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FOREWORD

This report on the development of lifting re-entry vehicle flying
qualities was prepared by the Cornell Aeronautical Laboratory, Inc., (CAL),
Buffalo, New York, in partial fulfillment of USAF Contract F33615-70-C-
1755. The contract was performed under Project 680A, "Handling Qualities
Requirements for High Speed Military Flight Vehicles", Task No. 680A05,

Prepared under this contract were a preliminary specification for the
flying qualities of piloted re-entry vehicles during terminal flight and the
flying qualities rationale, backup data, and user's guide to substantiate the
requirements,

This work was performed by CAL's Flight Rescarch Department,
under the sponsorship of the Air Force Flight Dynamics Laboratory, Air
Force Systems Cominand, Wright-Patterson Air Force Base, Ohio. Project
engineers for the Air Force during the three years of this program were
Major William Smith, Mr. James Pruner, and Mr. Terry Neighbor
(AFFDL/FGC). Project Engineer for CAL was Mr. D.A. Di Franco.

Mr. D. A, Di Franco and Mr. J.F. Mitchell were principal investigators
throughout the project. The investigation was conducted under the super-
vision of Mr., C.R. Chalk.

The Contractor's report number is BM-2995-F-2

This report was submitted by the author on 30 June 1971 and con-
cludes the work on this contract. -

This technical report has been reviewed and is approved.
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WESTBROO
Chxef, Control Crideria Branch
Flight Control Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

This report summarizes a three-year cffort which led to the develop- |
ment of a preliminary specification for the flying qualitics of piloted re-
entry vehicles during terminal flight, Part of this effort was divected ac the
preparation of the rationale and backup data upon which the flying qualities b

requirements are based. The effort inciuded support of the FDL-8 lifting

hody program at the Air Force Flight Dynamics Laboratory from the stad- §
point of handling qualities. Sowme effort was also directed at a preliminary ¥
examination of lifting re-entry dynamics with timce dependent ¢ efficients., ;
Included in this report are recommendations on the handling qualitics 1. - Z
scarch prograpis to improve and extend the handling gqualities 1equirements
of liftins re-eatry vehicles. f
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SECTION I

INTRODUCTION

In January 1968 Cornecll Aeronautical Laboratory, Inc, (CAL) was
awarded a contract by the Air Force Flight Dynamics Laboratory to conduct
a preliminary investigation of the handling qualities requirements for lifting
re-entry vehicles, Under this contract some of the important problems
associated with an adequa.e definition of lifting re-entry vehicle handling
qualities requirements were irvestigated. This was followed by a contract
in June 1969 to continue the investigation for un additional year. As part of
this effort, the in-house design of the FDL-8 high (L/D) 5% 1ifting body at
the Flight Dynamics Laboratory wuas supported by CAL from the standpoint
of handling qualities. A succecding contract was awarded to CAL by the
Air Force Flight Dyramics Laboratory in June 1970. Ali of these efforts
culminated in the drafting of some preliminary handling qualitics require-
ments for lifting re-entry vehicles during terminal flight (Reference 1).
The requirements of Reference | include a prelimi ary draft of a {lying
qualities specification for piloted re-entry vehicles and the raticnale and
backup data upon which the flying qualities requirements are based. The
results of these efforts are summarized in this report in order to give an
overall impression of the present status of lifting re-entry vehicle handling
qualitics,

Section Il consists of an historical presentatioa of the deveioprent of
lifting rce-entry vehicle handling qualities requirements. Sccuor il sum-
marvices lifting re-entry vehicle handling qualities specifications as they are
presented in Reference 1. Section IV is a discussion of efforts on some
related items, FDL-7 and FDL-8 handling qualities and some aspects of
lifting re-entry dynamics. Suggestions on ground and in-flight handling
qualities research programs to improve the specification of lifting re-entry
vehicle handling qualities are presented in Section V,
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SECTION II

HISTORICAL DEVELOPMENT

In 1959, some preliminary handling qualities requirements were de-
veloped for the Air Force Flight Control Laboratory at Wright-Patterson
Air Force Base under Contract No., AF33(616)-6240. These preliminary
requirements were to be used in the design and development of the X-20
(Dyna-Soar) re-entry vehicle. These requirements were generally based
on, and presented in the format of old MIL-F-8785(ASG). Somwe preliminary
requirements on side-arm controllers and reaction controls were also

included.

