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SUMMARY

An attempt is made to assess the significance to flight safety of a
condition at low speeds where drag exceeds the available engine thrust.
For the low aspect ratio aircraft and especially with slender wing designs
having practically no stall, the "zero rate of climb speed" defined by the
condition may constitute the lowest limit of the practical speed range.
Methods are suggested to assess the necessary margins to protect aircraf't
of this general class against the accidental, possibly catastrophic, loss of

performance below this speed,

*Replaces R.A.L, Technical Report No,6644l. - A.R,C. 28297
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1 INTRODUCTION

The low speed potential of the classisal aircraft with its high aspect
ratio wing is sharply limited by the stall. In non-manceuvring [light the
stall defines a speed below which flight cannot be sustained and furthermore
it is a condition from which recovery is only possible with a substantial loss
of height even if the pilot can avoid entry into 2 spin. These unique
characteristics made the stall a compulsive datum from which to define speed
and manoeuvring margins to provide safety in low speed flying. It is not
surprising therefore that in the formulation of eirworthiness requirements

the stalling speed vy plays a dominant role,

However, as wing aspect ratio is decreased the stall is delsayed to
larger angles of incidence and in the extreme case of a slender wing, say if
the aspect ratio is below 2, it would oceur at an incidence which is
completely outside the practical flight range, With such aircraft low speed
flying must be limited by considerations other than the stall, such as for
instance general deterioration of lateral or longitudinal control, pitch up
tendencies or difficulties in speed holding in flight below minimum drag

speed,

With the possible exception of pitch up, if and when it occurs, these
characteristics will deteriorate fairly gradually with decrcesing spced and it is
generally impossible, certainly in the design stage, to use them for the
definition of a sharply and uniquely determined absolute low speed limit.
As an alternative it has been proposed that the manufacturer shall seloct
operational speeds, such as for instance the initial ¢limb out specd, and
demonstrate that at these spceds and at speeds a specified number of knots
below these, the aircraft satisfies certain standeords of controllability.
This procedure appears generally satisfactory, since the use of auto-
stabilisation is permitted to achieve these handling characteristics -
provided it is designed to an acceptable standard of reliability - and
these regulations give the designer good scope to exploit the low speed

potential of a design.

More recently, however, in an attempt to formulate requirements for the
supersonic transport aircraft, the British and French airworthiness
authorities have suggested new minimum speeds to take the place of the stalling
speed of the conventional aircraft in the take off performance reguirements.

These are the "zero rate of clirb speeds", defined as the lowest speeds at
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which with either full power or with one engine inoperative level flight can
Just be maintained, Fige1 shows how these conditions are defined by the

thrust and drag~characteristics of an aircrafit.

For the legislator these speeds are clearly attractive as they share
at least two of the outstanding features of the stalling speed:

(i) they are sharply defined and can be established with adequate

precision in flight

(1i) they define speeds below which level flight cannot be maintained

and they therefore set a limit to the practical speed range,

It should be noted, however, that whereas the stall is uniquely deter-
mined by a purely aerodynamic phenomenon and is usually preceded by symptoms
indicating to the pilot the imminence of flow breakdown, no such warning will
signal the approach to zero rate of climb speed, which is entirely governed
by performance and thus a direct function of weight, drag, configuration, and

parameters influencing engine power such as alir temperature and altitude,

As the term zero rate of climb speed implies, it considers the ability
of an aircraft to maintain level flight., It may be more appropriate for take
off for instance, to consider instcad the speed at which a given minimum
climb gradient cen be maintained, rather than level flight. Such a speed
would of course be higher than zero rate of climb speed, as the available

propulsive force is now reduced to {% - sinlg\ o However these are matters

for the certification authorities to consider and will not be further
discussed here, We shall only invesitigate the naturc of the hazard - in
relation to the flight condition to be maintained - when an aircraft drops
below this minimum speed and the nature of the protection afforded by speed

!

margins,

Quite clearly it is of interest to know whether zero rate of climb
speed has a practical significaﬁce to flight safety similar to that of the
stalling speed of conventional aircraft. Equally it is necessary to consider
if the speed margins required to protect an aircraft asgainst the consequences

of a stall would be also appropriate with respect to zero rate of c¢limb speed.

