 - V1) / (2g)

2 2
Hotly + (7, - 7)) /(20)

1-6; 6t= —
v
T_Dh
B - Hy
= % %4 g
i
T—Dh

But V(T—Dh) /M froa equation (4) is the rate of climb v, for
flight uncorrected for acceleration,

Themfore 61:: I:He2_He1) /vcc ..l’.l..l'.(é)

The fundamental equaticn approximated as indicated
in this text, viz:

W gH ¥ av’
T 3t {‘I + -g' &H &= e Dh
may be written in terms of this new concept;

aH e/dt s P= Dh) v/ .

Since T and Dy are functions of H and V, they

/are alse ...
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are also functions of He and V and so we may write:

dH/dt = (T"‘D)/w - f(H ,V). -.an-aunt-(?)
e h e
Thus for a degree of approximation in which sin2 Yy 1is neglected,

the climb performance of an aircraft of given weight depends on

two variables.

3.5. Application of the 'energy height! concept to the

derivation of optimim climb technique

Consideration of the energy height concept gives a
new approach to the solution of the fundamental equation when
the climbing speed is so great that the acceleration term must
be included, Previous practice has been to base the best
climbing speed on 'partial climbs' made at constant equivalent
air speed Vi £ Vyo and mean height H, At each height on
the climb the air speed chosen is such that:

v, /8Vi =0 at H = constant.

o is the rate of climb in a partial climb at con-
stant equivalent air speed through a small range of altitude
about the height in question. The partial differentiation is
made with H constant and the speed chosen is independent of
the acceleration along the climb path. The rate of climb by

this method is, therefore, overestimated in the ratio {1 + P

On introducing the new concept, 'energy height', the
climb equation, including the accelerntion term is (equation 7):

d
e v
R (T - Dh) 7= f(He,V)

and therefore, if 1t2 is the time required to change from

He to He according to a particular technique:
1 2

H H
62 e2 -
5 = 1/8H /at @, = 7 (He,v) aH_ , say.

H i !
1 : %4

The requirement is for the variation of velocity with

energy height, viz. V = ‘y.(He) » to be so chosen that this
integral is a minimum.

/Euler's ,,,
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Euler's condition for a stationary value of this in-

tegral reduces to

dH
- WS e & 0
5 (dt) =

He const,

Thus there is a stationary value of the 'time to climb'
integral whenever the partial derivative with respect 1o air-
speed of the rate of change of energy height, with the energy
height kept constant, is gzero.

It will be noted that the conditions have been deter-
mined for a minimum time to energy height, but it is by no means
self evident that this is equivalent to minimum time to geometric
height, The equivalence of the conditions is proved in Appendix
II.

The quantity dHe/dt is equal to the rate of climb
which would be obtained in a partial climb made at constant true
airspeed. Thus the optimum climb technique might be derived
from partial climbs made at constant true airspeed, with the
mean energy height kept constant. '

From the considerations of the previous paragraphs
three methods have been developed for assessing the optimum clirb
technique in the transition stage between specified end conditions.
In each case the method has been applied to the 1950 Fighter
Project designed in the Department of Design of the College of
Aeronautics., The specification of the project is detailed in
Appendix I.

3.5,1 Method T

This method is attributable to Lush although it was
not explicitly used in reports A, and A.E.E./Res/237 and
A, and A.E.E./Res/243, 122

In this method numerical values for thrust and drag
obtained either by experiment or analytical assessment are used
to determine dHe/dt and thus p.’f(He,V) at constant H_.
ﬂ(He,V) is then plotted against true air speed V as in
Figures 1 and 2, The values of V and ﬁ(He,V) corresponding

dH

)

to =— (___e_ are then read from the curves and the

ov dt
. const.

the curve of ﬁ(He’v)minimum against He plotted as in Figure 5.

/The time ...
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The time taken to cliwb between two energy heights He and He
1 2
is the area under this curve between the respective ordinates.

The values obtained for He s V and dHe/dt are then used to
obtain a solution of the more general performance equation

(including the sin2 ¥ term) by successive approximation.

For comparison, the values of optimum climbing speed
and time to height as deduced from the R.Ae.S. data sheet EG 3/1
have been obtained.3

3.5,2 Method IT

Lush1 has used an approximnate method based on the theory

outlined below,

The fundamental equation, neglecting the 3in2 y term,

has been shown to be of the form
@ fat = £@,V) = AEV),

and the Euler condition states that the air speed required for
optimum climb is such that

af/V = O,

Since of/dV depends on derivatives of thrust and drag
measured on an energy height scale, it is not readily expressible
in terms of familiar quantities. The value 8A/0V is more
easily deduced, as the thrust and drag terms are now expressed
in geometric height units.

For the relationship between these two we may proceed
as follows:

since H and V are independent variables,
and £(H,V) = £ + V¥/2g,V) = A@E,V)

it follows that

Y g A
g oH oV T oV
aQ
aof oA
a o . 9K
- 3 3H °

/Therefore ...
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Therefore % Qﬁ + & - Q-Z-

0 H A T
Thus the condition 8f/dV = O is equivalent to
LV S
oV - g dH

Since (V/g) (dA/dH) is small and negative (see Pigure 11) it
follows that the true optimum speed is a little higher than the
quasi optimum speed at which 9X/dV is zero, Lush claims that
the difference is usually about 5 per cent if no compressibility
effects are present. Method I gave a value of 6 per cent for

the example chosen, at heights up to 20,000 f£t., but this in-
creased to 85 per cent at 28,000 ft. at which height compressibility
effects became apparent. This method in its essence is an
approximate estimate of the optimum speed made by estimating the
quasi optimum speed and adding 5 per cent to it.

