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Concept, Missions and Program Status of the H-IIA Rocket
National Space Development Agency of Japan
Atsutaro Watanabe

in addition to launching satellites, logistics supply to the International Space
Station/Japanese Experiment Module{ISS/JEM), launching of lunar and planetary
probes, technology verification for the H-1Il Orbiting Plane(HOPE), and so on are under
study as the space missions to be conducted at the beginning of the new century.
The National Space Development Agency of Japan is developing the H-IIA rocket to
meet these diversifying missions and to conduct them efficiently and economically.

This paper presents the purposes, concept, and philosophy of system plan-
ning of the H-IlA rocket, the combinations of the H-IIA and a transfer vehicle to the
ISS/JEM and an experimental winged re-entry vehicle HOPE-X.
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Nationot Spoce Develfopment Agency of fopon

GTO, LEO payloads
Lunar / planetary probes

LEO GEO Lunar Mars

100km| Land | 100km] Land
Circ. | ing |Cire. ing

H-11A2 10 2 23] 110804

H-11A3
(1 LRB) 15 3 3.9 1.9 1.3 0.8
H-11A4 .

@ tres)| 20 4 153|26|1.8] 0.9

Note: By Hohmann Transfer. Unit in tons.

i § e

Nalionat Space Development Agency of Jopan

Booster 1 {reusable) Booster 1 {reusable)

Sustainer Sustainer {expended)
U
( expended)

% Booster 2 {reusable) % Booster 2 (reusable)

Vertical Landing

i

Floating Landing Facility
| |

1

Thic dociiment i nrovided hv TAXA



FHABENABRKE (HOPE—-X) HEOBRR

FHARFE XM oML HH. m& #B. % XK
ERE #Z. ®m% M. o)l EHB
BRE BB, R OET. B &
el B=Z. EH X. =k fx
TE KRR, TE XA MK BT
wmH FIxK

METHEWMBER H# BAER #_. K X
T OB, AKX HEZ

FHAERENREBRE (HOPE —X) #HER., EXRIFRBLEMNE LIERITERTHDHOR
EX,. HYFLEXEWRALFLEXORITHRRIZESTE, EAFREEEBIIVLBELINDIEE
BWEAETH L LI, EARAEOEBREBAMRITIEL2 LI, TnNLOEMROEIRSE
H5b0Th D, :

B, HOPE — XHEHNHEEMEOERBIZHLY . MEFHEFHARMEFHFRESEXH O
FREEZE LT, AT R - HRERABREOEELTERP TH 5,

Status of the H-Il Orbiting Plane-Experimental (HOPE-X) Development

National Space Development Agency of Japan
OJiro Kochiyama, Hitoshi Takatsuka, Yasuhiro Funo

Yoshihiko Masaoka, Jyun Takano, Yoshiro Ishikawa
Toshiki Morito, Tatsushi Izumi, Itsuo Wakamatsu
Masami Matsuda, Hikaru Tomita, Kazuyuki Miho
Eiichiro Nakano, Takehisa Chiba, Teiu Kobayashi
Toshio Fukui

National Aerospace Laboratory
Yoshio Hayashi, Yasuji Hara, Takeo Aoki

Yoshitsugu Kanno, Shinji Ishimoto

The H-II Orbiting Plane-Experimental (HOPE-X) program is to develop the
main technologies necessary for unmanned winged recovery space vehicle on
‘the bases of precursor elemental flight expériments such as OREX, HYFLEX
and ALFLEX and demonstrate them through the flight experiment of operatio-
nal size vehicle.

At present, HOPE-X program is in reserch and development phase and
various efforts for system design and fundamental technologies are being
conducted through the cooperational works between the National Aerospace
Laboratory (NAL) and the National Space Development Agency of Japan(NASDA).
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Rudder Structure

/ Speed Brake

Tipfin Structure

OMS Engine
OMS Propeltant Tank

RCS Thruster
Module

Body Flap

Rudder Actuator

Actuator Power Unit,
Hydraulic Pump,
Oil Cooler \

Flexible Thermal

Insutation
\

Body Structure

Flight Control System, \
Electrical Power System,
Communication System

Elevon Structure
Elevon Actuator
Wing Structure

\ C/C Leading Edge

Main Landing Gear
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Fig.1 HOPE-X Configuration

S5
7 0
.10
16.657
7.0 .
: -
o i
[ep] 1
——
4 —————]
16.0 J
< 18.323 N

Fig.2 HOPE-X Dimension
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Tipfin Outside Tipfin Inside

I 1530°C
1 480C
1 430C
I 1380°C
B 1310C
BB 1240C

Bottom View

Front Side View

Fig.3 HOPE-X Surface Temperature

Top View

Flexible Insulation (Felt Type)
! Flexible Insulation (Kilting Type)

Ceramic Tile

Bottom View

C/C TPS, C/C Hot Structure

Fig.4 HOPE-X Thermal Protection System
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Cargo bay cover ~ Body flap

-~
Afl. fuselage

Mid . fuselage

Fwd. fuselage

o

Nose cap Nose landing gear door

Tipfin feading edge

- Poe
@ CPi +Tile

Al allloy +Ceramic tile or
Flexibie thermal insulator

Main landing gear door

Fig.5 HOPE-X Structure

H-11 A Rocket 1st stage separation
Tanegasima OMS ignition

Deorbit

Fig.6 HOPE-X Mission Profile
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Fig.7 Stepped Development Approach for Reusable
Space Transportation System
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METFHEMER  KKEE
TR hERE
PZETHBMWIZER  ER O

RLZE PR AI(INAL) & FH B FEMNASDA)IE HOPE DIF DO —EB & LT HOPE
DOHEEBIILERENOBEL BN ET 5/ B E)E LB (Automatic Landing Flight
Experiments ALFLEX &WE#59 2) % 3L THY TE 7 ALFLEX 3BUEZ DMK B REA A Z
A—Z NS YTHLFA—ZA NS U TH. V=X SRITBEBEGICHBERERITERIEST
FTH 5, AREIT ALFLEX OBH. BEZELRA L E T ARRERSE TIIERIN
T BEEERITEROERE BN DS,

On Present Status of ALFLEX

National Aerospace Laboratory Masahiko Nagavasu
National Space Development Agency Hidehiko Nakayasu
National Aerospace Laboratory Masashi Shigemi

NAL (National Aerospace Laboratory) and NASDA (National Space Development Agency) have been
jointly conducting research of the HOPE. The ALFLEX project (Automatic Landing Flight Expeni-
ment), currently advancing as a part of the HOPE research, is intended to acquire the fundamental
technologies essential for achieving the automatic landing of the HOPE. The project is now at its final
stage, and the automatic landing flight experiment is being in progress at Woomera Airfield in South
Australia, Commonwealth of Australia. This paper describes the purposes and outline of ALFLEX
project, and the quick report of the automatic landing flight experiment.

1. BA F—LA N — A= —DEMEEMAZ T,

L ZE T BT T JE T (NAL) & FHi b R T 3
FI(NASDAYD [/ TH¥ 5 HOPE DR D—
R & U TN HEpE BBk (Automatic Landing
Flight Experiment.ALFLEX &BEFRTS 5) HHTE
A—=Z SV TEBEFA XISV T T
— A SRITHEEZBERICETPTTH S, FHIC
i3 NAL/NASDA &44H T 30 &3 D ALFLEX

BB EZEOHAAMPEEL TS, ZLT
1996 £ 4 Ad o v X7 LEBE., H EETRER
FEOTHABRFLT . FIEBLTEREBIZE
AU TRITIE 2B RITEBR LK
D ERBLTE, ZBRBEEEL OU)
DE L TRARITIEHBIE RIS 58
FERATERIZ. BN EOKERKE (FIFRIT) &
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Event Item Nominal value Actual value Deviation

Release Release time 11:11:53*
X-coordinate (m) -2682.0 [ £ 100] -2673.1 8.9
Y -coordinate (m) 0.0 {£100.0] -7.5 -15
Height (m) 1500.0 [ £50.0] 1497.0 -3.0
Velocity (EAS) (m/s) | 46.3 [£3.0] 44.2 -2.1

Touchdown Time after release (s) | 44.0 493 53
X-coordinate (m) 263.1 [0-450] 420.4 157.3
Y-coordinate (m) 0.0[*£18.0} 0.4 0.4
Velocity (EAS) (m/s) | 51.6 [£8.0] 48.1 -3.5
Angle of attack (deg.) | 14.2 17.1 29
Pitch angle (deg.) 13.3[=23.0] 13.5 0.2
Roll angle (deg.) 0.0 [£10.0] -0.4 -0.4
Yaw angle (deg.) 0.0 [£3.0] 0.7 0.7
Sink rate (m/s) 0.82[=3.10] 1.37 0.55

Three point Pitch rate (deg./s} -32.6 -28.7 39

touchdown

Run Distance (m) 337.9 2727 -65.2
Max. deviationin Y- | 0.0 [121.0] -1.6 -1.6
coordinate {m)

Halt Time after release (s) | 57.0 61.8 4.8
X-coordinate (m) 601.0 [=1000.0] | 693.1 92.1
Y-coordinate (m) 0.0[%21.0] -1.6 -1.6
Yaw angle (deg.) 0.0 0.4 -0.4

* Woomera local time
Table 1 Check items for automatic landing flight
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Major Characteristics

T HBAF R B R A 325

Design Weight

Length (Excluding Pitot-Probe)

Width

Height (Excluding Landing Gears)

Fuselage Length

Fuselage Width

Fuselage Height

Main Wing Area

Center of Gravity Position
(Longitudinal)

T60kg
6.10m
3.78m
1.35m
5.55m
1.14m
i.14m

9. 45nf
61.5%1b

Helipor :

‘ zDor!/,(g //
Flight Control System. Ground
Communication Station, etc.

MLS Azimuth Guidance ¢
Equipment

Laser Tracker

1.50

!

1

|

{
N

|

i

1. 14
3.78

1.4

1.3

1O

5. 55

6. 10

Figure 1.

Telemetry and Command System

-
——

DGPS Ground System

,t Runway

Tracking Radar

Figure 2.

MLS Blevation Guidance Equipment

(Unit:m )

ALFLEX Vehicle

Mother Plane

H Heticopter Turning Point

Separation Point

Experimental site
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ALFLEX Vehicle approaching runway
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Figure 6. Flight of ALFLEX
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FTHRARZEXEA OBkFR. FH . =&HE =R

J— 1 as vy I, FEHEXEEHA (NASDA) ESFERFHER (1 SAS)
EDHBWRICKY ., HILLWVMNEREIT LAy FELTHRES N

J— 1Oy MIH-—TID45y Yy FOEKT—RAZ (SRB) &1 SASOREL
-M—3SIO4yy FOLEZEAEHOEEICEIZEY., BRIMOBMERURMHES
AFDEIREEIToT-. SEXDIBEBEDITLEREHIZ, BFRBFELEUY—HIHD
ITLIZBLT, BHEIZH1 t on DB X LIFARENEET 3,

BARIZ1 901 EELYBKBLAETET L, HBEBB1 B3I 2EBRAREICK
Y. BREERTERB (HYFLEX) B ENBICRATSHII Va3 THY.
1996F2H1 288K (JST) ICITEIFMATHhhiz, RITIEETHY. &
HIVATLRUEESELERICEREIN, HYFLEXZFIZE/ SFIKRSA
FIZIRALTz. RITRDTLA—2T—ahb, INEE - RS - BESORESY
TFREYEBLENLRLTH-F-CENEE -, ChiLY, J—1O45 v b+
HEE 1 BHOITERITERETH>EEILN, O Y FDSRATLARUEESR -
HER - SIS - BERR - TREEZOY TORTLANMEL O ENERS
hi-.

J-ILAUNCH VEHICLE DEVELOPMENT AND THE RESULT OF TEST FLIGHT #1
National Space Development Agency of Japan

Makoto Arita , Toshiaki Sato , Makoto Miwada

In Japan, the Nattonal Space Development Agency of Japan (NASDA) has completed
the J-I Launch Vehicle as a new small-satellite launcher, with the technical assistance of the
Institute of Space and Astronautical Science (ISAS).

The J-I Launch Vehicle is the combination of the H-II Solid Rocket Booster (SRB)
developed by NASDA, and the upper stages (i.e., the 2nd and 3rd stages with the payload
fairing) of the M-3SII Rocket developed by ISAS. By utilizing those existing stages, we
realized short-time and cost-effective development. ~ The payload capability of J-I (three-
staged) is to place a nearly one ton satellite into the low Earth orbit, if launched eastward
from the NASDA Tanegashima Space Center.

The first J-I mission (Test Flight) was to inject an experimental vehicle called
HYFLEX (Hypersonic Flight Experiment ) into a sub-orbital flight path with the two-staged
configuration. It was launched at 8:00 (JST), February 12, 1996; the flight path was
almost nominal and all the rocket subsystems and guidance from the ground station
functioned well, with the HYFLEX injection accuracy being almost nominal.  Thus the J-I
Test Flight was very successful.
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Table 1 : Characteristics of J-1

Overall Length 331
(m)

Mayx. Diameter 18

(m)

Liftoff Weight 877 (Exoluding
(tons) - : payload)
stage 1st 2nd 3rd Fairing

Length(m) 19. 8 6.2 2.7 6.9

Diameter(m) 18 14 15 1.65

Initial Weight(tons)  70.9 12.7 3.6 0.5
Prop.. Weight(tons)  §9. 2 10. 4 3.3 -
Avg. Thrust(tons)  160.0 53.7 135 -
Bum Time (sec) 89 55 n -
Isp (sec) 2713 282 293 -

Control MNTVC LITVC Spin

& EVE & SJ _ stabilized
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OBV ITRT ESY SRERLVY.
2D E L=,
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Figure2 : Payload Capability of J-I
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Table 2 : Trajectory Parameter of the J-1 TF#1{(at HYFLEX separation)

Orbit Parameter Planned Range of 3 sigma Error Result
Height (km) 109.1 105.17t0 111.62 107
Velocity(m/s) 3902.5 3866.6to 3937.9 3895
Elevation Angle of Velocity (deg) -1.82 -3.14t00.61 -1.7
Azimuth Angle of Velocity (deg) 87.4 87.11t0 87.8 872
Longitude (degE) 135.7 135.6t0 135.8 135.7
Latitude (degN) 30.5 30.451030.54 30.5

Altitude (km)
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Figure 4: Flight Path of J-1 TF#1
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ON THE PURPOSE OF THE HYFLEX PROJECT

National Aerospace Laboratory

Masao Shirouzu

The Hypersonic Flight Experiment, HYFLEX, had been planned as one of the flight experiment

series in the HOPE Program. Among the experiments, HYFLEX project is positioned as Japan's first

hypersonic flight of a lifting vehicle, and the major purpose of the project could be summarized to acquire

experience in design, manufacturing and flight operation of a lifting hypersonic vehicle. The present paper

describes about the concept and design policy of HYFLEX experiment, and how the concept became a

definite vehicle/flight path.
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Fig.3 Location of Flight Path Relative to Islands

Table 1  Major Points Considered in the Aerodynamic Design of the Vehicle

CERITV PUCHEERIEE TR ADFEE  -Maximum planform area allowable in the satellite fairing

- BAIMBEEO 72 O KM FEER /-2 4yy7° -Large radius nose cap to reduce aerodynamic heating rate

- BITREN -Aerodynamic stability

< EhREEIC & B BB GIHER - Attitude controllability by aerodynamic surfaces

s ELERE & MABESS -Gravity center positioning and trim capability

- B B HEE O D OREE G -Large fuselage for loading and access to onboard
instrumentation

CBIEND I H DY VISTERE -Clean configuration for productivity

Table 2 Major Point Considered in the Design of Ground Trajectory

SRR (NEE ) ~NDEBR.TVIMEE -Tracking/Telemetry from/to TDRS

- B B AR D SLE B4R - Range,elevation looking from TDRS

- BRI S RO A - Look angle toward TDRS from the vehicle
- RATER -Flight Safety

- HBERF D% T A - Impact point under a malfunction
- REHI R O BT B -Reduction of load on attitude control system
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RiTE FR L7z  DERBEOILFICEKL LRITEIERE(CHROLS VRITE L o 72,

I THERAROFE A, BREG . HRINCEBAOBE 4+ A~x5 4810, EREBOMET
BEETHo 22/ ZhEk, &, ROTHHOSE COHMMPLEE, FmrtEhlnt
M4 b

Development of the HYFLEX Vehicle

Hiroki SAKURALI, Shozo TANI, Mitsubishi Heavy Industries, LTD.
Kenichi KOSUGI, Kawasaki Heavy Industries, LTD.