The mosti recent effort in the development of lifting re-entry vehicle
handlin.' qualities began in January 1968. Cornell Acronautical Laboratory,
Inc. (CAL), under Contract AF33(615)-3294, undertook a preliminary inves-
tigation of the handling qualities requirements for lifting re-entry vehicles.
This work was performed for the U.S. Air IForce Flight Dynamics Labora-
tory at Wright-Patterson Air Force Base.

Under this contract some of the important probiems associated with
an adequate definition of lifting re-entry vehicle handling qualities require-
ments were considered. Included in the investigation was a survey of the
literature, an investigation of lifting re-entry equations of motion suitable
for handling qualities interpretation, and recommendations for additional
lifting re-entry vehicle handling qualities research. The result of this inves-
tigation was a preliminary discussion of the problems associated with a lifting
re-entry vehicle handling qualities specification. Although this study left
many problems unanswered, a suitable framework was established for more
definitive future investigations.

As part of this contract, during October 1968 a series of preliminary
meetings was held with a few individual contractors and Government agencies
to discuss handling qualities requirements of lifting re-entry vehicles. The
discussions were preliminary in nature and all the important contractors and
Government agencies cngaged in research and design of lifting re-entry vehi-
cles were rot represented. The following contractors and Government
agencies participaied in these meetings:

\ir Force Flight Dynanucs Laboratory
Corncll Aeronautical Laboratory, Inc.
Air Force Flight Test Center

NASA Flight Rescarch Center

Norair

North American Rockwell, Los Angeles
North American Rockwell, Downey
NASA Ames

The work accoraplished under this contract is reported in Reference
2 issued in May 1909,




The above effort was followed by a contract to continuce the investigation
of lifting re-entry vehicle handling qualities requirements. Contract F33615-
69-C-1906 was awarded to CAL by the Air Force Flight Dynamics Laboratory
in June 1969. This rescarch ¢ffort consisted of a preliminary draft of a
handling qualities specification for re-entry vehicles applicable especially
to the subsonic glice and landing phase of flight. Recormmendations were also
made of kandling qualities research programs to {fnrther define lifting re-
entry handling qualities requirements, Part of this investigation was also
concerned with the low speed handiing qualities requirements of a specilic
vehicle, the FDL-Y during terminal glide and landing.

This contract was amended in March of 1970. As amended, this
research investigation also included an examination of FDL-7 {lying quaiities
and recommendations on ground-based simulation of the FDL-7 lifting re-
entry vehicle {yom the standpoint of acquiring handling qualities data.

I'he resualts of this contract were some preliminary handling gualities
requirements for the FDL-8 lifting re-entry vehicle issued in Octoner 1569
(Reference 3}, These requirements were to apply to tice FDL-8 hiting re-
entry vehicle during (light at low supersonic, transonic, and subsonic speeds.,
The reqairements consisted primarily of the adaptation ot MIL-F -8785(.5G)
for application to the FDL-8 vehicle., These requirements were then used
to examine unaugmented FDL-8 handling qualities based on the availible wind
tunnel data and predicted vehicle stability derivatives (Reference 4).