The drag characteristics of the low aspect ratio wing and thus of the
typical high speed aircraft of the foreseeable future, are such as to bring
the speed below which drag is greater than the available engine thrust

near to the speed range considered for take off, In certain cases this
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condition might even be relevant in the landing phase, The establishment of
realistic safety margins against the cccurrence of catastrorhic fall off in

speed is therefore an important task,.

The airworthiness authorities argue that since the existing speed
margins have been effective in preventing stalls in civil operations, similar
margins will safeguard aircraft equally well against the exceedence of zero
rate of climb speed, On the other hand such a requirement may appear unduly
severe as a safeguerd against an essentially less savere phenomenon,  The
present paper is written as a first contribution towards a possible resolution
of this problem although, and this must be clearly stated, it considers only

some aspects of the problems, which may well require study on a broadsr basis,

In particuler the height loss in recovering from flight below zero rate
of climb speed (Vo) is caleculated and also the probability of falling below

Vo is compared with the probability of stalling a conventional acroplane.

2 RECOVERY FROM FLIGHT BELOW Z7R0O RATE OF CLIMB SPEED

The first guestion which arises with an aircraft limited by zero rate
of climb speed rather than by the stall is the nature of the hazard presented

to the pilot in the region below this speed.

In the case of the stall we roquire that the motion of ihe aircraft
entering the stall shall be essentially symmetric and that recovery shall

require not more than a specified loss of height,

As zero ratec of climb speed is not necessarily associated with a change
of flow behaviour on the aircraft, control difficulties necd not be expected,
although they may of course appcar in about the same speed regime for separate
reasons., The only flying hazard directly associetled with the phenomenon
under discussion is loss of performancc, This is perhaps best expressed as
the height loss incurred in recovery to a condition from which level flight

can be maintained,

This rocovery manoeuvre can of course be demonstrated in flight, where
one would expocct the height loss to increcasc progressively with the amount the
speed has been allowed to drop initially below zero rate of climb speed.

The certification authorities arc interested mainly in two specific zero rate
of climb speeds, that with full cngine power and one with full power on all

but one engine. These arc of special interest for take off.

One may have to consider, however, also a condition where the aircraft

is operated with partial power, e.z. in the approach. If in such a condition



due to gross mishandling, speed is allowed to drop to a certain value still
above the zero rate of climb speed appropriate to full power, imbalance of

drag over thrust can reduce speed at so fast a rate that as a consequence drag
increascs faster than it is possible for the engines to increase thrust, This
phenonenon would then mean that in this situation a speed exists slightly above
zero rate of climb speed proper, from which recovery without loss of height is

impossible,

Returning now to the basioc case with engines operating at full power,
it is clear that once speed has dropped below zero rate of climb speed
recovery must involve loss of height. Some broad indications of the recovery

penalties can be obtained from simple energy considerations,

Ir V0 is zero rate of c¢limb speed and AV is an increment in speed with

respect to Vo we get V = Vo + AV, The minimum height AH, required for the

1
aircraft to recover from a negative diversion in speed AV to VO can be

calculated by considering the exchange of potential and kinetic energy as

" L2
8H, = 28 (2 VAV 4 av ) . (1)

For negative values of AV, AH, will be negative, i.e., a loss in height. For

1
a representative range of values for Vo and AV this function has been plotted

in Figa.2.

This energy equation, however, presents an optimistic picture, as it does
not allow for loss of energy du?ing the recovery manoecuvre., In fact during
this manoeuvre the alrcraft flies below zero rate of c¢limb speed where drag is
in excess of thrust. Consequently the work done against this excess drag

during the duration t

n of the recovery manocuvre,

ItR

[ (>-T) Vat
‘o
requires the expenditurc of additional potential energy
t

R
Mbmg = -[ ﬂ%%lmngt. (2)
Llo ’

Thus the total height loss for recovery from (VO + AVO) to Vb is obtained by
adding equations (1) and (2).
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H = AH Loy v+ av) SIS S (3)
A = A1+AH2 = 28 ZVO -+ - W »