Kazutaka NAKAJIMA, Fuji Heavy Industries, LTD.

Toshiyuki YAMADA, Nissan Motors, Co.

Masao SHIROUZU, National Aerospace Laboratory

Takayuki SHIMODA, National Space Development Agency of Japan

Development of the Hypersonic Flight Experimental Vehicle (HYFLEX vehicle) is described.
The HYFLEX vehicle was launched by the first J-I Launch vehicle from Tanegasima Space Center on
February 12, 1996. It splashed down in the Pacific Ocean, the north-east of Bonin Islands, and have
obtained memorable fruttful results. Here, the progress and the organization of the development, the
features of the vehicle are described. It followed by some introduction of the engineering challenges in

the development or items greatly discussed in Aerodynamics, Aerothermodynamics, Structure and Flight

Control.
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NZEFHBEWNMART SARL—

AR TIE, FER8E2H12 HIZHBEI N/ MBI HEMRITEE (HYFLEX) BO®

FTREZETEBEHIZODWTRNE, #FHIZ HYFLEXIZER X N/ Rk aEr
®£X*#tﬁﬂA# IDNWTIRNR, INSOEMZEHRET D LD e RITFRMKRE
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—F., HEANZIE, EEAWIZZAR-A ¥ MV TEREINTWH S H D IEES
T E DS FEMNFEHEINZ, LML, HYFLEX TR\ ZUN—H)BRFEEIN
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. HARROSHIBRZEREBE DD B-DIC70A L > JSEEERZBML-EE
Bl Z&E L7,

R, FBEHUOWREFMZ Y 57201 7> A HRITREITERIC DOV TR S,

Trajectory Design and Reentry Guidance Law

National Aerospace Laboratory
Hirokazu Suzuki

This paper discussed the design of the reentry guidance law and
indicated the results of flight analysis for the Hypersonic Flight Experiment
(HYFLEX} vehicle.  The guidance law is based on the reference drag
acceleration profile. During entry, the drag acceleration profile is updated
so that the analytically predicted range is equal to the navigation range to
the target point. To suppress the dispersion area of the impact point,
HYFLEX adopts the new method which uses the crossrange errors to
correct the navigation range. The performance verification is achieved
through flight analysis.
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Table 3.1 Adjustment of the Command and the Parameter for Circular Flight

around the ODRS "

COMMAND AND
PARAMETER

ADJUSTMENT

Angle of Attack It has a high value not to exceed the upper limit of the
flight parameter around the maximum of aerodynamic

heating or dynamic pressure .

After above the events, get a high L/D and keep the direction
stability to extend the flight time for the purpose of keeping

the number of recorded data read-out.

Bank Angle Right bank maneuver to fly around the ODRS.

Prevention of the re-ascent.

Circular Flight A circular flight of centering around the ODRS with the

around the ODRS constantradius to keep a elevation angle of the ODRS .
Extension the flight time for the purpose of keeping the
number of recorded data read-out by the flight with a large
radius from the ODRS on condition that the bank angle
changes smoothly from the second bank angle to the bank
angle according to the circular flight law.

Second Angle of Fixed 30 degrees.
Attack

*1} ODRS : Ogasawara Downrange Station

Table 3.2 Setting Values of the Command

and the Parameter

Initial Angle of Attack
Initial Bank Angle

Second Bank Angle
Change Time of Bank Angle
Radius from ODRS

Table 5.1 The Condition of J-I/HYFLEX Separation

Altitude

Earth-Relative Velocity
Flight Path Angle
Flight Azimuth Angle
Longitude

Latitude

km
m/sec
deg
deg
degE
degN
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Table 5.2 Time Sequence of Event in Flight

J-1/HYFLEX
TIME FROM EVENT
SEPARATION (sec)
0.000 J-I/HYFLEX separation
1.000 Start of attack angle schedule (0—49deg)
25.000 End of attack angle schedule (0—49deg)
30.000 Start of bank angle schedule (0—20deg)
40.000 End of bank angle schedule (0—>20deg)
60.000 Start of guidance
Start of guidance phase 1
67.000 Max. Mach number
77.000 Start of onboard data recording
78.000 Start of VHF black out
89.000 Start of UHF black out
109.000 End of guidance phase 1
Start of guidance phase 2
125.000 Start of attack angle schedule (49—30deg)
126.000 Max. aerodynamic heating (Q=410kW/m?)
132.000 End of UHF black out
134.000 Max. acceleration (a=55m/sec?)
135.000 End of guidance phase 2
Start of guidance phase 3
141.000 Max. dynamic pressure (q=16975N/m?)
158.000 End of attack angle schedule (49—30deg)
174.000 End of guidance phase 3
Start of guidance phase 4
End of VHF black out
179.000 End of onboard data recording
182.000 Start of recorded data read-out
253.000 End of recorded data read-out
300.000 Mach 3 Start of attack angle schedule (30—35deg)
End of guidance phase 4
End of guidance

341.000 Mach 2
Start of high attack angle flight

Table 5.3 Estimation of the Flight Parameter

PARAMETER ALLOWABLE VALUE NOMINAL DISPERSION
Max. Aerodynamic

Heating (stagnation point)  Under 507 kW/m> 410 kW/m® 465 kW/m’
Max. Acceleration Under 75 m/sec’ 55 m/sec’ 65 m/sec
Max. Dynamic Pressure Under 24517 N/m” 16975 N/m” 20908 N/m?
The Number of Receiving

of the Telemetry Data Over 2 4.5 3.1
Dispersion of the Impact

Point Reachable Region See Fig.5.2

by the recovery ship
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Maximum
Aerodynamic Heating

Angle of Attack is reduced
to an angie of maximum L/D

~ Change to Second
Bank Angle

aR

The vehicle
keeps initial

angle of attack N =
and initial ‘Q@ﬁb N5y
S
=)

bank angle
Maximum
Dynamic
Trajectory on the Earth Surface FPressure Ogasawara
Circular
Flight
Guidance
Mach 2

RO : A Radius
of Circular
Flight

Ogasa\a;ara Downrange Station

Fig.3.1 Ogasawara Circular Flight

ex.) case of CL+20%

Present Position of
the HYFLEX

Re

Im]iact Point with the
Drag Acceleration -
Guidance ‘

Center of the

Target Point

Controlable Region
by Mecdulation of the

Bank Angle

The Nearest Point from N

’ the Target Point /N

Impact Point with the Modified Drag Impact Point without
Acceleration Guidance Guidance

Circular Flight

Fig.4.1 Cross Range Guidance Function
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Fig.5.1 (1/3) Time History of HYFLEX Control Command
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Fig.5.1 (3/3) Time History of HYFLEX State Parameters
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BEEEMRITEBR (HYFLEX) 3. NAL/NASDAKXIBHOPEWRE#XRE
AEOCLDORITERO-BELT, 1996£2A1 2B ERYBIEBES L,
HYFLEXRBREI, J-IZRBISBCIVEFEFHE /205685 LT,
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On the Navigation System and Actual Flight Path of the HYFLEX Vehicle

National Aerospace Laboratory (NAL)
O Minoru TAKIZAWA, Hirokazu SUZUKI
National Space Development Agency of JAPAN (NASDA)
Toshiki MORITO

ABSTRACT

Hypersonic Flight Experiment (HYFLEX) was completed successfully on Feb.
12, 1996, as one of the flight experiments for the development of HOPE (the
H-11 Orbiting Plane ) under the cooperation of NAL and NASDA. The HYFLEX
vehicle(4.4n long, 1.36m wide, 1.04w high and 1073kgf weight) was launched
by a new J-1 rocket at the Tanegashima Space Center and flew along an
approximately desired trajectory similar to the plan after both vehicles had
been separated as almost planned. The flight data were obtained and are
analized in detail.In this paper we describe on the navigation system and
actual flight path analized using the flight data of the HYFLEX vehicle.
Also, the accuracy of the inertial navigation system are discussed.
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Fig. 3 Flight trajectory projected on the Earth surface
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Table 1 Required accuracy of navigation for guidance and control

Evaluation point

Required accuracy of position

Required accuracy of velocity

Maximum aerothermo-

dynamic heating rate

Maximum drag

acceleration

Maximum dynamic

pressure

Vertical error: =+ 1knm

Vertical error : =+ 1 Ow/s

End of VHF black out

Vertical error : =+ 3kn

End of guidance
(Mach 3)

Vertical error 5km

<=+1.
Horizontal error : ==+20 km

Required accuracy of attitude : = * ldeg
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Table. 2° Performances of the inertial mearurement unit
[tems Specification values | Measured Unit
Heasurement range +400 400 deg/s
Pulse weight ; 3. 147 3. 147 arcsec/LSB
Bias stability ¥| <+0.06 +0.027 | deg/h
Scale factor stability ¥k | < 40 +20.25 | ppn
Gyroscopes
< 1£60/0~120 deg/s +60 ppm
Scale factor linearity < +£250/120~220 deg/s | =250 ppm
< 160/220~400 deg/s | =60 ppm
Random walk < (. 048 +0.038 |deg/v'h
Noise level <+0.33 (0-P) +0.14 | deg/s
Measurement range +20 20 G:Gravity
Pulse weight 0.00119 0.00119 | n/s/LSB
Bias stability x| <115 =38.30 | uG
Accelerometers
Scale factor stability ¥ £+144 +55.62 | ppm
Scale factor linearity <18 +18 1 G/G?
Vibration error coefficient | <10 10 1 G/G?
Noise level <%0.2 (0-P) +0.17 |G
Miss-alignment <=*30 +30 arcsec !
Update rate 40 40 Hz ;
Initial alignment : Directional angle < +(.60 *0.125 | deg
Alignment time <30 29.9 min.
% Stability during 120 days *x Stability over 120 days
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Table 3 Results of the error analysis of the inertial navigation syetem

Evaluation point | Items Down range | Cross range | Altitude { Magnitude Unit
Maximum dynamic Possition +1.64 +10.51 +1.01 km
pressure errors
(£30 RSS)
Velocity +3.70 +29.50 +3.21 +3.82 n/s
errors
Attitude Roll:+0.30 Pitch:+0.65 Yaw:+0.41 deg
errors
End of VHF black Possition +3.62 +10.77 +1.08 km
out errors
(*+30RSS)
Velocity +4.16 +23.15 +3.07 +4.18 /s
errors
Attitude Roll:+0.30 Pitch:*0.64 Yaw:=*0.42
errors deg
End of guidance: | Possition +7.85 +10.38 *1.29 km
Mach 3 errors
(+30RSS)
Velocity +5.42 +10.34 +2.87 +5.44 /s
errors
Attitude Roll:*+0.34 Pitch: +0.45 Yaw:*0.60 deg
errors
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Table 4 Separate condition of the HYFLEX vehicle from the J-I rocket

Items Measured Planned Unit
Time from L/0 238.4 238.0 sec
Altitude 107.1 109.1 km
Longitude 135.736 E 135.728 E deg
Latitude 30.498 N 30.492 N deg
Velocity 3.895 3.903 km/s
Flight path angle -1.7 -1.8 deg
Directional angle 87.2 87.4 deg
of velocity

Table 5 Navigation performance of the inertial navigation

system (Flight results)

Evaluation point Items Down range Cross range Altitude Unit
Maximum dynamic Possition +0.26 —0.68 —0.15 km
pressure errors

End of guidance : Possition —0.68 —0.68 +0.07 km
Mach 3 errors

77
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MZEFHEMER ORKEZ fkofs—

REBEERITERBHYFLEX) i, 12IZFTELE D ICHRARITE 172724, ZOBIN L
FHERHROB ZILEI EIAHPREC. FRILTHE, FIHBOBEL AL L LI,
ERITAS Iab—Tar b BT 22 L2 X D ESHBOFEZ TS, MITF— 714,
HEBA T 2RENE - FEE 52422 E2RLTVA. 8512, HERHFTICHY
SNIBETFVORUMEXFMT 27010, KEMBBOKEME L FHEL BT 2.
REMBHROEEBEIRABRLLL>TELNLLOTHE. ZOMHE, RITTF— 426
7E SRR, PROFAN 2BV TERAFIMEIC KL T3 2 29 h o 1.

