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| FOREWORD

b The X-24A, USAF S/N 66-13551, was air launched for 28 free flights
between 17 April 1969 and 4 June 1971. This technology document presents
the flight planning and conduct aspects of the X-24A lifting body flight
test program, along with a brief discussion of significant test results.
References 1 througin 8 are relatzd documents that have been or will be ‘J

published.
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ABSTRACT

The objective to obtain piloted-low-speed flight test data on the
SV-5 re-entry configuration was accomplished by the X-24A in 28 flights
over a 27-month time period, Sufficient data were obtained to allow de-
tailed reporting in the areas of handling qualities, performance, sta-
bility derivatives, flight loads, flight control system, unpowered land-
ings, vehicle system operation, and mass characteristics. Extensive use
was made of a six-degree of freedom simulator and between-flight determina-
tion of stability derivatives in expanding the envelope incrementally to
1.6 Mach number, CUnexpected and significant reductions in directional
stability were experienced with the rocket engine on. Handiing quality
problems encountered during the flight test program were improved by
minor alterations of the contrecl system. The variability designed into
the control system contributed significantly to the research program by
providing different aerodynamic confiqurations for data analysis and in
allowing improvements in flight characteristics.
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Table V

INSTRUMENTATION ACCURACIES

Onboard Power
Processing Sensaor PCM Supply Calibra
Accurxacy Accuracy | Accuracy | Accuracy Accurg
Parameter {pct) (pct) {pct) (pct) (Eg%
Angle of Attackl 0.1 1.0 0.25 0.5 0.25
Angle of sideslipl 0.1 1.0 0.25 0.5 0.2&
Pitch rate 0.1 0.5 0.25 0.5 0.§§
Roll rate 0.1 0.5 0.25 0.5 0.25
Yaw rate 0. 0.5 0.25 0.5 0.2
longitudinal acceleration .1 0.1 0.25 0.0 0.30
Lateral acceleration .1 0.1 0.25 0.0 0.25
Normal acceleration .1 0.1 0.25 0.0 0.25
Roll attitude 0. 1.0 0.25 0.5 0.2
Pitch attitude . 1.0 0.25 0.5 0.25
Hinge moments .1 - 0.25 0.5 —-———
Tail loads .1 —-—— 0.25 0.5 -—-
Static pressure2 {altitude) . 1.5 0.25 0.5 0.25
Differential pressure? (altitude) 0. 1.5 0.25 0.5 0.25
Upper rudder . 1.0 0.25 0.1 0.30
Lower rudder 0. 1.0 0.25 0.1 0.30
Upper flap 1.0 0.25 0.1 0.30
Lower flap 0.1 1.0 0.25 0.1 0.30
lDoes not include corrections for upwash (reference 4;.
Does not include corrections for position error (reference 4). 4
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Table V

Ne o
B R N

NSTRUMENTATION ACCURACIES

Onboard Power
iSensor PCM Supply Calibration Range RMS
ccuracy | Accuracy { Accuracy Accuracy RMS (Parameter | (Parameter
gpct) (pct) (pct) (pct) {(pct) Units) Units)
! 1.0 0.25 0.5 0.25 1.28 40 deg .65 deg
1.0 0.25 0.5 0.25 1.25 | 20 deg .33 deg
0.5 0.25 0.5 0.25 0.80 0 to 40 .3 deg/sec
deg/sec
0.5 0.25 0.5 0.25 0.80 60 deg/sec | .5 deg/sec
0.5 0.25 0.5 0.25 0.80 40 deg/sec | .4 deg/sec
0.1 0.25 0.0 0.30 0.41 1.0 g .0041 g
}b.l 0.25 0.0 0.25 0.38 2.0 g .0076 g
T0.1 0.25 0.0 0.25 0.38 | 4.0 g .0152 g
" 1.0 0.25 0.5 0.25 1.17 180 deg 2.1 deg
L}.O 0.25 0.5 0.25 1.17 90 deg 1.1 deg
[
b o~—— 0.25 0.5 ——— ——— -~ -—-
) - 0.25 0.5 ——— -——- --- -—-
1.5 0.25 0.5 0.25 j.e2 230 pst 3.73 pst
1.5 0.25 0.5 0.25 l1.62 80 psft 1.3 pst
11.0 0.25 0.1 0.30 1.08 50 deg .54 deg
» 1.0 0.25 0.1 0.3C 1.08 20 geg .23 deg
L}'O 0.25 0.1 0.30 1.08 60 deg .65 deg
1.0 0.25 .1 0.30 1.08 40 deg .43 deg
e 4).
reference 4).
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APPLENDIX 1}

X-24A FRELAUNCH

CHECKLIST

i Shard
PRadiatine

SriifTi

X 2% Pl LOT STATIGH

[F 52 PLioT STA

LAUNCH CPER STA

_C.B.IO. Letfeg 3w = AR
Gage Theck:
w) #1 Ueltum
b) #2 Heliuz
) Cont Gas —

d) Gov Bal
e) Fuel Tank
£) LOX Tank
g) tdg Gear
h) All Bat: Bus
{) Reg O,
i) SacCyl T
k) X-2% AT
1) B-52 Alr
15 | Rel Lock Set Lite-OR
& "ei Press Low Lite
ouT

15 | Ready to TAXT

17 [ Radar Sw - ON

3 [ Bio-Med Sw - ON

19 | visor-2% (Set Heat)

|

I

B-5Z Eng Start

Ready to TAXI
Taxi
Lire up on Rwy

Ready to TAXI
Radar Sw - GH

L

-

Snbiln ©

at 13, el

7
a B Start 10X T-p-
off mt 4K

2 Radic/Int Sw - ¢
10] KRA Sw-AUTC
11[NASA 1 call 35 Min 4 Mirutes

to Llawch
12| Surfacs Winds-HaSA 1
13| Chase A/C therk

windsnicid Heat-HICK
-3
Sl

he [AUNCH SFER 317
1
5 ) Tat
4o X--
“ B B3
¢|F Plate Heat-LDW
7| c&B Myd Purgp Sws-Oh

Lew Press lites-QUT

#1 Hyd Press

#2 Hyd press ~
8 SAS Mode Swse{3 )M
5 | Ck al! C/B's - 1k

excent VEL JEL &

BRAKE )

3
-i-

13

Contrcls Check:

a) Fiap Vode Sw-ME

b) Rudder Mode S -
AUTN

e) Mach Repeater-
MANUAL - Set

d) KRi Mode Su-MAN

70 Minutes




D) .
T UTA Th R T iC AT T d
7
. .
Verty

¥, Flap Pfas Sw-Clas

HE Su =10 wr)

h) Giper Flaps Get st [Chnse Verify I Tar e Gres
. ¢ c. Q &) a) Ck $AS Lliwes ']
{) Rudder Mode Sw - 33 | Pitch,Roll, Yow #I [
MAGIURT Servos - BT

7 Radder PBias Sa - 3 r3ne Gyros

Toe Ir (-10°) TR) k3 Amh Its ol |
k) Rudder Bias S~ - 35 ! Pit. h,Poll,Yaw 4.
Toe wt ((Q ) Servas - OFF 1
1) Set Rudder Bias 36 | Torgue Gyros I
(O °) ,8) Ck 3 Red Lts o | |
m) Rudder Mode Sw - 1
AUTC ‘
-1 - ()-
| <
talefl .
K Py L il Tor L toT CTA VA i STER 3Th ™ T T
1= | ot 3. H
w) Bl P i
bj Dill Aft 5
15 | Stick Trim . !
a) Thetk Pad £ [t i
) Trim et as ah_ Theee Yerity
14 Afleren b “l |
a) Tk Right . a) Tk SAS It H
b} Trim Sev Thuse Verify w2 [ derisy SAS Mode |
i | rudder pegA.s 31 - MANJAL
a) full Rt T}’“'}a) F> fiyd 5w - OFF 15 Miputes 4L['
. b) Puil Lt b) #1 iiyd Sw o~ O |
. 13 | Yaw Trim =) #% Fyd Sw - OFF !
a) Tk Right/left d) #3 kiyd Sw - O3 !
b) Trim Set ° |mhase verity v) #1 Hyd Fress .
19 [ R4 Sw - rCFRASE "5 t) 40 tyd Press | ;
o —]
% i -
20 | Move Stisk Lhase Verify L 13 'Em;.n[‘.s . o
a) Full Rt sy B-57 Piroh & i
b) Fu.l Ly _ 2 fow Pulse | {
— WS [Erezt Sa - ERICT B-52 Wings
! ~i- L6 | Fast Erect Sw - ON Level 1o
|
!
. 2/l
BS X34 PILiT STaT 0N Bo5 " PILUv S.A | LAUNCH OPER StA : AT TR.e”
<1 | KRA 5w - DECREASE to ! eTTing 10
8,1 ) Uirer Fiaps ﬂ%; |
2z | ¥ove Stic b} Lower Flaps Z&° - :
Fuil Riaght/Lctt 2) Alferan _ o_ 1
Juserve nc rulider Chase Verify d)} Rudders Q_ - 4
23 L KRA Mode 3w - EMER e) Ritder Fias @) Chase Verify
24 | M ove Stick —t
Fuil Right/Left uf R:e)nd#i’r:e:zi-{;:s 10 Minutes :
Observe no Rudder b) #3 ielinm :
Motior. Chase Verl{y - L-‘o-nt Gas
25 | KRA Sw - INCHEASE ) 6oy Bal T
to H —
26 | Move Stick 3 ?3;113‘“ —_—
a; hxli gz ag ] g) Lig G;ar 4
b) Fxll Lt | Chase Verl
. 27 | kRa Mode Su=—RTTO y 43 ! Pump Htr Sw -~ OFF/ON
28 | verity Chase verify |

&) Mach Rep MANUAIJJ, all trim i i
t) Flap NMode Sw- |
c) Rudd Mode Sw-

-8- -11-

A




——

R

T T
LAUN PER ST,

WO [X-2L PrLatT STATION B-5z PILOT STA
50 |Erect Sw - CUTOFF Y Minutes
%1 |Fast Erect - OFF
52 | KRA Mode Sw - MARN
53 JKRA Sv_- INCREASFE
to 5‘! %
5% | Throt-le ON-OFF T Minutes
a) NASA ) Ve ify B-52 Start Turn
55 |Radio Sw - X-2U 7 Minutes
$6 |Radio Check
a) Pri - 275.9
|b) Sec - 268.1
‘e) 6rd - 279.9
4) Pri - 275.9 —
B¢ e) Chase A/C 5 Mlnutes
Check Windshield
Heat
-10-

N0

X-eb PIUVT STATIOL

B-Sz PILCT €TA

2/11/71
LAUNCH OPER STA

€7 |DC Power Sw-BETTERY 1S LKinutes
58 |Ck Emer Bet* Lite -
OoUT
5% {a) #1 Hyd 3= - OFF | X-24 Adapter
b) #2 Hyd Su - O Pur Sw - OFF
=) #3 Hyd Su - CFF Ammeters-ZERO
a) # Hyd 3w -
e) #) Hyd Fress
f) #z Hyd Press .
60 { Bus Loads #1
#2
#3
#
61 | Reset SAS Gains ;
XKqQ 5 Kp 5 Kr S H
a‘}_S_HRD Sw - Of .
b) Ck SAS Lites - QUT|
R
~13-
2/11/71
NO |X-2h PILOT ST.TIGH B-52 PILUT_STE _JLAUICH OPER STA
62 [Torque Gyroa L Minutes
a) Ck SAS Lites-OUT ' 210 KIAS
€3 |#1 SAS Servos - OFF
64 | Torque Gyros

65

€1

69
70

a) Ck 3 Amb Lts - ON
#2 SAS Serwvos - OFF
Torque Gyros |
a) Ck 3 Red Lte.ON
Reset SAS Gains

s R
S ervo Sws -
AUTO

Reset 3AS Lites

Torque Gyros
a) Ck SAS Lts-OUT

-l

2[A/T.