‘o

The terms under the integral are of course functions of time i.ec. function of
the nature of the recovery manoeuvre. A proper solution would thercfore
require the specificetion of pilots control. As herc only a very crude
estimate of the orders of magnitude is required, it is proposcd to evaluate
the integral by making suitably simple assumptions. The drag versus speed
characteristics are assumed lincar within the range of interecst as

A<T‘D\ = Av-éf-
(o]

w
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where K is a constante It is further assumed that V(t) can be rcplaced by
the mean speced V = (Va +-%¥) = const and that AV varics symmotrically during
the recovery so that it can be represented again by a mcan AV& =-%¥ if AV is

the initial speed error,

Finally the duration of the recovery manocuvre can be rclated to the

mean vertical velocity ﬁm and the total rccovery height AH as

A
t = el (4)
m
Thus we obtain
1 2Vo AV + EVZ
AH = _Z—G' 2 . (5)
K a5\
Bl U T
2 o/

This expression has becen computed to cover a representative range of
conditions with the results shown in Fige3s Two valucs of K = d Cgﬁﬁ‘gl/a(%L)
are considered, K = 0:25 as more rcepresentative of a high aspcot ratioc wing a;d
K = 0+5 as more appropriato for a slender wing. It is scen that the height
loss resulting from this more rcalistic analysis is gencrally much greater
than that predicted in Fig.2, It is also scen that the height loss can be
minimised by using the fustest possible rccovory technique, i.ce by using a
large mean descent rate ﬁm during the manoceuvre. It should be noted that
these sums do not consider the practicability of the implied manocuvre, c.ge
no account is taken of the pitch response characteristics of the aireraft.

However, this can be roughly assessed by refercnec to the given valucs of the



manoccuvre duration tR. To exclude some obviously impracticable caszs, those
requiring completion within less than 4 scconds, the corresponding portions of

the curves in Fig.3 arc shown as dashed lincs,

The results given in Fig.3 represent a theoretical minimum height loss.
In practice variations of piloting technique, turbulence ctc. arc bound to lcad
to less favourable recoverics, It should also bec noted that to be effective
recovery must return speed to a value above zero rate of climb and this requires

an additional expenditure of height.

Taking all this into account it is clear that substantial height will
be lost in recovering an aircraft from a deviation below zerc rate of climb
speed and that this condition must be treated with almost as much caution as
stalling speed. However, zerc rate of climb speed is only a serious hazard
in flight close to the ground, i.e. immediately after 1lift off, during landings
and overshoots., Also, as Figa’1 shows the more restricting condition on a
multi-engined aircraft is Vb with an engine fziled and this situation is

itself a rare event,

3 THE POTENTIAL RISK OF STALLING

An aircraft will stall if a certain critical incidence is exceeded.
Assuming that this stalling incidence is independent of speed and also
ignoring the fact that in dynamic manoeuvres the stall moy be delayed to
higher values of incidence, the margin in normal acceleration available in

level flight is

/YN
bng = r\—v—g - 1. (6)

In other words an aircralft will stall when flying at a given speed V, if due
to a combination of pilot induced manoeuvre and vertical gusts the associated

Ang (Figel) is reached or exceeded, If onc can specify

(i the statistical dstribution of speed errors occuring operationally
& Of

in relation to a target speed VT and

(ii) the statistical vrobability of reaching or excceding a given

level of manoceuvrce and gust induced normal azeceleration,

and if one assumcs that these two distributions are independent, (i.c. that



the pilot will not simply cancel the gust induced loads by acting as a gust
alleviator) the total probability of stalling anywhere over the full speed
range say during the approach or some other specific flight phase, can be
calculated, Evidently neither are these assumptions absolutely true nor can
we specify the statistical distribution of the two relevant quantities V and An
with any degree of confidence at least at the extremes constituting accident
exposure. However, even using rather arbitrary assumptions, it is thought
that such analysis may be able to reveal some typical qualitative trends.

