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SUMMARY 

., ve terainal approach and landing techniquea presently being ased for 
the X-15 hypersonic research vehicle are described, tt® deTslopnent of 
these techniques mä soie flight test results are also discussed. The 
effects of wing loading, lift-drag ratio, visibility, handling qualities 
speed brakes and trim changes are analyzed as they pertain to low l/D ' 
landings of the X-15 and other hypersonic configurations. 

811 ln_ilight landin* sioulator to provide pilot training 
and maintain pilot proficiency is emphasized. 

SOMMAIRE 

¿eraT d-!PPr0che ter,iinale et d’atterrissage couraaaent 
Sont Lalem«nt 'f 1!^°!?® d® recherche hypersonique X-15 sont de'crites. 
5l7 T 11eVOluti0n de ces techniques et certains des 
resulUts d essais en vol obtenus. V Influence des charges alaires du 

d«Pf™i T! traîn®e' d® 16 visiblI1t6. des quanta's de aaniabilité 
«LÍ Í“8' T VarÍ&tÍOnS de r équilibrage est analysée dans la ’ 
aesure ou ceux-ci concernent les atterrissages L/D faible du X-15 et 
d autres configurations hypersoniques. 

V emploi d’un simulateur d’atterrissage en cours de vol en vue 

nivLulLvT ^f/il0te8 et P°“r leur Pernettre d’atteindre un niveau eleve d aptitude est souligné. 
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L lift 

D drag 

L/D lift-to-drag ratio 

ÍL//DW maximum value of lift-to-drag ratio 

Cl lift coefficient 

X longitudinal distance 
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HORIZONTAL LANDINO TECHNIQUES FOR HYPERSONIC VEHICLES 

Robert G. Hoe?* 

In this Report I will discuss soae of the results of the X-15 Pro*rsa pertaining to 
the teroinal phase of flight and show how these results can be useful in developing 
horizontal landing techniques for future gliding re-entry vehicles. For those who 
are not familiar with the X-15 Prograis, the X-15 is a stubby-winged rocket-powered 
aircraft of fairly conventional configuration which is air-launched fron a B-52 
nether ship (Pig. i). it is capable of attaining a Mach nuaber of 8.0 and altitudes 
in excess of 300.000 feet. After rocket burn-out at approximately 80 seconds, the 
airplane becoses a glider and performs a lifting re-entry followed by a deceleration 
and normal landing on Rogers Dry Lake at Edwards APB, California. The techniques for 
recovery of the X-15 are similar to those of other proposed hypersonic lifting re-entry 
vehicles. 

Figure 2 shows a typical lift/drag ratio (L/D) cum as a function of lift 
coefficient (¾) for a lifting re-entry vehicle. Notice that the asme L/D can be 
obtained at two different lift coefficients. Typically, a hypersonic entry is performed 
using the back side of the L/D cum to take advantage of the higher lift coefficient 
and resulting higher altitudes and reduced heating. Conventional supersonic and 
subsonic aircraft are normally flown only on the front side of the L/D cum where 
stability and control are generally much better and where more precies energy control 
is possible. The recovery operation for a hypersonic glider begins, then, with a 
transition maneuver from the back side of the L/D cum. 

Figure 3 is a velocity versus altitude plot showing the terminal phase transition 
characteristics of the X-15. Maximum L/D and maximum trim lift coefficient curves 
are shown. The areas between these two lines correspond to the back side of the 
L/D curves shown in Figure 2. The area between (L/D).,. and the dynamic pressure 
liait lines at the lower altitudes is the front side of the L/D cum. A 300 knot 
airspeed line is also shown for reference. 

The entire recovery operation after hypersonic entry and glide can be divided into 
3 phases: the transition maneuver, the terminal energy management and positioning, 
and the approach and landing. The envelope of actual gliding flight trajectories 
for X-15 speed missions is shown with cross hatching (burn-out is at the extreme 
right). At approximately 4000 feet per second the pilots have shown a natural 
tendency to perform a transition to the front side of the L/D curve. No specific 
instructions have been provided to the pilot with regard to this transition It 
occurs as a natural result of the pilot's efforts to manage hie energy and effect a 
safe landing. 

X-15 pilot cowents indicate that the lakebed, which is approximately 11 miles 
long and 5 miles wide, is easily discernible from as far out as 160 nautical miles 
at 100,000 feet and Mach 6.0 (engine burn-out). The pilot is, therefore, in easy 
visual contact with the lakebed at the start of transition and employs bis speed 

* Aerospace Engineer, Manned Spacecraft Engineering Office, Air Force Flight Test 
tenter, Eéeards Air Force Base, California, U.S.A. 
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ínHk!í«dUrlngx#,ld úft!r the t^an8itií),1 « h» aeekfl to establiah t 300 knot airspeed 
■sneuver to a high key point for his landing approach. In general the nilot* 

uîiJ/raifthii: diífi0?¡t! 18 BOTa8lnf thelr “ew after perfominf the transition 
usinj only their cockpit instruments and visual references. In those Instances where 
the energy management situation is approaching a critical point and i»*tw 
maneuvering or a maximum range glide is reouired to reach the lakebed radioed 
assistance to the pilot is provided based on ground radar tracking. ’ 

