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SUMMARY

YAV-8B and AV-8B Short Takeoff (STO) test results had indicated that STO techniques for the
Harrier II could be further optimized, particularly for operations at higher hover weight ratios
(1.3 and above). This paper documents a method to predict and determine optimum land-based STO.
performance with minimum flight testing required. The method was applied during the determination
of the optimum STO performance of the AV-8B, and is tailored generally toward thrust vectored
vehicles with rapid thrust vectoring capability. With certain assumptions accounted for this approach
can also be used in less restricted cases. Emphasis was placed on developing a repeatable task
terminating with sufficient flight path acceleration at 50 ft AGL. STO tests conducted using the
revised STO procedures validated the improvement in STO performance. Changes to the AV-8B
flight operations manual were recommended in order to implement the revised STO task.
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METHOD FOR THE DETERMINATION AND OPTIMIZATION ":-"
OF VECTORED THRUST TAKEOFF PERFORMANCE i
r
\
J.F. Calven ol
Strike Aircraft Test Directorate )
Naval Air Test Center ~ ¥
Patuxent River, Maryland 20670 o
. o
Absiract E" ‘
TP installed gross thrust, \:
_ YAV-8B and AV-8B Short Takeoff (STO) test resultshad 2 ame dufference berween initial and final
indicated that STO techniques for the Harrier I could be further Y airspeed
optimized, particularly for operations at higher nover weight -
. ratios (1.3 and above). This paper documents a method to \\;'/‘ 7;}:;;;yvfc(;$;vmmum accepuable a/g
predict and determine optimum land based STO performance Ve vertical airspeed
with minimum flight testin uired. The method was applied y ; : :
during the dcm'mignau'on ofg ur;q optimum STO pcn'onnan;::;c) :)f i ;cbc"yaff ] cf?;,n ne thrust vecioring to target 6,
. the AV-8B, and is 1ailored generally toward thrust vectored v n:?gﬁ ;oégonrxloc“y (same as V. )
vehicles with rapid thrust vectoring capability. With certain W gross weight v
assumptions accounted for this approach can also be used in less aircraft weight in climbi :
restricted cases. Emphasis was placed on developing a &VC dcsirec; 32?:‘& }r;rc u’ggfcgf::m d .
repeatable task terminating with sufficient flight path acceleration WD aircraft weight in level flight N
at 50 ft above ground level. Shor takeoff tests conducted using WL ss wcighgt atinital hc:gh( O
the revised STO procedures validated the improvement in STO w o grrgss weight at final hei %" W
performance. Changes to the AV-8B flight operations manual Wi h ioht ratio (ai ng;f ; ivided 7
were recommended 1n order to implement the revised STO task h over weight ratio (aircraft weight divided by o
. maximum weight at which the aircratt can hover o~
Nomenclatre for given ambient conditions ) B
X aircraft c.g. position =
Symbol.  Description a aircraft angle of attack :‘:\
a net acceleration Y flight path angle without wind correction U
: ) . Y flight path angle corrected for wind affects EREY,
@g)p ac::;:th\?d flight path accelerauon for aircraft at £ average aircraft gr\c})und roll acceleration <
) . . . (evaluated at V, /N2 if assumed constant) NN
(a/g), &c;rlr;:th\i,eg flight path acceleration for aircraft at i dynamic coefﬁc“ém of surface fncuon ~
' L . 0. angle between line of thrust and fuselage L
(C:S a.m:mf: dhﬁ%oc;gcﬁli‘:tm ! reference line (thrust vector angle) ] @
aircraf Hadipp bient density h
C aircraft drag coefficient in ground effect P am 2 -
D,
Cis aircraft lift coefficient in ground effect ® average acceleradon from V., 10 V., E:’_\
D aecrodynamic drag - ,
D, drag evaluated in ground effect Inroducton ,\.: :
Dy S’C?’T;::In; d::dg)(ro(al mass flow rate times This paper develops and presents an approach to predicung ':J" ’
F Lhé net fomgcacun in the flicht path directi and determuning optimum Short Takeoff performance tor rapid N
F average net nonfgnscwarivi fo‘:gc bcxl;\crce eg"v thrust vectonng vehicles. STO performance refers to velocity
W occurmng at V[V, 2+V._2/2) to and distance required to takeoff, velocity and distance required
:n heioht ga il S0 " "0 to clear an obstacle, and the velocity at which thrust is vectored e
1 hqgh! a }.mgj posiuon during ground roll initiating takeoff. Unlike convenuonal e
h h?ght a z:lnd zosc'l[x)f?n between initial takeof! tesang, it is difficult 10 separate STO tesung of vectored AN
f '5 °'dj btude dufference between initial and thrust aircraft into disuinct flying qualines and performance NN
L 1:mdcon 9°E?t areas. A repeatable STO task 1s directly dependent upon both NN
L :vcmggf:t‘):d namic Lift evaluated in sround aircraft pertormance and STO techmique (which includes :\;-
s effect Y &o climbout as wgl as takeotN. 'ﬂxclapproach outlined for LN
. . ) predicing STO performance involves opumization of the
L ‘Ptalal’{fl {aerodynamic and thrust generated lift) parameters relative to hft, drag, thrust, and ticht path ,.
‘a a‘:’“ t m”lfl n t*h h ; acceleraton. Optimization also accounts for the requirements \".r:'
s a .cmgcflo mass tiow rate through engine for quick and precise attitude capture, atitude control and N4
s m;{:} ;:hnc(;isalma:cc ground roll distance maxamum rate of climb. T‘g;gevc)nped thcht test method for Y
d ; | ! determination of opumum pertormance .
gag‘%g :hsgmﬁ‘g:r:::; error 8 ;‘:&“;3&82 distance was applied to the "‘{\'XB Hamer [l arcratt. Method and oo
v ground rol! distance to velocity for thrust results are presented herein. Tt
S ;“OL‘;‘TT%“ distance (o takeoff Prediciion of Sherp Takeoff Performance
st esnmated distance from V,_ to V Obiegtive )
S;p air distance traveled along the ﬂtht path to 50 ft . "o
AGL Basic g i e
. ) performance prediction is achieved through a e
S.P i”g‘l‘:‘d distance traveled for climbout to 50 ft mathemaucal analysis of the governing equatons. STO sy
m N performance should be optimized for full operational capatiliry —
m alrcraft]mass i " ) within the given performance and handling imstatons of the S
N gnassllcgw ratrc‘o air through the engine aircraft concemned. By identifying the vanables required for
installed net thrust, STO performance prediction, separation of the vanables 1nto
1
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task dependent and airframe dependent categories can be
achieved. The STO task can then be developed accounting for
both performance and controllability. It is important to
remember that controllability greatly affects the airbome distance
required to clear a given obstacle.