Evaluation of Flight Control System and

Estimation of Stability and Control Derivatives

National Aerospace Laboratory Shinji Ishimoto, Shuichi Sasa

The HYFLEX (Hypersonic Flight Experiment) vehicle successfully performed a giiding
reentry flight. The success of the flight depended entirely on an on-board flight control system,
because the experimental aircraft was an unmanned, control configured vehicle. This .paper
summarizes the control laws and shows the results of the actual flight in comparison with a
simulated flight. The flight data show that the control laws provided enough stability and control
performance. The stability and control derivative estimates are also presented to assess the validity
of the design model. The derivatives were obtained using -a maximum likelihood estimation

program. The flight results agreed with predictions fairly weil except a few derivatives.
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Table | Longitudinal Derivatives at Mach 2.9

_ . Uncertainty
Parameter  Prediction Estimate
Level
Cey —-1.5717 —1.4761 +0.2162
Cong —0.0137 0.0079 +0.0012
Cmq 0.0000 -11.4754 +1.5227
C:ge —0.1152 -0.3018 +0.3927
Cn 5. —0.0687 -0.0760 +0.0028
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Fig. 3 Lateral-Directional Control Laws
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FHHARZEEXEH O%il *. &F &

BEEERTEBH (HYFLEX) [CRBIh-BIRMEL. REEFOZH. BRZLOR
RRURBT S LITEY. GHMTHRTSCEMNTE, ZRTIE. SENRRIL-RBOBN
REMRESIER VI EMREBRBREVICRTEONAR (BAR) HERURITERICOLTER
Do

Development of Electrical Components and Evalution of Bus System

National Space Development Agency Ken Teraoka, Toshiki Morito

The electrical equipment installed in the HYFLEX(Hypersonic Flight Experiment) vehicle has
been developed in a short period bya applying well establishied technology and by utilizing and
modifying developed equipment. This papaer presents the function, performance and an outline of
the developed equipment. Post flight evaluation and analysis results for Bus System(Electric System)
are also presented.
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Table-1 Guidance & Control System Main Performance

Value of Angle Increase
/Integral Angle Increase
Output

Value of Speed Increase
/Integral Speed Increase
Output

Miss Alignment
Output Renewal Rate
Beginnig of Alignment
Input Voltage
Consumption Power
Dimensions

Mass

MPU
Operation

Register

Address

Operation Speed
Main Memory Capacity

Clocks

Other Functions

Input Voltage
Consumption Power
Mass

Size

Inertial Measurement Unit

Range ; 400 deg/sec (max)

Bias Stability ; 0,06 deg/h (less than)

Scale Factor Stability ; 40 PPM (less than)

Scale Factor Non Linearity ; 0-120 deg/sec : 60PPM (less than)
120-220 deg/sec : 250PPM (less than)
220-400 deg/sec : 60PPM (less than)

Random walk Factor ; 0.048 deg/le (less than)

Noise Level ; 0.33 deg/sec 0-p (16§ than)

Range ; 20G (max)

Bias Stability ; 115 micro G (less than)

Scale Factor Stability ; 114 PPM (less than)

Scale Factor Non Linearity ; 18 micro G/G& (less than)

Bias Vibration Sensitivity ; 10 micro G/(f@ RMS (less than)

Noise Level ; 0.2 G 0-p (Iess than)

less than 30 sec

40Hz

Precision of Azimuth ; with in 0.6 deg

28 VDC

66 Watts(max)

410-260-220 mm

less than 15.7 Kg

On-board Computer

32 Bit MPU [v70]

32 Bit Logic Operation

32/64 Bit Integer Operation

32/64 Bit Float Decimal Point Operation
General Purpose Register ; 32 Wards
Stack Pointer ; 5 Wards

4 GByte

2 MIPS (Dry stone)

RAM ; 128 KWards

ROM ; 32 KWards

Reference ; 163.84 KHz

Ward ; 10.24 KHz

Frame ; 40 Hz

Error Correction Code

Memory Backup(make use of external battery)
Data Multiple Access

28 VDC

23.3 Watts

18.5 Kg (less than)

380-299-204 mm
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Table-2 Communication & Tracking System Main Performance

Transmitting Frequency [MHz}
Receiving Frequency [MHz]
Output Power [W]

Modulation Type

Modulation (Receiving) Sensitivity
Input Voltage [VDC]

Size [mm]

Mass [kg]

Consumption Power [W]

Frames Per Subframe
Words Per Frame
Bits Per Word

Frame Sync.Words
Subframe Sync.Words
Output Level

PCM Code

Record Volume
Record Time
Reproduce Time
Input Voltage

Size

Mass

Consumption Power

S-TX

2289.6

8
Bi-Phase-L
1 radO-p

28
140-202-52
2.03
S6{Max]

PCM-PKG

VHF-TX

296.2

2
Bi-Phase-L.
1 rad0-p

28
111-151-47
2
22.4[Max]

40 Frames/Subframe
256 Words/fFame

8 Bits/Word

3 Words/Frame

1 Word/Frame

2Vpp
Bi-Phase-L

4423.68 Bits(Max)

216 sec(Max)
72 sec(Max)

28 VDC

310-320-200

113 kg

19.6 Watts[Max]

RT2

5480
5430
400(peak)
Pulse

below -70 dBm

28
150-131-126
2.9

16[Max]
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Table-3 Sequence of Event(Measurement & Plan)

Event

HYFLEX/J-I Separation

Beginning angle of attack change(0to49deg)
Ending angle of attack change

Beginning bank angle change(0to20deg)
Ending bank angle change

Maximum Mach number

Start of data recording

Start of VHF blackout

Start of UHF blackout

Beginning angle of attack change(49t0o30deg)
Maximum rate of aerodynamic heating

End of UHF blackout

Maximum acceleration

Maximum dynamic pressure

Ending angle of attack change

End of VHF blackout

Completion of data recording

Start of recorded telemetry data taransmittion
Beginning angle of attack change(30to35deg)
Mach number M=2

End of analytic drag control guidance

Pilot chute release

Drogue chute release

Start of residual GN2 exhaustion

Main chute release

Retrieval door release

Splashdown

Measurement
(sec)

25
30
40

76
105

125
126

133
141
158
125
184
185
299
339
339
455
465
465
475
492
837

Plan
(sec)

25
30

67

77

78

89

126
127
132
135
143
158
174
179
182
300
341
341
457
467
467
477
494
903
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MEFHBERFAER LFTH

HYFLEXOCFDEBFICIIBBEEBRENREFMEI . X[
FHRH T 2 -~ AL BOTERESIN, ARABREREORFL-RANESH
TWd, 408, O THYFLEXRITUECB->KCFDHEZTL., &
ENRBECODVTOUBKRIEZEHNE L TRITERT - OBITEIT - 1o

AR THE, TR2RAARUBREAROEEBRE T TOREEXAB LS LY
OEE[KEFTNEFERMLALSEZ - 2 b— 2 HBAEHAL. HYFL
EXORNFE. ZHAMBEHICTODOTHFMRMICRF L /2,

CFD Amalysis of HYFLEX Aerothermodynamic Characteristics

National Aerospace Laboratory
Yukimitsu YAMAMOTO

Hypersonic CFD analysis has been conducted for the evaluation and investigation of HYFLEX
aerothermodynamic characteristics. Numerical analysis was also made for the aerodynamic design
before HYFLEX flight and favorable agreements with wind tunnel experimental data were obtained.

New computations along the HYFLEX flight trajectory starts for the investigation of
aerothermodynamic characteristics of Re-entry flight. In the present analysis, perfect gas and
non-equilibrium Navier-Stokes computaitons are conducted, and aerodynamic characteristics are

compared with the flight experiment in detail.
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AT TRTRR FC AT B B #3257

1. FCHBIC

HY F L E X ( Hypersonic Flight Experi
ment ) DMUTITRIHBEIZKRT L. XER
BRRNSBEEFREAFHEEBRHOPE
DRI R TREIAS 0, FERIC
BPOTRHIKEELFM S5 A—5—D—
DERBZHDII. BEABICBIISES
M#ATHH. BYEL AT LOREICE
WTEDPTEELGREERIZT, —RIC
Z2 7 I EAE T OD FEAE 3 I Bt o TR R R
PoBMTEH, EHELFAENEL .
BFILZRTRRTRLBE LY OB@IT
AEBTILENEL S, AHETIR
O RE X ( Orbital Re-entry Experiment )
DBRBHBFEHFMOEBRISHSNIHA
i C F DT & W # 4 F EM#BE
Ehy LV IBIFOFHRY P 2HYF
LEXERBITICOERTAIZ E%HM
EL. BOMOAFy7ELT. HYFL
EXRITHEICH > - BLAAERTEE
SHECFDEMET 7o CHETITH
CFD#IICLAHYFLE XORMEE
B SRV . ARG, FMR
H72—AXRBOTHEBLEBEIOY 2,
—EORPAARERE SRIFL—HNE
LTS, SOEARITEINENT— 4
KIS ULICCFDBITEROBMELHY
L. ERT—IBIMICHVCOhBETI
RUBMEY I aV—Yarya—FOER
HERFTL. SBHOHOPE - XZhHH
SHERICCFDEZERBMISERTS20
DRIEZEFTHY O,

2. B{ugRHTiE
ERGTBEARB=ZRTFEL - A b—7

AHBERATHS, (LR ETNVEERET
BREREL. FE[ERITICHEO TR
TALH 8 2 4 RIGOIEF@LER 2]
AN, ZROHBHEARITRETT
DRE - EMICLIBREHFHOYDREE
FHL TS, BREEE COMBHEIIE
LEREL. BHOBER—KE Lk,
HHMEI XM 7)) EBSRIN0, HEK
FHEB. B hm1 21 4, #kEdbh
ORMFEHDOHERIZE 9 5. WAEIZE
BREHMIC60HTH S, KRENLEER
BIAMERL1 IR,

3. CFDRTEREER
BATICAWRHYF LEXBEART
MET— 9 %E£1ILFRT, RiZZHMBA
DESBE2BES O, EFE93km
MENS. BREIMBIZ I 1BD 2
ME200FHE3 7TkmihnETAHS
BWHRRTRXY) D, S, $E. BE. E
H.BE. v " HERLTWS, 1
1o0B®mIZ. /) — XL ELEAHEOHTE
ZHEERUVEREXD LA ) VIH%E
79, CFDBITR I hosnEDI b,
ZHEE. L1/ NVAHORIhTHS
1 OBHRBOMITRHEICDOTERL
72
H2RURSICAMEERAI O BWRT
1708 TCOHYFLEX#&ETHZE
bhoWEEFERR. RUA ANV T 0
—HERY, BNEbBETHHEHEL E
AR ORNDPHH RO, B4k LT
TRT7T U7 FAnN—FZbhitHEho#E.
BHERARBVE LTS, AL, B2
BAHaBLE50° . H3iZaH30
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T EBOHED, JOER, XEHED
REMBERYT v FFhN—FHED 3R
cENEBEONRNY—DEERSTHOD
NTVE20XHBETH S, R4ETLER
BRI TOEHIIEI 2 BEETEN
mBasfHEiErd. NTREEAHR, &
MBOBRIIHEEREEAL 3 0OBEHRT
HELTWBI EXbh3, H5ICIZBE
ETFTHHREOEIMBSGEE T Oy b
T5, BP0 T 5 IKMETE7 T 71k,
SEBELS OWBEOAIHTHEIEE
RLTW3, EHEMORETEIIIRD
S TRHAOHMEO, LEARE
HMBENERL. SEEE]1 3 ONTR
KEWH, ZTOHRBEITHEA L TR
Fhrbhb, ~HFBELETRT 75
AN—DERBEMY TR EE SICEIM
BOE—-IhKR&E{HobhB LN
B, DI EZAANEAL L SITED
LTWE. ENREITRABRT T FHAN
— KA H D MBELKLERA LT
ZEIHET 5. HBITiE< v ¥%E
BEiE LT, ZHHEBCL, CD. CM
BRUEAFLXcpE SOy LT T
J%7%d, CLTOTALRUCDTO
TAL{IZCL. CDICHHDEEBIZLS
BEFH>ERBLUICEETEHREMAL
bOTH b, v EBRLRBIION
HEETHBHRIKREHBoDNE LI
WA, BTREERGKEZLE[AEET NV
KEEZHEHRIS RIENHRKOED
2RT. Tyl SBETRAENE
LN ->TRHESDNITON, HEENE
FERGAAT T, B8 - BEHRITID
BALZERICA S I ENHAT S,

4. 38
HYFLEX®ZHHEFEDI2HD
MITHBICH > - CF DB ETL. &
HIDAT 9 TELTOENFHFHICD
WTiE. BBURhRFUEREERSLI L
MTE N, BHMBOFMHIZOOTE,
BEHMT—s%2bEi. LOREELR
WETS 0D, REERIEEF EMBITE
Ay TV T UICEBHEY I ab—Y
aVEFTIIENLEENLS, BE=ZK
TKFEMBRHTRNWTIZX 2H#5ML%E
T, BB A EDTED. LHIERENR
LBRREHBFUBITELD T S,

B3 3Tk

1) Yamamoto. Y, and Yoshioka.M, "CFD
and FEM Coupling Analysis of OREX
Aerothermodynamic Flight Data.”
ATAA Paper 95-2087, June 1995

2) Yamamoto. Y, "Recent Comparisons of
Aerothermodynamic Results by CFD
and FEM Coupling Analysis with
OREX Flight Experiments
BRI ZEBHRBREA T VR T LFRIE,
BRI, BT F e —Fih,
NAL SP-29, 19964E1H pp27-39

3)Y. Yamamoto and M. Yoshioka, “HYFLEX Com—
putational Fluid Dynamics Analysis.”
Proceedings of 19th International Symp—
osium on Space Technology and Sciences,
Yokohama, Japan, May 15-24, 1994,
Paper No. ISTS 94-d-46P

4)Yamamoto. Y, Wada.Y, and Yoshioka.M,
"HYFLEX Computational Fluid Dynamics A-
nalysis Part I1.” AIAA Paper 95-2274,
June, 1985

5)Yamamoto. Y, Wada.Y, and Yoshioka.M,
“Hypersonic CFD Analysis for the
Aerothermodynamic Design of HOPE
AIAA Paper 95-1770, June, 1995

6) B AR, IWATT X BT E MR ORI S
HIBT9E) B A ETH T, 1996458 &
pp8-20

7)Yamamoto. Y, "Numerical Simulation of
Hypersonic Viscous Flow for the design
of H-II Orbiting Plane (HOPE) :Part II”
ATAA Paper 91-1390, June 1991
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HYFLEX Flight Trajectory
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Time Alitude Velocity | Temp Pr Density REYNOL

#{sec) A(w) Uoo(a/sec) | To0(K) Po(Pe) | poo(kg/nl ) Moo ™w

50.44 93043 3932.4 194.82 0.10982 | 1.9637¢-06 14.054 33125 | 0.2382E+04
55.44 90568 3931.3 194.44 0.16758 | 3.0024¢-06 14.064

60.44 88167 39325 194.39 0.25266 | 4.5279¢-06 14.070 372.03 | 0.5504E+04
65.44 85462 39323 195.18 0.40140 | 7.1645¢-06 14.041

70.44 82701 39333 200.23 0.63898 | 1.1117¢-05 13.866 436.11 | 0.1318E+05
75.44 79731 3935.0 205.60 1.0408 1.7635¢-05 13.690