An analytical expression for the quasi optimum speed

nmay be deduced as follows:

X = (T - D) % by equation (7) and the quasi

optimum speed is given by the condition %% = 0,

If we neglect the sin2 Yy term, we may write:

a
- i —190
Pa g ? (100) o2
(%)

i.e. D is a minimum when 1 0 <1_0-6)

(1 oo)

This occurs when

v a

md 2 100
-—TI. o = D._.....,..._ g
100 100

Men Do & 8uf
o Mo 2 Dig0 400

/ond we ,.
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and we may write

D

-z =

v

min N :|.md

=;'gm2+ l-é-),a
m

Therefore substitution in the fundamental equation yields:

’X"" % { =5 ran@2+i§)‘1
B |

For jet aircraft climbing at air speeds near the optimum,
Y 1is not large and W/Dmin is nearly equal to the maximum ratio
(1/D) which is a constant for the aireraft. Hence the above

equation may be written:

Bl ]
&

] e

imd
since V=nV, . /JE.

It follows that the condition 67{/8'\? = 0 1is equivalent to:

Bz -l bafl Bste o) B
Cedv 41 . '9@*’2) i B av‘QGH“ B)BV
min m[ min n |

. om ‘w”c_'- m
i - S R
imd
we obtain
oal 18 -3, .2 & ?.1_2. <
¥ ol ol B 5 P i (m' 3
min n min m’,
.
& 2 | 2 ¥ a2
i.e. 3m” - F & ¥ Q+-§ 57/ = 2v say.
m min

Hence if ?\Q is the quasi optimum value of m,

=/ T\
::J-% (1+J'1+f—2)

since the real and positive solution is the relevent one.

Thus ?\Q is expressible as a function of <« only.
This function which is plotted in Figure 12 was used to determine

/the quasi ...
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the quasi optimum speeds for the 1950 Fighter Project. An esti-~
mate of the true optimum speed was then deduced and the results
are contained in Table VI, p. 19.

5.5,3 MNethod 1II

It is considered that this method has some advantages

over the two previously discussed.

Curves of equal rate of c¢limb Vi without correction
for acceleration (either measured and reduced to unaccelerated
flight, or calculated) are plotted in a v, H, He network in
Figure 9. These curves were obtained from the v, s V curves
drawn in Figure 8.

It has been shown that the time o6t to climb between
two energy heights H_, and H_ +8H, is 06t =08H /v_ . lore-
over in Appendix II it has been shown that the conditions for
optimum climb between two energy heights are equivalent to the
conditions for optimum climb between two geometric heights, Hence
the optimum climb path V = W (H) must occur at the speeds where
the curves of constant energy height are tangential to the ¥
curves, i,e. where

-

= EEAT B T <} i

oV 'y o WHE de i
e = H

e
In Figure 9 the optimum climb path is clearly A, B, C,

Dy - -~ - and this is identical with the one obtained by the
more laborious process of Method I.

The climbing times are obtained by graphical or numerical
integration from the relation

i

‘2
N d/He /vc e

. He
1

where s is the rate of climb uncorrected for acceleration.

3.6. RESULTS
3.6,1 Method I

The results obtained for the 1950 Fighter Project
using Method I for the determination of the optimum clinb path

/ore ...



are sumarised in Table I.
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Table I
dav V dav 1
H & VilgE o 7 Y« | Tan ] %
£, £.p.8./2 P.p.8,

1,000 .0016 674 ,0325 .00592 168,91 163.4 460 8, 05/,
5,000 . 00L. 690. 8 . 0847 . 00636 157.25 144.95 471 12,410
10,000 . 0072 720,14 .1583 ., 00715 139,86 120,75 491 18,051
15,000 .0108 762.7 . 2536 . 00781 128,04 102,14 520 24,032
20,000 .0120 814 « 3030 . 00875 114,28 87.74 555 30, 289
25, 000 .0138 870 . 37653 .00994 100, 60 73.09 523 36,753
30,000 « 0157 927 4632 .01182 8L, 60 57.82 632 43,343
Allowing for Compressibility Effects
30,000 |-.00k 905.5 |=.1125 .01149 87.03 98.06 617.4 | 42,725
35,000 | =, 004 885.4 |-.1100 . 01366 7321 82, 26 604 | 47,172
0,000 0 881 0 . 01750 57.14 57.14 601 52,053
The following relevant curves have been drawm:

Figs. 1 and 2 - Curves of Q(He,V) against V at a series
of constant energy heights

Pige 1.3 - Curve of ﬁ(He,V) against V at 45,000 ft.
energy height with and without allowance
for compressibility drag

g - Optimum climb curve V against H in a
network of constant energy heights

Fig. 5 - Curve of gmin (He,V) against H_ giving
minimum time to energy height.

The optimum climb path starts at 460 m.p.h. at sea
level and this

From this datum the time to various energy heights and the

corresponding geometric heights is as set out in Table IT

corresponds to an energy height value of 7,069 ft.

(neglecting compressibility).