Short Takeoff Profile

The typical short takeoff profile (figure 1) for rapid thrust
vectoring vehicles generally consists of the ground roll phase, a
brief thrust rotation-takeoff-position capture phase, and the
climbout-acceleration-transition phase. Vectored thrust
minimizes ground roll distance to takeoff by augmenting wing
lift with thrust lift This concept has been adopted for use in
certain land based, shipboard, and restricted area operations.

L b odd
Pt I L]
viC108 1meusT 451

& Tre LAt VECTOR BETATION &1 MNEBW L0 MOPUIR J
Taerors

PO CAPTYRL ATVITUR 06 aa)

1 SABVES SOLL ACKELIAATION J

Figure 1 Typical Shont Takeoff Profile

Takeoff Ground Roll Di Predicti

Ground roll distance can be predicted by applying the
work-energy relationship. For basic terms this relationship
states

f(work) = J(energy)
Feds = AKE + APE

where F = non-conservative forces acting on the body
APE = change in potential energy from initial state to final
state
AKE = change in kinetic energy from initial state to final
state

The forces acting on an aircraft during the takeoff ground roll
are shown in figure 2. Applying the work-energy relationship,

frTcos (8.+a) - D, - p(W - L - Tsin (8 +a))]+dS, =
WV, 2/(2p) - wak ’ ‘ )

To reduce the complexity of the integral certain assumptions
can be applied. First, assume T is constant over the ground
run, with the constant value taken where velocity is equal to

FUS. DaTym
FUGHT pqyy

» (L% 7Y Wira

Figure 2 Forces On Aircraft During Ground Roll

V_/V2 (average between initial and final conditions). This is a
valid assumpton for jet aircraft during the ground run (reference
1). Second, assume W is constant over the ground run. The
validity of this assumption depends upon the initial gross weight
of the aircraft, the fuel flow required for takeoff thrust rating,
and the time required (distance required) to takeoff. Because the
velocity vector direction is not changing during the ground roll,
assume a remains fairly constant over the takeoff ground roll.

Since most runways have little or no slope, Ah is negligible,
therefore assume APE = 0. Fix the thrust vector angle dunng
takeoff at an angle less than 20 deg relauve 10 the velocity vector
during the ground roll and assume that momentum drag and
gross thrust are reasonably paraliel to the velocity vector (as
assumed in figure 1, however for cleamess 6. is shown out of
scale). For aircraft with rapid thrust vector capability, thrust
should remain aft for the takeoff ground run in order to
maximize acceleration and minimuze ground roll distance. At
thrust vector rotation velocity, thrust would be vectored such
that takeoff would occur rapidly with sufficient flight path
acceleration. For slow vector thrust capability (such as alt rotor
aircraft), 8; would most likely remain fixed throughout the
takeoff. If'8. does not remain below 20 deg, then the
assumption that momentum drag and gross thrust are parallel to
the velocity vector is no longer valid. In that case, the net thrust
term needs 1o be separated into the momentum drag and gross
thrust components such that the momentum drag is accounted
for in the direction of the acrodynamic drag and the gross thrust
is accounted for in the vectored thrust direction. This differs
from conventional takeoff and landing aircraft where the thrust
remains fairly parallel with the velocity vector.

Integrating equation (1) using the above assumptions, and
recalling from basic acrodynamics that drag and lift are equal to
172pV3SCyp, and 1/2pV2SC, respectively, the following
equation for Jround roll distance to takeoff is obuained:

84 =(W/pgS+(UC; . - Cp )l }sLn{l + V2 o[(pS/2W)e
WCyy - Co M EE@ ) + psinTera) - ull - @

Equation (2) additionally assumes takeoff occurs rapidly after
thrust vectoring. A good estimate for time between V to V
obtained from flight test is approximately 1 sec for 20.000 to
30,000 1b rapid thrust vectoring jet aircraft. The difference in
takeoff distance resulting from the instantaneous takeoff
assumption can be surveyed in order to determine the validity of
this assumption for a given case.

Aircraft acceleration will decrease upon thrust vectoring
mostly due to the reduction in thrust acting in the axial direction.
Acceleration may also decrease if high lift devices (such as
flaps) are scheduled to react with the vectored thrust (due 10 the
increase in induced drag). In cases where vectored thrust is
used in conjunction with high lift devices (such as flaps), the
influences of thrust on Cp,, and C; . must also be accounted for.
Aircraft acceleration changes between initiation of thrust
vectoring and takeoff can be estimated from

® = (V,,- V,)/bt = VedV/dS ®)

Using At = 1 sec, and assuming ground roll acceleration (A)
is constant, equation (3) can be rearranged and integrated to
obtain -

S, =[(V,2- V.2 M2V, V)] @)

The error associated with the instantaneous takeoff
assumption ] )
(S,=8;)canbe estimated using

S(%) =[S, /(54 +S)]+100 (5)
Constant ground roll acceleration can be determined from
A =[Tcos (9)+a) - D‘ - u(W - L‘ - Tsin (81+(1))]'(g/W) (6)

The assumption of constant ground roll acceleration does not
necessanly over simplify the ground roll distance equagon.
Variation of forces acting on the aircraft dunng ground run are
shown in figure 3. With low takeoff velocities associated STO
operations, assume net thrust will remain reasonably constant
cver the ground run (muinimum change in T due to a change in
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momentum drag over the ground run). As lift develops, drag
increases and u(W - L - Tsin (8.+x)) decreases. Even though
these forces cannot be shown to directly cancel, the net
difference in these forces will remain reasonably constant during
the takeoff, particularly for short takeoff distances. As in the
constant thrust assumption, A should be calculated at conditions
where the velocity is equal to V, V2.