Under this contract as amended, the ground-bascd simulation of the
FDL-7 at the Flight Dynamics Laboratorv was supported. Reconunendations
for ground-based simulation of handling qualitics and turbuelence are con-
tained in Referernce 5. The intent of this support was to identify the impor-
ant featurces of the simulation that pertained to handling qualitics, and to
make recommennations that would enhance the applicability of the inforia-
tton to lifting re-entry vehicle handling qualitics requirements.,

Lirting re-cntry handling qualities are of necessity related to lifting
re-entry dynamics. Some of the unique aspects of lifting re-entry dynanucs
were also investigated under this contract, The purpose was to establish a
basis [ future expansion of the handling qualities requirements to ail the
ight phases o lifting re-entry vehicles, The results of this prelinunary
investigation are reported in Reference 6. Also, the role of hifting ve-entry
vehicie stability and control and handling qualities in vehicle design was
examuned 1 oa general way in Retference 7.

Ghe preliminary handihing qualities for the FDL-8 presented in
Reference 5 were reviewed by the Fiight Dynamics Laboratory. ‘These re-
view comments were vsed in revising and generalizing the requirenwcents of
Reference 3 so that they wouid apply to all medium-to-high maneuverability
It - re-entry veincles.  This preliminary {lying qualities specification for
Pl bl reeentry vehicles and the flying qualities rationale upen which the re-
grarements are hased is contained in Reference 8.
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In July 1970, The Flight Research Department of Cornell Aeronautical
Laboratory received Contract ¥33615-70-C-1755 from the Flight Dynamics
Laboratory to continue the work accomplished in the previous two years on
lifting re-entry vehicle handling qualities, Work under this contract was
completed in June 1971 and terminates the present effort on lifting re-entry

vehicle handling qualities

Under this contraci the requirements presented in Reference 8 have
been extensively revised and expanded. As part of this effort, copies of the
preliminary lifting re-entry handling qualities specification developed the
previous year (Reference 8) were sent to a number of contractors and Govern-

ment agencies for review and comments. These contractors and Government

agencics were visited during January 1971 for comments and discussions on
lifting 1c-entry vehicle handling qualities requirements, Those who supplied
comments and participated in these discussions are listed below:

Air Force Flight Dynamics Laboratory
Cornell Acronautical Laboratory, Inc.
NASA - Marshall Space Flight Center
Lockheed Georgia Company
NASA-Manned Spacecraft Center
Martin Marietta Corporation
McDonnell-Douglas Astronautics East
NASA - Amces Research Center
General Dynamics - Convair

North American Rockwell- Los Angulgs Division
NASA - Flight Research Center

Air Force Flight Test Center

The comments obtaincd during these trips were considered in the
revision of the lifting re-entry vehicles handling qualities requirements pre-
sented in Reference 8. The revised and expanded flying qualities require-
ments and the rationale and backup data upon which these requirements are
based are contained in Reference 1. These revised requirements for lifting
re-entry vehicles apply to both large and small vehicles during terminal
flight at low supersonic, transonic, and subsonic speceds.

Under this contract the investigation of lifting re-entry vehicle dyna-
mics with time dependent coefficients continued and the results are pre-

sented in Reference 9.
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SECTION III

LIFTING RE-ENTRY VENHICLE HANDLING QUALITIES SPECIFICATION

')

Reference 1 presents the handling qualities requirements for lifting §

re-entry vehicles during terminal flight at low supersonic, transoiic, and :

- subsonic speeds. The requirciments apply to both targe and smali vehicles
i and venicies frons tow to high ¢ross-range based ua hypersonic (L/D)nax E
and normal load factors., §
s )
One unigue azpect of the specification contained in Heference 1 is that
, requirements are writien for operational as well as experumental lifting re- 3
3 entry vehicles, Fxperiaenial lfting re-entry vehicles are generally flown E
3 by skilled and higily trained experimental test pilots,  The {light »nveiopes 3
[ ot these vehicles wie restricied wad the vehicles are flown under what are 7
: considered ideal {light coaditions. Since experimental iifting re-entry vehi- ;’
i cles are lively to e the ruie rather than the exception for scme ume to come, 3
writing reauircmonts for experinmertal as well as vperational venicies was f
it considered advisanle. o goncral, minimum acceptable handliog quaiiies ;
] for an experitmental vehiole periorming an expernmental rrssion are pade- p
A guiate for the same vehicle under operational conditions, althougn son ¢ re-
f gquirements arve the sarme for operational and experinental vendcics, i’
Hondliog quaditics requirements for military aircrait are gencrally
: speciiled i tevins of "open-leop parameters for the vehnicie that resait ina
This same approach ts used in speciiying ;