L THE POTENTIAL RISK OF CATASTROPHIC LOSS OF PERIORMALCE

When an eircraft flies below minimum drag speed, the available margin
of thrust over drag will decrease progrossively with decreasing speed until a
point is reached at which level flight can just be sustained with the
available engine power (Fig.1). Below this speed (Vo) the excess drag will
lead to a speed divergence from which recovery is only possible by increasing
the rate of descent, i.e, by losing height, It has been shown earlier in
Section 2 that at least during approach and landing, flight in this regime is
not permissible., However, a short term drop below this critical speed, the
zero rate of climb speed, due to a brief exposure to a tail gust, will not
necessarily lead to speed divergence, neiiher will spced divergence be of
necessity fatal at the final stages of an approach provided that the aircraft
has enough elevator power and teil clearance for a safe touch down at the

required large incidence,

Although thess conditions may well be claimed to provide further relief
the results of the analysis in Section 2 suggest that any drop of speed below
zero rate of climb speed close to the ground is almost as impermissible as is

reaching the stall,

The probability of experiemncing an impermissible speed divergence can
thus conservatively be stated to be equivalent to the probability of flying
at a speed V ¢ V0 when in close proximity to the ground,

5 CALCULATIONS AND RESULTS

As was said bafore the prodiction by statistical analysis of the
potential exposure to such flying hazards as the stall or speed divergence,
leans heavily on a scries of assumptions. TFor instancc the awarcness of the
existence of these hazards will obviously mwestrain the pilot, although it
will not affect the gust-induced variations, There will also be a strong

correlation between the occurrence of gust induced speed variations and nomal
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acceleration peaks, but here the corrcsponding probability distribuvtions of

speed and normal acceleration are treated as independent.s

The principal variables are assumed to have a normal distribution, 1In

detail the following assumptions are made:

(i) Speed variability is described by a normal distribution round a
chosen mean speed Vﬁ. This mean speed represents a speed target
selected by the pilot and available statistical data suggests that in
practice it lies above the corresponding target speed (VT) recommended
in the flight manuals. @ Two values are considered Vm/VS = 135 corres-
ponding to a 30% speed margin and Vm/VS = 1425 corresponding to a 20¢;
margin. In both cases the pilot is assumed to allow himself a 5% margin
above the recommended target speed. The statistical variability of
speed is described by the standard deviation; two values are considered,
= 0-07 VS and ¢;, = 0:05 V

%y v s?
flight in severe and moderate turbulence respectively,

to represent conditions typical for

(ii) Normal acceleratién is assumed to contain twe independent contri-
butions, one resulting from piloted manoeuvres, the other being gust
induced, Considering 1lift off or approach as relevant flight phases
it is necessary to account for the required pull up in the flare and
for this reason the mean normal acceleration is taken as 1:0Bg or

1:03g respectively, the incremental variations being normally

distributed sbout this mean,

Pilot induced manoeuvring is assumed to produce normal accelerations
. 2 . i s .
proportional to V', i.e. the pilot is assumed to use spproximately constant
control movement irrespective of speed.* Gust induced normal accelerations

are varied in proportion to V1 as corresponds to real conditions.

In order to cover a plausible range three distinct "acceleration

environments" are considered.

* Tt is not suggested that this relationship is a correct representation of
real flying practice or even a particularly plausible one, Other laws may
be more appropriate but for the present purposc such subtleties are irrelevant.



Standard deviation of
Flight enviromment | Pilot %pduccd "e" | Gust igguced "g" | Mcan "g"
P G N
ryN\2 [\
Smooth 0-03 'v—‘ g 0+02 7o) 8 1-0%¢g
\Vg/ \'s/
(12 AR
Moderate O°0A.‘vr g O-OA.;V~; g 1+05¢g
\'s/ \'s/
2
/ N\
Severe 0+06 %L\, g 0+05 /-‘;.Y—\; g 1+05¢g
\"s/ \'s/

The sum of the two contributions to the normal acceglgration is again a
normal distribution with a standerd deviation of o, = q‘p2 + o‘é. This

quantity is plotted against V/Vs for the three cases considercd in Fig.b.

