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¥

SUHMARY

A serieg of charts is given showing the varigtion of
the velocity galned and the altitude lost in dive pull— i
outs with the initial indicated air speed and the dive an-
gle. The ‘effects of the maximum load factor, the drag o
parameter K, the initial attitude, and the type of ra-
covery on the velocity gained and the altitude lost are = _
also considered, - . - et

The results werc obtalned from a step-by-step solution
of the equations of motion in which mean values of the air _
density and the alrplane drag coefficient were used, The B -
load-factor variation with time is arbitrarily specifiea . B
in varlous ways to sinulate pull-out procedures, some aof . _.
which night be. encountered in flight. ’

INTRODUCTION : . . EIIllale oo

JE— . . - . R

The determination of the velocity-altitude relations
of an airplane recovering from a dive has ‘been the sub-
ject of a nunlber of investigations. Host of those Invoes-
tigations have been analytical in nature and have consist-
ed of presentations of methods and approximations for L.
solving the equations of motion. As the ncthods have bo-~ @
come norc exact, the ecquations have become longer and more
involved until finally the step-by-step solutlion is ap-._ N
proached. Even in the more lengthy and exact methods {3 is”
still necessary to nake assunptions regarding “the tlne var-"" |
iation of some of the quantities involved, In none of the =~
analytical investigations, however, have results been pre-
sented in such a fornm that items of innediate practical
interest, such as the naxinum velocity gained and the al-
titude lost in dive pull-outs, can be readily deternined
for diffeorent airplane types. -
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The nattor of speed galned in the recovery fron a
nose~down attitude has recently become of somne importance
owing to the fact that the specified liniting diving
speeds for the large low—load-factor alrplane are only a .
relatively snall amnocunt above the fop speed, Thus for
this class of airplane, iIf a steép nose-~down attitude re-
sults fror an entergency operation, the gquestion arises as
to whether or not a.recovery could be nade within the lin-
1ts of wing strength without exceeding the specifiod lin—
iting specd, ' T =

In ordor to answer this question, several examnples
arc givon, in which the valucs were obtained from a step-
by~step solution of tho basic equations of netion, Thoso
squations are thon slightly sinplified and o series of
general charts is.prescnted that glves a closo approxlina—
tion of tho altitude lost and the veloclty gained during
various types of dive recovery_for different valuos of tho

.. C
drag perancter X (that is, Dg) ' o .
EQUATIONS OF HOTION : »

On the assunption that tho pliching inertia is zero,
one of the three equations of notion is eliminated while
only a slight error isg introduced, This reduced systen of
squations 1is

: -6 2y2g -y &Y _ ¥yt )
Heos W -0 BVES=2Vag=1g (1)
: Byeg . ¥av
Nsin'Y—(GD°+CDi)2V § = 2 T% (2)

whers

W airplane welght

Y flight-path angle fronm horizontal plane , . —

GL 1ift coefficlent o o . .=

Cr. induced-drag coefficient L .o S . T Le=—
Dy . nt : :
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) mass density of ailr
alr speed

S wing area

g acceleration due to gravity S . s

t time _ i} L

R instantansous flight-path radius

If the mass density of the air p is assumed to have
some mean value p throughout the maneuver and 1f the
parasite-drag coefficient and the induced- drag cgggﬁ;qlont ~ .
are combined into a total or resultant drag cosfficiont, -
the value of which may be found from a 1ift and drag polar :
of the airplane as it is boing flown, a 51nplification of

equations (1) and (2) becomnoes

' _ ¥ L
. g cos Y - n(#) g =g | :.§3) ) )
— g2 L . . - -
PV & -av . ) , o '
N T A A (4
& 8% 2 W/s. . at )

whore n(t) 1s the load-factor_ variation with.time,

= e T e —
and CD .1is the resuléant drag cbefficiant. ' s
. Before equations (3) and (4) can be solved, it 1s nec-

essary to specify, or to know in advance, the time varia-
tion of the load factor in ‘the recovery, Although the ex-