certain level of handiing qualities,
] handling quaiitics vequirements for re-entry venicles in Refererco
: the open-loop pardarmeiaors used in most cases are those or NIT-F =575 H(ASCG,
sustained i flight by primmarily «orodyna

controls. It 1. alsc assumed

1. Since

It 1s assunmed that (ne veaicle (=

] forc. s and controlled primariiy by aerodynamic co
i that the essential aspects of the vehicle dynaiices can be adeguaten Gelined
by a set o1 lacar differeatiad equations with constant cocfiicients, o that
4 the longitudival aind e cral-directional motions can be consideron wncoupied, :
‘. . : : el b . . . :
d or only slightly coupied,  Aa additional basic assumption made 1o the require- .
; ments as presented is that the important modal parameters from the point of A
: veew ol handiing cuelitivs arce tne same for augmenied as well as urnaupgmented k&
vestotes, [ is assumed that primary and secondary flight control system re- R
5 v ey ate trom the point of view of handling qualities can be stated separately. b
Y. By
g fhe requirements specilied in Reference | are not applicabice te lirting 4
: o P X . : . . Bl
; re-cntry venicle flight phases when the dynamic pressure is mnch below 0 B
x o J L . q o 050 . 5
i accessary 1o develop iidt cqual to the weight of the vehicle, The requirenen. s 5
. do not apply when the effects of tirme dependent coefficient dyrinnes e B
R
siynificant. Sicnificant nonlinearities in stability dervivatives, «act o. noi- 3
: lincarities with angles of attaux and angle of sideslip, are also not adeguately 3
] crvered by the requirements in Reference 1. 1
- o . n . . sy . - ﬂ,
‘ e format used tn prosenting the flying qualities require ents for i
. pilcie s Liiting re-entry vehicices is identical to that for piloted ai danes, 1
f —r-e ' . : ) <)
] ihs nethod appears to be most suitable at the present time during ternunai g
: flight in the lower atmosphere. The format is that of MIL-F-5785B(ASG). i
4 ‘
& 9
4 " 3
. 5 A
i
4 &
i
: 3
4
i
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In Reference 1, the rationale and avatlable dat aved v arrivang ol

the re-entry venicle handling qualities requirements aie Lrvsenie, Gnly
brief comments are made when the rationale and date v 00 0 o particu-
lar requirements are the same or gimilar to those vood o cahisiang re-
quiremrents for airplanes as presented in MIL-F-8/550(A50;0 When the
rationale is different and the requirements are new and boed wn e data,
these requirements are discussed in detail and the pew o8t 0 7 eonted,