ST AVAIABLE

THRU

/

FONCE

&
GROUND ROLL g\
TOTAL ORAG MY

ROLLING FRICTION M (W-L-TS/N “I -a)

N ] V.
GROUNG ROLL To VELOCITY

AERODYNAMIC DRAS

Figur 3 Variation Of Forces During Ground Roll

Flight test takeoff data obtained from Harrier STO testing
supports the validity of the constant ground roll acceleration
assumption. Assuming the ideal case where gross thrust is the
only force acting on the aircraft during the ground run in the
direction of the velocity vector, the work-energy expression
becomes

1/2:(W/g)'V? = T,+Sy = (W/g)-asS,
By rearranging the terms, the expression becomes
a=1/2:(V¥/Sy)
' Therefore, the acceleration is linearly proportional to V¥/S,.
Multiplying both sides of the equation by W/g and rearranging
the terms gives
2gS, =(W/T, »v2
The term (W/T, }*V2 is commonly referred to as the

acceleration parameter. W/T, can be replaced by hover weight
ratio, W/W,. Hover weight,'Wh, is defined as the maximum

W

K weight at which the aircraft can remain in a steady hover
; condition for the given ambient conditions. An advantage of
W/W, is that it can be accurately obtained through relatvely
i pﬂ: flight testing. Disregarding the effects of the pressure

differential between the top and bottom of the aircraft during a
hover (resulting from thrust vectored under the aircraft),
installed maximum available gross thrust less any engine bleed
required during hover condidons is equal to W,. Assuming
bleed effects are minimal, W/T, is replaced by W/W,.

’ With this substitution, the above expression shows that
(W/W,)»V? is linearly proportional to S,. By further
rearranging the terms, the expression can be written as

(W/W,)(VYSy) = 28

Therefore, assuming a constant hover weight ratio over the
ground run for the ideal case, aircraft acceleration is constant.

Plonting (W/W, )*V? versus S, from actual STO data has
shown that (W/W,)»V?2 is linearly proportional to S,
(representative curve shown in figure 4). Note however that
since maximum thrust available is finite, as vehicle gross weight
increases to the point where hover weight ratio increases
significantly, the curve becomes less linear. This effect is due

“
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mostly to the significant increase in aerodynamic drag resulting
from the higher takeoff velocities required for the lift necessary
to offset the higher gross weights. The effect also occurs as a
result of increased momentum drag. At the point of degrading
linearity, the constant ground roll acceleration assumption
becomes less valid.
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Figure 4 Ground Roll Acceleration Curve

Using the constant A assumption, equation (1) can be
integrated and rearranged to become

Sq =V, 2(2A) ™

Again, this assumes takeoff occurs quickly after thrust
vectoring. However, equation (4) can be used to estimate S .
The advantage of equation (7) is that S, can be analyzed relanve
to A, thus determining the effects of di%fercm accelerations on
ground roll distance. As will be shown, this becomes more
useful for the air distance equation.

Vasiation Of Lift And Drag With Ground Rall Di

For analysis purposes, L and D can be expressed as a
function of S,. The rate of change of drag with ground roll
distance can gc expressed as

dD/dS, = (dD/dV-dV/d)/(dS /dt)
Substtuting in,

dD/dV = d/dV(1/2pV2SCp,) = pVSC
dV/dt = [Tcos (8 +) - D, * (W - L~ Fsin (8 +a))]}+(g/W)
dS/dt =V, !

simplifies to

dD/dS, = pSCp, [Tcos (O+a) - Dy - (W - L - Tsin
O+l (g/W

Relatonships of the variables in dV/dt to §4 can be
substituted in for best results. A more simplified version can be
obtained by assuming C; , Cp,, and W remain constant over the
ground run, and using the constant A assumption. Integrating
with respect to ground roll distance gives the following:

D(Sy) = PSCpyAS, ®)
Knowing L = 12pV2SC, , a similar approach yields

L(Sy) = pSC,,AS, )

D ination OF Velogi Thust V

_ In theory takeoff occurs when the total lift is equal to the
aircraft weight (W = L). Therefore V  would be the velocity
corresponding to the point where

Ly =120V J3SC , + T, sin (8 +00) (10)
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for some given T, resulting from a takeoff power throtile
setting. Because Yhrust vector angles used for takeoff will be
large, the net thrust term is broken into the gross thrust and
momentum drag terms due to the respective differences reladve
1o the flight path. For drag bookkeeping purposes, momentum
drag is commonly resolved in the direction of the velocity vector
(perpendicular to L,).

Takeoff velocity for determining the rado of wing lift to
thrust lift is very important. If minimum wingbome lift is used,
alarger @ is required, thus allowing less thrust for acceleration
during transition from semijetborne flight (flight requining both
acrodynamic and thrust generated lift) to wingborne flight (flight
requiring acrodynamic lift only) during climbout. Also, if
takeoff velocity is such that maximum lift available from the
wing is required for W = L,, angle of attack will be large
creating additonal induced drag and a potental stall hazard.
Therefore, the balance of wing lift and thrust lift is critical not
only for takeoff, but for climbout characteristics as well.

The key to STOL operations is not necessarily to takeoff in
the minimum distance required, but to takeoff and climb out
above some height in the least possible distance while
maintaining adequate flight path acceleration for continuing the
climb to desired alutude. If the wing lift to thrust lLift ratio is not
optimum for the STO technique, the pilot may takeoff in the
minimum distance required, but he may significantly increase
that distance trying to accelerate and climb above an obstacle.
The STO technique also has a direct impact in optimizing the
ST rask for minimum distance required to clear a given height

-1.". -pa niaining a reasonable flight path acceleration.

Another variable impacting STO performance is engine
operating limitations (temperature, RPM, etc.). Takeoff velocity
should allow flight path acceleration to minimize the tirme
required to adequately perform the STO task such that engine
life is not reduced and/or thrust reduction does not occur due to
reaching or exceeding engine operating limits during climbout
and transition to wingbome flight.

The velocity at which a pilot vectors thrust in order 1o initiate
takeoff is V,. Assumptions can be made to simplify equation
(10) allowing the development of a thrust vector velocity
schedule relaung takeoff velocity with thrust available, thrust
vector angle, and gross weight for some predetermined STO
technique. Substituting in L, 2 W at takeoff, replacing W/T,
with W/W,, and rearranging the terms gives

VW) 2V[2:(1 - [1/(W/W)))esin (8+a))/(pSCy ;)] (an

The term V NW is termed the velocity parameter. Equation
(11) shows that velocity parameter is a function of only hover
weight rato for a given STO technique where thrust is vectored
to the same OJ. and a at takeoff is consistent for all gross
weights (i.c., target 8 and a are a result of the STO technique).
From this, a schedule'depicting velocity for thrust vectoring can
be estimated and presented as V /NW versus W/W, as shown in
figure 5. If takeoff was assumed to occur at the instant that
thrust was vectored, V_ could be replaced with V. However,

PARAMETER - v iy W

THRUST AQTATION VELOOITY

HOVER WEGHT RATIO - W,

Figure 5 Thrust Vector Rotation Velocity Schedule
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recall that the determination of the takeoff velocity (a direct
relaton with V) is a function of the STO technique as well as
the lift and thrust performance of the aircraft. While addressing
constraints due to the STO technique, equation (11) can be used
to esumate a takeoff schedule prior to actual STO testng.