X\18kÍ<* ®ub80“lc “d m the vicinlty of the landing site, the pilot 
to establish a circular approach pattern over the runway, as shown in 

ar! «h 4‘ Vif" Vlew 0i the approach (x Tersus y> “d a side elevation (x versus h) 
are shown Notice that the nominal high key altitude for a 270 degree overhead 
approach is approximately 22.000 feet. Ihree patterns are shown for three diSerent 
preach speeds. 285, 280, and 320 knots. These are indicative Ofthe XSe 

^ pattern TLTfîlT thÍ8 8Pread “ beC0BM appftmt thftt this type 
for ÎeÎfolL/ri!!! , , !; , approach technique is a fairly standard technique 
foï the hJïrîa ^ i“88, jet ílghter8- Plia&ry modification for the 1-15 has been the delayed extension of landing gear and flaps, a fairly long 
final approach is used wherein the pilot lines up with an aiming pit on the lunT 
approximately one mile short of the intended touchdown point. The flare is initiated 
between 300 and 1500 feet altitude, (nominally 700 feet) and thf l£s lí lo«Í d 
during the f are. At completion of the flare, the skid type Ldingleï isTxtlded 

betwéî: ïzai LTpTsir™1 ffl8imer-verticfti veiociti68 8t touebdoTO - 

reasons for the request. First, it provides the pilot with necessary nractiee tn 

prepare him for possible emergency landings on the smaller, uprange lakebeds Sgeossj 
it provides statistical data on landing accuracy for future vehicles of this type 
igure 5 shows the dispersions which have resulted from these soot landim» ** l 

Touchdown dispersion in feet is plotted versus fUghluil It ice S tSl 

éf thisluSlSyhMthi? 2000 0f the ínteaded 8P0t- ^ i“t«esting by-product this study which has only recently come to light is the manner in which the sneed 
rakes are used by the pilots to accomplish these spot landings. 

'Vf0’'8 the USe °f speed brakes by the x‘15 Pilots for energy management 
b™ : ra« P*™entage of flights where speed brakes are used is ptótíé^és 

snln í é Wh they were used- Por exa“Ple* on « per cent of the flights the 
speed brakes were used between 5 and 10 thousand feet altitude. Speed brakefwre 

- ^ “El-s ~ rr. -s, ¿tsvï: sms •» ■ 
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the first flight of th» X-15 a general lot L/D landing study was perforaed using tm 
F-104A. Various configurations were flown using conbinations of speed brake, landing 
tear, flap, sad power settings to provide variations in L/D , The results of these 
studies showed that landings in the X-15 L/D range were possible but special 
teehniaues were required to keep the L/D as high as possible during the flare and 
to naiinize the Mount of tine froa flare eonpletion to touchdown, m F-104 
configuration was then selected which Hatched the L/D values for the X-15, as shown 
in Figure 7. The approach technique was then developed using the F-104 as an in-flight 
simulator. The value of this in-flight L/D simulation as a training device cannot 
be over-emphasized. Each pilot devotes one entire F-104 flight to landing practise 
the day before he flies the X-15. This allows him to practice nominal and off-nominal 
approaches at Rogers Dry Lake and at the emergency lakebeds between the launch point 
and Edvards AFB. 

The terminal approach and landing techniques used for the X-15 have been highly 
successful. Although the landings are relatively routine, they do require exacting 
pilot performance and a high degree of proficiency. Before applying the information 
to future low L/D re-entry configurations, several qualifying factors must be 
completely understood: (1) The cockpit window configuration and general external 
visibility are considered quite important in the performance of low L/D landings, 
ft® visibility from the X-15 cockpit is considered excellent. In one Instance a 
cockpit glass failure occurred which caused one of the window panels to become 
completely opaque. Although the landing was successfully accomplished, the pilot was 
aware of a serious loss in depth perception during and after the flare using only one 
window panel. (2) The handling qualities of the X-15 in this speed and angle-of- 
attack range are also considered excellent. The all-movable horizontal tail for 
both pitch rad roll control produces high airplane response with very little cross- 
coupllng. All stability derivatives are stable and of fairly high magnitude in this 
flight regime. The predicted subsonic stability levels of many proposed lifting 
re-entry configurations are considerably lower than the X-15 rad the i«nrti«g 
characteristics would probably suffer as a result. (3) An effective method of speed 
control is necessary to perform accurate landings. The X-15 speed brakes have 
proven to be quite valuable during the approach rad landing phase. These speed 
brakes, located on the trailing edge of the vertical tail, are very effective rad have 
airly rapid response. Less effective speed brakes could compromise the ability to 

perform accurate landings. (4) Any extreme trim change due to s configuration change 
wouid cause a serious compromise in the landing capability. Trim changes due to 
flaps, landing gear, and speed brake extension are minor rad easily controlled on 

X'15; (5] tte standard p-104 external configuration Is so similar to that of the 
X-15 that an in-flight L/D simulation was easily accomplished. This simulation has 
proven quite accurate and valuable in maintaining pilot proficiency in low L/D 
landings. If such ra in-flight simulation for a future configuration cannot be 
accomplished, the experience level of the pilots will undoubtedly remain at a lower 
level than has existed on the X-15 Program. Recognizing that these featuree do exist 
on the X-15 rad assuming comparable features on a future vehicle, we can use the X-15 
results to predict the landing characteristics of other low L/D configurations. 