All handling qualities speciiications have oo o0 0 v this s
especally true of a lifting re-citry vehidle specaios : Lo sl for
ground and in-{flight handling qualities rescarch prooo . : votaaned
Section V.
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SELCTION LV Yy
Vs
-é ITEMS RELATED TO RE-ENTRY HANDLING QUALITIES 1
i.
; A namber of corollary ttems were investigated that are related to
F lifting re-centry hanuling Gualitics requirements and theso iteims are discussed i
3 bricfly in this sectiorn. ]
f 4
: ‘. Support of the FDL-8 wnd FDL-7 Programs ;
N ]
3 Oae o1 the primary moasens for deveioping hanching Gaasiittes require- ;
ments for piioted re-entry vehtoles 1s to use them in establishing the uesign 3
; reguirements of the basic vehnole ane the Thght control svsteni, Lae require- 1
3 ments of Reference 5 were o tet developed for this very purpose i cosncec - »:
1 tion wath the Flight Dyaamics Leboratory's developracat o the b Z).l.-B. a p
i Sm.:nll litting Fe-catry venio.e configuration with bigh hyporsont (D) e« b
; (2.5 10 3.0) and nign cross-ranpe, i
3 The vebivie wnder deveopawent at tne Fight Dynarnios 7 aboratony o 1
» aorescarch veircle thoat wall he ased o tnvestipgate the dhight v vt vt
Ei anaG ?1.'nuilnlm Gualtttes during terininal flipght of a nypersoai b “"”’n:,n\ 1
‘ configurtion, 3
' In support of this progr. ra son e preditainary chooes of F0a3 00 Lol
qualities were nuide vasced piriart'y on static stabildy and conires Chavaoter. g
[ istics obta ned from iow speed wind turnel test (M 20,0, Low whoed dynaria
lf stabiiity and control derivatives wsed i the analysis wor s estinate Ly
persenncl at the Faogght Dynaics Loaboratory,  The rer cts O tnis iy s
are prosented an Reference s, Since no information waes availabie on o
fligat control sysiton, desipn, the handang L,\x.'{lx'w., of e angioented veno e
i were not considered., 1
A X
4 1
’ Tais prelinucary enarnnation of the uraagiaeatea S dale 1
i that the vehicle was aeditrent o aanping about all tiree vges aod o gda re- 3
: quire damping avementation o meet Level B oregairements, The ehacle
i apptared to be spir.aily stable and had no coupled roll-spira woode o i
A cosenanvestigated.  Most ol tne cases investigated andicated that tne ver oode o
dig ot mect Level ©lveral-divrectonal reguirements fov Fooght Prase e
g Carrgory Co A mio e Go aiied i vestigation with Mach nnaaber aad fhigne con-
4 tre bsyatomn charactornistie s ancladed will be required before definttive sty
. Fecnts Canbe mued s conrorang Fobled bandling qualitie s,
3 e AFEDL siinaiation o e FDL-T lifuing body was wopported o
g April and May of 1970, Features of the simulation that pertain o hantiang
4 qualitic. wore identificd and recommendations were made fur cahancing t .
; A hicaoiuty of infuormation obtained from the simulation to lifting body b
% vediing Guaiities technology, {
4
4 oo vimprove handling gualities information obtained from the sumuia-
Lion, specific recommendations were niade on task defuation, confipuration
identification, and pilot evaluation comments and ratings. Since atmospheric
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turbulence 18 a problem of considerable significance in the evaluation of
Landling qualitics of re-entry vehicles, specific recommendations were also
made on the simulation of turbulence.  All of these recommendations are
contained in Reference 5. Many of the recommendations were considered in
the ground-basced simulation of the FDL-7 during April and May of 1970.

4.2 Aspects of Re-bantry Dynamics

The handling qualities requirements of Reference | apply during
terminal fapght at low supersonic, transonic, and subsonic speeds. If these
requirements are to be extended to other flight phases of lifting re-entry vehi-

cles, o ke wledge of the salient aspects of vehicle dynanuces during these
flight phas.  is essential,

A prelimanary investgation of the dynamitcs of lifting re-entry vehi-
Cles with i e dependent coefficients in the equations of motion was under-
taken, int e analysis of Reference { only longitudinal short period dynamics
were investipated.,  The relationship between the vehicle trajectory conditions
ara the degree of time dependency in the equations was established,  Com-
puter result: were obtained and a reasonably sumple analytic approach was
devised to expiain the resualts, It was established that ine time-dependent
cffects are related to the trajectory conditions and the constant coefficient
dynamic solution. Ihe results showed that response characteristics such as
frequency and damping ratio are functions of time in the time-dependent cases.,

Some of the responsces can be divergent while others are convergent for the
same flhight condition.