If the STO technique is an attitude takeoff task (i.c., thrust is
vectored at V_ and takeoff occurs shortly afterwards without
rotaton of the nose (as is usually required with conventonal
takeoff aircraft), then ground run pitch atatude can be
substituted into equation (11) for a.

iction Of G . . s o
Dunng Takeoff Alr Phase

In order to determine the total distance required to clear an
obstacle during a STO, the air phase distance must be accounted
for separately from the ground roll phase distance due to the
difference in the forces actng on the aircrafi.

The free body diagram for an aircraft in flight is shown in
figure 6. Applying the work-energy reladonship gives the
following expression

fiT cos 8+a)- D - Dyl+dS, - (Wh,- Wh)) = [(W/g)-v(dlg)

The subscript 1 defines the datum at the takeoff position as 0
ft above ground level (AGL), and subscript 2 is at 50 ft AGL
level. If the weight change between takeoff and 50 ft AGL is
assumed negligible, then gross weight is a constant.

Applying this assumption, equation (12) can be sumplifted to

fIT, cos (8+a) - D - DyldS, = [W/2g)}[ V2 - V2 100513)

Ideally, for the determination of flight path distance (S,)
required to clear 50 ft AGL, relationships of D, D,(. 8. ara o
10 S, between takeoff and 50 ft AGL would be required for
solving equation (13). These vanables are direcdy relaied to
flight path acceleration, and are therefore critical relauve to STO
performance opamizaton.

As shown for the ground roll case, certain assumphons can
be applied to equation (13) in order to develop a more simplified
form. Because the optimizaton of STO performance will result
in low, but acceptable flight path acceleration, and as a result of
the position capture climbout task during the air phase portion of
the STO, assume @, Cp,, and D), remain fairly constant over the
climbout to 50 ft AGL. Also, assume that Tg will not vary
during climbout. Furthermore, assume that the thrust vector
angle is constant throughout the climbout. If acceleration is
adequate, the pilot may begin to vector the thrust aft and
transition to wingbome flight prior to 50 ft AGL. Relative to
available flight path acceleration for the given climbout angle,
the constant 8 assumption during climbout 1s the worse case
situation. However, if the pilot transiions to wingbome flight
100 soon, the aircraft could begin to descend due to the devianon
from optimum L, conditions.

Since all the variables within the integral are assumed to be
fairly constant throughout the climb, the non-conservatve forces
are now presented as
F_vs = [T‘ cos (81+a) -D- DM]“‘

As in the ground roll equaton, the parameters assumed to be
constant over the air phase should be evaluated at averace
conditions occumng at \‘([\'502 +V, c1/2). Imtegratng and
rearranging equaton (13) gives the r’Snowmg expression
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St = [W/(28F ¢ )+[Vsg? - Vo7 - 100g) (14)

Therefore, the ground distance covered during climbout is

S-p = S,p-cos % (15)
For no wind conditions, the angle Y, can be calculated from

arcsin (V,/V)) = ¥, (16)

Applying equation (15) to equation (14), the following is
obtained:

Syp = W/2gF 1 [Vse? - V.7 - 100g]ecos ¥,

The simplified version of the air phase distance equation is
useful for minimizing S, relative to the variables contained in
F,,.. Inother words th€ variables goveming can be

F \J
manipulated within the given constraints of the airéraft in order
10 minimize the distance required for climbout.

Envi | Eff STO Perf Predicti

Ambient conditions can greatly affect takeoff performance.
Because the equations predicting takeoff distance and distance
required to clear 50 ft AGL are derived from the work energy
relationship, they assume that airspeed is equal to inertial ground
velocity (no wind conditions). The equations also have not
accounted for any runway slope. In addition, the distance
calculated is for some given density condition which affects
thrust, lift and drag. Takeoff performance can be adjusted to
any ambient conditions using empirical methods. The
corrections are not within the scope of this paper; however,
reference 2 discusses how to correct takeoff performance to
desired conditions relative to environmental effects.

Performance

The most important aspect of the STO task is maintaining
acceptable flight path acceleration during climbout. It will be
shown that when performing a STO ata W/W, below the
W/W, for design optimum STO task conditions, a/g will be
above acceptable conditions. At some W/W, above the W/W,
for design optimum STO task conditions, a/g will fall below
acceptable conditions. The W/W, for which a/g becomes
unacceptable can be determined by comparing the velocity
required for the climbout task with the velocity required for
minimum acceptable a/g (dictated by the given STO technique).
The following paragraphs outlne the flight test technique
utilized in predicting the W/Wh for which a/g becomes
unacceptable for the design optimum STO technique.

an

Flight paih acceleration can be determined from constant
airspeed climb tests. A free body diagram of an aircraft in flight
is shown in figure 6. Summing the forces along the flight path
for a constant airspeed climb gives
IF, =T, cos (0 +a)-D- Dy - Wesiny= (Wclg)ra, =0

y X - (18)
ZF, = T‘ sin (61+<x) +L - Vaﬂccos Y= (Wc/g)m/ =0

(19)

Figure 6 Forces On Aircraft During Flight
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Therefore,

D/L = [Tg cos (ejm) -Wesiny - Dy}l Wecos v -
T‘ sin (6},+(1)]

Rearranging and solving for tan y gives

tany= [[Tg cos (0 +q) + (D/L)-T‘ sin (Bjﬂx) - Dy
[Wcos ] - (D/L) (20)

Note that D/L can be replaced by C, C| .