/Toble IT ...
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Table IT

TIME TO HEICHT UNDER OPTIMUM CLIMB CONDITIONS

Energy Geometric Time
Height Height Taken
H, H
£t i Y secs.
7,069 8.5, -
10,000 2,718 174
15,000 7, 300 49,4
20, 000 11, 600 8.2
25,000 15,863 122,14
30,000 19,784 164.0
35,000 23,650 209.9
140,000 27,449 259.9
45,000 31,200 309.5

The results quoted in Tables I and II were deduced
from the fundamental equation '

aH
g W/ = . 2
% = Q(HB,V) = T = Dh + K Dh sin” ¥y

<=

neglecting the texrm in sin2 L' A first approximation to the
effect of this term on ﬁ(He,V) is given in Table III,

Table IIT

VARIATION IN #(H_,V) VHEN THE sin® y TERM

IS TINCLUDED IN THE FUNDAMENTAL EQUATTION

Energy Geometric Value of % Variation
Hedght Height KD, Sin’y in

H, H o]
10, 000 2,778 9. 747 0.15
20,000 11, 600 505 0. 14
30, 000 19,784 2,765 0.07
40,000 27,449 1.276 0.04

Since the variation in f is less than 0.2 per cent,

% A ..
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it is considered that the omission of the sin2 ¥y term is Jjusti-
fied,

Calculations for the 1950 Fighter Project based on the
Royal Aeronautical Society Data Sheet EG 3/4
existing technique and the
These calculations

were done to enable
a comparison to be made between the
one suggested by the energy height concept.

are sumarised in Table IV,

Table IV

OPTIMUM CLIMB PATH FOR 1950 FIGHTER FROJECT

AS DEDUCED FROM R.Ae.S. DATA SHEET EG 3/4

: U P\ v v 1. -
Height vmph prs i g @ v c, c, c, e z%zj.;g Vz;%ue
H (Wot allow- | (Allowing ap
e i o8 E } Energy
ing for ace- | for accel- Hei g
5 : eight
eleration) eration) £t
S.L. |430.4 {631.3 |.001 - Soly 174.5 b ol
5,000 | 439.4 |644.2 |.0028 - 8.8 157.5 148,7 .006725 |11442. | .006306
10,000 | 451 661.5 |.0033 - 2.7 143.3 133.6 .007485 {16794 | 006979
15,000 | 4,63.8 |680.2 |.0037 ~10.1 129. 4 1193 .008382 | 22184 | 007716
20,000 | 476.7 | 699 0041 -11.6 115.5 103.9 .009624 | 27587 | 008619
25,000 |491.3 |720.6 |.0041 - 9.4 102,14 92.7 .010787 | 33063 | 009771
30,000 | 504.6 |740 . 0041 - 6.4 88.7 82.3 .01215 | 38503 | .011386
35,000 {518 |760 }.0045 | - 7.7 22.7 65.0 1,01538 |L43969 | ,01265
40,000 |535 784.7 |.0050 - 5,29 L3.4 38,1 .02624 {49562 | .01546

The Royal Aeronautical Society Data Sheet states that
it is unnecessary in practice to correct the optimum climbing
speed for acceleration along the flight path., A correction for
acceleration is, however, given for the rate of climb, and this
has been incorporated in the results of Table IV. The optimum
climb speed obtained in this way has been plotted on Figure 4 for
comparison with that deduced by Method I,
of climb have been plotted in Figure 6 and the reciprocal of the
rate of climb plotted against height in Figure 7 to give the times

to altitude.

The comparative rates

These times are summarised in Table V.

/Table V. ...
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Table V

TIMES TO GEOMETRIC HEIGHT FOR 1950 FIGHTER FROJECT AS

DEDUCED FROM R.Ae.S, DATA SHEET EG 3/1

Geometric Time
Height Taken
H secs.
Sea Level -
5,000 1.9
10, 000 67.5
15,000 107.1
20,000 156.6
25,000 202.7
30, 000 260, 3

3,6,2 Method II

The me thod of calculation for the cptimum climb tech-

nique using Lush's Approximate Method ars detailed in Reference 1.

The results for the present example are summarised in
Table VI,

Table VI

OPTIUM CLIMBING mEDS AS DEDUCED BY LUSH'S

APPROXTIATE METHOD

Geometric V as given | V as given by | V as given by

Height by energy R.Ae. S, Lush's

H height DataSheet approximation
iy 9 method.
m. p. h. m. p. h. m, p. h.
Sea Level 459 430 457

10, 000 491 451 483

20,000 555 L77 545

30,000 632 505
(without . -
compressibility)

30,000 (with 617 - -
compressibility)

40,000 730 535 6
(without [ »
bdnpressibility)

40,000 (with 601 - ﬁ
compressibility)

/Method IIT ,,,
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3.6,3 Method III

The results ocbtained for the optimum climb path by
Method IIT were, within the accuracy of the curve drawing, ident-
ical with those obtained by the more lengthy process of Method I,

The following relevant curves have been drawn:

Fig., 8 - Uncorrected rate of climb against speed at a series

of geometric heights

Fig. 9 - Constant uncorrected rates of climb against speed
in a network of constant energy heights.

3.7. Appreciation of the Separately Deduced Optimum Climb
Techniques

The optimum climb techniques discussed in 8 § 5.5.9 =
3.5,3 fall into two distinct classes. One may be termed the
'energy height' technique, and the other is the one normally
used viz, that given by the Royal Aeronautical Society Data Sheet
EG 3/1. Lush's approximate method is an approximation to the
energy height technique.

The technique detailed in EG 3/1 gives a lower forward
speed and claims a higher rate of climb than does the energy
height technique, 1In effect it states that if V = L@ isa
solution of dH/dt = (W/V) (- ,,) When s (@t/aH)aH is a

H‘1
minimum, then V = jk(H) is, in practice, a sufficiently close
solution, under the same conditions, to the more exact equations

$ =5 L8N, K
at = & (1*g dH)"V(T_Dh)‘

This is clearly true when dV/aH is small, i.e. when
the acceleration along the flight path is negligible. In the
example taken, which is a typical modern fighter project, the
acceleration during the climb is too great for this approximation
to be warranted, and there is a wide disparity in the two optimum
climb functions. This is shown in the curves of Figures 4 and 9.