The probability of experiencing a stall is now determined by the
combination of the probabilities of finding oneself at a given speed and at
the same time of experiencing a normal acceleration equal to or greater than
that defining the stall at that spsed. Mathematically this means multi-
plying the probsbility of flying at a given spced (as defincd by the assumed
variebility av) by the probability of at each speed exceeding the corres-
ponding stalling incidence (plotted in Fig.6). This product is a distri-
bution function of the probability of stalling against speed. Examples of
such distribution functions for the case of a moderate Tlight enviromment
are shown in Fig.7. It can be seen that that maximum stalling risk is
associated with specds well above the stalling specd. Integrating these
functions from O < V < co gives then the total probabilily of stelling for an

11

aircraft flying in the particular cnvircmnment. Thesc integrals were computed

for all combinations of the above listed assumptions and arc presented in

Table 1 and plotted in Fig.8,

In the case of an aircraft being limited by zcro rate of climb speed
rathor than by a stall, the only danger to be considered is that of spced
falling below Vo. The probability of this happening is then simply the
integral between O < V < Vb of the appropriatc speed distribution function.

This integral defines the probability of encountering e speed divergence from

which recovery is only possible at the expense of height. Substituting VO
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for VS used as a datum speed in the stall analysis, these integrals have been
evaluated for the same conditions as treated above. The results are also given
in Table 1 and Fig,8. To make the comparison between the stalling case and the
performance limited aircraft absolutely fair, the zero rate of climb speed
should be computed not for the 1g condition but for the mean "g" > 1-0 assumed

for the stall analysis.

The probabilities derived by this procedure and shown in Fig.8 appear
rather high in the morc adverse conditions, in fact in some cases they appear
to be in obvious contradiction to the known very low incidence of stalling
observed in real life. Before ény interpretation is attempted of these

results, the following reservations must be noted:

(i) The calculations do not claim to predict absolute figures, they
are clcarly based on a series of arbitrary assumptions, which are not
derived from operational statistics. Nevertheless they should be

adequate to allow relative comparison between the various cases.

(ii) The quoted probabilities refer to particular cnvironmental
conditions (weather)., To obtain from these an overall probability of
experiencing thc specific incident considered, one would have to multiply
the results again with the probability for these cenvironment conditions
to cxist. This will obviously give total probabilities much lower than

those shown in Fig,.8.

(1ii) The cases cvaluated for a mean speed Vm = 1-25'VS aporopriate to
an assumed recommended target speed of 20i% above stalling speed, are not
realistic when applied to the stalling case itself, since such low
margins are not permitted by airworthiness regulation. These arc only

shown as a basis for comparison with the zero rate of climb speed case.
P

6 DISCUSSION

The results of these calculations show of course the expected trends,
nemely that the probability - other things being equal = of stalling an air-
craft due to a combination of low speed and the application of normal
acceleration is much greater than the probability of flying at V < VS alonce
Also it is scen that a reduction of the speed margin of the sclected target
operational speed by 1Q%'VS increases the vulncrability to either hazard by a
factor of between 102 to 104.

If one compares the potential danger of stalling an aircraft with that

of just falling below VS = V,, it is seen that - except for the cxtreme case
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with small speed variability (GV = 0:05 VS) and in a smooth cnvironment - for
instance a 25{ margin offers better protection against speed divergence below

V, than does the 357% margin against stalling,

It would appear that, if present margins provide adequate stall protect-
ion, zero rate of climd speed could be equally protected by a margin 10%
smaller than these. It can be argued that when Va is only critical after an
engine failure which itself is a rare event, the overall probability of
dropping below Vo is substantially reduced and an even smaller VO - margin
might be aceceptable,
7 GENERAL CONSIDERATIONS -

The sbove process of attempting to arrive at a safety margin against a
novel [light hazard by statistical analysis is based essentially on the
customary approach of applying past experience to a new designe. In this
approach the operative word is always: "other things being equal"s  The
condition that other things are equal 1s of course not automatically satisfied
and further regulations are needed to ensure handling characteristics which

meke the avoidance of & given hazardous condition equally easy.

With the conventional alrcraft, for instance, safety from stalling rests
not only on the choice of suitable low speed margins but morcover on the aircraft
possessing clearly distinguishable stall warning, either natural or synthetic.