80.44 76564 39192 21121 L7277 2.8497¢-05 13.452 535.14 | 0.3218E+05
85.44 73156 39192 217.03 2.9395 4.7183¢-05 13271

90.44 69822 39188 223.44 4.8786 7.6064¢-05 13.078 637.08 | 0.8192E+05
95.44 66198 3907.4 231.41 83127 0.00012514 12.813

100.44 62632 38959 23828 13.821 0.00020206 12.590 76232 | 0.2052EH06
105.44 58836 38758 244.76 23.396 0.00033301 12358

110.44 55103 3840.6 252.61 38.690 0.00053357 12.054 951,641 | 0.5096E+06
115.44 51329 3792.8 260.41 63.371 0.00084775 11.724

120.44 47963 3690.1 262.82 97.676 0.0012947 11.354 119630 | 0.11S1E+07
125.44 44919 3532.7 260.42 14433 0.0019308 10.920

13044 42502 33485 258.14 197.50 0.0026653 10396 1449.70 | 0.2181E+07
13544 40771 3143.2 25532 247.87 0.0033820 9.8126

140.44 39575 29475 252.63 290.48 0.0040057 9.2506 1572.03 | 0.2936E+07
145.44 38993 27875 251.46 314.03 0.0043505 8.7687

150.44 38670 2650.4 250.95 327.94 0.0045526 83458 1548.73 | 0.3016EH07
15544 38329 25389 250.31 343.40 0.0047792 8.0048

160.44 38075 2436.6 249.77 355.44 0.0049574 7.6906 1513.78 | 0.3031E+07
165.44 37856 2346.4 249.25 366.14 0.0051175 7.4138

170.44 37625 22593 248.60 37178 0.0052938 7.1480 1461.35 | 0.3013E+07
175.44 37487 21699 248.20 384.97 0.0054034 6.8707

180.44 37411 2093.1 24798 388.97 0.0054643 6.6302 1406.01 | 0.2886E+07
185.44 37310 2012.6 247.66 39433 0,0055468 6.3794

190.44 31173 1939.1 247.21 401.74 0.0056612 6.1521 1356.50 | 0.2778E+07
195.44 37243 18572 247.50 397.88 0.0056005 §.8889

200.44 37175 1800.1 24731 401.55 0.0056562 5.7098 1309.39 | 0.257SE+07

Fig.1
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HYFLEX OIL FLOW and PRESSURE CONTOUR

Flight Time=80sec Altitude=69.8km
U.,=3918.8m/sec T..=223.44K U..=3918.8m, sec T..=223.44K
P:.=4.8786Pa Mc.=13.078 P.-=4.8786Pa M:-=13.078
Twall=637.08K Re=0.8192E405

Twall=637.08K

Re=0.8192E+05

Fig.2

\ R Pressure
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HYFLEX OIL FLOW and PRESSURE CONTOUR

Flight Time=170sec

Altitude=37.6km

HYFLEX OIL FLOW and PRESSURE CONTOUR

Pressure
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%O.BQS
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0.232
0.000

Flight Time=170sec Altitude=37.6km
U..=2259.3m/sec T..=248.6K U..=2259.3m/sec T..,=248.6K
Pes=377.78Pa Me2=7.148 P..=377.78Pa Me2=7.148
Twall=1461.35K Re=0.3013E+07

Fig.3

Twall=1461.35K

Re=0.3013E+07
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Fig.7  Comparisons of Pressure Contours between Real Gas and Perfect Gas Computations
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EVALUATION OF HYFLEX AERODYNAMIC CHARACTERISTICS

Shigeya Watanabe and Shinji Ishimoto
National Aerospace Laboratory

HYFLEX - Hypersonic Flight Experiment which was planned for the development of the Japanese
unmanned orbiting plane, HOPE, was successfully conducted on Feb. 12, 1996. In this paper, the following
flight data in respect to aerodynamic characteristics are presented: aerodynamic force coefficients,
longitudinal trim characteristics, elevon hinge moment, and surface pressure distribution. The data are
compared with the preflight predictions based on wind tunnel test results and CFD calculations in order to
investigate validity of the prediction methods. Through the comparisons, the prediction methods used in the
HYFLEX vehicle design are proved to be generally valid while some discrepancies are found in axial force
and elevon trim angle.
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INTRODUCTION

The HYFLEX project '’ was planned as one of
a series of smali-scale experimental vehicies for the
development of the Japanese unmanned orbiting
plane, HOPE. It has been progressed since 1992 as
a joint work between National Aerospace
Laboratory (NAL) and National Space Development
Agency of Japan (NASDA). The purpose of the
project is to experience design, manufacturing, and
flight of hypersonic lifting vehicle and to acquire
hypersonic flight data on aerodynamics, thermal
protection system, and guidance and control.

The experiment was successfully performed on
Feb.12, 1996 whose trajectory agreed well with the
nominal one designed in the final design phase *' .
It suggests that prediction methods of aerodynamic
characteristics in the vehicle design are fairly valid.
Many flight data were transmitted by telemetry to
the ground with almost no problems during the
entry flight. In respect to aerodynamics, data
categorized below were gathered :

(1) aerodynamic force and moment

(2) stability and control derivatives including
aerodynamic effectiveness of acrodynamic
control surface called "elevon’

(3) elevon hinge moment

(4) surface pressure distribution

(5) aerodynamic heating distribution

(6) gas-jet interaction of experimental RCS
thrusters located on side stabilizing fins

In this paper, the flight data included in the
categories from (1) to (4) are presented in super- to
hypersonic speed range, compared with the preflight
predictions based on wind tunnel test results and
CFD calculations conducted prior to or after the
flight.

PREFLIGHT PREDICTION METHOD

To predict aerodynamic characteristics of the
HYFLEX vehicle, wind tunnel tests and CFD
calculations were performed for the flight
configuration, HRV03-540, shown in Fig. 1 and the
previous  configuration, HRV03-530.  Though
HRV03-530 is without a forebody upper surface
bulge, effects of the configuration difference on
aerodynamic characteristics were assumed to be
negligible. Reference dimensions to
nondimensionalize the measured aerodynamic

AR E #3255

characteristics are shown in Table 1.

Six-components of aerodynamic force and
moment and stability and control derivatives were
predicted on the basis of the wind tunnel test results
covering Mach number range of the HYFLEX
flight. Hinge moments of elevons and surface
pressure were also measured in the tests.

On the other hand, the CFD calculations using a
Navier-Stokes code were conducted to confirm
validity of the wind tunnel test results and to know
surface pressure distribution for the design of the
vehicle structure.

Data in five wind tunnels were used for
aerodynamic characteristics prediction of the flight
vehicle configuration and post-flight comparison
with the flight data. Test ranges which are covered
by the tests are compared with the actual flight
range of HYFLEX in Fig. 2. It can be seen that the
tests almost cover the flight range of Mach number,
Reynolds number, and angle of attack. To acquire
force and moment data in hypersonic speed range,
the ONERA S4MA hypersonic wind tunnel in
France was used. The data was confirmed by
Newtonian flow calculations and CFD. The NAL
1.27m hypersonic wind tunnel was also used to
measure surface pressure distribution after the flight.

Three wind tunnels in Japan were used for
investigating supersonic  characteristics: the
high-speed wind tunnel in the Fuji Heavy Industries
(FHI), the supersonic wind tunnel in the Institute
of Space and Astronautical Science (ISAS), and the
NAL supersonic wind tunnel. The data were
compared with each other to certify data
correctness.

In the case of Space Shuttle ¥ , in order to
define uncertainty of the predicted value, many
wind tunnel tests for the orbiter were conducted in
many different wind tunnels. As the result,
"tolerance" which means variation of data among
different wind tunnels are determined. Wind tunnel
data and flight data for some aircraft in the past
were also extensively examined, leading to
"variation” which means effects on aerodynamics
due to difference between wind tunnel condition
and flight condition. In the case of HYFLEX, we
use "measurement error” of each individual wind
tunnel in place of "tolerance”. It is because only one
or two tunnels were used for a speed range for the
HYFLEX vehicle development. The "measurement
error” consists of a force balance error, wind tunnel
freestream condition errors, an error due to
misalignment of model, repeatability, and so forth.
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As Japan did not have any flight data of lifting
hypersonic vehicles in the past, "variation" for
HYFLEX are estimated on the basis of the space
shuttle "variation”, taking account of differences in
reference area and reference lengths between the
HYFLEX vehicle and the Space Shuttle Orbiter.
Uncertainty of the prediction is defined as a root
sum square of the "measurement error” and the
"variation”.

REDUCTION OF FLIGHT DATA

Aerodynamic force coefficients are directly
reduced from three-axis acceleration data measured
by three accelerometers installed in an onboard
inertial measurement unit (IMU).

To measure hinge moments of both elevons,
strain gages are installed on elevon-actuating link
rods. Based on the stress outputs, the moments
around elevon hinges are reduced. Hinge moments
due to aerodynamic force are extracted with
correction of vehicle acceleration effects. It should
be noted the effect is significant because
acceleration normal to the vehicle axis reaches 5.6g
during the entry flight.

As shown in Fig. 3, surface pressure is
measured at 29 points located on the whole vehicle
surface exclusive of elevon surface. Data at 8 points
of them are to know general surface pressure
distribution on the body while the remains are for
Air data sensor {(ADS) and RCS gas-jet interaction
experiment !’ .

Atmospheric properties for nondimensionalizing
the measured aerodynamic force and moment are
estimated from remote sensing temperature data
obtained by the NOAA Polar-Orbiting Satellite on
the day of the flight. The estimation method were
validated four times before the flight in comparison
with data of the sounding rockets in the Tohoku
area of Japan. The results show that root mean
square of the differences in pressure and
temperature are less than 3 % and 10 K,
respectively below an altitude of 55 km.

COMPARISONS OF FLIGHT DATA
WITH PREFLIGHT PREDICTIONS

Acrodynamic Force Coefficients and Longitudinal
Trim

Figare 4 shows comparisons of normal force
coefficient, CN and axial force coefficient, Ca

between the flight data and the predictions.

Through the whole flight Mach range, the flight
CN agrees very well with the prediction. The flight
Ca is greater than the prediction below Mach 5 and
above Mach 12. The discrepancy in the bigh Mach
number range seems to be viscous interaction effect
as observed in the Space Shuttle flight *~*’ . Figure
5 shows a predicted Ca with the viscous interaction
effect comrection which is proposed for the Space
Shuttle Orbiter © . It should be noted that the
prediction with the viscous effect correction agrees
well with the flight data in spite of the configuration
difference between the HYFLEX vehicle and the
Space shuttle Orbiter.

The Ca difference below Mach 5 is caused by a
use of a unsuitable prediction method of base drag
for HYFLEX. In the prediction, Ca is obtained as a
sum of forebody drag based on the wind tunnel test
data and base drag estimated from a base pressure
correlation based on turbulent axisymmetric body
experiments in the past ' . Figure 6 shows a
comparison of base pressure coefficient among the
flight, the prediction, and the wind tunnel tests. It
can be found that the predicted base pressure is too
high relative to the wind tunnel test data even if
considering sting support interference effects. It
indicates limitation of the base pressure prediction
method based on cone, cylinder, and ogive data
with zero angle of attack. If the base pressure
measured in the wind tunnel tests is used for
prediction, agreement between the flight and the
prediction becomes better as seen in Fig. 4 (b).

‘Figure 7 shows a comparison of Iift-to-drag
ratio, L/D. In the case using the wind tunnel base
pressure, agreement between the flight and the
prediction is almost good below Mach 12 while
flight L/D is a little smaller than the prediction from
Mach 3 to 8.

Elevon deflection angle as elevators, &e, for
Jongitdinal trim is shown in Fig. 8. In this case, the
uncertainty shown includes both effects of pitching
moment coefficient uncertainty and uncertainty of
the center of gravity ( see Table 1 ). In a supersonic
speed range and above Mach &, flight de is lower -
that is, the upward deflection - than the prediction
by maximum 3 deg. The cause is not known at this
time while some reasons such as sting support
interference are being investigated.
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Elevon Hinge Moments

Elevon hinge moment coefficients of both
elevons are presented in Fig. 9. Agreement
between the flight data and the prediction is good,

. especially above Mach 5. It should be noted that

Mach number effects on hinge moment are very
small above Mach 5 because the prediction based
on the test data at Mach 9.9 is valid in the entire
Mach number range.

Surface Pressure

Surface pressure on middle of the lower body
surface, PS23 and 24, are shown in Fig. 10.
Prediction by the wind tunnel test in NAL SWT
and CFD calculations is almost reasonable while
resolution of the flight-measured pressure is
insufficient, especially in a supersonic speed
range.

CONCLUDING REMARKS

Some  comparisons of the  HYFLEX
aerodynamic characteristics between the flight data
and the predictions are presented. The results
indicate that the prediction methods based on wind
tunnel test results and CFD calculations are
generally valid for hypersonic high-angle-of-attack
vehicle design. However, some discrepancies are
found in axial force and elevon trim angle. The
cause of them will be investigated in detail, and the
experience should be utilized in the future design of

HRV 03 - 540

HOPE-X and HOPE.
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Gross Weight
W= 10729kg -20/+20

Center of Gravity (CG)

x = 2300.1 mm -9.7/453
y = 0.7mm -3.8/+3.8
2= 431.5mm -3.8/4+38

dimension : mm

10°

1037

Is, 4000

4400

Fig. 1 HYFLEX vehicle configuration.
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Table 1 Reference dimensions of HYFLEX vehicle.
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Reference area ( Planform area ), S 4270m°
Body base area, SB 0931m°
Longitudinal reference length ( Body length ), 18 4.000 m
Lateral / directional reference length { Body width ), b 1.200 m
Moment reference center ( CG ),

xcG ( 57.5% 18) 23001 m

ycG 0.0007 m

720G 04315 m
Reference area for hinge moment, Se 0.1677 m °
Reference length for hinge moment, le 0400 m
Moment reference center of hinge moment, xHG 4025 m
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(a) Freestream Reynolds number.

Fig. 2 Flight condition and vehicle attitude.
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Fig. 3 Location of surface pressure measurement ports.
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(b) Angle of attack and side-slip angle.
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Fig. 5 Viscous interaction effects on axial
force coefficients.
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Fig. 8 Longitudinal trim comparison.
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HYFLEX Onboard Measurement Program

National Aerospace Laboratory

© Yasutoshi Inoue and Masao Shirouzu

In the HYFLEX (Hypersonic Flight Experiment), a consecutive hypersonic flight duration of some 5
minutes is secured. Therefore, it is expected to get the hypersonic aerodynamic / aerothermodynamic
performance data good enough in both qualitative and quantitative sense for the region of M>10, where best
performance is crucial for the reusable space vehicles.

Selection of the measurement items for the Onboard Measurement System was made among both aero-
dynamics and aerothermodynamics including the real gas effects, thermo-structural evaluation data, basic
data for evaluation of lifting body technology (guidance, navigation and control) etc. consisting of some
250 channels in total.  Decision to select measurement items, the analyses and tests for design and con-
firmation, specifications of each items are outlined and discussed in this paper.  But mostly measurement
mission items are discussed in this paper.