The rate of climb has been corrected for acceleration -
by subtracting (% g%- %% from the rate of climb deduced
from the simplified equation, and gives results very close to
the true values. The true values have been calculated by
reducing the optimum climb function V :'1PG{) to the energy

height function Q(He,V) = dt/dHe and subsequent evaluation

SOF & <40
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by a step by step numerical process. The estimated and true
values for rate of climb are shown in Table VII and are illus-

trated in Figures 6 and 7.

Table VII
Geometric Rate of Climb True rate
Height as estimated of

by EG 3/1 climb
1. 6. fi84
5,000 148.7 150, 2
10,000 133.6 1342
15,000 1193 120, 2
20,000 105,59 105, 4
25, 000 92.7 95.7
30,000 o2, 81,9

The Royal Aeronautical Society technique, therefore,
gives a higher rate of climb and a lower forward speed than the
energy height technique. The energy height technique relies on
relatively high kinetic energy being acquired at low altitudes
where the maximum acceleration is attainable, for conversion into
potential energy (i.e. height) at higher altitudes. Longer time
is required for the acceleration up to the higher initial climb
speed at sea level, and a rather greater time is spent at the
lower altitudes, but the excess speed acquired can quickly be
converted into height, and the advantages or otherwise of this
new technique can only be decided on the overall assessment of
the steady climb combined with the end conditions.

To enable a direct comparison to be made, the optimum
climb path given by the method of EG 3/1 has been expressed in
the terms of the energy height concept and plotted on Figure 5.
The values of @ obtained are progressively higher as the
energy height increases, showing that this technique gives an
increase in the time required to energy height. Therefore, when
the end conditions are considered, and kinetic energy can be
translated into potential energy, the energy height optimum c¢limb
technique must be of greater advantage, The extent of this

advantage can only be assessed after a detailed study of the end
conditions.

VL A
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3.8, The End Conditions

The transition period of steady climb between the end
conditions has been resolved into two techniques. In one a
particular geometric height is reached in a shorter time, but at
a lower flight speed. It has been shown separately that if the
kinetic energy of the aircraft.can be rapidly converted into its
height equivalent, then the shortest time to a particuler height
and speed is obtained by using the technique deduced from the
energy height concept, In this technique, during a steady climb,
a particular geometric height is reached in a longer time, but
at a greater flight speed, and the kinetic energy in hand more
than compensates for the longer time taken.

Kinetic and potential energy are convertible into
height and speed eqﬁivalents by 'zoom' climbing and diving. The
rate of conversion, however, is dependent on the permissible
manoeuvrability of the aircraft. For jet propelled aircraft
travelling at high speed, manceuvrability factors are low. Even
at sea level the maximum permissible acceleration is likely to be
of the order of 4 g, and at 40,000 f%, geometric height this
figure would be of the order of 1,5 g. Near the ceiling, zoom
climbing or diving could not be effected. The advantage of using
the energy height optimum will depend, therefore, on the margin
of kinetic energy gained, and the rapidity with which this can
be converted into its geometric height equivalent with the prac-

tical limitations on manoeuvrability imposed.

The shortestpossible time to height is of vital import-
ance only to the interceptor fighter. An enemy is unlikely to
limit his attack to those heights at which the interceptor jet
fighter is most efficient, and consequently the end conditions
must be studied at all heights. The tactical employment of the
fighter, however, demands, in general, only two possible speeds
at the interception height. In a head on attack the minimum
control speed is sufficient. For an attack which involves
pursuit of the enemy the maximum speed will be required. A
head on attack is an unlikely tactical operation with conventional
armament, but may be possible with air to air missiles having
radar, acoustic, or infra red homing devices. Moreover it may
be the only form of attack available to the defence. This will
occur when the closing speed of fighter and borber is small, and
insufficient warning of attack is given.

In the work which follows an attempt has been made to
assess quantitatively the advantages of using the energy height
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optimum climb technique. The extent to which this advantage can
be used in meeting the tactical requirements has been studied;
and finally, the optimum climb path from the initial conditions
to the actual interception has been determined.

3.9. Quantitative Assessment of the Advantage of using the
Energy Height Technigue

It will be evident at this stage that no spectacular
advantage cen be gained by using the energy height technique.

In Figure 5 the function ¢ (H.,V) has been plotted
against He for the optimum climb defined by the Royal Aero-
nautical Society, and for the climb defined by the energy height
concept.  The time taken to pass between two energy heights,

He and He is, -

1 2
\H

o

JH gE,,v) & .-

%4

Hence the time saved is represented by the area between the two
curves., The total time which can be gained in passing from an
energy height of 7069 ft. (which represents the initial conditions
for the energy height climb and is equivalent to 460 m.p.h., at

sea level) up to an energy height of 45,000 ft., is of the order
of 15 secs, This advantage cannot be completely attained in
practice, as it assumes that kinetic and potential energies can
be converted into one another without time loss, and without any
restrictions on manoceuvrability being imposed.

A number of examples have been evaluated for two air-
craft, one using the R.Ae.S. climb and the other the energy height
climb, and then both reaching the same end conditions. To make
direct comparison possible, the end conditions at each height
have been taken, firstly as the optimunm climb speed for the
R.Ae.S, climb, and secondly a speed of 0,94 M, which is near the
meximum attainable for the aircraft considered,

The optimm climb curves plotted in a network of con-
stant energy heights as in Figures L and 9 nay be interpreted as
giving the theoretical means of attaining the same end conditions.
They are therefore useful for indicating the best manoceuvre for
attaining any particular speed and height relation.