From the analysis of Reference 6, it was found that the tume-dependent
Sthicient problems considered could be reduced to a one-degrec-of-freedom
, - obieni. Thes work was continued in Reference 7,
approach presented in Reference 7,
cesponses and response derivatives.,

Using the same analytic
the analysis was extended to additional

[t was also demoanstrated, that with
some complication in the approach, the analysis could be extended to two
and three degrees of freedom and even to lateral-directional motions.,

This work should be useful in the future when the lifting re-entry

vehicle handhing qualities requirements of Reference 1 are extended to other
flight phases.
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SECTION V

SUGGESTLD GROUND AND IN-FLIGHT
HANDLING QUALITIES PROGRAMS

Reference 1 contans o preliminary [lying quahities spedification for
litting re-entry veht les daring ternnnal fhight at low supcersonic, transonic,

and subsonic spueds, lactaaod are the rationale and backup data upon which

aovds An examination of Refereive | nmukes 1t

Lirse requure e nis are o
coadidy apparent that 1oowas dudicelt to establish quantitative requirements in

Lany instarces, sinoly becouse no data or tnadequate handhng qualitics datg
1 especially true of many ot the requirements that are

exists, Alsouch o
itis also true of some requircinents that

wnigue to hifting re-entry vehic'es,
arc expected to be common to atting re-entry vehicles and conventional air-
la larue part the defici eores in the requirements can only he over-

craft.
Some of the

come by well planned nanaling quidiities rescarch programes.
pmportant program. that wi'l asd in elonunating many of the fying quaiitivs
specification deticiencies are presented and discusscod in this section,

DL overein.

The fact the t tae programs must be well plannca cannot
©potential and

phasized., ‘The rescarch progams must be tailored to both the
Boutations of the simulation facility, which can vary freny sumple fixed-basce
ground simulators, moving-base ground sinudators, and totd in={fhgat sime-
ulators.,  When moving visual scoene displays and proprioceptive cues are ox-
pected to be bmportant (o the handling qualities results, such cues must be
similation progran: or the resulls must e con-

adequateiy included in the
Based on recent

sidered prehiminary and snbject to future verification.
comparisons of ground and in-tlight simulations, such as Reference 10,
not necessarily a vand assamption that {ised-base ground simulators pive
conservative results, i.c., the stmulated vehicle characteristics would be
rated octter in actaal rlight, Stroap consideration should be given to an ade-
quate simnalation of anmospheric turbuience when evaiuating the charactier-
Reference 11 indicates to

1ois

istics of Jifting ro-crary vehicles and airplanes.,
textent some lifting re-entry vehicle characteristics can be downgraded

Wit

i othe presence of tarouiendes,

in the gathering of handling quaiities data through simulation, it is
o portant that the vehicle mission and tasks are clearly understood by the
cranaation pilots and good pilot conmument data and rating data arce obtained.
Suolr deta can then be nsed Lo establish gnantitative handling qualities re-

quirements wnere deliciencies in the present specification exist,

What kind of simulation facility, ground-based, or in-flight, shouid
This will depend

be ased for cach of the programs discussed is not indicated.
Ground

on any details of the simulation facility and the rescarch program.
and in-fuight simulations are often looked upon as complementary. A simpli-
{fiecd sround-based simulation program is the basis for a detailed and more
recaastic in-flight cimulation program,