Major objective of HYFLEX Onboard Measurement is to contribute to establishing reliable prediction /
design methods for the winged space vehicles.  To do this, the comparison between the flight data and
the predictions made in advance based on ground test and analyses is indispensable.  For the meaningful
comparison, the atmospheric condition along flight path must be known accurately enough. In HYFLEX,
the utilization of the remotely sensed atmospheric data by NOAA meteorological satellite was planned to

raise the inference accuracy. Data analysis program is briefly presented.

Thic dociiment i nrovided hv TAXA



HY F L E Xogt#iztE

1. HYFLEX# EHRMOBMELETRIAR

HOPEDMHFEFEO—BRE LT—ED
IRERBIILXOIRITEREITO>I & 2EL
T, REBROEMIZBET 58T, BfE. B
DEBEEHEL. 2UF 4 ANVEBBEHREBD
RIEETO I HEEIN, BIZHEBRA
EROREXM2EIMIEBINEIIL. K
FIZIREBEVD2ER., ABETEMRITERH
YFLEXE/NREEERALFLEX., &
EW/ TSI Tw3,

HYFLEXTR. BBEERTIZEADLS
RWEEOWL 22 RITERIZIVELG
2L, MOBOSHEDOTFHXRERIE L. B
ERBEIRTEHEOZEHELSFORITIIHT
EMITEFERTOIEREEBMIZLE,

ZDEHIZRAEROEZERIOBEKRH
BEIRC. SREEOKEE: T REEE
DLEWEBETIDIZLELRSH, BE, B
ErBHRETI-ODRK. oRE. 7Y
v RIBEDRE 2T, BREAIZIEHY
FLEXOERBEMIZADHAABEEERE
2ERBLTRELL, UTTR, iz TER
HEA] oA 7rdU —0EEEPLIIBESR
BB,

ERFAARIT. BEEERTHREIC ST D
EHRREICET 37—y #WMEBL, AR,
By —VORIEZIZET A2 I 2 BAIZ L.
#1B60Fx 2N bRd, EREIZER
ENBEEMRERITNALENRENODEM
BLATO@ED -

() REFRIA
EmMBHER
#u b 3 A ST A
SREETT A
BEFAIREOEGEDREBRE,» S A
RCFDERORIAZFIOI-DIZEN MBS
HETHIZE, BEBIZZ YT 1 AV A
iath &9 HEMER DR, SN
HDEETF-5OEEBEEHNELT S,

(2) ENFH AR
ADS
RCSHAD

% Db OHAERE

ENHFHAME. - ERBAODEN»SXEAE
EPHNK[ESEEHETIDDADSH
BE®IE., RCSDONOFFIZHES R F R ¥
Ao oREENERILSRCS FIHERT
— Y ORBELIUVARAZRPCFDERD
BIEE2HNET D, /. BN YHE
HoREFHESL,

B erPE—AVb - BETHAR
ttyﬁ%—xyh
HEEH
by PE—-X2 MR, T LAYODE
vICE—-AVMEFBL, BRA/CFDE
BEYHETIIE2BMET S, BEER
iR, ERBEBEDSIBLRLI U T 4
AINEEZONDEERMRBOBEE A,
LHEERSHEDHEEASLOTH S,

4) BB REEH IR
BRRHFNE., RETHOBHER TE
EZz#EL. EFEKGCFDRIEADT
— S ERBTHEELIT, T T T b
BRErR I CTEEIZBETIZ L2 AL
ERE

b RERET=Y
BERET-YIX, BESFTORSEE
ERIERE TR L. BRIEERNTOHEE
Lz b 2RETH I E2BHET S,

2. EtAROSE & HRERRETE
ROTERIZIERT A2V E0HBIY R 7
L3, HEHBROBELIERHIZI RS RWS
DK EMETLELNRDD L. HIERED
BERERELARTIHEVERICAEBIZZELT S
iz Lt as iy, #-TF0
FAZIZIE, BEWY A FIv 2 LYPBXU
TR EEORECHELVWERELRGE~DH
G, BERLEDA VY 71— ABEHE, R
THREDTEOBRELE WS EH#-TL
ERHD,

ZDk=», HYFLEXO# LHBIA, &
WERINAOZREBR TR, IMBED L
TRTOH LABRCCFDIZ X BMHERE -

Thic dociiment i nrovided hv TAXA

118



120

W22 RIS B B 325

FRIZfTO LIz, RITEEL TCOREE
{LEFRELMB OB L L4 TORIZART
FEEBTEERTDIZ L & L,

Fh, FRROHEEEEDHIZELT. R
75— DR F UL EEFMEEEIZT
DRETHIEIZE-> THFEDEFEK,EZR -
7z TNOOEMFRIIMRERBRDT -5 %
BOWA LY THEZETVWAELSA[RELRTEAT
MEL Tz, INGEEBIZERTAR
AT A REREEFELREY,

Fitd, 2=y bAROY Y MTB
TTFA TN BEIZLZEUORTHADX
ME*SRT1I1, OREXDRBRERZ
2T, B, A%k, 2—R—av¥Par—%iz
XBCFDYIa2lb—vav/HIZL0fr-7=

UTIZ&ARARIZSB T 2 RAERA 2R
95
-EhmE  REMICbREZHATSHH,

AUV A - ETRRENEMTHET

378, EIZREAGERESDEEREIG

EPOREMAREHEET HFHEE L,

ZOBE, LY OFE L - TEEREOD

BESPHATILIZIOMBERZDL DN

TTHDZIEDENEDIZIEDI=, TDI=

B, YANVBTREABZEDPLTVHAVWAE

XDEDRAAFTREL, C/CH ) —X&H

Tk, VY —FT2—-NLC/CTHK

L. B—KHATHEAHRE L= GEAIZA

DRERESBOIL) ,

INGMBARDOEHTIX, VY EAAD

BEFNVOEREFNMBREZIET 5710,

EFLVDIE/NS X —Y DRIER LHAR

THEELZB O ESMIZERT AL & L.

SHABE AT R A MB SL . RE R

% TEHME. TO U ERBOEEE

Br, AARPCFDFREOEERT —

L LTUR&TE. mo—BBIcLEE

L7z,

- BB 3 A VA B TFRrRE TS
IVvIIANFryy THHEDODBERSY 1)L
T, TERREAMFERE T —% of, =L
AUy rHRED Y — VEFE, / —X
Fry THOGIISEDRAFM, / —X
Fryv 7TEEILLOBHEFME NV I A

- AD S AENF#I

-RCSHAY OFEAEHA

. — D =1

v FIBMEEFES 2R L, Zhbid
FRAENOM,. ALBEHANEBEEZERT
bl

- 2BaRITHIRE  BABERLSDEA

NIZx9 2 BWREIREDHRE T VR
DF—F ZEHE2 0 AFTIZA L5
RIZBEWTHEEFNEAE TRET 5,

J—XAREDEY s
BERORDENELIS, KIKREE., BIE
DHE, NIEBEDREERAADADS
(Air Data System) YEREZ FHEiT 5, £ D7
B, /—XFr v S EZ9mE+FLEIIC
EET2ILE L, ZOMELEBIR. A
A, BBEVADHEREEREHEHED
REMBRLBEVWIERSAGFDOERIZELD
FHTWSE, L HICIXFAEBRERYN DS
WBE., B¥4 7392702000 ER
Lk, BBO-DDIREEEX KL FET
BV, TAV V=9 /1T LE L,
ENBEARDE R L ISEEREIZH LFER
L THET 2,

ABRBOEARE
WD—DTHBHAT vy b EBVI-EE
EBFIHEMR C SICLABARE RN
CDENTHHREEISAIBODEND
MProRARD, FE - HENERREIZD
3728, ADSIZEALZLDERLEY
$EBEBAL. T4V V=% %24 L THWY T
33, ERAXS 2V RERERAHEIZE
wml. ENAIE12& L7,

HAPCFDOHE
RIED =B, BHEEmm,. LRy ery
BErRSeatBERmENE 8 AT
33,

VT RE—A P EBEBETESR Tz

Fa2I—SrTLEVEFEAT SOy FIZ
BEMEELEX L=y = %REHT.
RL. RABREEEKT S, £z, #H&%
BEREELXHET S0, A E R
EANTFRINIEERROMFIT 7 L—4

Thic dociiment i nrovided hv TAXA



HYF L E X O&tifilat s 121

DEABEERERYT —JIZL VAT 5,

AT A BEIZLABEAD
DTS AIRAEIRBERE (T 2T
M) 2372679, ZTOBREAKFTFOETFH
ESERREroR LEZBRORHERES
Y7 L2 b X—% ARTERT S, FHHE
XThHH, ERETO SIS L
UEESECFD L ERBGENEARRD
PEM R L CHERR 2TV, RETRE
T3, TOF—FRTSv 279 VEED
EET -y 0HiHT, HRIZLDEHE -
REEEDEESMEDRICET IHEBET -5
YyieB, Btk - XEBEOTEIZZED
ODRABEBIZIE 27 V7 F2EBEERE
AL TEML. KEREAEEERIT 2,

-EBEREE=Y Z P BERIEREFER D

REFAITE, SBAREENE =D+
KREBEXHEVWRZLES - LHAIIWA. 7
VI ERGS. BBERAXV, BEREF
ERDORMILEIR S NNV, RIBERERS
1. B9 5, BRBROBEHRIZLD, &2
DEEHRELAFOSN D,

- EBRHBRAS SN VT 43S 31
KIS/ SBEEN S 12bit AD BB BT T
-8 (ZBiimaHEEREYO—%) . A
BB/ T+ Py NEBREFTD>T—% (AD
S/RCSHEN) S4BT 5HETH
D NIARYTFNavTFevareiddl
HRET %,

FELFHOHASEAERLI—-1) . —2) .
—3) ‘:ﬁ% Lf:o

TA48/49

TA46/47 TA42/43
1mmf\\
~NHT A
ANV oy = s
ook, _':‘N\\\\:::—— T— _"—'—'__‘-'—' 74 I
16.35 i N i o e — — TA44145
a7°
TA35/36/37 TA1H2
TA15/16
TA07/08 TA33/34 \TM\BBQ
TA05/06 | TA0S/10 = TA1718
TA03/04 —"\F‘ -
TA01/02 - . N S N \\\\E ¢
EuNNREENSSNS NSNS
L1 p}"1—1" L //-///
TA21/22/23 =
TAD45E6 TA30/31/32
TA27128/29

1) Temperature Sensors

Fig.1 Sensor Locations of Onboard Measurement System

Thic dociiment i nrovided hv TAXA



122 BT HIR R B #3325

—u=
e
— ]
Refleciometer  (990K12)
Reflactometer  (}. §612) S .
(I 5 (N )
' : RERSNONeNCNOae
o S P~~~
et Ut et s Ot Pt Ot e
PS01-09: for ADS " (1.0 — ,&,/ﬁ//ﬁ//ﬁ./
PS10-21: for RCS -;__—_—_—-%—‘(
PS22-29: for other e o B il

beosd
-

SRR
- &

3) Pressure Sensors

Fig.1 Sensor Locations of Onboard Measurement System

Thic dociiment i nrovided hv TAXA



123

tEtE

a
2
L]

HYFLEX®

(VN CV'N) (VN auwaaseyd | (v'N) | (VN | XMLI0O%T | 007 moqr NDOAS [V | 2IMuadws) Wnmjxem
UUUSUUUNURTUOURURU U0 0 NEUUTR 2002 ~00 -an_..n:..m R S Sd 94 €1 4 WOAUR U | uopiesuadutod Joj duta)
30813 AS ~ 0| wdpy|-~Gg- ~ 0t ] :w:.......:....w:.....:w:..: [ R ayd) T
THINS9L9T “THWSB'Z06 ¢4 “AS ~ 0 | wdey[-~0¢- awopaga ov 8 Siog€ 2 (Aussayot)yansworayu
384 s o4 Z a3ned urn X 9 YR 2 11 Jo Kool UIRAS 3OS
2s4d adglL 23ned oru 02 ) Si% St 2 $UOAI([D awou oﬁmm_t
as4d A0ST ~0u0 ‘way) s g 1 8 550 F b £00S040
....... emeneaeaamammamameen | WKL} AS~0 OSE ~00 | ZlisgLm i 8 R TA I 12 Z1188L |  vohwsuadwod 107 dmay
dsd | AUST~0| wdigoi~ 0 €000 | g T g | STy%so | g T sy Yo dawns | T
uonsjsren Jiqrbasy asd Kouanbag) | vdy 0] ~e4]s Z1188L 02 21 Sd 94 20°0 21 sapsruy) mek ponare unssud
vonesmen by | 5o Aouanbasg | wg1)0[~04[Q Z21188L 0l 21 | sdeszo0 6 losuss wiep ¢
SPURVURUUURRTRRRCOUOUPUUUTY DU - 3 NSNURRRRNY | R001 ~0 | wemwaMd 8...[.2f50% 14 OIL o} cluiay Bduaizjas
S5 Sh0e o R w.-o.ncﬂou L T B
praqyinq vo soimsm Jjowoneq | g g 2,008 ~0%- W A g 1 8 Sd 9651 I
PYAR(MQ DO JOIR[NSOT JO 0OTPNS 288 | (Awoo/L| ,w/0q00L~0 Inwolpu 1 8 sde st 1
do 7500 Jo WP VO Jsd oL | 20081 ~08- OIL Weays 1 8 SS9t Z dea as0u H/) punos
[ | oML} 0,062 ~05- JL 1 8 Sd 9 51 2 Joisusu] “xap Jo wonoq
asd O/L| 0,05y ~08- ol 1 8 Sd96 51 S £repaneq an Jo wonoq
osd L | 2,0001~05- O/L qivays I 8 Sd96 81 S s3uq HoA3[a Jo [ea
91 Sdl JO vojien(vA 0]
264 /L] 2001 ~05- oA} S 8 S49%60 4 lpphi amuadwa)
2813 /1| ,0091~08- oL 01 1 | sd%to (4 NS ION[NST] X3P
083 OIL | 5,089 ~08- /L S 8 Sd 9¢ S0 £ dppim
0813 O/L | 2.0091~08- oL 0ftr Sl |Sd%10 g sovjing U vo sam
o84 /L] 0,082 ~08- olL { 8 Sd9 5T S woneq
o84 O/L | 2059 ~08- oL S 8 Sd9 §0 8 ppi
284 /L | 2,0091~08- o/L 01 g1 | Sd% 10 8 vyns bt
onngpdun | 5gg O/L| 3002 ~001-] O/LwmmawyE| g Z 1 | ambay g
083 OAL | 200L1~08- omLueaws| g ¢l | Sd% 1o & oA DD
oaagp dan 2084 JIL | 2,008 ~001- OfL yiags 0r Z1 “Apnba | 9
Jos1d O/L | 2,00L1~05- RARLLLEL B ¢l | Sd%10 ] dea asou oD
LY Zaneay otarendposa Jof
Jmipuo) nno duny Josuag (sas)neg | (nq) Aunxy sinjod
syvmay vl Joaddp | wawamseapy Joaddy | Jmdues| v | paunbay | JoYoN NOLLYDOT Wall
(sway| uoissIN) Juswainsealy pieoquO X3 14AH JO suoneayinads | ajqel

Thic dociiment i nrovided hv TAXA



124

RUZET H BN RR FE AT 5 B 36 325

3. REHAR (T v a AR ot
DEED
PLEWZBRIZFEE X UCRHIZERZ KK

YetEHEE TEHIZAID | ERHFA DRI B

Yo, ThoRBERTABRBROREREE

Dfe, LDFELHTBEXHR” Y IZLRT,
INGREKHIIRIIZRTLIOCE LD

BIENTE B,

4. NOMBRIEGEF—7IC&3 E2XRIR
REDHTE
HYFLEXODERAMEBD 2D DH

S, WERPKKIBE R DAXKIKRERITK

HTdH, TO/FTIZBSWTIX, HYFL

EXDORITEHEORIIRE (FE. RE. EH)

REBIZA->TWA I EAUNBEEI25, F7=,

IMURL—-¥YTHONEEE IR HEE T

HH, H[EEEID DI -DIZIBRA. BRE

LLEEES,
AKKREIZODWTOERD—F 28 L T:t

HIBZeikaETH, HYFLEXIZH

WTLADSELT/ —ZXFyy7LOER

HPOWEEZMET HHAAEIT-TVS (AD

REBSR) . LIrL, REREBERET S

BB ZEDCER2LDI—DA2LELHD.