/In the ,..



-

In the first case both aircraft start at 430 m.p.h, at
sea level, One climbs in accordance with the curve 00D
(Pigure L) reaching 25,000 ft. and 491 m.p.h. Q). The other
accelerates at sea level from 430 m.p.h. to 460 m,p.h., and then
climbs at the greater speeds represented by A PR +to P, where
the constant energy height line through intersects the energy
height optimum climb curve. If the extra kinetic energy at P
could be converted immediately into potential energy, it would
be equivalent to the geometric height difference between P and
Q, and would represent a zoom at infinite speed from P to Q.
The time difference between the paths CQ and CAPQ represents
therefore the maximum theoretical advantage attainable., This

can be shown to be of the order of 5% secs.

In practice the aircraft would climb to a point about
2,000 ft. below P and then zoom the height difference to Q.
In the time taken for this zoom, energy would be put into the
aircraft proportional to the energy height difference between the
start of the zoom, and the energy height of P and Q. The
advantage gained is likely to be about half the theoretical
obtainable,

In the second case the first aircraft climbs in accord-
ance with the curve CQD %o Q, and then accelerates to 8 4dn
level flight at 25,000 £t, to 0.94 M flight speed, The second
aircraft accelerates at sea level from 430 to 460 m.p.h. and then
climbs in accordance with the curve APR to R which is the
point of intersection of +the constant energy height line through
S and the energy height optimum climb curve.  From reasoning
identical with that in the first case the time difference between
these paths represents the maximum theoretical advantage attainable,
This can be shown to be of the order of 7% secs.

In practice a dive would be commenced at aebout 26,000 ft,
geometric height corresponding to the point Y on the climb
curve. In the time taken for this dive, energy would be put
into the aircraft proportional to the energy height difference

between Y and R. The advantage gained isllikely to be
about 5 secs,

Two further examples have been evaluated, namely, fron
initial conditions to 30,000 ft, and 505 Mm.p.h., and initial
conditions to 30,000 ft. and 648 m.p.h, The theoretical advan-
tages attainable have been shown to be 8% and 13 secs.'respectively.

/It would ,,,
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It would appear that some advantage is to be gained by
building up kinetic energy at a low level and then zoon climbing
to height. It was necessary to investigate, therefore, whether
it would be advantageous to increase speed at sea level up to
near the maximum, and then zoom climb to a height and speed on
the optimum climb curve., A steady climb would be continued from

this position,

In the analysis the aircraft took 65 secs. to acceler-
ate from 460 m.p.h. to 680 m.p.h, at sea level, The higher
speed carresponds to an energy height of 15,400 ft, If the in-
creased kinetic energy gained could be converted immediately
into its height equivalent, the aircraft would zoon to the point
on the optimum climb curve corresponding to 473 m.p.h., and 1,900 £,
geometric height., In practice we should have to allow for the
energy input from the engine with a result that a vertical zoom
would take the airecraft to 8,750 £+, and a speed of 487 m.p.h,
The time taken, allowing 2 secs. loss of advantage at each end
for transition from zoom to steady climb conditions, would be
14 secs., giving a total time of 79 secs,

The time taken to reanch the same end conditions by
proceeding along the optimum climb curve would be 60 secs., rep-
resenting a saving of 19 secs. for the operation. Thus time is
lost in increasing the speed to near the maximum at sea level
and then zoom climbing., This result is to be expected from the
theory in support of the energy height optinmun climb technique.

An increase of speed at sea level represents an increase of energy
height, and deductions from Buler's condition for the ninirmnm

time between two energy heights shows that this is best achieved
under the conditions set by the optimum climb curve,

3.10. Optimum Climb to Height when the End Conditions are
Included

The end conditions in this investigation have been
defined as the minimum control speed and the maximum speed at
a stated geometric height,

3410,1 Optimum climb to geometric height H and the
minimum control speed vﬁin CEAS!

It is evident from the foregoing study that the
theoretical optimum climb is to accelerate at sea level 4o the

/evaluated .,
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evalunted initial conditions (460 m.p,h. for the 1950 Fighter
Project) and then climb steadily following the optimun climb
curve to an energy height of H + vﬁin / (20%) finishing with a
zoom climb to the geometric height H, In practice the steady
climb will end at an energy height H + viin / (20g) - 8% whars
62 depends on the manceuvrability factor of the aircraft at

that height. The difference in energy heights 62 between the
theoretical optimum and practical will be a measure of the energy

put into the aircraft during the zoon,

To illustrate these deductions let the minimum control
speed at 40,000 f't. be 180 m.p.h, EAS or 363 m.p,h. TAS. The
energy height equivalent of the end conditions is Ll 39 £t.
This energy height is reached on the optinum climb curve at a
geometric height of 31,000 ft. and at a flight speed of 635 . p. h.
TAS, Theoretically a zoom could be done from this geometric
height and speed converting the excess kinetic energy into the
geometric height difference between 31,000 ft. and 40,000 f%,
The total time taken for the climb from the initial conditions
to the required cnergy height is obtained from the curve in
Figure 5 as | 39k BH_,V) @_ and is 304 secs, The time

7069
taken to do a steady climb to 40,000 ft, using the R,Ae.S.
recamendations would be (from Figure 7) 415 secs, Thus the

theoretical advantage attainable is of the order of 1 min., 51

SeCs,

In practice the zmoom will conmence at a lower geometric
height and take a finite time, but the greater portion of the
theoretical advantage can be attained. The loss in theoretical
advantage is equal to the time taken for the zoom less the
difference in times taken to reach an energy height of 44, 394 ft,
and the energy height at which the zoom cormences, If the zoom
cormences at 30,000 £%, geometric height instead of the theoretical
31,000 ft., the loss in advantage would be the time for the zoam
less 11 secs. Thus even allowing a zoom time of 20 secs., an

overall advantage in the +time to climb 40,000 f%. of 1 min, 42
secs. would be attained,

By way of illustration, a Meteor will zoom from
35,000 f£%. to 40,000 ft. in 9 secs., the speed falling from
520 m.p.h, to 392 m,p.h,

Thus the absolute minimumm tine to height for the 1950
Fighter Project is achieved in three stages, -
(a) An acceleration at sea level to 460 m.p.h.