X-24 PILOT STATI.!

B-52 PILOT STA

LALCH CPER STA

7L

72

73
74
7

76
7
18

Oxy 3el - Z-zb 3 Mir:tes

a) 0, GZeg Fres:

b) Uz Cyl Press

cabin Air Sw - ZTZh

a) X-24 Alr

b) Cab Alt

¢) Verify Canopy
Defog Sw - HEAT

Fwd Canopy Htr - U

Suit Vent - LOW

Read Pressures

a) #1 Hellum

b) #2 Heltum

c) Cont Gas

d) Gov Bal

Erect Sw - ERECT

Fast Erect -~ ON

Recheck Trim Setting

Chase Verify

200 s

-15~

2/ 11!’(1
LAUNCH OPER STA

RO 7-2%_PILOT STATICH B-52 PILOT SiA
79 | Pump Htr Sw - OFF 2 Minutes LCX Topoff-Comp
80 | Prop Supp - CN 120 KIAS Beacon - OFT
81 | Fuel > LOX Tnk-PRESS !~
82 | Verify Tnk PRESSURE '
(45 ¢ 5) ;
83 | Ck Release Press Low
Lite - OUT
! |
|
|
26 !

0 ] X-24 PILOT STATION

Ny
3
—

B-S2 PILOT STA |LAUKCH OPER 3T

NASA 1 Call 70 Secondas l
5 | Start Clozk 1 Minute
RIAS
6 | Read #1 & #2 Sources
‘7 | Ck SAS Lites -~ OUT
8 |Ck Hdg, @ , 8
9 | Eng Mstr - ON LS Secords
O | Erect Sw - CUTOFF
1| Fast Erect - OFF
2| Systems OK - NASA 1 30 Seconds Cameras - O
3] Release C/B - IN Chase Verlfy
L | CAMERA/RECORDER - ON Prine
5 | Igniter Tect - RESET |15 Seconds
€ | LAUNCH
ALTERNATE LAIRCH PROCEDURE
Pilot -all for Launz, *aster
&1t Launch Arp
Launsit Sael~CH

-pta




g 11/Te

~_(__L
LAURCH OPER STA

10 MinUTE HOLD AT 6 MINUTES TO LAUNCH 2/11/71 LeBRGE T LAV CH PRvCEL neS
I3 l X-24 PILOT STATICH B-52 PILOT 5TA UKCH O A ROl ¥-2L PILOT STATION B-%2 PILOT STA
1 T'sas Act [6) - OFF 1 Anr.ounce Emergency
c Hyd Pumps - OFF z | IC Pur S4 - RATT Irf time pernits
3 | ¥Td TO 7 MIN PCINT decel to
U | #1 & #3 Hyd Pumps-0¥ |7 Minutes KIAS & pick up
low Press Lites -OQUT hesdings for
#1 Lyd Fress launch to Emer
#2 tyd Press Purwey
3A% Act (6) - AUTO ,
' Read: 3 | Reset Emer Datt Sws
‘41 Kelium L | 2 & 4 Hyd Pump Sws-Ol!
i #2 Helium S5 | Prop Supply - ON
. 1dg Gear 6 | LOX & Fuel Tks-PRECS
0scyl 7 | Eng Master - OK
[ K24 ALY — 8 | SAS Servo Sws(6)-AUTC
1B-S2 Air 9 | Cabin Air Sw - X-2h
7 i RETVR. TO—7 MITUTE POINT Onf CHECKLIST 10 | Redio Sw - X-2h
| 11, Oxy Sel - x-24
; 12 Release C/B - IN
i -18- |-21-
|
C9RL_TEF_NIR 3Ty AMK IRAL
o | X=24 PILLT STATIOH B-52 PIIOT STA LAULCH OPER STA EMERGENC Y LAUNCH PROCEDURES (cont)
i Jeleass 7/8 - PJLL B-52 Camera-OFF - LU I B->2 PILOT STA
X.-24 Adagter 13 ] Mach Repeater Man | |
| PHr Sw - Cil 14 [ Ck Surface Pos:
z OC Pwr Sel - B-S7 i a) Rudders Q
3 | SAS Ant (E) - OFF Descent for ldg b) Upper Flaps <)
4 | Fng Master « %FF RW L w/fuel ¢} Lower Flars %;
S | Prop Supply - “FF schedule for d} Rudder Blas o
6 |0p Sel - B-52 left wing low 15 | LAUNCH
7 |Cabin Afr - B-52 ' 16 | Suit Vent - LOW
8 |cCamera/Recorcder - GFF 17 | F<d Csaropy Defog Sw -
9 | A1l ltyd Pumps - CFF ON
10 | Canopy Defog Sw - AIR i8 [Ck #1 & #2 Hyd Sys
11 | Radio/Int Sw - B-52 Preas
12 | LOX & Puel Jjett Chase Verify ALTERNATE LAUNCH PROCEDURE
13 | LOX & Fuel Tank Sws- 1 |Pilot call for Launch Master
OFF Alternate Lnch Arn
14 | Jett Sws - OFF 2 Launch Sw-INCH
15 | KRA Mode Sw - MAKUAL
-19-
-00-
A, .ER_L...DING LR IN .ARKI,» ARE~ MATE. <11/

X .24 Adapter
Pwr Sw - OFF

B-52 & Pvlon
Ceamera - IN

2é ).]_.éitql;_

B-52 PILOT STA

ILAUNCH OPER STA

12} Attitude Inv Sw - OFF
13} Install Safety Pins(3)

NO| X-2 PILOT STATICK
il Throttle - OFF
2 | Cockpit Camera - OFF
3 | Recorder-OFF
4 | calibrate
5 | SAS Servo Sws(€)-OFF
6 | All Hyd Pumps - OFF
7 | Canopy Defog - OFF
8 | Call out:
a) Cont Gas -
b) Gov Bal

c) #1 Heilum
d) #2 Helium —
e) 1dg Gear

£) 0, Cyl
g) Catin Alr
9 | Rader Sw - OFF
10| Raio - OFF

11 ! Gyro Pwr 8w - OFF

14 | oxy Sel - OFF
15 | cabin Atr - OFF

-20-

W

A

%-24 PILOT EJECTION WHILIE

MATED TO B-52

2/11/71

WO] X-24 PILOT S51ATION

Announce Energency

Positicn Feet

Pull Gre:n Apple
Pull Canoygy Jettiason
Handle

Head firm against
head rest

Grip both handles &
squeeze

Pl handles until
locked

B-52 PILOT STA

Decel to
KIAS prior to

if possible

Lsunch Mast ON
Taunch ¥.24
Report crew
status & plan
of action

launch of X-2u

CANCH OFER STA_

Verify separ=-
ation




T T Y T T

APPENDIX I

PILOT RATING SCALE

(

ADEQUACY FOR SELECTED TASK OR AIRCRAFT DEMANDS ON THE PILOT PILOT
REGUIRED OPERATION™* CHARACTERISTICS IN SELECTED TASK OR REQUIREC OPERATION™ RATING
Excellent Pilot compensation not a facter for
Highiy desirable desired partormance
Good Pilot compensation not a tacter for

Nogligible deficiancies

desired parformance

Fair — Some milgly
unpleasant deficiencies

Minimal pilot compensation required for
desired performance

Minor but annoying
deficiencies

Desired performance requires maderate
pilo* compensation

-

Moderately objectionable
deficiencies

Adequate pericrmance requires
considerable pilot co-npensation

Very objectionable byt
tolerabie defictancies

Adequale pertormance requires axiens:ve
pilot compensation

Major deficier.cles

Adequale psrformance not attainable with
maximum tolerab e pilat compensation.
Controliability not in question

151t Deficiencies
satistactory without warrant
improvament? Imp
Is adequate
pericrmance ok No o]
ansinable witr  olerable, require
pilot worki +19? improvement

Major deticioncies

Congiderable pilot compensation 1s required
for control

Major deficiencies

tntense pilot compensation :5 required to
retain control

No

Is
it controllable?

| improvement
L rnpnndmory Major deficiencies

Control will be lost during some poartion of
requ:red cneration

o
o

X3}

o

O
o
ke

N3
| ©
_J

r Fiict decisions ]

Cooper-Horper

Ret. NASA TND-5153

# Dabinition ol required 0p&f 810N 1nvolves designation of Iight phess and/or
wilh 8¢ 3

P pc




APPENDIX IV
FLIGHT 23 FLIGHT REQU EST
10 Fel.xruary 1971
o
rlight vo:r o #=23-2% . o
scneculea Dates _ 17 Fehruary 1871 o e
rilot: o _dohn Manxse . o e

Farposc: 1. mnvelope wxpongiun to L.Y laca o,

_Lateral-ceivectional cerivetive dcterination

o

3. Longitudinal trim anu L/D vata with 5C° ujper

flep at €° rudcer vias

Launch: Cucuebach; Mag lLicading 269° + Crosswine Correction

_Angle. 45,C0C fect, 155 KIAL; Flaj: bias “Lanwal”*,

_Upper Fiaps = -40°, Lower Flaps + 206°, Ruuuer $ias

_MAUTGT, Upper & Lower Ruwuers = 0°. YAS Gain 3, 4, 5,

_Mach_ Repeater “PMALGUALY = 1.1, KRRA "MhUALY = 50%, Lyc

Funips 2 & 4 on

Landing: Royers Rw 33

L-%2 Track: Lifting Body Track #8

Iten Tine Alt A/S a{ind) Mn ivent
1 45 185 4 .69 Launch, liyht 4 chamkers,
trinm to 17°a. Pitch Gain
to 5.
2 22 42 260 17 .90 Max liach uuriqg rotation
3 44 46 220 17 .54 6 = 37°., Maintain 0 = 37°

1]




B A B e —————a——
Iten vine Alt A/S afind} ¥n Lvent

4 50 48 205 15 .82 KRA to "AUTO".