If zero rate of climb speed or indeed any other phenomenon replaces the stall
as the primary low speed hazard it may be necessary to warn the pilot of the
approach to this condition by an equivalent warnings Physically this may
well take the form of the well proven stick-shaker. If take-off directors

are used the warning may be incorporated into this instrument,

The scnsing signal, however, is rather complex as zero rate of climb
speed is a function of aircraft weight as well as those parameters affecting
engine power such as air temperature and altitude. Frequently zero rate of
¢limb speed will only bc a practical hazard during take off and in this case

a simple precomputed setting may be adeguate,

Another aspect affecting the aircraft limited by zero rate of climb is
the fact that in the approach to this hazard it will in addition be flying
below minimum drag speeds It is generally recognised that in this regime
speed control is more difficult and there appears to be a possibility
therefore, that speed errors become larger and morc fregquent and as a
conscquence the potential cxposurc to zero rate of climb speed is sharply
increased. However, in practice, this is not nccessarily so and it is

essential to consider the two primary low speed regimes scparately,
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(1) In take off full power is used at least until a height is reached
at which zcro rate of clim# speed cecaces to be a haszard. In this
configuration the aircraft‘flies with excess power, usually converted
into rate of climb and the'speed instability asscciated vith flight
below minimum drag speed dbes not arise, unless the pilot attempts to

fly a constant climb gradient.

(ii) In the approach where the consiraint to the glide path can lzad to
temporary speed divergence, zero rate of climb speed is usually well
outside the practical range of ecven gross specd crrors, In any case it
is now gencrally accepted that aircraft approaching below minimum drag
speed require automatic throttlc control and this should in fact lecad

to improved speed holding when compared with conventional aircraft. In
this case therc is, however, still one aspcct that necds consideration,
If the authority of the automatic throttle control is too limited, from .
time to time speed may fall below the opesrating range of the system and
from then on, if the pilot is unaware of this situation speed will be
lost rather rapidly. Since automatic throttle control may develop a
hebit in pilots to pay less attention to speed, it is imperative to
ensure that the autothrottle is not only reliable but also has enough
authority to cope with all likely extremes. It may be advisable to
warn the pilot of a condition when the autothrottle applies all the

thrust under its command for more than a brief moment.
8 CONCLUSIONS

The high induced drag of the modern low aspect ratio aircraft is capable
of generating a condition at very low speed telow which drag exceeds the
available engine thrust so that level flight cannot be maintained, If down
to this speed no stall or other prohibitive control problem arises, this
"zero rate of climb speed" may then constitute the extremo limit of safe
flight and operational specds must be chosen to provide adequate margins
against the accidental exposure to irrecoverable loss of porformance below

this speed.

Statistical considerations' indicate however, that such margins could be
significantly lower than those required to protect more conventional aircraft
against the stall. It may be desirable, nevertheless, to provide the air-
craf't limited by zero rate of climb speed with a warning device similar to

those developed for stall protection.



Table 1

Standara | Standard deviation of Probability with V_ = 1:35 Vo |Probability with V= 1:25 Vg
deviation Mean
of speed | Manoceuvre g Gust g manoeuvre g of being at of stalling of being at of stalling
G, o, o n Vv, =V VgV, =V
v P G m S 0 S o}
0+06 (v/vs)2 0-05 v/vS 1:05 440 x 10'6 31000 x 107°
-6 -6 - -
0+07 Vg 0+ 04 (V/‘VS)2 0+ 0L v/vS 1+05 0v2 x 10 110 x 10 ° |15 x 10 6 15000 x 10 6
0+ 03 (v/vS)2 0-02 VA 1+03 12 x 107 6700 x 107
2 -6 -6
006 (V/VS) 0:05 VA 1:05 13 x 10 3600 x 10
0-05 Vg | O-Ok (V/VS)2 0+ 0l V/Vg 1.05 0+ 000003 x 4070 0:16 x 1070 |02 x 107 630 x 107
0-03 (v/vs)2 0-02 v/vS 1:03 0+ 0000k x 10'6 39 x 10'6

Sh
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FIG.6 PROBABILITY OF EXCEEDING STALLING INCIDENCE
WHEN FLYING AT A GIVEN SPEED V AS A FUNCTION OF
V/ Vg AND OF THE SEVERITY OF FLIGHT ENVIRONMENT
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