" .act manner of the load~factor variation is unpredictable,

since i1t depends upox the pilot's reactions to circun-
stances or accelerations, the naximun value of the load

factor is fairly well defined because it is governed by

the linitations either of the pilot or.of the airplans. . :
structure, - . _ - ¢

For tho purpose of illustration, three typés of load-
factor variation =n(%t) are considercd, (Sec fig, 1l.)
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Type 1 renains constant—with time; thils type is a practical
inpossibllity but represents a definite 1ini% that gilves

nininun velcclty geined and mnininun altitude lost. Typo 2

varies with %ine in the nmanncer shown by the dashed line of

figuro 1 and is in qualitative agreonent with the normnal n
pull-out procodure in which the load factor is reducoed af- . .
ter a naxinun value is reached., Type 3 varios with tine i

in the samneo nanner as type 2 until the naxinun load factor
is obtained, after which it remains constant., Type 3 rop-
roscnts a variation of the load factor that nmight occcur
when tho dangor of striking thoe ground or exccoding tho
liniting diving velocity of-tho airplane is lnmnlncenst,

In order to show sone gquantitativo results, a step-by~.
step solution of equations ?3) and (4) has becn nade by
the use of the supplenentary relation

RAY = Vdt - (5)

for several dive recoveries (sce table I) of an airplane ~
with the lift-drag polar shown_in figurc 2. In all thoseo T
cases an average air density P ocgqual to 00,0020 slug peor .
cublc foot, corresponding to an average altitude of 5800

feet, was used, Table I shows for each recovery the type

of load-factor variation, the initial air speed ond alti-

tude, the naxinun load factor inposed on the airplane, the

naxinun veleocity gained, and the altitude lost during the -
naneuwver, :

In the use of equations (3) and (4) it is necessary .
to have eilther the actual airplane polar (as in fig. 2)
or to construct a polar in which the induced drag is prop-—
erly taken into account, Thus, aspect ratio night be con-
sidered as an addltional variable, ZExpoerience galned in
solving a number of exanples of this sort indicates that -
the actual drag variatlion is of slight inmportance as far
as the desired results are concerned, that is, tho evalua-—
tion of the maxinun velocity and the altltudo loss in the
recovery. In fact, results ldentical with those listed in
table I could have been obtalned by the use of a properly
chosen constant average drag coefficlent Cpe Although the

results obtained by the use of such a drag coefficient ,
would agree, as regards altitude losg and naxinun velocity
galned, with those obtanined for variadle Op, there would
be no point-fto-point agreenont in the conputod flight palbhs .o,
or velocitios,
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In accordance with the foregoing reasoning, equations
(3) and (4) could be written as follows:

y2 '
g cos ¥ -~ n(t) g = T (8)
g sin ¥ - k £ v3 = &V (7)
2 - at
Cpe
D
where X = W/S . _

In equations (6) and (7) the term X 1is the only
tern in which any definite characteristic of the alrplane
itself exists and, for this reason, the assunption thsat
various airplances could be grouped according to certain K

o] .

(or ﬁ§§- values, which would apply for tho alirplane dur—
ing a given pull-out, was indicated It must be apprcci—
ated that a gilven airplano may have a dofinite rango of X
valuocs, depending on the actual airplane flight condition,
the initial air speed, thc type of losd~factor vnridéion,
and tho maximum load factor obtained during tho recovory.
In other words, the X valuoc for a given casc is a func- ~
tion of the airplane polar and of the portion of the polar
that 1s travorsod during the pull-out. T

P T T

Becauss the parameter . X %o be usecd for any gilven
ase is_depondent upon the value of the moan drag céeffi-
ciont CD that will apply during the recovery, the average

drag coefficient could be defined by the following equatlon'_”"