5 78 57 185 14 .88 At 57K, pushover to 10°q

C 112 1q9 215 10 1.20 At €6s, pushouver tou 7°%a

7 124 68 235 7 1.3 Perforr rucacr anc ailerven
coubklets

S 135 69 265 7 1.5 chutwovmn, retrin to 1l°a
alu perforn ruuucr anu
alleron doublets at Maci
21.3%

b 143 69 215 11 l.24 Pertforn pushover-rullug ,
5°¢ to l2°a. Return to
11°a

10 173 61 130 11 .92 At Mach T = .92, Pullup
to 14°a, perfori. ruuuer
and aileron ucuirlets anu )
evaluate handling qualities
11 204 49 195 14 .80 Return to o <~ 10° anu turn
to down wina
12 237 36 225 10 .70 Perform pitch aamper off
pitch pulse. BAS gains
to 3,2,5. Mach Repeater
to .23
13 255 33 215 10 .62 Perform Pushover-Pullup
5° to 17°a, Return to 10°a
92

»
e A SN AR T P g oame = s




Item Tine Alt A/S alind) Mn Event
14 280 26 210 10 .52 Perform pushover-pullup,
5° to 17°a, return to 1l0°a
15 2906 24 210 10 .48 Change confiquration to
13° upper flap bias.
16 303 19 200 10 .44 Low key. #1 & #3 hydraulic
puaps on.
17 Perform aileron dublet at
5%a
NOTLS:
1. Pitch attitude null at 37°
2. Emgpty weight = 5882 1lbs gear up c.g. 5bH,1%
Launch weight = 11446 1lbs gear up C.4. 55.8%
Landing weight = 6460 lbs gear down c.g. 56.4%
Thrust/Chambcr = 2167
Burn Time 4 chambers = 135 sec
3. Power on base dray coefficient = -.02
Grounu Rules for NO LAUWCH:
1. Radio, radar, PCH failure
2. Electrical or SAS malfunction
3. A/S, altitude, Mach or angle of attack malfuunction
4. Any control system malfunction
5. Loss of cabin pressure
6. Turbulence below 10K in excess of noderate




—

ot

¢ AN O st e ws aw® it ae e o

Surfacc winds greater then 15 XT§ or crosswihda greater

than 10 K1s

Less taan 3 good igniters after ¢ atteupts

Failure of enyine control box heater

Altecrnate Situations After Launch:

Failurc
Radio, radar, PCM

Total camper failure

A/S, altitude, Mach

Attituue Systen

Delayed kngine Light

Only One Chamber Operates

Only Twc Chambers Operate

Only Three Chambers Operate

Action
Proceea as planncu

Fly 2 chamber profile (item 7)

Yaw failurc rcuiuce roll gain to  :.
Roll failure reduce yaw gain as
necessary

Procecu as plannew using a, 0
and time for profile control

Proceed as plannea. Use 14°q
instead of 37°6 at 44 sec

Proceed as plannca

Vector for R¢ 0l Cuuaueback
shutdown chamber, jettison,
change configuration

Rctate at 17°a, retract upper
flaps to 35°. Fly 130-220 K7
profile. Change configuration

to 30° upper flap at .7 Mach Uo.
Shutdown on NWASA I call (I 250 se.:

Maintain 20°a at 55k pushover
to 1ll°a. Burnout at 1.1 Mach
wo. (170 sec) or shutdown on
KASA I call. Proceec with
subsonic data maneuvers.
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9.

lo.

11.

KRA

"AUTO" Failure

Angle of Attack

Prematurs Engine Shutdown

80 sec RW 01 Cuddeback
90 sec RW 15 Rogers

Set to manual 50% and porceed
as planned-after configuration
change set to 20%. If "MANWUAL"
mode inoperative - switch to
"EMER" position anu set to
above values

Fly 2 chamber profile (item 7)
rotate at l.lg to 200 KTS. &®RA
MANUAL, proceeu witn item 9.

100 sec RW 33 Rogers (Right hHanu Turn)
up sec PW 33 Rogyers (Left hand Turn)

Rotfact A Mooty

ROBLRT G. HOLY L4

S P 2y

\GARRIGOL P. LAYIOW, OR. 7
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APPENDIX V
X-24A FLIGHT LOG

Total No. of flights
Glide flights
Powered flights
No. of planned captive flights
No. of flight aborts
Aborts due to weather
Aborts due to aircraft
Aborts due to instrumentation
No. of flight day cancellations
Cancellations due to weather
Cancellations due to aircraft
Cancellations due to instrumentation
Total flight time
Total time from launch to shutdown

Total time from shutdown to low key (plus
gli - flights)

Totali time from low key to touchdown
Flights by Major Jerauld R. Gentry (total)

glide flights

Powered flights

Total flight time
Fiights by John A. Manke (total)

Glide flights

Powered flights

Total flight time
Flights by Major Cecil W. Powell (total)

Glide flights

Powered flights

Total flight time
Maximum Mach number (Flt. 25 -~ Manke)
Maximum altitude (Flt. 19 - Manke)
Longest flight Time (Flt. 28 -~ Manke)
Shortest flight time (Flt. 1 - Gentry)

2 hr, 54 min,
51 min,
1 hr, 13 min,

49 min,

1 hr, 9 min,

1 tr, 26 min,

18 min,

AN
o

—
I T SRS NURT I Xy~

- N

28
03
56

29
13
8
5
15
12
1
11
58
3
1
2
15

1.

secC
secC

sec

sSecC

sec

sec

sec
6

71,400 ft

8 min,

3 min,

37
37

S€ecC

sec
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X-24A FLIGHT OPERATION ATTEMPT SUMMARY

Date Operation b
1969
2 Apr B-52/%X-24A Taxi test .
4 Apr X-1C~-1 Captive flight
17 Apr X-1-2
6 May Cancelled due to weather (clouds)
May Cancellad due to weather (couds)
May X-2-3
Aug X-A-4 SAS warning light problem and PCM ground monitor problem
21 Aug X-3-5
29 Aug X-A-6 Abort due tn SAS PCM problem
9 Sept X-4-7
24 Sep X-5-8
10 Oct X-24A Radio delay, cancelled due to weather (winds)
15 Oct X-A-9 Abort due to weather (clouds)
21 Oct Cancelled due to weather (rain)
22 Oct ¥X-6-10
13 Nov X-7-11 (Communication delay)
25 Nov X-8-12 (Delay due to a indicator problems) i
1970
20 Feb X-2C-13 Captive fiight ‘
20 Feb X-A-13 Abort due to SAS instrumentation problem
24 Feb X-9-14 Delayed for weather
19 Mar X-10-15
1 Apr Cancelled due to weather (winds)
2 Apr X-11-16
21 Apr Cancelled due to weather (winds)
22 Apr X-12~17
12 May Instrumentation delay, cancelled due to weather (winds)
13 May Cancelled due to weather (winds)
14 May X-13-18
16 June Cancelled due to SAS circuit breaker problens
17 Jun X-14-19 .
28 Jul X=-15-20
11 Aug X-16-21 .
26 Aug X-17-22 ) :
13 Oct Cancelled ground accident (hole punched in vehicle)




e co— e o o A
N - a et e o e e

1970

14 Oct X-18-23
) 26 Oct Cancelled due to weathexr (winds)
27 Oct X-19-24
20 Nov X-20-25 B-52/fire truck delay
1971
20 Jan Cancelled due to ncisy a & 8 instrumentation
21 Jan X-21-26
4 Feb X-22-27
i8 Feb X-23-28
4 Mar Cancelled due to weather (wind)
5 Mer Cancelled due to weather (wind)
8 Mar X-24-29
26 Mar Instrumentation delay, cancelled due to weather (wind)
29 Mar X=-25-30
16 Apr Cancelled due to weather (wing)
20 Apr Cancelled due to weather (wind) -
22 Apy X-A-31 Abort due to weather (winds)
23 Apr Cancelled due to weather (winds)
3 12 May X=-26-32
25 May X-27-33

4 June X-28-34
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Sround Rules ftor No Launch

Ground rules for "no launch" were listed in each flight plan; a
sample list is shown below:

1. Radio, radar; TM failure
2. Loss of individual TM parameters which were mission critical
3. Airspeed or altimeter failure
4. Angle of attack malfunction
5. Electrical or SaA5 malfunction
6. Any control system malfunction
7. Any landing rocket malfunction
8. Loss of cabin pressure
S. Any excessive canopy fodgging
10. Overcast or poor visibility
11. Turbulence below 10,000 feet in excess of light
12. Maximum surface winds 10 knots, maximum crosswind 5 knots

After the first two flights indicated a possible problem with the flying
qualities during final approach, the ground rule for turbulence was
changed to "No turbulence allowed"” for flights 3 and 4. The intent was

to eliminate any external disturbing forces so the pilct could better
evaluate the basic aircraft characteristics. To help achieve this, pre-
flight turbulence checks were made in a light aircraft in the area the
X~24 would be flying on final approach. In addition, in order to minimize
the existence of turbulence, flights 3 and 4 were flown earlier in the
morning (by 0715 hours). One problem that existed throughout the glide
program even after the turbulence restriction was relaxed was the defini-
tion of the turbulence level. The absence of a "yard stick" with which

to measure the turbulence level resulted in pilot "seat of the pants"
opinion as regard to the turbulence level. As a result of control system
improvement and increased pilot confidence through experience, the surface
wind limit was increased above that shown in the Ground Rules for No Launch
after flight 6 to a maximum of 15 knots and a crosswind of 10 knots.

Ground Conitro!l

The key functions of the ground control during an X-24A operation
were to participate in the prelaunch checkout of the vehicle and to moni-
tor the actual flight to provide the pilot with information to assist
him in the successful and safe accomplishment of the mission.

In a central "control room", about 15 to 20 specialists monitored
selected parameters directly associated with the real time conduct of
the flight. Twenty-four PCM parameters were monitored on strip chart
recorders while about 50 parameters were presented on meters. An addi-
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tinnal 48 parameters were recorded and monitored on strip chart recorders
in a rocom next to the contrxel room, with a communication link between
designated personnel in each room. A typical list of PCM parameters moni-
tored is included in appendix I. Space positioning data on the NB-52/X-24A
and the X-24A after launch were presented on radar plotting boards. Com-
munication between the X-24A pilot and the control room personnel was

only through the "ground controller", who was also a lifting body pilot.
The controller was also responsible for coordinating all the various sup-
port activities associated with the flight such as chase aircraft, rescue
helicopter, ground vehicles, etc,

During prelaunch operations, the personnel in the control room were
responsible for verifying that all the established reguirements foxr launch
were met. Lack of verification resulted in the flight being aborted.

It was not unusual for apparent problems to be satisfactorily solved or
explained by the control room specialist during the countdown, thereby
2llowing the flight to proceed to a successful conclusion. The piloting
task of the X-24A flights dictated that the pilot fly on instruments -
essentially from launch to low key, =o he depended heavily on ground con-
trol for monitoring the performance of the vehicle systems and for energy
management advisories. During the £flight, the controller monitored the
flight on the radar plotting bhoard map. This map presented the planned
downrange versus crossrange (track) and altitude versus downrange (pro-
file) as established with the simulator. Deviations from the planned
profile or track were radioed to the pilot along with reminder calls for
preplanned key events.

FLIGHT PLANNING AND CONDUCT
OF GLIDE FLIGHTS

Nine glide flights were flown prior to committing the vehicle to ﬁ
powerad flight. One additicnal glide flight was flown later during the
powered flight phase as a checkout for a new project pilot without pre-
vious lifting body experience.

One of the main goals of the glide flight program was to obtain
basic aerodynamic data ¢n the vehicle while expanding the envelope {(Mach
number, angle of attack, dynamic pressure) as much as possible. Hope-
fully, a high enough Mach number could be reached during glide so that p
the Mach number to be experienced on the first powered flight would be {
a reasonably small step. During the initial glide flights, considerable
attention was requived to develop satisfactory flying qualities during
the approach and landing.

Three basic maneuvers were performed during flight to obtain aero-
dynamic data: pushaver-pullup, pitch pulse, and lateral-directional
doublet set. The pushover-pullup maneuver normally consisted of an angle
of attack change from trim, down to two degrees, up to 17 degrees, and
back to trim a in approximately 10 seconds. Longitudinal trim curves
(o versus flap position) were oktained from each maneuver. Lift and drag
dats were also calculated from the angle of attack and measured body axis -
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accelerations. Longitudinal derivatives were obtained from pitch pulses
with the pitch damper at zero gain. Lateral-directional maneuvers were
accomplished as doublets (equal control input in each direction in order

to minimize bank angle changes that would regquire unwanted pilot control
inputs during the data maneuver). The maneuver that provided the best
results was a rudder doublet followed by a short period of free oscillation
and ending with an aileron doublet. These maneuvers were performed with
roll and yaw SAS on when maneuver time was critical or when regions of
expected poor flying qualities were being explored. Detailed discussions
of the data manesuvers are included in references 4 and 6.

Conduct of First FEiijght

First Flight Considerations

The first flight of an air-launched lifting body vehicle is unique,
in that the pilot has approximately two minutes to evaluate the actual
flight craracteristics and satisfy himself that no serious deficiencies
exist .nat would compromise a safe landing. In addition adequate maneuvers
must be performed to allow determination of performance (L/D) and longi-
tudinal trim to compare with wind tunnel predictions so that the second
flight can be aporoached with a higher degree of confidence. The first
X-24A flight was planned tc¢ fulfill the above objectives.