(®) A steady climb in accordance with the following table;
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H ft. Vc mph. Vic mph.,

0 460 460
5,000 471 4357
10, 000 191 422
15,000 520 413
20, 000 555 105
25,000 595 397
30,000 632 387
(30,000" | 617 377
{35,000 | 604 336
10,000* | 601 298

« Not allowing for compressibility
+ Allowing for compressibility

(¢) A zoom climb to height. The zoom will commence at an
erergy height 500 to 1,500 ft. below the energy height value
given by the required geometric height, and the minimunm flying
control speed of the aircraft at that height, The lower figure
quoted will apply to lower altitudes, and the greater figure for
altitudes in the neishbourhood of 40,000 ft, The figure cannot
be determined accurately by analysis, but is readily obtainable
from a flight test.

At heights very near the ceiling, the minimun control
speed, and the optimum climb speed, are nearly equal and a zoon
climb is not possible.

3.10,2 Optirum elimb to geonetric height H and the maximum

speed vnax

It is evident that the theoretical optimum climb is:
to accelerate at sea level to the evaluated dinitial conditions,
and then climb steadily following the optimum climb o an energy
height of H + V°

nax
geonetric height H,

/(2g) finishing with a zoom dive to the

The optimum climb speed approaches the maximun speed
at height and consequently the geometric height of overshoot
decreases. At 25,000 ft, geometric height the overshoot is
of the arder of 1,800 f£t, and the theoretical advantage attain-
able is 75 secs., whilst at sea level the maximum speed is best
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attainable theoretically by a climb to 7,750 ft. with a possible

time saving of 22 secs.

In practice, lack of manoceuvrability of a high speed
jet aircraft sets a severe limit on the steepness of the zoom
dive., Even with 4 g manceuvrability, which is only possible
at low levels, the following 'pull out' radii are required:

V m.p.h, Radius of Pull-out ft.
68l 10, 300
L97 5,480
a1 2,150
186 768

At 30,000 ft. the factor is likely to be down to 2 g and at
40,000 ft., 1.5 g.

In practice the theoretical advantage is not fully
attainable, The dive must be commenced at a lower energy
height than the theoretical and approxinately half the theoret-

ical advantage can be achieved.

Calculations show that a saving of 10 secs. in the
time to 2 speed of M = 0.9 at sea level can be ﬁained by a
climb to 5,000 ft. geometric height and a zoom dive of 2290
from the horizontal, This dive is illustrated in Figure 10.
At 25,000 ft, the overshoot in practice will be of the order
of 1,000 ft. and the time saved 4 secs. The magnitude of the
overshoot will best be determined by flight testing when the
maximm diving angle is known.

311 Method of Obtaining the Optimum Climb Relationship

for any Particular Aircraft

If the thrust and drag figures for the aircraft are
known, the optimum climb curve can be cbtained from the methods
of analysis described.

In flight it has been shown that the requisite inform-
ation is given by partial clirbs at constant energy height.
Owing to the small time intervals involved this is not likely
to prove accurate. A better method would be to determine

the accelerations in straight and level flight at a series of
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geanetric heights, This would give values for (T = Dh) from
which ﬁ(He,v) could be determined by the methods of analysis

previously quoted.

512, Conclusions

i The optimum climb curve obtained by using the energy
height concept gives the most rapid climb between specified end
conditions,

2, The gain in time of this climb over that deduced from
the R.Ae,S. Data Sheet EG 3/1 between two energy heights is small,
being less than 15 secs. between energy heights of 7,000 and
40,000 ft. for the particular aircraft considered,

. The minimum time to height is achieved by finishing
the steady climb with a zoom climb until the aircraft speed
reaches the minimum value for effective control. In this climb
a saving of 1 min. 41 secs., for the example taken, as compared
with a climb following the R.Ae.S. Data Sheet method is achieved
in going from 460 m.p.h, at sea level, to minimum effective con-
trol speed at 40,000 f%,

1 The minimun time to maximum speed at a height below
the service ceiling is achieved by overshooting the geometric
height by an amount in theory varying from 7,400 £+, at sea
level to 1,800 ft. at 25,000 f%. resulting in an overall time
saving of 22 secs. and 7; secs. respectively as compared for the
aircraft considered with the results given by the R,Ae,S, Data
Sheet method, In practice, allowing for nanceuvrability limit-
ations, these figures become 5,000 ft, and 1,000 ft., and the
tine savings 10 secs. and L secs. for the exanple chosen.

Be The optimum climb is best obtained in flight testing
by carrying out a series of acceleration measurements in straight
and level flight at various geometric heights,

5, The approximate method for determining the optimum
climb speed given by Lush2 is satisfactory at low altitudes but

is in error by approxinately 7 per cent at heights in the
neighbourhood of 40,000 f4,
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L., PART TII, Distance Climb

L,1. Introduction

In this section of the report the best climb to inter-
cept the enemy at a particular radius from a military objective

is investigated.