BLEERUADTENBEIZLS,

B LERLATIE, BRlioTy b RKRERIC
FAHRHUHZEZ OGN, KEDZAR—ZZ v b
NOFADRTIZE W TIERKAFIZE T
EBOBBEERELTWHY, HYFLEX
ZHEWTR, BESOEGa,r8Ao sy v b
FIZLEEBRACRETHIEHEL, W
KOPDFRIZOVWTHAEL KR, KEMH
BEBEXKF ( National Oceanic and Atmos-
pheric Administration) DBHEKZEHE (LU,
NOAA IR LB T B, ob, TOWMEDZ L
% polar satellite X WY - OBPEEE
CR LA, BRECERAE KR RIS
ZABLTWS, ) BRIFT—-SIZEIZTKK
REEHEET D& LT,

NOAA B2 I1ZWE. TOVS (TIROS-N Opera-
tional Vertical Sounder) Y WHIN B AT L
BERENTWE, ZOY27 41, K&+
D CO DFNBHOMEN S, KEFE=1

00kPa ~10Pa (& EE#I100m ~ 65km 1Z 41 24)
DRBOINEDHEIZS T2 AKBELRHTE
T23L0THD, #HEOREIZOWTIIXH
PIZELWY. RARHOBELSEEBED
IR 2IZRT LD 2BERABD, ZorHE
2HR L THEENDORABAGE»SHES
FORESTEHET2LDTHS, Zo#
EBIZLHMEDHEEIZ~3K THBY L &hn
W3,
BRASIHEOEMIZIS VY AT L.
BULREO AR R 80km (MIBEET)
~125km (BAE) LENTW3,
NOAABRDBRAGZBRB UV EUDRES
BEIBST2REOBAEY*EX S, ZOEU
CUDEDAHITEE., U S Standard K&K EF
VM DBRESHEBAIIAHOETEET S
ETfr-7=,
BEODSEFRAIHNEATHS L. #HXK
EAER

p(h) = po exp[~8h—g!— dz]

ORT
R @ 2B
g [ EImMEE
T | KKJRE
po:MEHE LEN
z  RE

EHELIOCEROBEEZ THA TSI LI
EVEDHEIIBITIZAKDEN p(h)%EXK
HDIZELHTES, ALENIZ. EF D
RIS FZABM - TZEEBW=, ZD&
JIZHEL-BARIZBI2BERUENID
RESTNrS. EEORE., SRE0HAED
WVEIZBITSIRE, ENoHME. kLS5
THREZEMVBEUIARUVERAFT 21T
7=

NOAA B EBRAIX, HYF L EXOMR{THiI
HBoMEIZ 2B EIZTbN TV, 128
BOBOELT BN WD, RITF —
REITIZBWTL, BRI —FLVERA%E
N-IZHEZTV., BHEARONFESFIET
o> TWizlky,
COHEDREORED =D, KEFHE
M EFREETHT > TWa8Moy v b
LB ERE, AR L HEER LR

Thic dociiment i nrovided hv TAXA



HY F LE X Ot #IEt#E

L7, i3 4moosyy BRI LZO
MEDAHTRID NOAA HEBAF—% £ 0
MTiT- ., BEDBAGRIZNT 2, A
EHRIZLDPEERVENRHOSBOFEHB
RL7ZL0DERS -, -DIZRT, L
LT, o7y bBIRNZXT B U.S Standard
RKIETNVDFHEDFEHFBRERPIZEARTR
Liz, BESMIZBVT, SE3S £ T,
FHEEDE U S Standard KR EF VIZHE
IR WAL, 3bkm LL_E Tix NOAA HEE A
Wkm LA TEHEDEDLLTKRBEDREI
BE->TWBDIZx L. U S Sandard K&
EFNMCLBEREIIRO vy FRALCZFLEX
TAKBEDENELTWS, F/=, EHIZ
DSWT., BE3Sm LLTIZEWT L No4
HET - EISHEDHFENI-BE.:
RALTW3, EE3SMmLL Lz L TE2~3
BDREILHESTSBY, U S Standard X
KETNDHEORKISUBEDBEIIEAR
TEDREFHEITKZ N,

I

HIRS LONGWAVE
CO, CHANNELS

N
Y

1aa 12 &

O e M W

pressure altitude (mb)

20

30
40
50
60
80
100

200F

300+

400
500
600
800+
1000

relative intensity

oy MZLBBREHFHOBEIZOWL
T, BhiER VR, NH2~3K ThH 3
EENDINOAABEBAERXEZ 5L, K3
1)) DERGBRIRETEZLDTH Y,
BERUVEMIBLT, X#ED BMIZER
ERTEZEEZITVWS,
HYFLEXTHErEh>sERRICH
L. BE ERBELOBAIZEVTZ, R
THEREEXDZIENTERY LENTS
D, LRDAETRKDZEHORAR ) 5 11l
BEiELE, LML, B (RA, BE) i
DWTOHEREREL., HEEREZAVLS
TEILARBEDALARTEEN WD,
SEOHYFLEXDRITT— 4 BHIZI3H
WT Wz,

5. F—9B#iE
ZFE b0 TF Y IPEHICEWIZE
EERFO2LDLHY, F-8 - EKI¥ENIE

wave length( ¢ m )

(1 15.00
(2 14.70
(3) 14.50
4 14.20
() 14.00
(6) 13.70
@) 13.40

Relation between IR Wave Length and Pressure Altitude

Thic dociiment i nrovided hv TAXA

125



126 MZEFH A AT EH 325

50 | ==

<l <
3 —

40 Cgf/”* g

Altitude(km)

FUP DT

.

i

o estimation based on NOAA satelfite data
+ U.S.Standard Atmosphere 1976 model

0 5 10 15 20 25
Error Mean Square of Estimated Temperature (K)
1) Temperature
35 g " !
bé el
50
45 r / //.c/
— 40 [ = - ]
E [ ]
= L ]
e |
S 35 { 1 B
< - 1
30 | } :
i, o estimation based on NOAA satellite data
25 1 ( X « U.S.Standard Atmosphere 1976 model
[ i
20 S N
I — - — — 5
0 3 6 9 12 1§

Error Mean Square of Estimated Pressure (%)

(reduced by U.S.Standard Atmosphere Mode! pressure)

2) Pressure

Fig.3 Eror of NOAA-Satellite based Estimation against Rocket Observation

Thic dociiment i nrovided hv TAXA



127

T B

a

sishleuy eleq XI14AH 10 Moy onewsyog 46l

k————] UOIBINWIS IN0-08Iq Jd | <

_:ozzp_.:w_n ainssoid ‘aimeladwal susydsowie Jo uonewnss | «—

.
]
.
]
'
'
[
]
[

h...

L

|

k————— [uoneinuIs uoRoEIAIL! BABM OlpEI— ewseyd |

TiaIITuﬁ:EuEmcu aiweuAposak Jo Uoneaynuapl
?oﬁmﬁ: pajewsa 1saq _T_v.“_.
[paurgyqo jou]

reufis tepey pue
Anawale) jo Aysualuj

eleq aiales vwON
{nWi)spnimy
Ele( [04U0D apniny
(repey)
(Nured wbn-
uoynquisig

aInjeladwaj wnwixepy

Jajowolayay

Thic dociiment i nrovided hv TAXA

HYFLEX®

T _____

{ SISAleue peo ainpnng Arewnd jo uiens
918 "SISAIVNY 40 | R
[1us1a00 Juauow k Juswop abuiy
‘1831 TANNNL ONIM L S vewy
Asojoales 1oy DS ‘AUSYASOURE JO BIBIS “USGUIN UIENY
‘NOLLYNIVAI /Enjoe 3t} buole 'Sald peuAp ‘spnune ‘AusoieA ‘voiysod
- SUoREINGLO (14D Aropafer Buow saiqel/en
1HDIN4-3Hd _ T *
nmsmf mo T sanssald JaYi0
HLIM | _ | | _
Tlll.._xocmvcmuwu lopwered |« [Aioisiy dp aINssdld ddudIapAL| §OH

‘ ' _bsm_c ainssaxd onueuip
Aojsiy apnuje
_ | |

i | BOIUIA U} JO LUOHBINWIS [euisay) K

L[ _
A < _

1uanlya0d sajsues jeay |

NOSIHYAWOD _ _

anssald sqv

sisAjeuy jeunsayy] o4 'dwaj

uoneneay Sdy 1o} ‘dwaj
Juswainsealy Bueanq

4
'
‘
'
! JWBUAPOIBY 10} ‘dWd)

WLl vivd



128

MZEF U TR B R 32%

B Ol CIRBERITERTTUNE OLE® 1T
SBGRE. EEOXRGRER. HKEEEE
HBFZES> LB, ITNHOMEE T —
ST OTNE LTRLIZLDEXK4IZTRT,

IMURL—F—Lt+S o F 0 IF—905
ORBHEMRTEELEIZ, BRBVLOAK
REPESEEHE L. Y7 — 5 O,
mkTTILEETS, o, BN 1 KT —
SHhoHDETLENLT2KRET—% %25F
HT256005, EPBEOHERIT,
FREBRRCFDYIalb—yarilLo-THT
S T8 L HE, BWEERTD I L5,

Z2EXH

1)NAL/NASD HOPE W93t R #-h HYFLEX$7" )"
V-7 TEREBEERITER HYFLEX) R
HmERE] NN-93-3005. FRSF

2)NAL/NASD HOPE W93t @#-h HYFLEXY7" )"
V-7 0 [REETERTERWE 7 9] NN-

95-3009. FETHF10A
3)Y. Inouye et al. :
the Hypersonic Flight Experiment (HYFLEX),”
19th ISTS Preprint ISTS 94-d-47p, May/1994
4)Prince, J. M. : "Atmospheric Definition for
Shuttle Aerothermodynamic Investigations”, J.
of Spacecraft vol. 20 No.2 pp.133-140 (1983).
5)Smith, W. L., et al. :"The TIROS-N
Vertical Sounder”, Bulletin of
Solf:iety, vol .60,

“ Onboard Measurements in

Operational

American  Meteorological
No.10 (1979) PP.1177-1187.

6)National
Administration / National Aeronautics and Space
Administration: "U. S. Standard Atmosphere
1976", Washington D.C., (1976).

7)Brodrick, H.J.. Watkins, C. and Gruber A.
"Statistical and Synoptic  Evaluations of
TIROS-N and NOAA-6 Retrienals” NOAA
Technical Report NESS 86, (1981).

8) FEEA 1 FAME (1995).

Oceanic and Atmospheric

Thic dociiment i nrovided hv TAXA



HYFLEX RAITIC BT 222 MELETHIIC DWW T

RAZEF B HR BT 2R AT BHET

HYFLEX T CC / —ZXF vy v 7, ZTLVAVEBETIAINVBEREC Y E2BEL. &5
MEAF R ETo= V. ZZ2TWE, ETEIANVECHAINEMBARIIOVWTHET 2,
AETHRLENETCEARERECLZ2LEI A INMBROAERENBERINE,
FREERBERLUAITIE., QI EEANAL., RFACRE L -BRRARBRER LK
ARMAROHEBEA L ZHAVWELFNERHEEEL BN RV B2 T 2EBERATE -,

On aerodynamic heating measurement in HYFLEX flight

Abstract

National Aerospace Laboratory

Keisuke Fujii

In HYFLEX flight, aerodynamic heating to the region of C/C hot structure and TPS ceramic tile are

measured with some kind of temperature sensors. In this paper, aerodynamic heating measured in windward side

will be noticed. In the region near symmetric plane in windward side, abrupt increase of heating rate caused by

boudary layer transition are measured, and before the transition, good agreement between measured

aerodynamic heting in HYFLEX flight and the value calculated by a simple engineering estimation using results

of wind tunnel tests.
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HYFLEX (C&(3 % ADS &1l
RLZEFH PR 7ERT O mASEE. iR %

HYFLEX(Hypersonic Flight Experiment) |23\ TE i & 4172 ADS(Air Data Sensor) 5f
IOV THET 5, ARITRARICBVTHEIBEETERITTHL7-0BFEOE b —FH
D ADS TEZ<{FLwa &7 b ThHsH FADS(Flush Air Data System) AN Z A L7,
AREHANI BB EERITICBT 5 FADS OF At MESZBEL., AENERT -5 2 Us
TAHIERHBE L,

HYFLEX D ADS & LT/ —=X%xy 7 LIZ9 DOFENK— b 2 BELEHFHUZT %o
726 T— 2 RETOENR-—PIBWTEFIZHE SN, oI EHT7 -5 L0757 —
FERFRATRICHEE L EUMERELR &0 5 OHEEEE KB L 2o AR TIE HYFLEX 12
EHE L 72 ADS OBEE., BT, BRIV THRET 5,

ADS MEASUREMENT ON HYFLEX

National Aerospace Laboratory
Ryoji Takaki, Minoru Takizawa

ADS(Air Data Sensor) measurement on HYFLEX(Hypersonic Flight Experiment) were
performed. FADS(Flush Air Data System) was used because the conventional ADS like,
a pitot-static tube, can not be used in hypersonic flight. The objective of the ADS mea-
surement on HYFLEX is to check the capability of FADS in hypersonic flight and get a
fundamental data for research.