First Flight Control Law

The design automaiic control law contained several features that
were considered unsuitabl: for a first flight. This control law, auto-
matically changed the upper flap bias and rudder bias as a function of
Mach number. A more simple contrcl law consisting of fixed upper flap
bias of -21 degrees and ~10 degrees rudder bias was chosen for the first
flight. This control law allowed a representative practice flare at high
altitude, avoided switching from the lower flaps to the upper flaps, and
made minimum use of automatic features. Both control laws are shown in
figure 22.

The practice flare at high altitude allowed the pilot to become
familiar with the flare capability and the handling qualities during the
high speed preflare approach. At 33,000 feet the pilot was to push over
to low angle of attack (2 degrees) and allow the vehicle to accelerate
to 300 KIAS. At 25,000 feet, a 2-g flare was to be performed. One of
the significant differences between the practice flare and final flare
was the effect of altitude on Mach nurmber for the same preflare airspeed
of 300 KIAS. The practice flare Mach number was to be 0.7 compared to
0.5 for the final flare. This Mach number difference would have resulted
in significant differences between the practice flare and final flare with
the design control law. Note in figure 22 that the practice flare would
have been flown totally on the lower flaps; while in pexforming the final
flare, a transfer from the lower flaps to the upper flaps would have
occurred. Obviously the final approach was not the place to begin to fly
for the first time with a different set of control surfaces with dif-
ferent predicted control effectiveness.
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The Mach sensing system which would have driven the upper flap bias
and rudder bias for the design control law was not completely redundant
and therefore not a desirable mode of operation for a first flight.

The upper flap bias setting of ~21 degrees and -10 degrees rudder
bias chosen for the first flight was based on a compromise between desired
maximum L/D, predicted stability margins at 0.7 Mach number and longitu-
dinal trim to avoid cross over from the lower to the upper flaps. To
achieve this desired longitudinal trim range the cg was moved aft to 58.5
percent by adding 140 pounds of ballast in the rear of the vehicle.

First Flight Events

The launch transient on the first flight was considered mild by the
pilot with a maximum bank angle of 12 degrees. The lower flap setting
had been chosen, based on wind tunnel Jata, to allow the aircraft to trim
at eight degrees o after the launch transient. The trim was very close
to predicted and the desired eight degrees o was acquired with very little
pilot effort. However, the pilot noted a lateral misstrim and retrimmed
the rudders until the aileron stick force returned to zero. This procedure
of trimming out lateral asymmetry with the rudders rather than the ailerons
had been established on the simulator as the best method because of the
relatively high effectiveness of the rudders to produce a rolling moment
through dihedral effect (CQB) compared to differential deflection of the

lower flaps. Nineteen seconds after launch, the pilot responded to a
ground control request to reset the yaw SAS. One channel of the yaw SAS
had failed at launch, lighting an amber light in the cockpit and in the
control room. The pilot had not observed the warning light up to that
time. This was a single channel failure in the vaw axis, and since each
axis had two working channels the aircraft still had yaw damping.

In performing an evaluvation of the roll control to +30 degrees of
bank angle, the pilot found the vehicle to be more sensitive than he
had expected from the simulation. In addition he noted a disconcerting
characteristic of the vehicle to change lateral trim with changes in
angle of attack.

The only automatic feature of the control system used during the
flight was the scheduling of KRA with indicated angle of attack and this
system malfunctioned. One minute after launch the KRA circuit breaker
popped, disabling the automatic scheduiling, thus locking the KRA at 35
percent for the remainder of the flight. This malfunction caused the
master caution light to illuminate. The pilot observed the light, but
was unable to devote enough attenuvion to determine the cause of the master
caution light iilumination. Tne master caution light was a central re-
rea .er for several other warning lights at other locations in the cockpit.

At 33,000 feet the pilot pushed over to low angle of attack to
accelerate for the practice fiare. The pilot felt the vehicle was "real
s0lia" at low angle of attack; however, only 260 KCAS was achieved for
the practice flare. However, during the actual approach at 2 degrees o
at approximately 300 knots the pilot experienced an uncomfortable lateral
directional "nfhpling“. The sensation was similar to a characteristic
he had experienced in the M2-F2 lifting body that was a symptom of a rather
severe lateral-direction pilot-induced oscillation (PIO) tendency with
large bank angle excursions. The pilot resporded at approximately 1,800




feet AGL by increasing o to 4 to 5 degrees, allowing the airspeed to

r decrease to 270 KCAS, and using the landing rockets. At 240 KCAS, after
completing the flare, the pilot depluyed the landing gear and recovered
from the predicted large nosedown trim change. Touchdown occurred at 194

' KCAS, 8.3 seconds after gear deployment. Just prior to touchdown the lower
flaps were rate limited because the maximum surface rate capability was
insufficient to follow the large commands of the SAS and the pilot which
were in phase. The longitudinal control during the flare was considered

good.
Glide Flight Results

Launch Characteristics

X-24A motions while separating from the NB-52 after launch were found
to be relatively small and the pilots generally described the transient
as "mild." The magnitude of the transient motions that were experienced
on flight 1, which were typical, may be seen in figure 23. The transient
was generally damped out four seconds after launch. Prior to launching
in a new aerodynamic configuration on successive flights, free flight
longitudinal trim data were obtained with the new configuration on a
preceding flight. This data allowed selection of a setting for the lower
flap for launch to give the desired longitudinal trim based on actual
rather than predicted pitching moment data.

—

to the fligh\ program without pilot inputs. A time history of the pre-
dicted motions for the first flight is included in figure 23. Generally,
the simulation predicted much larger roll excursions than were ever ex-
perienced. The data for this simulation included data from wind tunnel
force tests of 2 1/2 percent X-242 model in the presence of a B-52 model.

' Simulation studies of the launch characteristics were performed prior

Separation clearance was qualitatively evaluated after each flight A
from high speed motion pictures taken from the pyiun. Adequate clearance
was observed on all flights,




et e st - e A

' [ iy S v S

T TT o T TIoT T
= S SR oh s T = T it nuei 1t ot
g e $ ot
4T T 1 o
. T
T
ene: T T y
- - 1
T e
T t 1 t
T t T T
. ' I b
T I ¥ e T :
= T
gyeyeda et ae; =
T $ Y e T
- - T T
+ pa]
: 1 b gt &
1 T PEsnunnace 1
i T ! bt
< r rtt T S T
+ T T ) ? T LS T
o ¥ +
pam Sagoanas roal
3t raaraadasd va! ndammana ras
T T t T
Tt 5o sut eob: T + 1 s
T T T i .
OhT : t -
ot ¥ nt
: etaee 4 Eseas: : 22
! TEH I : e
i 2. f Tt =
T 3 e B 3 7 15ss: 5
t + 1 una 0 b ns T u wu st
masuane: ¥ T T
* T 1 ; mangas: 1
. T T 3
t == sunns + Hes t et
1 t T
1 3 T
T+ —
18 s T T T snaus vani ppate.
g t X + ¥ T 1
2]
. + T 83 1 -
: T o H
T 4 ! - it 1
T t 1 sae
T
T T L
T 1 T
:
F ¥
.
- sant
i T
H
T a5t
oas = o2
e T
¥ T HH HH
: e HH
TH seis
: T T Hi
re et Tt TR Alazaassas: e HH
sabnbintd 44 1 T ol it ares
: T I o T 3 HHH
; ! T T THHT acas Tiia
T T i T H
Sanas et T t Lt
t 1 T oaaatadusan s anaaans. > ¥ HH
.
H s o B
3
e q == Teae =
: H H el b HHH EHH
e b I -
1 1 T + T ; _ Het
T R HH
T il 1 - o4
E ! + T B
o mes s 3 T B
L T H T T ve 1 ead
+ 3 =5
T el ;
T paganpa:
Sarp byt : 1
3538 KEA04 mea jam!
=%t jaearas: BT ¥ -
et H
s b b ! i i
T 1T I LT I r
pla e 1 ke 1 T e
£
emany s T i
ot : H : T i
t+ T
e
auore: aam THT . B
T e S32eete sy . HH
¥
tad dna g ¥ ey
t : 3 =2
feaishes: * L tH aioel e
t 1 T H 5
{ " L amn. et
t t T ._
= > ¥ T . 3
jaadeay s )" aus! HH
1T L I b T n wgn
T 1 T £ aus s
1 : H- HH
T ; t T t caua. ] o, H
apat 1T ]
11 F : - .
T
T i Stireiassires: ¥ i
T T ¥
T I 13 T 1 I
Tt ot 1 anes!
t o
eEEs up: T
i
Jonanss b st T
T I 1
t T ue e
o e
T i T 1t i 1
poes
T T T ot T
derd b 1 T e = 1 e ans
E thes e Eose s : : ST 5
™ hyon = i whd . prtegpas agebus) L. e H
Sisdgan t " st =t : T " ' H
T e, . o oe]
=e s -
H oy 3= . 1 ¥ s T
T T - . [Eaancaes e
1 ook el + 1 1 '
— foregs 823 ' e 1 T n e
=t e T T f
T jame=asy ohi = I z T ;:
S o SENRassanawe: T
T t T T t T
s T e T
4 ,.4 T .A T “
.Wp i tt R e T f +
Ths i 2 P T $ ¥
H iadna: HE bt T T 3 3
T T { T T
1 T HI - T X T
1! 1 4 e ug 1. n — 1
: 1 I oe o] T t . t
T o T T 1 T
ring 1 ~t 1
[Sods gi=as sasq s many: = Ciapd cavaa funed vhnd 1 e : 2
fu e nid I ¥ma I T ) ¢
e + T = po g 1 T T
——— L e +
PR g R r e idebs ¥ + b et 4 ¢ 0 L gy 1 T ¥
ToE 3 T By T e = “E 1 Jgars: T
. . . «




Landing Appreach Flight Characteristics

After the first flight, it was felt that the apparent poor handling
qualities during final approach were primarily the result of the higher-
than~-planned aileron-to-rudder interconnect. However, the reoccurrence
of the problem on the second flight with the KRA programming normally
eliminated it as the sole cause of the problem. During the final approach .
on the second flight, the lower flaps became rate limited. The roll damper
could not be fully effective during the periods of surface rate limiting.

This allowed the vehicle's roll rate excursions to reach 20 degrees per
second; however, bank angle excursions were only +4 degrees.

Frior to flight 3, considerable simulator investigation was performed

to define changes to the vehicle to improve the flying qualities on final

) approach. The changes made to the vehicle's control system included:
modification of the lower flap control horns to approximately double the
maximum surface rate; changed the XRA schedule with oj; and increased the
control stick force gradient and stick damping in roll. More effective
SAS gain settings in roll and yaw were cdefined (refer to the Yaw Due to
Alleron section). The vehicle's response to simulated low aliitude tur-
bulence was included in the studies. Although the pilot's natural re-
sponse to the vehicle's motion in turbulence c>uld not be adequately
simulated in the fixed base simulator, the effect of turbulence was con-
cluded to be a significant contributing factor to the problem.

i

Although considerable improvement was realized due to the above
changes, the response of the vehicle in turbulence continued to be of
concern. It was not until the pilot became convinced that the motions
he was sensing were "riding qualities"” problems agygravated by turbulence,
rather than a serious handling qualities deficiency, that he began to ride -
through the disturbance with increased confidence. The increased surface
rates of the lower flaps prevented any further rate limiting problems.
A more detailed discussion of this subject may be found in reference §.