There are two main aspects to be considered. Firstly,
the tactical requirement may be for interception in the shortest
possible time regardless of fuel expenditure. This will occur
when the range of the fighter is not unduly limited by the amount
of fuel carried, or the interception is so critical that the
tactical commander is prepared to accept a shorter time of con-
tact with the enemy. In this case success in the operation may
depend on the number of fighters engaged. Secondly, the
requirement may be for interception in the least time, with fuel
econony an over-riding consideration, to permit as long a time

of contact with the enemy as possible.

Between these two cases there is an infinite number of
variations. It is felt, however, that a detailed study of these
particular end conditions will give a guide to the best technique
to be adopted in any practicai case,

4.2, Minimum time to height at a particular radius vwhen fuel

econony 1s not essential

The horizontal distance covered in the optimum climb
from the initial conditions of 460 m.p.h. at sea level to 40,000 ft,
is of the order of 25 miles, This distance is proportionately
less for lower heights of interception. It is assumed that the
radius at which contact is to be made is appreciably greater
than these distances,

Moximum speed (M = 0,96) at sea level is 731 m. p. h.
and this figure decreases with height, becoming 634 m.p.h. at
40,000 ft. Thus a 15 per cent saving in time from this con-
sideration alone is achieved if the interception radius can be
covered at sea level, The fuel consumption at maximum speed
at sea level, however, is more than 3 times greater than that
at 40,000 f%,

Calculations have shown that the maximum speed at sea
level can best be attained by an optimun eclimb from the initial
conditions (460 m.p.h.) until an energy height is reached which
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is slightly less than that corresponding to sea level and maxi-
mun speed, namely O + (1072)2/(2g) f4. The aircraft is then
dived -at an angle not exceeding about 23° to0 sea level.

In the example chosen a theoretical advantage of 32
secs. is attainable inlreaching a speed of 0.9 M, and a 10 sec.
practical advantage is probable, The theoretical energy height
is 15,400 ft. corresponding to a geometric height of 7,750 ft.
and 483 m.p.h. In the practical case the 10 sec. advantage is
gained by a climb to a geometric height of 5,000 ft. followed by
a 23° (measured from the horizontal) dive. For o final speed
of 0.96 M the theoretical advantage would be approximately 45
secs. and the bulk of this could be gained in an interception
at considerable radius, The aircraft would be climbed initially
to a geometric height of 10,000 ft. and a long dive would follow,

The eclimb to height would start at about 20 miles from
the required radius of interception. The excess kinetic energy
would be converted into its height equivalent by a zoom climb to
a point on the optimum climb curve, This zoom would take the
aircraft to about 12,000 ft. A steady climb would follow in
accordance with the relation previously established., The steady
climb would then be followed by a zoom to the minimunm control
speed for the minimum overall time to be achieved, If, however,
it is required to reach the interception height at the maximum
speed, the steady climb will be continued beyond the interception
height, and the aircraft dived to the maxinun speed., These two
procedures have been detailed in Part I of this report.

Two further advantages of covering part of the distance
to the interception radius at sea level are:

(a) the manoeuvrability factor being higher, alterations
of direction due to changes of vectoring instructions can
more readily be carried out

fb) the final climb to height will be achieved in less
time owing to the decrease in aircraft weight corresponding
to the consumption of fuel.

L.3., Best time to heisht at a particular radius when fuel

economy is a prime consideration

If fuel economy is a requirement up to the time of
contact with the enemy, then attaimment of naximun speed at sea
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level is precluded, It is necessary to attain height as quickly
as possible, The ;ircraft should be climbed on the optimum climb
to an energy height H + V /(2g) , and then dived to reach
maximum speed at geometrlc height H, Flight is maintained at
this speed up to the required radius.

A further saving in fuel could be effected, at the
expense of time, by zoom climbing from the optimum climb to the
required height, and then accelerating from the minimum control
speed to the maximum speed in straight level flight.

L. L., Conclusions

The minimum time to height at a particular radius is,
therefore, achieved in the following stages:

(2) .The maximum speed at sea level (0.96 M) is reached by
following the optimum climb to approximately 10,000 ft, and
then diving at a small angle to sea leve.,

(b) Maximum speed is maintained at seca level until within
twenty miles of the required interception radius, and then
a zoom climb of approximately 10,000 ft, to a point on the

optimum steady climb curve.

(c) The optimum climb is then followed until within zooming
reach of the required height, the height being attained at
the minimum control speed. For interception at 40,000 ft.
the aireraft is within zooming reach at 30,000 ft,

The minimun time to height at a particular radius and
maximum speed is obtained by carrying out procedures (2) and (b)
above, and then continuing the steady climb on the optimun climb
curve to an energy height slightly less than H + V /(2g) .
The aircraft is then dived as steeply as possible to reach maximum
speed at geometric height H,

When fuel economy is to be considered, the best procedure
is as follows:

(a) A steady climb f0110w1ng the optimum is made %o an
energy height H + V /(2g) followed by a dive to reach
maximum speed at gecmetrlc height H,

(b) Maximum speed at gecetric height H is maintained
until the required radius is reached.
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An even greater fuel economy, at the expense of time,
can be effected by zoom climbing from the optimum climb curve
to reach the geometric height H at the minimun control speed,
and then accelerating in straight and level flight to the re-

quired radius,

5, PART TII., Initial Climb for Long Range Flight

The Specific Air Range (S.A.R.) is given by:

8.1

60 V
S.A,R. = 55 x C x Drag

nautical m,.p.g.,
where C = Specific fuel consumption, 1b./hr./lb. thrust, and
assuning a fuel density of 8.1 1b./gal.