Summing the forces aong the flight path for a leve!
acceleration (Y = 0) gives

(21)

IF =T, cos (8 +a)-D-Dy = (W, /g)ra,
W, = Q2)

Y 3 3 -
IF =T, sin @+a) +L - L/g)a, =0
Therefore,

D/L ={T, cos (8 +a) - W, «(a_/g)- D, JAW, cosy- T, sin
(ej+(l)] 3 gl L 3y M L I3

Rearranging and solving for a,/g gives

%/g = ([T, cos (8 +a) + (D/L)-T‘ sin (6,«1) - Dyl
L - (O

)= ¥4

Because the lift and drag are different for cimb and level
flight, the relationship between the climb velocity and level flight
velocity needs to be established in order to determmune the
velocity associated with the level fiight a/g. From equatons
(19) and (22) lift can be expressed as

(23)

Le =Wccos Y- T sin (8 +a) = (172pVSC, ).
Ly =W, - T, sin 10 +a) '= (172pV3SC )

Sofor W, =Wccos Y. and as;uming p, T, .8 and S to be
the same for both the climb and level fhight situatuon, then

=L, . Therefore,
Cic= . Therefore,
Q-=0qy. erefore,
Ve \}'L. Therefore,
D¢ = Dy. Therefore,
(D/L)¢ = (D/L), . Therefore,

Dpyc =Dy

Thus, the only difference between equanons (20) and (23)
right of the equal sign is the atrcraft gross weight term in the
divisor. The flight path angle obtained dunng constant airspeed
climb tests can be related to level flight acceleraton if W =
Wcos ¥. The relaton can be wnuen by
tany=a/g (29
whereW = Wcos v, and the flight path angle yduring the
climb test is determuned from
arcsin (V)/V,) = arcsin {(AWVAD/V,) = ¥ (25)

Equation (24) states that the flight path acceleranon of an
aircralt in level flight at weizht W, _and velocity V| can be
determined from constant auspce&chmb dawa for which Vo= V.
and weight W is such that W, = Wcosy. Also, equations
(23) and (24) can be used for the development and prediction of
the thrust rotanon velocity schedule. Note, since drag in level
flight is higher than drag in climbing flight for similar aircraft at
the same weight and velocity, the a/g calculated is a conservative
estimate of a/g during climbout at the corresponding velocity.

_The calculated level acceleration data can be adjusted for
different gross weights. Acceleration correct'on, Aa/g, due to
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weight correction, AW, can be written as

AW =W,
Aalg) = ?a/g)., @g),

Therefore,

A(a/g) = {[T, cos (8 +a) + (D/L)-T sin (0.+0) -
O/WL)}, - [[‘f cos (é +Qt) + (D/L) sm (é +0t) - lyM]/W -
L))o (26)

Constant airspeed climbs at different weights have different
angles of attack and momentum drag at the same thrust setting.
If weight corrections are small (+5%), then it is not
unreasonable to assume that the angles of attack for the gwen
and desired weight conditions are equal. Therefore, V
assumed approximately equal to V, ; consequently, (D/E)
approximately equal to (D/L); and (D,,)p, is approximately ?
cqual to (D)), . Although the desired weight condition has the
same angle of attack, thrust setting, and approximately the same
velocity as the original condition, an algebraic difference in a/g
results because the relative pitch attitude changes due to the
difference in weight (i.c., because pitch attitude is equal to the
sum of a and v, the different pitch attitude produces a change in
¥, which in turn changes a/g). Applying the above assumptions
10 equation (26),

o[(W[;} WDIWpW))e{cos (6 +01) +

(D/L)mtf n

Recall again that D/L can be writien as Cp/C; . Note also that
some cases may constitute a further snmphﬁcanon of equation
27Nt

Aajg =T, +[(Wp - WI(Wp W)

The difference between Vi, and V, (resulting from the
weight change and constant anglc of auack assumption) can be
calculated. Solving equation (19) for T, , substituting into
equation (18), rearranging the expression and applying the
assumptions used in developing equation (24) shows

o[1- tan‘y-tan (8.4a)] - Dyotan (e+a)}/[(C *tan
(e ! e amps ey o "Ta

Domg the same for the desired weight condidon yields

{1 - tan ye1an (8 +a)] Dytan (e +a) }/[(Cpetan
(e +a) e ) (1/2)pS) 29)

Dividing equation (28) by equation (29) and applying
equation (24) produces

(VU/Vp 2 =W, /W )+{{1 - (a/g); +tan (8 +a)] «tan
(8 5 M[1 - (g, * Awg)rian(d +a) - Dyptan (S g
Applying the pr~vious assumptions valid for a small weight

correcton allows

1=(1- (a/gé;mn (6 +a) - Dé,qan (B +a)}/(1 - ((a/g) +

A(a/g))tan (6+a) - Dygetan (8 +a))
Therefore,
Vp= Vi V(Wp /W) = VesV[Wp /(Wescos 1) an

The variables used to express a/g can be collected as
independent, non-dimensional parameters in order 1o better
evaluate aircraft performance. From equation (23)

a=f(T,,8,,qa,g DL Dy W (32)

DAL “v".r' N AR NN,
! .N'l‘."l" ”.". '

For a given aircraft, it can be shown from aerodynamic
theory that,

D/L = f(a, Mach Number, Reynolds Number)
Since this problem is restricted to low speed flight, an

incompressible fluid at some constant ambient density is
assumed. Therefore D/L can be expressed as

D/L = f(a,V,x)
and
o=f(W,V)

Substituting into equation (32) and assuming 8, is constant
lets

a=f(T, .V, g Dy.W,x)

Since W =mg and D), = MV, level flight path acceleration
data from constant airspeed climbs can be expressed as

a= f(T‘ WV, g.M,m, x) (33)
Equation (33) can be defined as
f(a.'r V..M m, x)=0=1{( ), n,, Ty, 1)
where =« -f(’l‘ V,g.a) =T 2eVbegteg!
7y = (T V. g m) = T2 e VP egf o}
f(—r‘ V gnx)--rx..vb gc' !
n4-m‘. ,g.M)— 1.VbegE Ml

For x, = T,*«V®+ g+ al, the non-dimensional expression
can be wnucn

= [MLt- 2% Lt} P [L2)o[Le?)t = MOLOO (34)
Therefore,

M? O=a

L% O=a+b+c+1

©® 0=-2a-b-2-2

Solving for a, b, and ¢, and inserting the values back into
equaton (34) gives

=a/g

Doing the same for the other three non-dimensional variables
yields

=alg
nz mg/I' WL/T
- vLM?r = DT,
So,

(%, Ty, 7y, ) = 0 = f(&/g, W /T, gx/V, 2 Dyy/T))
Therefore,
a/g = {(W [T,, gx/V 1, Dy/T,) 39
If the awrcraft is further constrained to a constant
configuration, then the following expression can be wrnitten due

to the fact thatc.g. position is directly related to gross weight.

x = (W) = f(m, g)
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For this case, W varies only with the fuel state of the vehicle.
The non-dimensional parameter, r,, can be rearranged using x
= f{(W) by substituting in m for x, noting that g is already
accounted for, such that the dimensional velocity parameter
(previously defined) is obtained as

= Vi NW,
Therefore, a/g can be expressed as
a/g = f(W_ /T, ViNW, Dy/T,) (36)