’ Yaw Cua te Alleren ﬂ

One of the most significant findings of the glide flight program
) was a difference between the wind tunnel and flight determined yawing
moment due to aileron of the iower flaps. The wind tunnel data predicted
the yawing moment would be adverse (negative Cnﬁa) at 0.5 Mach number at

angles of attack less than 12 degrees. However, analysis of flight data
revealed the yawing moment to be praverse (positive Cnaa), see reference

' 6. This difference was a contributing factor in the handling gualities 4
: problem experienced during the initial flights. With the flight-deter- {

: mined derivative used to update the simulator, more suitable SAS gains 1

« and a KRA schedule were established. J
Upper Flap Coatrel Tests J

b | Tests were performed beginning with flight S to evaluate the vehicle's

control characteristics below 0.5 Mach number using the upper flaps for .

pitch ‘and roll control rather than the lower flaps. Removal of 140 !
pounds of ballast from the rear of the vehicle allowed the cg to move {
forward by 1 percent and provided a longitudinal trim condition that

allowed crossover onto the upper flaps at an intermediate upper flap bias -
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setting of ~10 degrees. This intermediate upper flap bias setting was
’ chosen as a safety feature so that a change back to lower flap control
. could be made rapidly if control using the upper flaps was unsatisfactory.
The first test of upper flap control was performed above 20,000 feet
} prior to low key. The more forward cg also served to decrease the longi-
‘ tudinal control sensitivity which was predicted to be higher when con-
- trolling with the upper flaps. The teste were successful with control
being as expected and control derivatives obtained from data maneuvers
in agreement with wind tunnel predictions. No problem was encountered
in flight during the crossover from the lower to the upper flaps.

Minus Thirteen Degrees Upper Flap Blas Anpreach

All landing apprcaches through flight 6 were performed at upper flap
bias settings from ~-19 degrees to -23 degrees. On flight 7, a portion of
the landing approach was performed at an upper flap bias setting of -13
degrees. The test was planned to verify expected satisfactory handliang
qualities at the lower wedge angle? to take advantage of increased glide
performance. A final approach L/D increase from approximately 2.2 to
3.0 was realized with this smaller upper flap bias and thus a shallower
approach angle by about 6 degrees. This test was successful, and on
flight 8 the complete landing pattern was performed with -13 degrees
upper flap bias. The landing approach was performed with this upper
flap bias setting using the lower flaps for control. The longitudinal
trim change due to landing gear deployment reguired sufficieni aft stick
L to cause the lower flaps to fully close with a resulting crossover to

the upper flaps for control. This rapid transfer of authority was con-
sidered desirable due to the large deadband associated with the cross-
over and was a consideration in the selection of -13 degrees upper flap

. bias. The landing itself was performed using the uwper flaps. This
configuration became the standard landing confiquration except for two
landings which were specifically planned to evaluate a complete landing
approach using only the upper flaps for control. During these two land-
ing approaches using the upper flaps for control, the handling qualities $

were as good as those obtained in the -13 degrees uppexr flap bias con-
figuration and a performance increase was realized. However, since
this configuration did not provide a speed brake capability, it was not
adopted as a standard landing configuration (reference 1),

Flew Saparation

Flow separation over the rudder surfaces was indicated on the first
two glide flights in the rudder hinge moment and accelerometer data. It
was noticesble to the pilot as a mild, high fregquency, "Mach type" buffet,
The onset of the buffet was observed to occur as low as 0.56 Mach number.
It was felt that possible problems caused by the flow separation should
be avoided on those flights while the landing approach flying gualities
problem was being investigated. To minimize the occurrence and intensity

) of flow separation, the Mach number was intentionallyv kept below 0.6 dur-

i ing the next four flights by launching at 40,000 feet rather than 45,000

feet. During these flights, tufts on the tip fin, rudder, and upper and )
N lower flaps were photographed from onboard and chase plane cameras to
evaluate the flow fieids (see appendix I for sample photos). These films !
showed that the flow separation occurred on the inside of the tip fin and

-~

zwﬂlgo ongle is the total angle of the absolute upper flap angle plus the lower flap angle.
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rudders. The correlation between the tuft photos and hinge moment data
for the onset of separation was good. The boundary forxr onset of buffet
from the flight corresponds quite well with a non-linearity in the wind
tunnel derivative of C“B and CEB. The effect of separation on the vehicle

was more destablizing at low upper flap positions. References 3 and 4
treat this subiect in more detail.

Lateral Trim Change

The lateral trim change with changes in angle of attack continued
to be an annoying flight characteristic to the pilots throughout flight
7. It was most noticeable while flying in the 0.5 to 0.7 Mach range
with intermediate upper flap settings (-19 to -23 degrees). This lateral
trim change was probably a result of asymmetrical tip fin flow separation.
Extending the upper flap reduced the severity of the flow separation
effects. As the upper flap settings were increased on later flights
(-30, =35, and eventually -40 degxees), the lateral trim change with a
decreased in magnitude. 1In addition between flights 8 and 9, a known
warpage in the upper left hand flap was corrected to reduce known asym-
metric conditions.

Transonic/Subsenic Configuration Change

The X-24A stability levels were a strong function of upper flap bias
and to a somewhat lesser degree, rudder bias. Data were obtained over
a range of upper flap bias positions of -10 to -35 degrees and rudder
bias positions of -10 to 0 degrees during the glide flight program.
Stability requirements dictated that increased upper flap bias be used
as Mach number increased. The subsonic configuration developed for Mach
numbers less than 0.5 was -~13 degrees upper flap bias and -10 degrees
{toe-in) rudder bias. Test results dictated that initial plans to use
~30 degrees upper flap bias as the transonic configuration for the initial
powered fligh*s had to be changed to -35 degrees to achieve adeguate sta-
bility margins.

Configuration changes of the upper flaps and rudder bias (through
flight 8) were accomplished by the pilot as separate changes with two
separate switches. Prior to flight 9, rudder bias programming was
synchronized with the measured upper flap bias position in the automatic
mode. This allowed the pilot to perform the configuration change as a
single event in 10.3 seconds using the upper flap bias switch on top of
the landing rocket throttle. This handle was a T-33 aircraft throttle
handle with the switch normally used as the speed brake switch for that
aircraft. One of the considerations for this modification was tc provide
the ¥-24A with a speed brake capability below 0.6 Mach number through
modulation of the wedge angle and rudder bias.

The automatic scheduling of rudder biags with upper flap bias was
linear between -33 degrees upper flap bias, 0 degrees rudder bias and
-13 degrees upper flap bias, ~10 degrees rudder bias. The noseup trim
change resulting from rudder bias movement from 0 to -10 degrees parxtly
compensated for the nosedown trim change caused by the upper €flap bias
in closing from -33 to -13 degrees. The result was a configuration
change and speed brake deployment that were easy to perform with little
longitudinal trim change.
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Enargy Management

The ground tracks used for all X-24A glide flights were basically
as shown in figure 24, The launches, except for that ¢f flight 3,
occurred between poinrts A and B along the south edge of Rogers Dry Lake.
The flights proceeded along the east shoreline to the low key point. The
pilot then performed a 180-degree pattern and a high speed (300 KCAS)
final approach to a landing on Runway 18. Reference 1 analyzes the land-
ing aspect of the program in detail.

LOW KBY

MIGHWAY

T
PLANNED TRACK
FLIGHTS | THROUGH 9

FLIGHT 22 TRACK

\

4
ROGERS
} | DRY LAKE

A NMOST FORWARD LAUNCH POINT

T ATTUAL PLIGHT 3 LAUNOH

Figure 24 Glide Fligt Grexud Tracks
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All planned data maneuvers, with very few exceptions, were accom-
plished prior to low key, to allow the pilot to devote his full attention
to the landing. The exact geographic launch point for each flight was
determined on the simulator depending on the launch altitude, aerodynamic *
configuration, and angle of attack schedule to be flown to arrive at low
key between 18,000 and 20,000 feet. On the morning of the flight, winds
at altitude as determined from a Rawinsonde balloon normally released at
0200 hours, were used to calculate the effect of wind on the ground track.
Initially, the wind correction was hand calculated using "dead reckoning"
procedures. Because of high rates of descent the vehicle never stabilized
within any particular layer of moving air but rather traversed through
changing air masses rather rapidly. Correctly predicting the resulting
effect of wind and wind shear on the profile was found to be mathemati-
cally quite complex. Therefecre, to be technically correct in accounting
for the effect of winds on the planned profile, the simulator was pro-
grammed to correct for these effects using stored values of wind speed
and direction as a function of altitude. The simulator was operated on
the morning of the flight to determine the effect of winds on the profile.
The launch point was shifted to allow the pilot to fly the planned mission
and arrive at low key without major deviations. Launch point shifts of
up to one nautical mile were used during the glide flight program. This
refinement was an attempt to keep deviations to a minimum in order that
all planned data maneuvers could be accomplished.

The data maneuvers reguired that the pilot be essentially "on instru-
ments" until approaching low key. It was the controller's job to give
the pilot adequate information so corrections could be made to reach the
turn point at the proper altitude. The heading corrections were made
by the pilots at appropriate times in between data maneuvers. 1In general,
energy management was never a problem on the glide flights because the
performance was close to predictions and small deviation~ from the planned
energy were easily corrected. Two common methods of adjusting energy
were: (1) angle of attack/airspeed variations (in between data maneuvers
when possible) and (2) changing the time of the planned configuration .
change (low L/D to high L/D configuration).

The 180~-degree turn to firal approach proved to be a very satisrac-
tory pattern for controlling energy to achieve the decsired landing point.
In most cases, the pilots were able to practice the giide flight on the
morning of the X-24A flight in an F-104 aircraft. Most of their practice
was devoted to the pattern from the turn point to touchdown. This allowed
the pilot to become aware of the effects of the existing upper altitude
winds on his planned pattern.

On the third flight, a procedural error in the NB-52 resulted in an
inadvertent launch approximately 45 seconds early. All the vehicle
systems were in a flight-ready status at that time. Although initially
surprised, the pilot began to perform the planned data maneuvers while
assessing his probable landing site. The controller observed that the
actual launch point was off by 4 nautical miles, about the same distance
from the planned landing runway 18 to Lakebed runway 17 (figure 24). The
controller recommended runway 17 for landing and the X-24A pilot concurred.
This timely decision allowed the pilot to fly his planned mission, obtain
all the requested data maneuvers, and successfully recover the aircraft
from an emergency situation. The actual track is shown in figure 24.
After this flight, procedural and equipmrent changes wexre made to reduce -
the possibility of recurrence of this problem.
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Glide Flight Envelepe

P ) The envelope of Mach number versus altitude plot for all glide
flights is shown in figure 25 along with pertinent limits. The complete
X-24A vehicle was not subjected to structural proof lnad testing although
| proof loads were applied to cne of the tip fins. For this reason the
flight test operational limit was restricted to 80 percent of the design
limit. Application of the 80-percent restriction to the early design
pcints resulted in dynamic pressure limits which were unduly restrictive
in the 0.7 to 1.0 Mach region especially for the rotation phase of powered
t flights. The contractor reanalyzed the basic structure for the design

points shown in figure 25 and found the design adequate. The operational
i limit then became 330 KCAS below 1.05 Mach. Above 1.05 Mach, the opera-

tional limit was 300 pounds per square foot dynamic pressure based on
hinge moment requirements for single hydraulic system operation.

The value closest to the operational limit was artained during the
high-speed final approach to landing. Another isolated instance in which
the limit shown on the figure was nearly reached occurred during the high-
speed approach to the practice flare at 26,000 feet on flight 1.
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FLIGHT PLANNING AND CONDUCT
OF POWERED FLIGHTS

Eighteen powered fiights were flown during the flight program. A
typical X-24A powered flight consisted of two and a half minutes of
rocket-powered flight followed by a five-minute glide to landing. The
Mach number envelope was expanded in small successive steps with inter-
ruptions to further investigate handling qualities problems on several
occasions. Primary flight objectives were not accomplished on five
flights in which system failures which occurred after launch resulted in
alternate flights being flown.