The maximum specific air range is thus obtained at the
value of Vi for which
2

Drag _ ) o My oilam o b ofF
ij 100 | 700 (v—i/1oo)2 v,

is 2 minimum if C is assumed independent of speed. This occurs

when m + 1/m° is a minimum, where n =V, /vim "

L0, when  waw 3VR L g,
Hence maximum S.A.R. = bl nautical m.p.g.

34 /L
Dioo %00 C Ve

C, in fact, decreases with increase in altitude.

Thus in attaining the best specific air range the over-
riding variable is height, and neither Vi nor W are critical

2
(d1oo°‘: we).

For the example considered, the specific fuel consump-
tion is at 11,600 r.p.m,

The maximum range, therefore, is attained by climbing
to the ceiling following an energy height optimum climb obtained
by using thrust figures corresponding to 11,600 r.p.m. Near
the ceiling manoeuvrability factors are too low for zooms to be
effected. The aireraft will continue to clirb slowly with

vi C vimd as W, and therefore dﬁOO decreases due to the
consumption of fuel.
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6, Part IV. Initial Climb for Time Endurance Flight

The speed for maximum endurance is clearly the minimunm
drag speed vimd' The specific fuel consumption decreases with
height. Consequently increase of height means an increase in

the time endurance of an aircraft,

For the example chosen the specific fuel conswiption is
a minimm at 11,600 r.p.m,

The best climb to height for a time endurance flight
is, therefore, to climb at an energy height optinum climb using
the thrust giving minimun specific fuel consumption. In the
example chosen this is achieved by using 11,600 engine r.p.m.
The energy height climb path can be obtained by one of the methods
detailed in Part I,
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Specification of 1950 Fighter Project and

Assumptions used in the Analysis

Specification

Wing

Fuselage

Tail-plane

+ 12 per cent leaks, excrescences etc.

Gross area

Net area

t/c root

t/c tip

SMC

Transition point

Position of max. thickness
Span

Angle of sweepback

Wetted area
Maximum diameter

Length 58 £4,
Transition point Nose
Net area 145.5 8q.fh,
SHie; 7.6 %,
Position of max, thickness 40 per cent
t/c 0.07
Transition point L.E. (since probably
in wing wake)
Fin and Rudder
Net area 56.7 sq.ft.
SMC T2 £%.
Position of max. thickness 25 per cent
t/c 0.07
Transition point 10 per cent
Drag Surmary
Wing 32,4 b,
Tail-plane 8.2 B,
Fin and rudder 3.6 1D,
Fuselage 22,2 1b.
Roughness~ wing T2 3,
fuselage 1.8 1b.
tail 2.8 1b,
Interference - wing/body 1.6 1b,
tail/body 1.0 1b,
Control gaps - tail 3.0 1bs,
wing 1.6 1b.
canopy 1.5 db,
86.8 1b,
= 97 b,

602 =q.f%t.
536 sq.ft.
0.08

0.07

1192 £%,
10 per cent
35 per cent
50.5 f£t.
140°

1040 sq.ft.
5.75 ft. approx.

and CDz = 0.0135
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For drag increase with Mach Number, the following

assumptions have been made:-

M |<0.90{ 0.91 0.92 0.93 0.94 0.95 0.96

0,0135 10,0142 | 0,0154 | 0.0175 | 0.0207 | 0.0250 | 0.0305

W 1is assumed constant at 95 per cent of the take off
weight, namely 26,600 lbs.

Engines
Two turbojets of static thrust 30 per cent greater
than the Rolls Royce Nene.
Engine setting taken as 12,300 r.p.m.
General

K, the induced drag factor is assumed to be 1.1.

Atmospheric conditions are taken as standard I.C.A.N.

/APPENDIX II ...



APPENDIX II

Proof that the minimum time to Energy Heizht

leads to the minimum time to Geometric Height for

the same end conditions

The time to height may be written in cither of the
alternative forms:

nH
2
t = plH,v) & VA ol )
HB
g
H2
or 'b = F(H,V) dV/dH .ll'll.l..(Alz)
H1
where Hez H+V2/(2g) vavesswany Bel)

It follows from §3.5 that Euler's condition for a
minimm value of (A.1) is equivalent to

of !
E.g' =O Illll.ll‘.(A.zl-)
He const,

and the condition for (A.2) to be a minimum is
a /aoF
" TH| v, )- 0
H,v H,V

h
From equation (A, 3) M= (1 + vy, V/g) aH
therefore

aF
v

where v, = av/aH,

BE,V) (1 + v Ve) = FE,V,v,) cavsensooe (.5)

Treating V, He and v, as independent variables we have,
from equation (A.S):

v, 8
x| _{#] .14 3 i 6
av = av + g BHe {1 + gvh} + g ceonse (-Ao )
Hvy, L H, A . -
8.nd 'g'f‘-r' = Ep’ oavo.ccc.o(Ao?)
h g
H,V

/Therefore ...
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Therefore %(% ) ='é'}:'l' g + Yé % c-c-onco..(ﬂ-oB)
H,V

h
@ _ | [, )
But & T H ‘1+th + oV vh. -auoooac-n(Aog)
Cly L H,

and hence equation (A.8) may be written

a [ . A
di | ovy SR g ol
H,V

suerunnresibe10)

;i<

—

Subtracting (4.10) from (A.6):

oF 4 [oF _ ¥
aov dH r}vh = 3
Lvy H,V He
Hence the condition gv = 0 leads to the
H

c

equivalent condition

o7 _ 4 [oF T
dH av. i

H.v }..3'.

£y HV

oV

Thus the minimum time to energy height leads to the

minimum time to geometric height allowing for the same end con-
ditions.
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