Assuming changes in Dy, /T to be negligible over the range
of velocities involved, the expression can be further reduced to

a/g = f(W, /T, VINW)) 3N

Therefore, a/g is primarily a function of thrust to weight ratio
and velocity parameter. For a given minimum acceptable a/g
and recalling the concept of the hover weight ratio, equation (37)
can be written as

(Vo VW) = SOW/T, ) = ((W/W,) (38

Setting the Kollsman window of the test altimeter to 29.92 in
Hg prior to constant airspeed climb tests allows obtaining the
standard day graph of V,, /NW versus a/g from test day data of
Ve versus a/g plotted in terms of test day equivalent
airspeed. Variations in a/g due to differences in engine thrust
resuiting from ambient temperature and pressure effects are
accounted for due to plotting a/g data relative to W/W,. As
usual, for best results tests should be performed as close to
desired conditions (temperature, pressure, weight, etc.) as
possible.

larionship Of Cli Task With STO Pert

Earlier, equation (11) showed that takeoff velocity was
related 1o the STO task by

(VAW 2 V(21 - (1/(W/W)lesin (8+0)(pSC )] (1D

For a given optimum STO technique, equation (11) becomes

(VW) = ((W/W,) (39)

Using equation (19), lift during the climbout phase of the
STO is expressed as

L = (W/g)a, + Weos - T, sin (8+a) = (112)pV2SC,

By rearranging the terms and substituting in W/W,, the
velocity during the climbout task can be expressed as

(VW) 2 V[2:((a, /g + cos Y) - [LOW/W)]+sin (8+a0))/
PSC.)}

The STO task profile defined climbout at a constant attitude
or AQA, and in the case of constant attitude climbout, &t is
assumned to remain fairly constant. As assumed in the
development of equation (14), 8, is constant during climbout.
Because the climbout phase of the STO task is relative to
clearing an obstacle of reasonably low height (less than 100 ft),
density also is assumed to remain constant over the climbout.
Also, since STO performance is 1o be optimized within
minimum acceptable a/g, assume (a, /g + cos ) = 1. Therefore,
velocity required for the climbout task can be expressed as

(VAW) = ((W/W,) 4N

Qptimum STQ Performance
.

As discussed earlier, optimum STO performance is governed
by mimmum acceptable a/g available during the STO 1ask.
Equations (39) and (41) formulate the approach to opumuzing
STO performance, and determining W/W, for which a/g
becomes una.ceptable.

To maximize STO performance, an engineer can manipulate
and fix the key vanables in equatons (4), (7), (11), (17), (23)
and (40) as necessary in order to aid in the development of the
initial thrust vector velocity schedule for opimum STO
performance. Equations (2) and (13) could then be used to
predict the associated distance performance. Again, recall that
STO performance is directly influenced by handling qualines as
well. Therefore, the variables in the above mennoned equations
would also be constrained by the requirements of the STO task
(i.c., adequate acceleration for climbout, task repeatability,
reduced complexity, and minimum pilot workload). The
average pilot must be able 10 execute the STO task with
consistent results without the complexity of the task being
overwhelming. When the variable combinagons of the derived
takeoff equations are set such that maximum STO performance
is achieved relative to the chosen STO technique, predicted STO
performance is considered optimized.

However, the variable combinations for optimum
performance will change with W/W, . In order to reduce the
complexity involved in optimizing performance for every
possible condition, the STO task 1s designed along with the
constraining vanables for operational conditions most likely
encountered duning the mission of the vehicle, For off-design
conditions, the task remains constant (reducing operational
complexity) until performance degrades below accepuhle
conditions. At this condition, selected parameters pertaining
directly to vehicle performance can be vaned in order to maintain
the best possible STO performance tor the determined STO task.
Because the vehicle is performance constrained by the engine
and aecrodynamically constrained by geomerry, otf-design
performance can be optimuzed by changing the wrget engine
thrust vector angle. In order to optimize aircraft handling
qualities, longitudinal mm setting for takeott is vaned to obtain
the best aircraft response for quick takeoff upon thrust
vectonng, and precise attitude targeung and control dunng
climbout.

D .

Unlike conventional takeoff testing, it is difficult to separate
STO testing of vectored thrust aircraft into distinct flving
qualities and performance tests. The repeatable STO task 1s
directly dependent upon both aircraft pertormance and STO
technique (which includes climbout as well as takeotf). In order
10 achieve repeatability of optimum STO performance, the STO
task must optimize aircraft performance relative to hift, drag,
thrust and acceleration, and at the same time balance in the
requirements of quick and precise attitude capture, attitude
control and maximum avatilable rate of climb.

Constant airspeed climb tests are performed at a given thrust
vector angle to obtain plots of veloctty parameter versus a/g for
vanous lines of constant hover weight ratio (figure 7). The
velocity parameter at which the predetermuined minimum
acceptable a/g occurs 1s then cross plotied against WAV, (figure
8). This plot is then overlaid onto a plot of velocity parameter
required duning climbout at the captured attitude or AOA versus
W/W, , obtained for the same target thrust vector angle as used
dunng the constant airspeed climb tests (figure 9). If the curves
depicung velocity parameter required for the climbout task and
the velocity parameter for munimum acceptable a/g intersect at a
W/W, within the operanonal hover weight rauo envelope.,
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MINIMUM ACCEFTABLE 3/g

FLIGHT PATH ACCELERATION PARANETER

FLIGHT PATH ACCELERATION VELOCITY PARAMETER - v/ v W

Figure 7 Determinaton Of Velocity For Minimum Acceptable
a/g For A Given Target Thrust Vector Angle

acceleration is no longer acceptable for the given optimum STO
technique utilizing that target thrust vector rotation angle. The
hover weight ratio at which the velocity parameter for minimum
acceptable a/g equals the velocity parameter required for the
climbout task is defined as the thrust vector angle crossover
point. If desired, a safety buffer can be utilized in the
determination of the thrust vector angle crossover point as
shown in figure 9.

VELOCITY PARANETEN FOR MINIMUM
ACCEPTABLE o/8 - v.,.r{T"

NOVEN WEIGAT RATIO - WMy
Figure 8 Velocity For Minimum Acceptable a/g Versus WiwW,
_For A Given Thrust Vector Angle.
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depicting velocity parameter required for the climbout task
(relative to the new 0,- ) and the velocity parameter for minimum
acceptable a/g intersect ata W/W,l still within the operational

hover weight ratio envelope, acceleration is no longer acceptable
for the given optimurn STO technique utlizing this new 6.,
Therefore, another reduction in target nozzle rotation anglé is
required for W/W, above the second thrust vector angle
crossover point. ’Phc process would then be repeated 1n order to
determine if another reduction in 8, is required to keep
acceleration adequate, until the requirements for minimum
acceptable a/g were satisfied for all W/W, within the operational
hover weight ratio envelope. The warget axrust vector angles and
corresponding hover weight ratios depicting the thrust vector
angle crossover points are the components of the target thrust
vector angle schedule. This schedule is used in conjunction
with the thrust vector rotation velocity schedule duning STO
operations.