Cp = Op, + F(CD - 8p.) . ' (8)
where

‘cD1 drag coefficient existing at time pull-out is started

GDa drag coefficient correspondiag to llft coefficlent
necessgary to give required load factor at initiaI
l1ndicated velocity

F approximate weighing factor that includes the effect
of velocity gained and time spent in attaining T
level flight )
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The following estimated valueg of the welghing factor
F geem to apply well to the types of load-factor varlation

consldered:

Type of pull-out F
1 .90
2 " .60
3 .75

It is appreciated that no single value of F will satisfy
all airplane pull-out condltions for any given type of load-
factor wvarilation., The foregoing values havo becn sclocted
as thoe ones that give the closgest agrecement 1n all cases

for each type of variation,

In order to derive a series of general charts by which
the gltitude lost and the voelocity gained can be determined,
a number of step-by-step computations were made uglng equa-
tions (5), (6), and (7)., In these computations a mean
value of. air density p of 0,0020 slug per cublc foot cor-
responding to an altitude of 5800 feet was used together
with three arbitrarily selected values of X {0.015, 0,030,
and 0,060) taken to represent, respectively: an extremely
clean heavily loaded airplane making a recovery from high
velocity at a fairly low load factor, a clean normally
loaded airplane making a recovery from a fairly high veloc~
1ty at a nedlium load factor, and a clean normally loaded
airplane maklng a recovery from a low veloclty at a fairly
high load factor., It was felt that this range of X values
would be suificlent to cover most present-day transport air-
planes, provided that the stall angle of the poler was not
approached during the recoveries (0< Cp < 1,1), It is
obvious that, if the large values of CD associated with

c were used, values of X larger than those given
bnax :

would be obtained, Later exanmples, however, will show
that even for this case the choice of the largest X will
give good results,

For the computations, incroments of time wero so chosen
that tho corresponding incroment in flight-path angle AY
always fell within a range of 3° to 8%, MThus, on the aver-
age , mbout 18 points were used to establish tho velocity
variation from the asgsuned initial flight-path angle until
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the horizontal was reached. These computations ylelded,
for each case considered, two values of practical interest,
nanely, the naxinun veloclty gained and. the maxinun alti-
tude lost in the dive recovery. These values were then-
plotted in the form of general charts.

CHARTS

Figure 3 shows, for the smallest value of the paramne-
ter (XK = 0,015), the variation of the velocity gained
and the altitude lost with the initial indicated velocity
for load factors of 2, 3 46 6, and 8 and initial flight-
path angles Y, of 90 75 60°, and 45° Sinilar re-

sults are glven in figures 4 and 5 for the mediun_QO 030)
and the largest (0,060) valucs of K, respectively. Im
figures 3 to 5 the load factor is assumed to bo constant
with time (type 1, fig. I). ' L L
Sinilarly, tho results for tho socond type of load-
factor varlation considored (type 2, fig. 1) are given in
figures 6, 7, and 8.  Flgure 9 gives results for the thlrd
type of load-factor variation (typo 3, fig., 17, only one
initial ive anglo of 90° boing considorod.

-+ +-DISCUSSI ON

Ths “charts. (figs 3 ‘to 8) indicate, in general, that
le'ss velocity 1is gained 1n the recovery a&s the load fac-
tor is increased and that, for o given case, a certain in-

- .-itial wvalus ‘of alr speed exlsts where' the veldcity Zained

is o nexinun, There are, owing to the assunptions mnade,
two initial velocities fron which no spesd increase would
be experienced during the pull-out, nanely, zero veloclty
and terminal velocity. ~ The first licit 1Is purely analyt—
ical because 4t inplices that infinitely large values of

Cy, "are obtainable and, for this reason, the curves on the
charts (figs. 3 to 9) are not contlnuod to zmero but are
arbltrarily cut. off at 100 miles’ per hour. -The second liL—
it, althougzh a norc practical one, has dbeen &otornined for
cach casc on the assunptlion that the drag coecfficient is
not a function of velocity, The terninael velocitics are
therefore indicated by the intersection "n = 0 ' 6T the
curve and the zero abscissa line and are the so-called
noninal wvalues,