ADS on HYFLEX consists of 9 flush orifices, each of which is routed to an absolute
pressure transducer. These orifices are suitably located on the C/C nose cap. Only a
pressure measurement was carried out during the flight. Then the estimation of air data
was carried out after the flight. All pressure measurements were succeeded. The air data
was estimated from measured pressure data and compared with the air data, estimated
from other devices. ' .

This paper present the concepts of ADS on HYFLEX, data analyzing method and results.
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Fig. la : Location of the Pressure Ports
for ADS (Part 1)
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43.0degree
Fig. 1b : Location of the Pressure Ports
for ADS (Part 2)
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Fig. 2 : Hardware of ADS measurement

EhHstHoERELr B LML >~
JELT51Pa~10TkPa, BIEBE L LT
0.02%FS%5E L72o ADS HICfER L7
ENYtrHEREBRERY AT DERE Y

Pressure (kPa)

138 MZEF AR R A2

. 78811Z(Solartron &) & HW 7z, Z
Dt Y IENEE E BREEE TH AT
bico, IR BRE$RE (F/D
Z5¥) %@L T 12bit DT VI MEFILE
BEINhb, TO0@EE A/D BH#REFED X

) RO T RO THRCOPRET

H5bo

3 T774bT -2 RUEEMN

SRIORITER TIRITRBEDIIBNT
X ADS IFELIZEHOFHZZT 27w, &
HMI77—5OHEIITITIA ML 7 KR—
FTiThot, TTEI I INAES
DRI % 7R T o

35.0

30.0t

25.01

20.0}+

15.0f

10.0}

,_{ 1 1
0.0 100.0 200.0 300.0 400.0
Time (s)

Fig. 3 : Presure history

Bighid HYFLEX D8R OB TH 5,
B, ET—F TRENITEHLPEBD
2N 2D ) A XBBHTEL-DTZH
Vol /A XRKBEFELTHE, T-08E
HBTIRIZIZELLEZZ ZOBOEIEZ N
AT AELTBRELTVS, ZNILLBE
SEEE 150 B CRAEIMES L
TWBZ EDbhb, T725 8% 350 Bk
NN e b AN LY T (WAFAL Y - 1 ihY N 7e

Thic dociiment i nrovided hv TAXA



HYFLEXt28i75ADSEHH 139

FWXRODPRVIRE L TWAZ EPEHIT
X5, 2.0
INSEHHILENEERWTT Y SV
TANT =L DT T =5 OHEZRITR
o720 LT T — % ORI HYFLEX 7Bk
50 B0 6 35015 T1LRATITR o 72,
50 B & DRI TIES & 7 — DR
JE. 350 FLMR TIZAAE B L <IRBY L T
ALORDREENTELEEEZLNLT
HEEZ T o T\, HEFEX 7 N7 EWS
TITAN2-model800 (Alpha chip,200M H.)
LT o7, 1LY OHEEICELL oLl

L 1 I\ 1
0.0 100.0 150.0 200.0

FHEREFRE I 8.8 x 103 Th o7, Time (s)

WA () BEY A (5) ORHEE % Fig. 4b : B (angle of side slip) history
4ab 2, ADS I X BHEEHEE IMU T —
5 L DEDEHREE %K 4c IZTNTIUR o
'3_0 EPTE< !’if D O LfCIEﬁ%Ei IMU —=—Angle of Side Stip
SOF— 5 L OHE L7, Big D . | e
R 2 DESEA ADS & 0 HEg L7226,
B A ZIRT . OBER 100 BR LIRS
EB 2 L8, fERVALIRE (-]
(UFETO5 K, HERDATI2 EREED ;
TH) LTWEILEBZIORL bbb, % |

1.0

—=—Estimated from IMU
—e—Estimated from ADS

1.5}

1.0

Angle of Side Slip (degree)

0.5+

1 s 'l
2500 3000 350.0

3.0 |}

Angle difference (degree)

adi N

Angle of Attack (degree)

e0e —e—Estimated from IMU 0000 1000 1500 2000 2500 3000 3500
—e—Estimated from ADS Time (s}

o Fig. 4c : Estimation difference of a and 3
oo S EER 120 #5120 5 200 B8 D IEES
N DRRHEAAE <, AR WA DL
WeHRREROHEREIEWEEZ LN
200} 5o ZRLIOETIMUTF—%&DTHh
BWE =272 RLTWAEDIZ, EXELRMSE
100} WL AEEBETII W EEZLNRSL, LR
REIIMU T — % & ADS 12 X BHEEMEHT
%50 7000 1800 2000 2500 3000 350.0 TNTLAS, 2TDOFT NIZDWTIHIMU DR
e %, ) — AOEWENE R SNBDBED
Fig. 4a : « (angle of attack) history EZAHFHLWERIIOWTKERAHTH 5,

Thic dociiment i nrovided hv TAXA



140

Difference (%)

2T H A B

794 MDD a—4T3I2b—3
YTCIIHEERED 1 ELUTIC 2 5 0358
%120 L% & RFED o TR RT
HEBTEBL 20 BHLEY 25 1 ELUT
DIEFETHENTETV S, DEE 1208
#~150 B OMTILHA AN HEKBER )
WL TW AR O D BIFICHE TS
TWwh, 7208 300 BElIciEZ o722
M MAZTIIIBWTH RS2 BHEEE T
LTwh,

20.0
—=—Estimated from IMU
—e—Estimated from ADS

~ 15.0¢
[0
Q
=
[}
2
(%23
[
a 10.0f
L
S
5]
S
a

50 ¢t

0-0 1 1 1 1 A

50.0 100.0  150.0 2000 250.0 300.0 350.0
Time (s)

Fig. 5a : ¢o (dynamic pressure) history

200

15.0¢

10.0}

50¢

O.D i 1 N — " 1 i | S
50.0 100.0 1500 2000 2500 3000 350.0

Time (s)

Fig. 5b : Estimation difference of g

%

BRI H32 5

RIZEE (¢oo) PRERBEREZ K 5a 12,
IMUZEDOF— %12k 2HEMEDEDOR
MR % 5b 12T, FERICKFBTEL
BNORLIEAFIE IMUEOT—% &
DHEE LCBNEOR B, HIEX0E)
A ADS L W #EE L-BEDORMBRE %
RLTWh, HMbab L VEEICEL T
IMU 7 — % & R L 723584 5R%AREDE
THETETWAL I Ldbh b, —fFIE

TERIT T poo & pd L IEEHHI L 72
EHETIEDOF -5 —1Ih RV END
Bo TOIOBWEKEKRHETNIIBIT S p D
FE5HERDNEL FERILZED»S
Do ¥ WETHZ LITHEE R LV HE TR
b p I T 5 LB,

RIENR— P BIPHECSZLEES
AR BEHOEHNR-F 26757208
ITHICEADRERTZD S HOME A8
B35 Lo R3S BETE, 29
Vo 7o MBEICRE L C FADS HTaNR b 4
ADS THEMNE I D EHRTH I LIk
FILEETHS, BEIDOENR-1 %
BAWTZ7 77— DHEELXITRIH, 2D
I LDOEBREDOES AR — b AL /248
ELUTD4r —ATHEEREELE L7,

1. AEF—F ENHDOR— b
(PS01,PS03,PS05,PS07,PS09) % f§
M L7258 (Case A).

2. HAEAR—F EAPMOR—T
(PS01,PS02,PS504,PS06,PS08)
R L7354 (Case B)

=g
3. SMEIOA— b (PS03,PS05,PS07,PS09)
2 L7236 (Case C)

4. RRIDOKR— 1 (PS02,PS04,PS06,PS08)
ZfEH L7236 (Case D)

Thic dociiment i nrovided hv TAXA



Angie diflerono (dugrem
o 5 a

T im0 1500 Sm0 2500 WD B0
Tumen

Fig. 6a:
Estimation
difference of «

and (3 for Case A

Fig. 6b :

Estimation

difference of ¢.,
for Case A

HYFLEXIZBit2ADSEH

Anois differencs { degrae
5 5 2

Fig. Ta:

Estimation

difference of «

and 3 for Case B

A

%65 e Twos  Fab Beb WG 00
Tt

Fig. b :
Estimation
difference of g,

for Case B

Angie cierence icecr o
g b

| |

o ~
SomT% 106 206 60 9060 00
T

Fig. : 8a
Estimation

difference of o

and 3 for Case C

|

|
i

%05 w5 05 Bor Bas S8 0
Time {5

Fig. 8b :
Estimation

difference of ¢,
for Case C

Estimation

difference of o
and g for Case D

Fig. 9b :
Estimation
difference of ¢,

for Case D

Case A & Case B TI3FHA EHEFRIZ
ZIXR 5N ATCase D TIRETEALL .
Case C TlI2 DEALL TVAZ EA%bh
5o 52 Case C TIIHESIF—F OB ED
AR N PRBE BN R 72720,
AT B ERVD R0, ERY
CENEDHEERENEL L2 ZEZ LN,
Case A ¥ Case C & DEWIZ PSSO A—}
DIFFEET TH B, COWME L BT 5
& TR BB ORISR BT O E
WIZEETH LI Ebd b, AN
BT A EERDTERTHIITHEZEEER
DEENATRRZ DL DD B, Case A &
Case B, Case C &£ Case D x kT 52 &
T, BE (o, B) OHE IEIAANIIE R —

MEELET A ENERNTH A EbH
BHo TIFEAENF— OREIFWHET
HIUTEBEOESR— P PRELTLH S
BEOBE*HFTLI LM TE, FADS
WEARBIZONA T2 ADS THE I &
bbb,

4 Bhi)IC

HYFLEX 285 ADS sHlizowT
FHUME . BT RIIOWTHE L, &
[{ER 72 FADS B2 ADS OHeERE £ 1T
IMUT =8 E &L B LA ATI 0.5
FEREE, iR AT 02 ERE. T

141

Thic dociiment i nrovided hv TAXA



142

MZET AR R S B #32 5

X S5RRBEDEV LR CWMEDWER
Yipolz, BIZFADS B ADS DT /N L
HHHRETE, SHRFHTER., BT
BIZBITAH ADS ELTHEETHAIEMW
birolz, EREFICWCOPDORIERDIE
BTE, TTE—IZ. SRIORTHABRT
BENE T ORBEARICLVEEET
ODHFRIRBIFIAT Rz b ol THIRE
HMEL & Y — O EEE. BENA+45
PPollzOThr, THICEALTIEEDE
YHE1IFR-FBOEREFERHLETIL >~
DI TYEZ B ELTHIEL U4
HIZBT HHERE., PREOMEXK 5
VEPH D RIZ, KARITEBRTIRI 2L
WAZEENI L TH B2 HEEI TR 272,
L2 L2 o HICEM R EHEL, REE
B L THERCHEETE LN E ) 2.
N=RE o TVBENHET VICHEES
B L BAENEEFERB I N TR W
DARHTH ) 5% FOEOERZ TRV
BT HUEND L, HEIZ. HYFLEX Tl
18 4 DF# A b EFE AR R < FET
LEBTORITIIITRoTW RV, FDF
¥ HOPE 72 &£ ORI ELE T E A4 <
R b L FPHEINBRITREICIB VT,
4B ADS BNEOEEHET BIETE S
PIEARHTH Y SHRFM 2 RET. R
g‘(“&);&o

SZ |

[1] P.M. Siemers III. : The Space Shut-
tle Orbiter and Aerodynamic Testing.
AIAA Paper 78-790, 1978.

[2] S. Whitmore, T. Moes and C. Leon-
des.
Management Techniques for Flush Air-
data Sensing Systems. ATAA Paper 92-
0263, 1992.

Failure Detection and Fault

[3] H. Wolf P.M. Siemers III and P.F.
: Shuttle Entry Air Data
System Concepts Applied to Space
Shuttle Orbiter Flight Pressure Data to
Determine Air Data - STS 1-4. AIAA
Paper 83-0118, 1983.

Flanagan.

[4] P.F. Bradley, P.M. Siemers III and
K.J. Weilmuenster. An Evalua-
tion of Space Shuttle Orbiter Forward
Fuselarge Surface Pressures: Compar-
ison with Wind Tunnel and Theoreti-
cal Predictions. AIAA Paper 83-0119,
1983.

[5] C.D. Pruett, H. Wolf, M.L. Heck and
P.M. Siemers III. An Innovative
Air Data System for the Space Shut-
tle Orbiter: Data Analysis Techniques.

AIAA Paper 81-2455, 1981.

Thic dociiment i nrovided hv TAXA



HYFLEX IZBITARCSH AT = v b FHHEER

FLZEFEEMATRDT il ER. &K SE

REEHAA XY = v b (RCS; Reaction control system) & #4585 & DN FHDOLBHMANE X 2
BELZTRICTFAT2 LR, BEERBIBOR B 2EELHNREO -2 TH b, TOX
¥, HYFLEX KB W TIE, TELZHNEBRO—D2L LTRCS F AV = v P FHICET L7 — 5 B
EBRAFE SN, ABTH., ERFEOBMEII SOV TERD L LI, RTEROKFERE SN
HTH7F— 5 2 AARBER B L 25T, LBOKR, HYFLEX OERFAMI - T AT =
y POBEIIR., Vv Fo—BREKET2EHELSHBEANATA-F ELTERNKEEATH LT
Lisbiroi,

RCS GAS-JET INTERACTION EXPERIMENT IN HYFLEX

Shigeya Watanabe and Ryoji Takaki

National Aerospace Laboratory

As experienced in the Space Shuttle Orbiter development, estimation of RCS gas-jet interaction effects with
external flow is one of key technologies of hypersonic reentry vehicle development. The RCS gas-jet interaction
experiment in HYFLEX was planned to establish a method to estimate the interaction effects in flight condition
from wind tunnel test results and/or CFD calculations. In this paper, flight data on surface pressure distribution
arcund the RCS thrusters in super- to hypersonic speed ranges are presented, being compared with several wind
tunnel test results. In the comparison, some jet correlation parameters were examined. As the resuits, jet
momentum ratio to freestream is found to be generally a suitable parameter in the case of the HYFLEX yaw
gas-jet thrusters located on the outside surface of stabilizing fins.
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1) Shirouzu, M., Watanabe, S., and Suzuki, H. :
A Quick Report of the Hypersonic Flight
Experiment, HYFLEX, 20th ISTS Paper 96-f-09,

May 1996,
2) Kanipe,D.B. : Plume/Flowfield Jet Interaction
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-9.7/45.3
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Z= 431.5mm -3.8/+43.8

3)

4)
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Jul.-Aug. 1983,

Watanabe, S., Ishimoto, S., Yamamoto, Y., and
Shimoda, T. : HYFLEX Reentry Aerodynamic
Comparison of Flight Data with Preflight Predic-
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_____________ =
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/
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Experimental
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Reference area ( Planform area ), S

Longitudinal reference length ( Body length ), 1B
Lateral / directional reference length ( Body width ), b

Moment reference center ( CG ),

4270 m*

4,000 m

1.200 m
xcG ( 57.5% Is) 2.3001 m
ycG 0.0007 m
ZCG 04315 m

Fig. 1 HYFLEX vehicle configuration with RCS thruster arrangement.
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Fig. 2 Pressure orifices location
around experimental yaw thruster.