The initial (theoretically predicted) schedule for thrust vector
rotation velocity can be compared to the velocity required for
minimum acceptable a/g (obtained from flight test). Predicted
V, should be scheduled to occur at or above the velocity for
acceptable level flight path acceleration such that the vehicle has
adequate energy for ransition to wingbome flight during
climbout (thus minimizing ground distance required). If the
initial schedule satisfies this critenia, it could be used as the
starting point for determination of the final schedule from flight
test. Depending on the confidence in the development of the
initial schedule,it may be desired to add a safety buffer of 5 to
10 knots to the inital schedule prior to flight testing. Since
maximum STO performance is desired, the final schedule for
thrust vector rotaton velocity should be approximately the same
as curve depicting the velocity required for minimum acceptable
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Background
YAV-8B and AV-8B STO test results had indicated that the

STO performance could be further optimized, particularly at
higher hover weight ratios (1.3 and above). Fleet comments

k IATIITU0E oh aga) and earlier STO test results confirmed the need for land based
> \\>§ AV-8B STO performance optimization. STO optimization
o required the development of a new nozzle rotation schedule and
2 « STO task.
THAUST VECTOR ANGLE CROSSOVER
2 r— €N POINT o )
z THRUST VECTON ANGLE CROSSOVER POINT "."-'
2 i WITHSAFETY SUFFER This above technique was applied for the determination of e
g S AcCEFTARLE [~ INCREASE & FON ST0 OPERATIONS optimum STO performance of the AV-8B Harrier II aircraft. i
o s:::::’:::':w - The AV-8B is a single place, single engine, tactical attack, Ny
NTRATIO - vectored thrust V/STOL aircraft. The aircraft has a shoulder Fu
Figure 9 Determinaton Of Thrust Vector Angle Crossover Point mounted supercritical swept wing, a single row of auxiliary ; A
engine air inlets, four rotatable engine exhaust nozzies, and a <
At this point, the variables in the takeoff equations could be Lift Improvement Device System. The AV-8B is powered by a a
reexamined in order to develop a new STO technique for hover Rolls Royce F402-RR-406 twin spool, axial flow urbofan X
weight ratios in excess of thrust vector angle crossover point. engine with an uninstalled sea level static short Lift wet (water oy
For a given vehicle, there is a finite maximum available thrust injection) thrust rating of 21,500 1b. The primary flight control \j -~
and maximum allowable gross weight for takeoff. Therefore, system is hydromechanical with a limited authority digital Y
the two major ways of improving a/g are to vary vector thrust stability augmentation and atttude hold system incorporating a N
angle and angle of anack. Angle of artack during ground run is departure resistance system. The Harrier also incorporates a e
a function of vehicle atitude as long as the vehicle rests on the reaction control system providing engine bleed air to puffer duct N
landing gear. For climbout, the angle of attack will depend on valves located on the nose, 1ail and wingtips for longitudinal,
the STO technique. As stated earlier, the situation may dictate lateral and directional control during vectored thrust operations. ~
that the design STO technique will remain consistent for all The engine is equipped with a dignal engine control system with v:
hover weight rados in order to reduce complexity of aircraft a manual fuel system provided for back-up fuel conwol. -
operation. Therefore, at the thrust vector angle crossover point N,
the target thrust vector rotation angle would be reduced allowing Test Approach I,
for higher axial acceleration, Ry
In order to achieve optimization, the STO task was changed -{
Constant airspeed climb tests are then performed for the new 1o a pitch attwde capture task as opposed (o the previous AOA ®
thrust vector angle in order to produce the required plots as t:sk, and the target thrust vector angle (defined as nozzle
previously discussed for the initial 8. 1f the new curves :\:‘:
N
I~,
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rotation angle, 6.) when used in reference to the AV-8B) was
scheduled as a function of the hover weight ratio as opposed to
being constant at 55 deg for all W/W,. Constant airspeed climb
tests were performed in order to determine the relationship
between hover weight ratio and optimum nozzle angle during the
STO task. This allowed the development of a new schedule for
the velocity at which nozzles would be rotated (V).

In order to maintain adequate flight path acceleration during
high hover weight ratio STO tasks, the target nozzle angle was
reduced, resulting in a slight increase in V.. The reduced
nozzle angle increased flight path acceleration, while the
increased V, provided more wing lift to supplement the reduced
thrust Lift (resulting from the reduction in nozzle angle).

The new optimum STO performance task outlined the STO
task as rotating nozzles at V__ (obtained from the developed V
schedule) to optimum target nozzle angle, capturing 14 deg pitch
attitude within 1.5 sec of takeoff, and climbing through 50 AGL
within minimum ground distance. Emphasis was placed on a
repeatable STO task ending with sufficient acceleration at 50 ft
AGL. Stabilator trim, drag and stability effects of stores, flight
path acceleration, and flying qualities were all considered in the
development of the revised nozzle rotation schedule. A new
stabilator trim schedule was developed to enhance the pitch
capture task in order to promote repeatability of the STO task.
The schedule needed to account for drag and stability effects of
stores, ¢.g. position, and potental reaction control system
induced foreign object debris engine damage.

The STO task originally dictated application of the
longitudinal stick as necessary to reach and maintain 12 units
AOA after nozzle rotation and takeoff. However, previous test
results showed that a reduction in flight path angle was required
to maintain positive longitudinal flight path acceleration. Further
testing was recommended in order to determine the optimum
AOA for STO climbout. However, during the AV-8B Navy
Technical Evaluation, it was determined that STO tasks
capturing pitch attitude with proper trim were easier than
capturing AQA due to the lag in the AOA indication in the HUD,
and the tendency for the pilot to induce oscillations in AOA
when targeting an AOA for climbout. Target pitch angle was
chosen in order to optimize climbout AOA during higher hover
weight ratio STO operations, as well as to maintain similarity
with shipboard STO procedures.