Flight planning and crew preparation efforts were considerably in-
creased over that required for a glide flight. 1In addition to the in-
creased complexity of the basic powered flight plan, a large nuwber of
possible deviations from the normal had to be prepared for. Over 20
hours of simulator time were commonly utilized by the pilot in prepara-
tion for a flight. 1Inflight practice in the F-104 was also increased
to include approaches to as many as five possible landing runways. It
has been estimated that the pilots performed as many as 60 landing ap-
proaches during the 2-week period prior to their flight in the X-24A.

In general, the primary objective of each powered flight consisted
of performing data maneuvers near the point of planned maximum Mach
number for that flight. To achieve these desired end conditions, precise
control of the profile was required. Therefore, data maneuvers during
powered flight were generally limited to those angles of attack required
for profile control. 1In order to prevent possible large upsetting maneu-
vers that could compromise the profile, all data maneuvers performed with
power on were accomplished with the SAS engaged. The capability to
individually operate the four chambers of the XLR-1l1 rocket engine allowed
selection of a reduced thrust level upon reaching the desired test condi-
tions to provide additional data time at quasi-steady flight conditions.

The powered portion of high performance flights of the rocket
powered X-24A lifting body consisted of three distinct piloting phases:
(1) rotation after launch at constant angle of attack, (2) climk at
constant pitch attitude and (3) acceleration at low angle of attack to
desired Mach number. Optimization of these three phases to determine
the procedure for maximum performance was accomplished by simulator
parametric studies. The problems associated with flight in each pnase
will be discussed later. In some cases new limiting factors or deficien-
cies were uncovered that required alteration to the procedure for maximum
performance, usually with a resulting decrease in maximum Mach attainable.

Conduct of PFirat Powersa Flight
Firsi Powerad Flight Considesations ‘
Prior to the end of the glide flight program, detailed flight plan-

ning for the first powered flight revealed that the rotation could not
be performed at =30 degrees upper flap bias without encountering flight
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conditions (M and a) where the wind tunnel predicted negative values of
Cng~ Figure 26 depicts the rather sizable step from flight experience

(through flight 8} that would have occurred during a rotation from 45,000
feet with all 4 rozket chambers ignited and with the upper flap bias at
-30 degrees.

Simulator studies indicated two of the most effective flight planning
techniques to reduce the resulting Mach number and airspeed during the
rotation were to lower the launch altitude and use fewer rocket chambers.
The practical limit to this for the X-24A was established by simulator
studies to be 40,000 feet and 2 chambers and would have resulted in the
conditions shown, a significant decrease in peak Mach but CnB would still

be negative. Also shown is the expected improvement in margins for a
rotation with -35 degrees upper flap bias and 17 degrees indicated angle
of attack (aji). The increase in upper flap bias would have significantly
increased the usable angle of attack at predicted values of positive an
and peforming the rotation at 17 degrees aj with 2 chambers from 40,000
feet would have reduced the expected maximum rotation Mach number to a
reasonable value.

In order to obtain flight test data at the -35 degrees upper flap
bias position, an additional glide flight (9) was performed. To expand
the Mach/a flight experience to that shown in figure 26, the vehicle
was launched from 47,000 feet and a low angle of attack maintained to
achieve high Mach number prior to puil up to high o. Although the time
at this condition was short, confidence was gained to proceed with the
first powered flight in this configuration.

Vehicie Preparation

Preparation of the vehicle for pawered flight included propulsion
system ground tests, addition of two 79-amp-hour hydraulic pump batteries,
and cockpit update for pressure suit flights.

Prior to the first captive flight with the fully serviced vehicle,
the natural frequencies of the NB-52/pylon/X-24A combination wexre deter-
mined by ground tests to be satisfactory (3.2 Hertz in pitch and 3.0
Hertz in roll). Vehicle/pylon motion was studied during a high speed
BE-52 taxi test. During the captive flight the following items were
checked:

l. Full serviced X-24A/adaptor damping
2. Pylon load measurements

3. The propulsion system prelaunch checks were made in the flight
environment, This also included the propellant jettison system.

4. Verification of pressure suit operation (nonstandard overboard dump).

5. Verxification of the completeness and timing of the prelaunch check
list.
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First Powered Flight Events

The main cobjectives of the first powered flight were to successFfully
accomplish the powered flight profile as established on the simulator
and to perform lateral-directional maneuvers to obtain stability deriva-
tives at Mach and o conditions near that to be experienced during rota-
tions on future flights. The maximum Mach number during rotation was
successfully limited to a low value (0.74) by launching at 40,000 feet
and using only two rocket chambers. After the Mach number and airspecd
reached a maximum during the rolation, a third chamber was ignited to
provide the reguired thrust to climb and accelerate to the planned test
conditions. Rudder and aileron doublets were Derformed at 0.80 to 0.84
Mach number at 11 to 13 degrees aj. Stability and control derivatives
extracted from these maneuvers after the flight were in general agreement
with wind tunnel values. The value of CnR was slightly lower than ex-

pected, but still ad juate. The pilot felt the vehicle's handling cuali-
ties were better thar those demonstrated in the simulator. The simua-
tion was intentionally based on the most pessimistic fairing of wind
tunnel data where such a choice was possible. The vehicle exhibited
better performance under power than had been predicted by the simulator.

The results of the first powered flight were quite satigfactory and
without problems, so the second powered flight followed after ¢ normal
"turn around" of two weeks.

Launch Characteristics witn Propellants

The launch characteristics with the wehicle fully loaded with pro-
pellants for a powered flight was no. significantly different from those
of the launches experienced with the empty wvehicle. A comparison of the
motions of an empty vehicle launch (flighit 22) aad a fully loaded launch
(flight 15) with similar upper flap bias and rudder bias settings is
shown in figure 27. Separation clearance for all the powered flight
launches was satisfactory.
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Retation Conditions

Flight conditions experienced during the flight program while per-
forming the rotation are summarized in figure 28. Shown as a function
of planned launch altitude are the maximum Mach numbexr, airspeed, and
altitude loss during the rotation. It can be seen that a buildup approach
in rotation Mach and airspeed was possible on the first three flights (10,
11, and 12) because the XLR-1ll engines cruld be operated with individual
thrust chambers. This feature was also utilized on flight 24 to allow
a more conservative flight plan to be flown for a new lifting body pilot
on a powered checkout flight. An expected decrease in maximum Mach and
airspeed resulting from increased drag associated with an upper flap bias
change from -35 to -40 degrees can be noted by comparing flights 14 and
15 with flight 18. The variation of maximum rotation Mach number with
launch altitude may be seen for both upper flap configurations when com-
pared with the variation established on the simulator. The amount of
scatter was not surprising because of the significant effect of piloting
technique and atmospheric conditions (wind and temperature) on these
parameters. The most sensitive parameter was *he angle of attack main-
tained during the rotation. The planned indicated angle nf attack for
all the maximum Mach number points shown was 17 degrees. The average
angle of attack for most of the flights was within +2 degrees of the
target value. The average angle of attack for flight 21 was 4 degrees
higher than planned because of an a indicator malfunction. As can be
seen this resulted in the lowest altitude loss of any flight. The time
required to achieve successful operation of all four chambers was a
factor in the scatter of che data shown. Figure 29 shows the time after
launch for the pilot to obtain thrust from each rocket chamber. The timz
shown in figure 29 was when the l'ngitudinal acceleration showed a sig-
nificant increase. An additional time increment of approximately three
quarters of a second was regquired to reach a stabilized level of accelera-
tion corresponding to 100 percent thrust. The normal procedure was to
light two opposing chambers at a time (i.e., 1 and 3 or 2 and 4, figure
29). The first two chambers were lit immediately after launch, the
second pair was lit after the first two chambers reached a chamber pres-
sure of 155 psig as indicated by illumination of the chamber lights in
the cockpit. All flights shown were intended to be with 4 chambers ig-
nited except 10, 11, and 24. Note that the average time for thrust onset
for the first two chambers was three seconds and six seconds for the
other pair. Time delays longer than 10 seconds shown in the figure were
the result of engine malfunctions.
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Transenic Handling Qualities

The first five powered flights (10 to 1l4) were flown with the upper
flap bias at -35 degrees. Maximum Macb number obtained to that point was
0.99. On flighrn 14 the pilot encountered an area of poor roll control
at 0.95 Mach nusber at 5 degrees aj and rated the lateral-directional
handling qualities3 as 6.5. Also by this time adequate flight data had
been obtained tc define a trend that C"B was less than wind tunnel pre-

dictions. As a result of these two factors a comprehensive review was
performed to assess the implicaticns on future envelope expension flights.
A simulator study was made using the flight determined values of CnB re-
sulting in handling characteristics similar to those enccountered in
flight. Control system changes or adjustments which would improve hand-
ling qualities were evaluated on the simulator. Increased KRA and an
increase in yaw gain were defined as the most effective changes to improve
the handling qualities problem. A wind-tunnel-predicted increase in CnB

hetween -35 and -40 degrees upper flap bias was coasidered an attractive
change. Therefore, -40 degrees upper fiap bias wues used as the transonic/
supersonic corfiguration for the remainder of the flight program. De-
tailed analysis of all the available data after the flight program failed
to verify any significant increase in CnB between -35 and -40 degrees

upper flap bias (reference 6); however, it should be noted that no data

were obtained with -35 degrees upper flap bias at M > 1.0. With respect
to the particular handling aqualities problem discussed, the changes made
did result in an improved pilot rating of 3.0 in the 0.95 Mach region at
low a.

Stability Boundaries

Two successful data flights (15 and 16) in the -40 degrees upper
flap bias configuration produced adequate data to indicate that the Cp
was still lower than predicted. These flight data when faired in with
wind tunnel data at supersonic speeds and extrapolations t¢ higher o's
based on the slope of the wind tunrel data were used as the basis for
studies that established flight boundaries. Fiqure 30 presents the re-
sulting boundaries which were used as a guide for flight planning. Twc
regions of roll reversal were defined. The low angle of attack condition
had already been aepproached and its existence verified. This low o« limit,
in combination with the a for an = 0 and the upper roll reversal boundavry,

resvlted in a rather limited usable ¢ corridor in the transonic Mach
range. Flight in the region of negative an was necessary to reach

8

desired flight conditions, however, flight in thieg area was approached
with caution witn alternate pilot action already preplanned if a control
problem was encountered. ‘The angle of attack for zero cng was considered

an absolute limit and was never penetrated. Negacive values of Cn} produce

a condition for which lateral-directional motions are non-oscillatoxy
I

and divergent. (Cng or Cnf dynamic defined by Cng = C“B cos o - TE CEE
’ X

sin a). Always of consideration was the lack of longitudinal static
stability (Cma) predicted by wind tunnel data at high angles of attack

3Hnnd|lng qualitizs ratings in this ceport ars based on the Cospei-Harmper scale of reference 16 includaed in oppendix lil.




between 0.70 and 0.90 IMach number and at low a at 0.95 Mach number. In
preference to the above factors, an indicated angle of attack of 17 de-
grees was normally used to perform the rotation.