Fig. 3 10% Wind tunnel model in NAL HWT.

RCS Jet Status

BLZEFHIE AT RE 2RI B B #3245

Angle of Attack, « (deg)

. (LI
0 50 100 150 200 250 300 350
Time after Vehicle Separation (sec)

Fig. 4 Experimental thruster injection timing in flight.
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Fig. 5 History of jet interaction parameters in flight.
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Fig. 6 Surface pressure history of PS13-15 in flight.
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Fig. 7 Pressure coefficient change due to jet
injection #4 with wind tunnel data simulating
momentum ratio of flight.
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Fig. 9 Isobar of pressure coefficient change due to jet injection #4
with wind tunnel data simulating momentum ratio of flight.
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Fig. 10 Pressure coefficient change due to jet
injection #5 with wind tunnel data simulating
momentum ratic of flight.
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Fig. 11 Pressure coefficient change due to jet

injection #6 with wind tunnel data simulating
three jet interaction parameters of flight.
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Fig. 12 Jet interaction effect due to jet injection#3-5 Fig. 13 Jet interaction effect due to jet injection#6-8
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with an angle of attack of 49deg. with an angle of attack of 30deg.
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Thermal Protection System Evaluation with the Flight Data

National Space Development Agency of Japan
Takashi Kai

Thermal protection system of the HYFLEX vehicle is evaluated with the flight data. Every sensor
worked well in flight measurement. Flight data shows that the measured maximum temperatures were under
allowable limits for each materials. Explanation of the thermal protection system, summary of the flight

data, and examples of post flight analysis using measured heating rates are shown.
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539 MIFHBFHADESHIEE . (1995).
2)  NAL/NASDA  HOPE 74k F — 4
HYFLEX H 7 7/ —7 7 BBEERITE
BRoN2 K7 w77 NN-95-3009. (1995).

Table 1. Allowable Temperature Criteria

Material Limit{°C)
Carbon-carbon 1650
Ceramic tile 1400

FS1] 800
Titanium alloy 600
Aluminum alloy 177
(SIP & Filler Bar: 350 “C for reference)
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Table 3. Ceramic Tile System Nominal Property for Aftbody

(a) Ceramic Tile

Temp.| Thermal Conductivity Temp.| Specific Heat Density: 0.19 g/cn®
C ¥ m. K °C J:g. K
211 0. 051 100 0. 86 Emissivity: 0.8
518 0.080 400 1. 08
801 0.107 500 1. 21
( 0.009atm )
(b) SIP
Temp. | Thermal Conductivity Temp. ! Specific Heat Density: 0.20 g/cn®
°C ¥/m. K °C Jig. K
128 0.029 38 1. 07
187 0.032 149 1. 86
293 0.035 30p0 3.37

( 0.0009atm )

ki¥/m2

I
AN
/ \
/ N

3

Aeradynamic Heating Rate
[
=

100+—
0 B | ...
0 100 200 300 400
Time from Separation sec

Fig.10 Aerodynamic Heating at TA35
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Fig.11 Postflight Prediction on TA37
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Table 4. Carbon-Carbon Nominal Property for Elevon

Temp. | Thermal Conductivity (W/m.K)| Specific Heat
°C [nP1. OQutPl. I/7¢g. K
20 6.6 36 0.75

500 8.2 42 1.56

1000 8.1 41 1. 85

1500 8.1 41 1.92

Density: 1.62 g/cn®

Emissivity: 0.85

Fig.13 Finite Element Model of Elevon
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Fig.14 Postflight Prediction on TP03
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RREHI7A i ME

BEEETAIBIIBEEATAIEBBHY FLE XIZDOWT, ZAOMBMRITEHERIE
HEF L ERI LT, EEERLEORMY V-2 Kb 7. HREZHYFLE XB&T
ML L, ZHNEFTIFEREREI-FFIVADZAHY, REEBWEIHEREREL I —
FTHAPZR WA, FRECBMETFHBEBWAMO KBELEIIN S pLav -5
ATLTHLHMERAMA (NWT) tHBEHBRAT— VA7 —Ya vy Y R74 (CMS) %
By, =97 s ANVEBIIISZ5HAEBEIT - k.

TRANSIENT HEAT CONDUCTION SIMULATION OF HYFLEX UNDER AERODYNAMIC HEATING

Naticonal Aerospace Laboratory
Kunihko Ohtake, Satoru Ogawa
National Space Development Agency
Takasi Kai
LTCB Systems
Kazuhiko Haneji

Transient thermal responce behavior of hypersonic re-entry flight test
vehicle HYFLEX was invesigated. The iterative CFD/FEM coupling analysis was
carried out. In this study, flow field around the body is computed by the finite
volume Navier-Stokes equation solver FIVAD. On the othe hand, heat conduction
behavior is calculated by the finite elemet solver THAP. The N¥T system and CKS
system of NAL are used for simulation, with the data file transfer by LAN.

1. 3o
SB6FE2AIITHLET O BREEESE
BEEHYFLEX(Fig. DI FHARBO HR A
B RICEEFHZHFITL T2 8BITE
B RBICETICIOES 2L
2. BEDEIAEMNETIR, BEAIL
MICT AHERAMEEN LY, KB
T, EEHHEHPRITEHEVHSMMIZINT
WAHYFLEXO @EFH 7 — & 35 BB
UDﬁﬁE/:;v—/a/&ﬁi%%&H‘?}Jb‘C@&%3:
ol COMITERTRTNIEGETH
EDHMELOBEDIFI,N, C/CarR
Uy MEEPES I v IS IVHBRED
Ry b7 a2 OBRELBHEFMEN Fig.1 HYFLEX Cutout Model

Thic dociiment i nrovided hv TAXA



164

AT IR ER LT R E B 327

\

1

\

10w Wl ol U U\

ot

oo maasitni

LI I

Fig2 CFD Gnd . Pattern

7. KwmXTRZoFEIcHELTEAM
BB E B ERBIT S ER I oMUY
VIV VAT LILLAHEARENTS.

2. BUEYIv-v35D Y — )LEFHEEFIL.
CITHOONICHMEYIaVv-Y37YATMZ 2
JIMmEBBHFACFDa— F, BHRWH
FEMIO—-FEIUZThSOERBIELE
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AEFEELTBIOI-NIEREHRE
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Fig. 4 Simulation Procedure

JIYHYFLEX
time after
Jettition

( second)

100
127
154
181

Tabie 1

Mach
Number

14.137
12.706
10.779
8.175
6524

Angle of
Attack

(deg)

490
450
405
318
300

Flight Trajectory Conditions

Atmosphenic
Temperature

(K)

193.678
235.644
264.647
245.836
244.606

Atmosphenc

Density
(kgfm *)

1.2289E-5
18261E-4
19195E-3
5.0803E-3
5.4281E-3

Stagnation
Heat Flux

(kW/m ™)

5527
19536
40952
208.44

9224
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Sh, ZZCFEMBIRERITa—F
THAPROBWMETF—siIlE#RIN S,
THAPIKKIARIHILIV-V7EHBEH S
PUDEDTHEOLPEMIIODWTEITEIN
2. TOMBHEEIEALLENBDOELT
W5, RHHEOHEOKRDYIZEER
BEAGTF— Y BNWTHRICEEZHh, RO
FLOWERAEXB LELTEREN, RO
25y TO—H¥HE%H¥EM-, EEo- BE
T-OLETFIVADOHENEITINS.
COMOBRKMEARASTRFig. SOHBERO
WA YT PRI 5.

4. MRITBBRBSLUHERYTY T — %
BAYIVv-V3/ 2 LT T 5108 7c->Tid
Table. IKRTRHALORITER T -7 %R
WA I LT, IOTF-Y R —BZEAW
NOoO%H¥E2rTHOT, BRASPERLD
BRAZIMBAEETRTRIAEPTLIT, £ 27
BELUL54BOBSOHSEDT—%
Thd . KIAIODEIEIZIT6EDO XKBEREK

SOLOEERLIK.
HYFLEXOWMEHEEX2730mm, &
X102lom, ¥B1164mnTH 5. / —ZXF ¥+ v
Fikn—Kr/  A—-F» (C/C) BEHE
8T, PLEIEEELNn, BEI4nTH
h, BAOZFHELOEEDIDHEEIN
omD B X%2F>. FHEINKR, 7L —
L, ZMY U HDETXTTNI =T LES
BMTHLH FETHEHIMEIOES 2
vy 75 ANTRIFALTWVA. & LEI
afEMBHTHELTHS. / —XF vy
TFEEHETLV-LER, BRET I V7
CHBEEL LIV B IHESTHTHEINT
5. Table. 2B T h S OHEOBKFHZE T
LTH3. HBEBHITRI7V—L4LPR}b
YA ORFHEREPHEES L TAELTL
5.

5. BEvLv-V3/DER

BIED E S ABRITIHYFLEXRITBAE TR
ErSIBIBWBETEFINLTLS. 4 BBB
FTOCFDHENEANK. E—RBRETI
— BTy M4 13TTHEA.0EDOHE
NEFINBEAMBEES S5 kW, m* &3
gaxhic., ZOMBFRICLI008 L850
EHEESHRBRETIMKENL L. ZOD
BEAGEOLETDT v " HI12.TI6TORK
KM#HMEIZI82kW,/ m’THY TOMBE
AHETORIHBORBEEEEAZIZTIOK &

$
t csh script
]
if ($Stargv != 1) then

echo “Usage:$0 number”

exit 1
endif
echo "rsh ews260m cd /usr/export/home/e80/THAPK20;

rm heatflux”
rsh ews260m "cd /usr/export/home/e80/THAPK20; rm heatflux"
rsh ews260m "cd /usr/export/home/e80/THAPK20;
rm thapdat thapdat?”
rsh ews260m "cd /usr/export/home/e80/THAPK20;
cp inittmp.6lay thaptmp"

echo "rm HEATF/thaptmp /small/e/e80/heatflux”
rm HEATF/thaptmp
rm HEATF/thaptmp?
rm /small/e/eB0/heatflux
rm /small/e/e80/heatflux?
rm /small/e/e80/take?
echo "cp HEATF/inittmp HEATF/thaptmp”
cp HEATF/inittmp.6lay HEATF/thaptmp

€ number = $argv(l)
€ count =1

while($count <= S$number)

echo H A A AN R AR A R A R R R A R A A A R R A AN RN R AR AR E T A AR R AR AR R R N A R
banner execute$count

echo LR R R R R R R R R R R R R R R R R R 2R

echo "cp HEATF/kuuinit$count HEATF/kuuinit.dat”
cp HEATF/kuuinitS$Scount HEATF/kuuinit.dat
cat HEATF/kuuinit.dat

echo "SUBMITTED NWT JOB"
nsub nwté6lay

@ endflg = 0

while($endflg == 0)
if(-e /small/e/e80/heatflux) then
echo "file heatflux data exist”
€ endflg = 1
sleep 60
else
sleep 150
endif
end

echo "rcp /small/e/e80/heatflux ews260m:
/usr/export/home/e80/THAPK20/heat flux"
rcp /small/e/eB80/heatflux
ews260m: /usr/export/home/e80/THAPK20/heat flux
mv  /small/e/eB0/heatflux /small/e/e80/heatfluxScount
cp /small/e/e80/cotake20 /small/e/eB0/takeScount
cp HEATF/thaptmp HEATF/thaptmp$count
echo "rsh ews260m cd /usr/export/home/e80/THAPK20;
trallédevarea”
rsh ews260m “cd /usr/export/home/e80/THAPK20;
cp thapdat.é6lay thapdat”
rsh ews260m “cd /usr/export/home/e80/THAPK20;
rsh ews260m "cd /usr/export/home/e80/THAPK20;
rsh ews260m “cd /usr/export/home/e80/THAPK20;
mv dev,thapdat thapdat”
rsh ews260m “cd /usr/export/home/e80/THAPK20;

trallée"
devareat"

cp thapdat thapdatS$Scount”

echo "rsh ews260m cd /usr/export/home/e80/° £20;

THAP.K20 > crttmp”

rsh ews260m “cd /usr/export/home/e80/THAP: <U;
THAP.K20 > crttmp"

echo "rcp ews260m:/usr/export/home/e80/THAPK20/thaptmp
HEATF/thaptmp"”

rcp ews260m:/usr/export/home/e80/THAPK20/thaptmp

HEATE/thaptmp

echo .

@ count++
end

Fig.5 Shell Script of Procedure Controll
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Table 2 Material Properties
Material Mass Thermal Specific
Density Conductivity Heat
(kg/m3)  (¥/a K) (J/kg KD
C/C Composit 1650. 0 40.0 1910.0
Ceramic Joint 2550. 0 2.1 1210.0
Ceramic tile 160.0 0.1142 1159.8
Aluminium Alloy 2851.3 95.0 950.0
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Measurement of Plasma Electron Density around HYFLEX Vehicle

National Aerospace Laboratory Takeshi Ito, Ryoji Takaki
National Space Development Agency  Ken Teraoka

It is known to become a plasma state by electrolyzing the gas around the vehicle under hypersonic
speed flight. Therefore, the radio wave is reflected by the plasma layer, and the blackout phenomena
occurs. In the other, it is also reported that temperature, pressure and density around the vehicle
deviates from the prediction which do not assume electrolyzing of the gas. Although it is difficult to
obtain the such kind of data in the ground test, present HYFLEX plan is the precious opportunity which
can acquire the data of plasma state around the vehicle. In HYFLEX, it was planned that the ionizing
phenomena of the gas around the airframe was measured by the reflectometer from the onboard, and the
data acquisition was done. Acquired data is the change of reflection intensity and phase of the radio
wave. In the meantime, the plasma density field was calculated using the real gas CFD code and the
radio wave reflection analysis was carried out in order to compare with the flight test. . Flight test result
and numerical calculation result agreed well, and the real gas CFD code was verified at an error of
about two times by the conversion to the plasma electron density. Although the verification accuracy
has to be raised more by examination of the radio wave reflection analysis technique, etc., this flight
test data was very useful as basic data of plasma electron density field around hypersonic flight vehcle,

and as verification data of real gas CFD code and the radio wave reflection analysis technique.
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Fig.2 Reflectometer Antenna (902.85MHz).
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Fig4 Calibration Test Result by the metal plate Reflection
and Radio Wave Reflection Analysis Result.
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Fig.5 Calculation Result of the Plasma Electron Density by the Real Gas CFD Analysis
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Fig.6 Flight Test Result of the Radio Wave Reflection Measurement
by the Reflectometer and Numerical Analysis Result
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