8 NACA Technical Note No., 829

Although not explicitly given by the charts, the con-
puted results show that, for a glven case, the naxinun ve-
loclty ocecurs earlier in the pull-out as the imnitial veloc-
ity is increcased, This result follows from the fact that,
wiere the inltial velocity is near the terninal volocity,
thoe maxinun voelocity occurs voery near the start of tho re-
covery aftor which the velocity will decrease, Thus, tho
veloclty incronent and tho altitude loss glivon by tho
charts do not correspond in time but ropresont naxinun
valucs roached sonctine during the pull-out.

A conparison of the charts for the ‘throe types of load-
factor variction shows that loess velocity 1s gainod and loss
altitudo 1is lost when noro of the area under the upper hori-
zontal line of figuro 1 is included, that is, whoen the nax-
inun =ncceleration 1s attained as . soon as possible and then
naintained. For nininun values of wvelocity g2ained and ale-
titude lost, 1t 1s particularly desirable to add arca un-
der the =n(t) curve near tho bogirning of the manouvor
whero a rolatively lower volocity in conbination with a
glven aceccleoration will rosult in a groator flight-path
curvaturos In practice, however, the incrtia of tho air-
plane oporates to prevent. the ianclusion of all this arocsa
wlth the result that, coven with an. instantancous control
operation, tho tine requirod to recach a maxinun acceoloro-
tion 1is of %ho order of 1,5 or 2 socconds,

It can be seen from the charts that, in general, the
altitude loss sustained in recoveries increases with the
initial speed, with the steepness of the dive, and also
with a decrease in,the load fachor. .

In order to obtain an iden of the efféct of using a
constant instead of the nctual variation of drag coeffi-
cient 1n the solution for specd gained and altitude lost,
the results listed in table I arc compared with similar ro-
sults obtained from thg charts. THeso conparisons are
shown in %tadle II, ' ' '

In the colunn of X values in tadblo II, two values
are glven for pull-outs 1 and 4; the lower valuc was ob-
talned from an extrapolated valuc of the lift-drag polar
inserted in cquation (8) and the upper value is that of:
the highest K +value given in the charts., Tho tabulated
valuos of veloclty incronent, altitude loss, and naxinun
veloclty were obtained wilth thia highost available value
(0,060) of X, Eveon in these cases the dlscrepancy botwoen
this approximation and the norc accurate soclution is only
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8,4 nilocs por hour and 37 feet altitude for pull-out 1 and
5,8 niles per hour and 46 feet altitude for pull-out 4,
These valuos reprocsont, in general, an error of about 4
percent in the naxinun veloclity and the altitude lost.
This result enphasizes the fact that the average drag co-
efficiont neced be known to only a fairly low degrec of
accuracy, particularly in this range, in order to obtain
satisfactory results from the charts. :

Each of the pull-outs illustratecd in tables I and II
was so choson as to reprosent fairly extrome conditions in
order to indicate the maxinun errors involved from the use
of a constant average drag cooefficient throughout the re-
covery. Those conditions of naxlinoun error in order of in-
portance are: (1) whore the greatest change in drag coef-
ficient occurs, that is, a high-load-factor pull-out fron
a low spoed; (2) whore the most voelocity is gained and
tho nost asltitude lost, that 1s, a low-load-factor pull-
out from a low speedy (3) whore tho longest timec is in-
volved in accomplisghing the mansuver, that is, a low-load-
factor pull-out fron a high speed; and (4) where the high
load factor is taken in conjunction with the high initial

volocity.

A load factor of 6 was taken for sevoral of the pull-
outs in order to exaggerato the conditions that night bo
oxpocted if the airplane of figure 2 is used, although it
was approclated that this valuc was far above the design
load factor of present-day transport aircraft. Even with
this high load factor, the accuracy obtainable fron the -

charts is considered gquite satisfactory. For this reason,

there 1s an indication that the charts night be used for
categories of aircraft that would include sone of the nore
naneuverable airplanes of the present &ay whose nission
night call for diving naneuvers.