In Figure 8 L/D is plotted versus lift coefficient divided by wing loading 
(which is also equivalent to load factor divided by dynamic pressure). The X-15 
approach speed is nominally 300 knots; however, approach patterns have been flora 
successfully as high as 320 knots rad as low as 250 knots, notice that this places 

I 
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the approach conditions well down on the front side of th« L/D curre. Darin« the 
flare eaneurer the a Increases and the flare is accoaplished at rery close to 
oaziaiK L/B . «hen the flare is completed the again drops down the front side 
of the curve and the vehicle decelerates while glidin« parallel to the ground. The 
pilot lowers the gear and flaps and prepares to land during the deceleration, and the 
lift coefficient gradually increases, The touchdown occurs when the lift coefficient 
has again reached the point of oaxlBun L/D . 

We can assume, therefore, that the pilot will prefer to fly any other hypothetical 
vehicle on approximately the same portion of the L/D curve ai described for the 

f'!®'.NA?A,®tud1®8 U8l“g p'102 mi F5D aircraft with wing loadings considerably less 
„ X"-5 conflrn thiB assumption. We can then ratio the lift coefficient daring 

the X-15 approach to the lift coefficient for maximum L/D and attempt to predict 
the best approach speeds for other glide vehicles. This is shown in Figure 8. 
Approach velocity in knots is plotted versus wing loading divided hy the lift 
coefficient for maximum L/D . The flame-out' approach speeds for several fighter 
type aircraft, as suggested in the aircraft handbook are shown by the circles. The 
approach speeds predicted for these airplanes, as shown by the solid line, are seen to 
be in close agreement. Also shown, at the extreme lower left side, are two configura¬ 
tions of the NASA Flight Research Center Rogallo wing para-glider. Flight tests of this 
very low wing loading vehicle indicate that approach speede of 50 to 60 knots are the 
most desirable. The two vertical lines indicate the approximate position on the 
curve of a typical delta-wing re-entry glider vehicle and a typical modified lifting- 
body configuration. This curve would indicate that either of these configurations 
could be landed using nominal approach speeds. Notice that this curve only attempts 
to predict approach speeds and is independent of the actual value of L/D . This is 
not to say the L/D has no effect on the landing characteristics. It is. of course 
extremely important. 88■ 

„ .Si"f Jf7 p^ers have *iven 0D this subject, I have elected to touch on it 
only lightly. The L/D during flare, which is generally very close to maximum L/D 
for a particular configuration, is plotted versus wing loading in Figure 10. Points 
representing several research vehicles are shown. The F-104 low L/D landing study 
mentioned eartier is represented by the two points labeled P-104 (»00). Results 
of this study indicated that the practical lower limit for maximum L/D (or flare 

L^T‘PPr°liSately 2'5' landin* Performed in this configuration and the 
betÜL ÍÍ at thf îiœlBg °f the flare initiation P°lnt “d the extremely short time 
rs1™ COBpletlon mi touclldO"n were extremely critical and chose not to repeat the landing a second time. repeat 

In conclusion, I have used the X-15 flight test results to show that successful 
and accurate landings can be accomplished on low L/D hypersonic re-entry 
configurations in the L/D range of 3.5 to 5.0 provided that certain factors in the 

ZÍSe ff fí8” are favorable- 111686 factor8 *re: *ood visibility, good handling 
qualities effective spead brakes, and minor trim changes. A powered airplane which 

,o“Tr ’ •T1*“ “• «‘"»«'»«i«, i. .i» pilot training and proficiency. 



Fig. 1 Three-view drawing of the X-15 airplane (all dimensions in feet) 
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Pig. 2 ïfrpical lift-drag ratio curve 

Fig.3 X-15 terminal phase transition 
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Pig. 4 X-15 approach patterns 

II
S

 



P
o

in
t 
D

is
p
e
rs

io
n

 

5000 

* 4000 

1 
* 3000-1 
1 

20001 

1000 

0 

.1000 

-2000- 

-3000* 

-4000' 

-5000 

«?o° 
. 00 

a 

0' 

o 

*1 i i i 

io 20 30 
Plight Nutnbsr 

Wg. 5 X-15 landing accuracy 

™T“ 
40 

Total Spsad 
Brak« Usag« 

Parcant oí Fllghta Whara Spaad 

Brak«! War« Usad 

Pig. 6 X-15 use of speed brakes 



9 

Fig. 7 F-104 sinulatlon of X-15 landings 

Fig. 8 Typical X-15 landing 



Pi«.9 Predicted approach speeds for low L/D glide vehicles (Oi/D)w range 3 to 5) 
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