Both the optimum and original STO tasks outlined STO
procedures as initially setting proper control surface trim,
selecting proper flap setting, sclecting proper nozzle angle
setting for the ground roll, applying appropriate power with
brakes applied, releasing brakes at initial skid, accelerating to
target V,;, rotating nozzle lever to the pre-selected nozzle angle
STO stop, and performing an atttude takeoff task. The main
difference in task technique lies in capturing 14 deg pitch attitude
within 1.5 sec for the optimum task as opposed to capturing 12
deg AOA for the original task. The tasks also have different V_,
0., and stabilator trim schedules. Both tasks call for maintaining
aftitude and heading during climbout.

Test Method

In order to determine the optimum nozzle rotation schedule,
tests were conducted in two phases. The first phase involved
the determination of the nozzle crossover point (the hover
weight ratio for which the velocity parameter for minimum
acceptable a/g equals the velocity parameter required for the 14
deg pitch artitude climbout task). The nozzle crossover point
was determined by flying constant airspeed sawtoothed climbs
at various hover weight ratios for 50 deg and S5 deg nozzle
angles. Low pressure fan speed RPM was set during the climb
in order to generate the required thrust for the targeted hover
weight ratio. Constant airspeed climb data was then used to
determine the velocity required to maintain a 14 deg pitch
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attitude and the velocity for minimum acceptable a/g. From
experience gained during shipboard mals, the minimum
acceptable a/g was chosen to be 0.04 g. During STO tests 0.04
g was again confirmed to be the minimum acceptable flight path
acceleradon for STO operations. The nozzle angle crossover
point was determined from the intersectdon of the curves
depicting velocity parameter required for 14 deg pitch atttude
climb and velocity parameter for minimum acceptable &/g as a
function of W/W, for STO operadons targeting 55 deg 9,

The second phase of the testing was to determine the nozzle
rotation schedule for the newly defined STO t1ask. The major
test critena was to determine V. such that the total distance
required to clear 50 ft AGL was munimum and a/g remained
acceptable during climbout providing a repcatable STO task for
the average pilot As a result of the daa obtained from the
constant airspeed climb tests, inital test nozzle rotation velocities
were chosen from the original nozzle rotanon schedule plus 10
KTS. Tests were conducted in a build-up approach by
performing lower hover weight ratio tests furst. If aircraft flight
path acceleradon and handling qualines were qualitanvely and
quantitatively accepuable throughout the STO task, V, was
decreased in 2 - 5 KT increments and the test was repeated. V,,
was reduced until minimum acceptable a/g was achieved or pilot
comments indicated that any further reduction in V__ would have
adverse effects on the flying qualines and repeatability. Trim
was initially set using the onginal tnm schedule. Dunng STO
testing, tim was vaned for each loading tested in order to
develop the optimum trim schedule. A removable mechanical
throttle stop was used so that engine RPM cutback did not occur
due to engine temperature limiters, thus guaranteeing that the
hover weight ratio would remain reasonably constant throughout
the STO.

Test Results

Test data showed the nozzle angle crossover point to be at
1.35 W/W, (with approximately 10 KCAS performance safety
margin) for 55 deg 8. If a pilot were to pertorm a 13 deg puch
attitude climbout with 55 deg 68 above 1.35 W/W,  he would
sense that the aircraft was not aécclcmdng. and in Pact the
aircraft would begin to stagnate, inhibiting the pilot from
transitioning from semijetborne flight to wingborne flight.
Constant airspeed climb tests for 50 deg 9J showed accepuable
a/g for all W/W, above the nozzie angle crossover point of 1.35
W/W,. When 1ﬁc aircraft accelerauon data was plotted against
the current original V_, curve, the results showed that the
original curve would cause a pilot to be below the munimum
acceptable a/g for a target V__ at hover weight ratios above 1.30
for STO operations using 55vdeg nozzle angle. Therefore,
during the orlginally defined STO task, a pilot would begin to
experience stagnation (lack of acceleration). Both fleet and test
pilot comments prior to this evaluation supported this finding.

The final V_ schedule was then plotted in the form of
velocity parameter versus hover weight ratio, for corresponding
regions of target 8 . A companson between data for the original
STO task and the dcvc}opcd STO task depicung total ground
distance required to clear SO AGL at the same test condinons
showed the distances to be approximately the same (within £200
ft, positive for W/W, below the nozzle angle crossover point,
and negative for W/W, above the nozzle angle crossover point ).
Therefore, new nozzle rotation schedule and tnm schedule
produced no major change n required distances, increased flight
path acceleradon, and provided adequate handling qualities
allowing the pilof to pertorm a sate and repeatable STO tor ail
operational hover weight ratios tested.

The lower hover weight rano data showed that the distance 1o
clear 50 ft AGL using the maximum STO pertormance was
slightly more then the onginal STO method. This is a result of
using the pitch atttude capture technique as opposed to ACA
capture. The lower hover weight rauo tests were conducted at
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lower gross weights. This provided for lower angles of attack,
thus lower rates of climb. However, the ability of the aircraft to
accelerate in the axial direction was enhanced. Performance can
be further opamized if pitch atttude (as well as 6)) is optimized
relative to hover weight ratio such that rate of climb is
maximized while keeping adequate flight path acceleration.
Performance could also be further opumized by just increasing
target 6 , resulting in a decrease in a/g. However, as stated
carlier this increases the complexity of the STO task. Since the
pitch attirude was chosen for the most likely operational
condition, and because performance for lower hover weight
ratio conditions was adequate, the constant pitch attitude capture
task was considered acceptable for all operational hover weight
ratos tested.

Conclusion
Using the concepts of thrust vector rotation schedule and
minimum acceptable a/g allowed the development of an optimum
STO technique with associated V__ schedule, nozzie angle
schedule, and stabilator rim schedule optimizing STO
performance and producing a safe, repeatable STO task for all

operational hover weight ratios. Advantages to the developed
test approach included:

1. Increased flight test efficiency. Minimum flight testing
was needed to determine the required thrust vector angle
crossover points, thrust vector angle schedule, thrust vector
rotation velocity schedule, and the trim schedule optimizing
attitude capture for various loadings.

2. Development of a STO task accounting for both the
handling qualities and performance constraints of a given test
vehicle, therefore optimizing the performance and repeatability
of the STO technique.

3. The concept of the velocity parameter and hover weight
ratio reduced complexity of data presentation and
documentation.

Additional benefits can be gained by applying the concept of
minimum acceptable a/g along with the developed takeoff
performance and a/g equations in order to analyze and develop
an optimum STO technique accompanied with associated
performance schedules prior to flight testing. This can be
particularly useful in the carly design phase of an aircraft and
further benefits can be gained when applied in conjunction with
simulation.
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