In general, it nay be noticed thatb: (a) nmore altitude
is lost and nore speed is galned as the type of load-factor

variation procecds in the order 1, 3, and 2; and (bd) the
initial attitude . has a considerable effect on both the ve-
locity galned and the altitude lost, Inasnuch as the at-
titude can be only roughly estinated by tho pilobt, its ef-~
fect nay becomc almnost as important as tho variation in
load factor in correlating the results obtained from the
charts with the values obtaincd fron flight tests, '

Langley Henorlal Aecronautical Laboratory,.
National Advisory Comnittoe for Aeronautics
Langley Fiocld, Va., Septenber 16, 1941,



TABLE I

VARIOUS DIVE RECOVERIES FOR THE AIEPLANE REPEERSENTED BY FIGUEE 2

(These results wers obtained by use of a variable drag coefficlent)

Pull~ Type of Initial Initial Maximam | Initial Velocity | Altitude Haximum
out load~ indicated | flight-path load | altitude | increment loss indicated
factor velocity angle fachor velocity
variation| (mph) (deg) () (£%) (mph) (ft) (mph)
1 3 200 90 6 6,500 31.1 963 231,1
2 3 260 90 6 6,800 38.9 1,464 | 298.9
3 3 390 90 6 8,000 Ly.g 2,928 4zl.g
3 2 200 90 6 6,500 75.2 1,054 235.2
5 2 3390 90 3 13,000 165.3 19,242 555.3
6 1 200 30 3 7,000 9.9 1,755 269.9
7 3 200 90 3 74200 5.5 2,174 285.5
g 3 790 50 3 10,000 98.6 6,862 483.6
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TABLE IX

COMPARISOKN OF RESULTS FROM CHARTS WITH TEOSE OBTAINED I¥ TABLE I

Moxirum indicated .

Pull~|Type of | Initisal |Initicl| Maxi-|Initial| Parem-| Voloelty in- Altitude 14.cnd
out | load- |indicated|flight-| mum alti- etor,| croment (mph) logs (ft) volocity (mph)
factor| velocity| path lopd | tude K
varia- angla |factor Fron From From | Fron From | Fron
tion (mph) (dog) | (g) (£4) charts| table Ijcharts|tablo I| charts|table I
- - ann [a7a Iy £ rman rOgOSO Clo I~ - M - AN N Pt Ta i vl o T
L 2 b ) U o] Oy HUU SHden | ALl Ly00U 903 £39eh1 23Lal
1 .oe9
2 3 260 90 6 6,800 | .060 | 34.5| 38.9 | 1,500| 1,464 29L.6| 298.9
3 3 390 90 b g,000 | .0P95| us5.3 | Mu.8 | 3,080| 2,928 L35.3| 438
L‘I- lOSO
2 200 90 6 6,500 231, 43 35.2 | 1,100{ 1,054 2W..0{ 235.2
5 2 390 90 3 |19,000 | .0228[{16U4.5 |165.3 |18,810| 19,242 554! B55.3
6 1 200 9 | 3 | 7,000| .0553| 73 | 69.9 | 1,921} 1,755 273.0| 263.9
i Z 500 an 7 7.0 ohagl 76.8 1 8R.K 21730 2,17 276,81 28R.K
g 3 390 90 3 }10,000 |- .0231| 97.5 | 98.6 | 6,953| 6,862 LE87.3| L48E.6

m—
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Figs. 1,3
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Figure 4a,b,c,d.~ Velocity gmined and altitumde lost in dive pull-outs for various initiml £light-
' path angles. Type 1 load-factor variation. K = 0.030.
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path angles.' Type 2 load-factor variation. X = 0.015.
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Figure 8.~ Concluded.
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