Adherence to these boundaries did nnt seriously restrict the glide
portion of the flights after engine shutdown. However, perforuming an
optimum boost profile to achieve maximum performance was comprowised
because of the inability to rotate efficiently and climb at a steep
nitch angle and the inability to push over to near zexo 1lift for the
acceleration to maximum Mach number. Included on figure 30 is a typical
X--24A simulated high speed flight. WNote that the rotation was performed
in an area of negative C“B (based on extrapolated data). Test values of

CnB at this Mach and ~ were not obtained because of the reluctance to

perform an upsetting data maneuver during the rotation. Also apparent
is that the rotation was performed close to roll reversal and Cm“ = 0,

Pilot comments indicated that the lateral-directional handling qualities
during the rotation were always acceptable. During the constant pitch
angle (@) climb the vehicle once again reached the area of negative C“B'

However, this time the aixrspeed was low (150 knots), and the pilots en-
countered a lateral-directional PIO with pilot ratings as high as 7.0.

To avoid deeper penetration into this boundary, it was necessary to push
over to lower a prior to accelerating above 0.9 Mach number. The limit-
ing pitch angle during the boost of approximately 40 degrees was dictated
by the indicated angle of attack limit of 17 degrees. The limitations

of 40 degrees pitch angle and 0.2 Mach at pushover resulted in a pushover
altitude and rate of climb lower than optimum and precluded the capability
ro maintain a low angle of attack for the remainder of the acceleration
(a technique which normally would result in maximum performance). I€
attempted, the vehicle would have leveled off at too low an altitude and
accelerated to a high dynamic pressurec and a very steep dive angle at
engine burnout. To preclude this, it was necessary to perfoxm a two-step
pushover. Aas shown in figure 30, the first pushover was to 10 degrees

aj for acceleration to M > 1 and to gain additional altitude. At 1.2
Mach number a pushover to 7 dazgrees a; was performed for the final ac-~
celeration to maximum Mach numbex. A time history of actual performance
parameters resulting from one of the buildup flights (flight 23) is shown
in figure 31. The Flight Plan may be found in appendix IV.
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Theust Effects

The exhaust plume of the XLR-1ll rocket engine at the aft end of the
Lifting body, in between primary control surfaces, was believed to have
had significant effects on the air flow characteristics over the vehicle.
Evidence of aerodynamic effects due to thrust were apparent in the lat-
eral-directional as well as longitudinal axes.

Flight determined values of Cn8 with power on and off at 0.80 to

0.85 Mach number indicated a decrease in directional stability with
thrust on (reference 6). This trend in the 0.90 to 0.9% Mach number
region was not definable. However, & large reduction in CnB with power

on was confirmed at Mach numbers greater than 1.1 at a's above 10 degrees.

Effect of thrust on the longitudinal axis was significant and readily
observable as pitch trim changes with selection of thrust chambers.
After lauvnch the pitching moment from thrust of all four chambers pro-
duced a noseup trim change of approximately 7 deyrees aj. Only a small
portion of this trim change could be accounted for geometrically by the
thrust vector acting below the vertical cg. This difference resulted
in a considerable discrepancy between the simulator and aircraft in the
lower flap required tc maintain the 17 degrees aj during the rotation
and had to be considered in planning flights to prevent undesirable a
overshoots. This was allowed for by launching the vehicle with the con-
trol surfaces set to cause the wvehicle to trim at 10 degrees aj before
l engine light. To compensate For the noseup trim change at low a the
pilot required additional forward stick to the point of excessive arm
extension. Prior to flight 15 a control system adjustment was made to
improve the nosedown trim capability. In addition, a mounting bolt change
was engineered tou change the thrust line and to reduce the magnitude of
the trim change prior to flight 21. This modification reduced the a trim
change by 2 to 3 degrees. The source of the unexplained moment was
assumed tc be an aerodynamic effect produced by the engine exhaust plume. *
More detailed documentation of this subject may be found in reference 5.

During the first few powered flights, the vehiclie's performance was
better than predicted by the simulator. That is, the vehicle reached J
the planned Mach number in a shorter time than planned. Power-off drag
data obtained up tc that point had not defined any significant differences
from wird tunnel walues. Absence of accurate thrust values for the

Y engine precluded determination of lift and drag with power on and also
added an unknown to flight planning. In an effort to update the simula- 4
tor based on flight data, a match of che actual flight profile and Mach q

number from flight 15 was accomplished on the simulator. This was done
by duplicating the actual piloting techniques (a control, engine opera-
tion, etc.) as closely as possible. Systematic changes to the simulator i
were then tried to attempt to improve the match between the flight and
simulator results. A thrust level change did not produce a good simu- p
lator match. A decrease in choxd force coefficient by 0.02 was found

to result in the best match. This effect accounts for the decrease in f
) . base drag with thrust on; an effect not established by wind tunnel tests. |
This same parameter has been included in simulations of other rocket
powered aircraft (¥-15 and HL-10). Although it can be considered some-
what empirical in nature, it was required to provide better simulation
for flight planning. This correction of 0.02 to choxd force due to de-
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creased base drag was used in the simulation only when one or more chambers
» were operating. This remained a part of the simulation for the remainder
of the program.

It should be noted that the engine in the X-24A configuration was
strictly a means of achieving the required supersonic Mach number to
perform glide tests. The ability of the X-24A configuration to perform .
a re—-entry maneuver would not have been compromised by the effects of
thrust discussed here. However, the impact of this effect on other
vehicle configurations/missions should be considered during future design
» efforts.

Autematic Scheduling of the Control Surtaces

The control system design of the X-24A included a capability to
! automatically position the upper flap bias and rudder bias as a function
of Mach number, The original design schedule of the upper flap hias and
rudder bias versus Mach number is shown in figure 32.

Because of a lack of redundancy in the automatic system and in ordexr
‘ to facilitate obtaining consistent and meaningful test data, the upper
flap bias position was set by the pilot using the manual mode of opera-
tion during most of the test program.

The automatic upper flap bias versus Mach number schedule was modi-

fied late in thc test program based on flight test knowledge of stability

boundaries, approach and landing techniques, and the required speed brake

capability in the landing pattexrn. As previously discussed the rudder
bias schedule was changed from a function of Mach number to a function
of upper flap bias position. These revised schedules are shown in fig- .
ure 32. Although this automatic schedule was not demonstrated on an
entire flight, the system was engaged for 53 seconds on flight 26 and
operated satisfactorily over the range shown in figure 32. Additional
discussion of this control system feature can be founc in reference 8. w
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Energy Management

Energy management of the X-24A powered flights was achieved through
detailed flight planning and close pilot adherence to the planned profile.
Figure 33 depicts the accuracy which tne planned maximum Mach number and
altitude were achieved for each flight. The pilot performed the engine
shutdown on normal profiles using indicated Mach number. With the ex-
ception of the alternate profiles (shaded symbols) which will be discussed
later, the maximum Mach number was within a tenth of the planned value.
An overshoot in Mach number of one tenth was not considered unreasonable
in light of the overriding requirement to accomplish the test maneuvers.
The maximum altitude consistently came out lower than planned; a 2,000-
foot undershoot was common. Although nct critical from an energy manage-
ment standpoint, it was an annoying perturbation. Detailed post-program
analysis did determine that values of lift coefficient (Cy,) above 6 de-
grees o were lower than wind tunnel predictions (reference 4).

It was established during f£light planning, that if the engine shut-
down conditions were within reasonable tolerance bands, the pilot could
complete the planned test maneuvers without concern a~out energy managz-
ment. Then after the key data maneuvers were completed, energy manage-
ment covrections could be made as required. The outer limit of the
allowable shutdown deviation along the downrange track was normally i2
NM. 2ctual deviations frem planned snutdown conditions are shown in
figure 34, Note that the shutdown points for all normal profiles (open
symbols) were within 1.5 NM. This degree of accomplishment greatly
simplified the energy management task during the X-24A program and was
primarily responsible for the large volume of cxcellent test data which
was obtained during the very brief flying time of the program. The cross
track deviation could easily be corrected by the pilot when time per-
mitted and was not a significant factor in energy management. As already
indicated and as shown in figure 34 as 4 altitude, the ability to be
within 2,000 feet of the planned shutdown altitude was important to
energy control. The deviations for the alternate profiles shown (solid
symbols) are based on the difference between the actual and planned
alternate profile shutdown conditions.

Examples of the tracks and profiles used during the powered flights
are shown in figures 35 and 36. The first 11 powered flights were launched
from the Palmdale launch area (figure 35) using Rosamond Dry Lake as
launch lake. As higher energy flights were planned additional distance
was required, therefore, the last seven flights werz flown from the
Cuddeback launch area (figure 36) using Cuddeback Lake as a launch lake.
The actual launch points were displaced along the track shewn, depending
on thz range reguired to accomplish the flight osbjectives. The ground
track distance flown from hetween launch and the low key points from the
actual Palmdaie and Cuddeback launch points were 32 to 38 NM and 36 to
44 NM, respectively.

The maps shown in figures 35 and 36 are reduced copies of actual
radar waps prepared for use in controlling the flights. The planned
altitude profile and ground track were traced on the map by the simulator
X-7 plotter while the planned flight was being simulated. The three
lines 3hown crossing the altitude plot near maximum altitude are the
early, normal and late shutdown guidelines. These lines represent the
allowable downrange shutdown deviations. The slope of these lines was
an attempt to provide a guide for off-nominal altitude compensation
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(i.e., if lowexr than normal delay shutdown). During the flight, the
pilot was advised of his position relative to the shutdown lines. The

. time between the early and late shutdown lines was approximately 20
seconds.

The effect of upper altitude winds on the planned profile was deter-
mined from the simulation between the launch point and the planned shut-
down point. It was unrealistic to correct the glide portion of the pro-
file for winds because of the significant effect piloting technique had
on the energy management to achieve the desired low key. The launch
points for 11 of the 18 powered flights were shifted along the track
between 0.5 to 2.7 NM. The wind effect on the remaining seven flights
was small enough to ignore. The predominate wind direction for the
flight test area was from the west, therefore, the Palmdale track nor-
mally required an aft shift to compensate for winds. However, it was
found that the amount c¢f aft displacement was limited by the effect on
the glide to Rosamond Dry Lake in event of an engine malfunction at
launch. Wind correction limitations were not a problem at the Cuddeback
launch point because the required shifts were closer to the launch lake.
Energy management from shutdown to low key was based on profile and
track advisory from the ground contrcller (amount above or below planned
and distance right or left of track). The pilot responded to calls about
the profile energy as described in the glide fiight discussion with «
and upper flap bias changes. In addition, the planned turn to downwind
shown on the map was altered as dictated by the energy level approaching
that point, i.e., early turn (cut the corner) for low energy and a late

. turn (swing wide) for high energy.

The requirement (based on stability margins) to be at or below 0.5
Mach number to perform the one step configuration change from -40 tc -13
degrees upper flap bias somewhat restricted enerqgy management. For a
normal downwind airspeed of 200 knets, 0.5 Mach number occurred at 27,000
feet. This in turn dictated that the configuration change be approxi-
mately 3 to 4 NM from low key and did not leave very much altitude for
enexrgy adjustments. To illustrate the effect, a configuration change
Mach number of 0.6 would have increased the altitude to 35,000 feet (for
200 KCAS) and separated the configuration-change point and low key by
approximately 7 to 8 NM. Where range stretching dictated an early con-
figuration change, the configuration was changed in steps as a function
of Mach number to maintain sufficient upper flap bias for adequate sta-
bility as the Mach number decreased. The rule of thumb established was
the Mach number/upper flap bias schedule shown below:

Mach No. Upper flap Bias (deg)
0.8 -35
0.7 -30
0.6 -20 .
0.5 -13 4

This application of altering the configuration (wedge angle) for
energy management provided an effective speed brake below (0.6 Mach num-
ber for the X-24A. Considerable use of the speed brake feature was made ‘
below 15,000 feet while accomplishing the landing pattern to achieve the ‘
touchdown accuracy of +2,000 feet presented in reference 1.
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Aliemate Prefiles

The maps on figures 35 and 36 show alternate preplanned two- and
three-chamber profiles. Th2se were used as guides when alternate pro-
files were flcwn because of failure of individual rocket chambers to
light. 1In addition, the two-chamber profile was to be flown in instances
in which system failures after launcih dictated a less demanding profile
than the planned mission (for example, angle of attack or SAS malfunc-
tion). A one-chamber profile is not shown because insufficient thrust
existed to maintain level flight. The plan, in this case, was to shut-
down the single chamber, jettison propellants, and land at the launch
lake.

Also presented on the radar map are lines of altitude versus range
for glides to alternate runways after premature engine shutdown. The
lines shown are for "break points" where z2nergy would be adeguatz to
accomplish a glide to either alternate runway identified on either side
of a line: i.e., runway 35 or 5 (figure 35). This was considered the
primary real time enerygy management aid to be used to recommend the best
runway to the pilot for this type of alternate situation. In addition,
the pilot knew the engine burntime that corresponded to the break points
between alterrniate runways that could have been used as a guide in the
event a radio and/or radar failure precluded ground control advice. The
pPilots also felt that they possessed a reasonable degree of visual enerqgy
management capability because of the experience cbtained during F-104
simulations along the planned alternate profiles.

Alternate profiles, or significant variations from planned profiles
occurrad on 6 powered flights (13, 17, 21, 25, 27, and 28). Flights 13,
17, and 28 were two-chamber alternate profiles due to engine malfunctions.
The -40 degrees upper flap bias configuration resulted in insufficient
excess thrust to allow the vehicle to climb on two chambers at hLeavyweight
conditions immediately after launch. The procedure was established to
decrease the upper flap bias in steps as previously discussed although
only a moderate climb was possible. On flight 13, the burntime available
on two chambers was underestimated and the engine operated longer than
expected. Th's was fortunate because the energy was thought to be some-
what marginal. The planning discrepancy explained the difference between
planned and actual A track shown in figure 34. The two-chamber profile
on flight 17 was also a delayed light situation. The two chambers were
not obtained until 30 seconds aftexr launch. This long delay was con-
sidered excessive and resulted in a profile 8,000 ta 10,000 feet lower
than planned. To compensate for the low altitude, the shutdown was in-
tentially delayed to allow the vehicle to travel further down track to
reach the ncrmal energy conditieon. Flight 28 was another two-chamber
alternate flight due to engine malfunctions and a disappointing last
flight of the program.

Failure to cobtain thrust from one chamber on flight 27 resulted in
a successful three-chamber profile with alternate objectives being
achieved.

After launch on flight 26 initial attempts to start the engine were
unsuccessful., A successful start of all 4 chambers was firally accom-
plished about 30 seconds after launch with a resulting 92,000-foot aiti-
tude loss during the rotation. The planned objectives were met by flying

!




— o mam e e cae e . A———— o e -

to propellant burnout, but at a slightly lower Mach number due to the
excessive loss of altitude after launch. As shown in figure 34, the de-
layed engine light shifted the shutdown point (flight 26) downrange from
the planned location.

Although initial igniter malfunctions of one chamber on flight .6
were experienced, a successful light was obtained on the third try. This
17-second delay did not have a significant effect on the planned conditions
of the particular flight and was not considered an alternate profile.
The cause of the engine difficulties experienced during the X-242 program
are discussed in reference 2.

The alternate profile flown on flight 21 was a result of a failure
of the pilot's angle of attack indicator. Operaticn of this gauge after
launch on this flight was too erratic to be relied upon for th: planned
flight., Because of the proximity to a« limits durirng a high speed flight,
it was deemed unwise to fly the planned flight without adequate a informa-
tion. The preplanned procedure was to shutdown two chambers and fly an
alternate two-chamber profile. After initial attempts to use the erratic
gauge the pilot finally concluded it was unusable and shut down two
chambers. However, the engine had burned for over 74 seconds on 4 cham-
bers so the resulting profile fell between the 2- and 3-chamber profiles.
During this flight ground control provided numerous advisories on angle
of attack based on telemetry data.

Jettizen Fire

Inspection of the vehicle immediately after landing on flight 17
revealed fire damage in the engine area. Many aluminum lines on the
engine had burned or melted, all four flaps showed some degree of damage,
the engine mount was distorted and electrical wiring burned.

Detailed data analysis led to the conclusions that the fire had
occurred 10 seconds after engine shutdown during jettison of the remain-
ing propellants. FPhotographs from chase aircraft showed extensive re-
circulation of the jettisoned propellants in the base area (figure 37
is a photograph of LOX jettison). One theory was that the hot engine
nozzle provide the ignition source. In an attempt to prevent this fiom
happening again, the jettison tubes were modified to provide further
separation between the two propellants (figure 38): procedures were
changed so that the pilot would wait at least 20 seconds after engine
shutdown prior to jettisoning propellants, and LOX and fuel would be
jettisoned separately.

During the time required to repair the damage, a thermocouple was
added to the No. 1 chamber nozzle extension. The resulting data obtained
on the next flight is shown in figure 39. The temperature stabilized
at a value of 1,750 degrees F during engine operation. As can be seen
by the cooling cycle after shutdown; at 20 seconds the temperature was
still excessive at 1,400 degrees F. It was hoped to delay jettison
until the nozzles were sufficiently cocl to preclude ignition. For
future flights the ground rule was tc delay jettison 100 seconds after
shutdown then jettison ecach propellant separately. No further jettison
fires were encountered during the X-24A program.

Experience since that time with the M2-F3 vehicle provided addi-
tional information to this problem. The M2~F3 experienced two jettison
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fires with similar damage to aft located control surfaces. The last fire
occurred after a brief engine run (7 seconds) and after 117 seconds delay
between shutdown and jettison. The similar factors of all three flights
were that none went above 45,000 feet and the helium bleed flow to the
chambers was shut off shortly after shutdown. Ground test showed that
the residual fuel in the chambers after a normal shutdown can burn for
extremely long duraticns (in excess of 230 seconds without helium bleed).
The afterfire in the chambers was the most probable source of ignition
of the jettison fires. Lack of sufficient oxygen in the atmosphere at
high altitudes on other X-24A flights prior to flight 17 may have been
inadegquate to support an afterfire and no jettison fire occurred.

Figure 31 \nflight Pheto of LOX Jettisen




Photo of Medified Jaitisen Lines

Figure 88
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Envelope Explered

The envelope of Mach number versus angle of attack explored during
the flight test program is presented in figure 40. The relationship of
flight experience to the flight planning limits for the -40 degrees upper
flap bias configuration can readily he seen.

The plot of Mach number versus altitude of all X-24A powered

flights is documented in figure 41. A flight log of each individual

flight is included in appendix V. A maximum performance flight to engine

burnout was not performed during the X-24A program. The maximum Mach
' number of 1.6 occurred on a flight (25) planned for engine burnout at
1..57 Mach number. When engine burnout did not occur as planned, the
pilot shut down the engine at 1.6 Mach nunber as prebriefed. Engine
problems on the last two X-24A flights (27, 28) precluded attempts to
obtain maximum Mach number.
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CONCLUSIONS

The X-24A flight test program successfully demonstrated the ability
of the SV-5 lifting body configuraticn to be piloted from 1.6 Mach number
to a horizontal landing. These results ulong with the successful re--
entry from orbital velcwity of the same basic aercdynamic configuration
during the PRIME program, ucmpleted flight test efforts of a program

that begar as a research effort to develop technology in lifting re-entry
from earth orpit.
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X-24A FLIGHT TEST

PRIME FLIGHT TEST

ALTITUDE (#/1000)

MACH Ne.

X~-24A [light test program produced test results to allow de-
corting over the following ranges of par..roters and conditions:

. ngs
Mai...adm L/D 3.0 to 4.3
Approach L/D 1.8 to 3.4
Approach ¥ -14.5 to 24.5
Approach KCAS 270 to 310
Approach XRa 15 to 50 pct and autoiatic £(a)

Lower flap for pitch and roll control

Upper flap for pitch and roll control

Crosswind up te 10 kt
Turbulance light
SA3-off approach
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Stability and Handling Qualities

a 2 to 19 deg
Mach number 0.5 to 1.6
Upper flap bias ~-10 to -40 deg
Rudder bias +2 to ~10 deg
Thrust on and off
Performance

a 2 to 19 deg
Mach number 0.26 to 1.60
Upper flap bias -8 to -40 deg
Rudder bias +2 to =10 deg

The design of the X-24A control system with its variable control
system features provided: (1) the opportunity to axplore several aero-
dynamic variations of the basic configuration and (2) a means to easily
make changes/adjustments to improve vehicle flight characteristics.

Significant differences between flight test and wind tunnel deriva-
tives were determined. These differences usually resulted in degraded
vehicle handling gualities that requixed control system changes.

The envelope expansion program was safely conducted on a vehicle
with low levels and, at some flight conditicns, negative values of Cp
through the incremental approach provided by use of the six-degree of
freedom simulator and between flight dGerivative determination.

Differences in the derivative C“e were determined between power-on

and power-off at the same flight conditioms. Unaccountable changes in
longitudinal trim were experienced with power on. These differences
were believed to have heen the result of aerodynamic flow changes on the
wvehicle as a result of the rocket exhaust plume.

Some of the flight conditions (M, o, q) experienced during pow=red
flight to reach the required test conditions were near known boundaries
and resulted in degraded flying characteristics. Flight at these condi-
tions would not necessarily be required during a gliding re-entry. How-
ever, future powered vehicles with similar propulsion/aerodynamic con-
figura ion should consider these effacts.

Use of the fixed base simulator to corxrect plannau , -und track

and profile deviations due to known upper altitude win& .as an importart

refinement to flight planning and conduct. Reduction of wind-caused
deviations minimized profile corrections that would have detracted from
planned data maneuvers.

n




APPENDIX 1
X-.24A INSTRUMENTATION

VIEW OF INSIDE R/H FIN *ROM CENTER FIN CAMERA WITH
160 DEGREE FISHEYE LENS (FLIGHTS 5 THRU 8)

VIEW OF INSIDE ®/H FIN FROM CENTER FIN
CAMERA WITH 93 LENS (FLIGHTS 12 THRU 25)

VIEW OF XLR-11 ENGIME NOZZLES FROM CEKTER FiN CAMERA
WITH 9MM LENS (FLIGHTS 26 THRY 28}

Figurel Fiold of Vigw ftom Airborae Camwras

12




VIEW OF COCKP|T PANEL FROM CAMERA MOUNTED o e
R/H CONSOLE (FLIGHTS 1 THRU 12) S IO

gl 7 "
k PR O ‘

VIEW OF LOWER FLAPS AND GROUND FROM
LOWER FUSELAGE CAMERA WITH 150 DEGREE
FISHEYE LERS (FLIGHTS 3 THRU 8)

T s h
... N S

VIE¥ OF COCKP!T PANEL FROM CAMERA MOURTED
OM L/H CONSOLE (FLIGRTS 13 THRU 28)

Figare 1 (Coxtincad)
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VIEW TOWARDS FLIGHT PATH FROM CAME! A MOUNTED

IN NOSE (FLIGHTS 23, 24, 25,AND 26)

Figure § (Continned}
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YIEW OF LAUNCH SEPARATION FROM CAMERA MOUNTED YIEW OF PRELAUNCH AND LAUNCH EVENTS FROM
AFT ON PYLON -ADAPTER CAMERA MOUNTED IN AFT OF THE NB-52

ALTERNATE VIE* CF LAUNCH SEPARATION FROM AFT VIEW OF LAUNCit SEPARATION FROM CAMERA
PYLON CAMERA MOUNTED FORWARD ON THE PYLON ADAPTER

Figura 1 {Concludad)
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