Most of the programs discussed are directly applicable to the flying
uilitizs specification of Reference 1 during the terminal flight of lifting
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: re-entry vehicles at low supersonic, transonic, and subsonic speeds. A few P
% of the programs are directed at a preliminary investigation into other areas, :
i.e., the possible extension ¢! the flying qualities requirements to other than
terminal flight phases of re-entry. .5
9 3
: 4
1 5.1 Programs on Flight-Path Stability |5
The proposed requirements specify that the flight-path angle versus Rk
] airspeed ( @7/du) must be stable for all speeds during the flare and float to 5
3 touchdown for unpowered vehicles. This requires that the touchdown speed
- be higherv thn the speed for (L/D);j;ax « There is some indication that .1
3 "frontside" .oeration can be relaxed, at least during the {loat and some &
/ “backside" operation may be allowable, especially if the vehicle has speed
hrakes. In addition, no data presently exists for determining the degree of i
3 tlight path stability ( @7/du)required for unpowered landings with steep glide ]
path anglces, g
One or more research programs should be conducted to measure the
; degree of flight path instability allcwable or the degree of stability required,
3 both during the flare and the float, to meet various handling qualities Levels
3 during unpowered landings. The investigation should consider variations in i
‘ d7/du, speed brake effectiveness, and the ratio of flare altitude to flare }
time (/7,[/1‘({ ) or {L/D) .1+ Variaions in short-period dynamics may also E

|
bhe a consideration. :

el Programs on Longitudinal Short-Period Dynamics

R e St 2 e Somy A Aot S
E=y

Certain requirements in MIL-F-8785B(ASG) (Reference 12, para- 4
praph 3,2,2.2,2) are stated such that they require the unaugmented airplane ‘
t> be statically stable. Specific requirements for unaugmented vehicle static A
stability have been eliminated from the lifting re-entry specification. It is :
snly required that any deficiencies in the unaugmented vehicle be corrected ;
‘hrough an augmentation system with adequate reliability.

Some more recent in-flight simulation programs, as well as some

3 past programs, indicate that short-period requirements in both frequency

i ard damping can be more lenient than those specified for airplanes in MIL-

F-8785B(ASG). In fact, these recent programs indicate that for Category B
Flight Phases, negative damping may be acceptable (PR < 6.5). Unfor-

tonately, these experiments were conducted in smooth air under VFR con-

ditions, In fact, the damping requirements in MIL-F-8785B(ASG) are higher

than data indicate simply to compensate for more realistic levels of turbulence
under operational conditions.,
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A need obviously exists to conduct simulation programs for various
Flight Phascs and Classes of lifting re-entry on minimum longitudinal short-
period requirements for various handling qualities Levels, especially
degraded Levels. The parameters to be varied are “rng, , fg,, y 7/, and
possibly L, . Itis, of course, important that these experiments be
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conducted witn an adequate simulation of turbulence in order that realistic

minimum short-period requirements can be established. These experiments

may indicate that short-period requirements can be relaxed for some Flight
Phases,

Lowcer limits on &y., are a result of a degradation in the precision
of control of the vehicle or its sluggish response. Lower limits on mor Ly
arce associated with a decrease in vehicle responsiveness in terms of flight
path angle changes. For the unpowered landings of Class III vehicles, there
is also some indication tha* the sluggish responsc will make it difficult to
obtain adequate {light-path changes without the pilot overdriving the vehicle,
which can lead to closed-loop difficulties in flight path control. Lower limits
on &ng, , /% and 44, and their interrelationship, are diificult to establish
based on available data. The limuts on these parameters in the specification
are somewhat arbitrary. These limits are especially important to Class IIl
lif*ing re-entry vehicles in the landing approach since such vehicles will
tend to have low values of a.),,sp and 77/1'. or ALy in this Flight Phase.

Handling qualities research programs should be conducted for both
powered and unpowered lifting re-euntry configurations in the landing approach
to establish more definitive requirements on the lower limits of &n., , 7/,
and <z and their interrelationship. These requirements will be of special
importance to Clacs 1iIl vehicles such as the Space Shuttle Vehicle Booster

and Orbiter.

53 Programs on Control Requirements in Maneuvering Flight

Present maneaver force requirements for airplanes are in terms of
mancuver force gradients ( £¢/7 ). For lifting re-entry vehicles, the ma-
neuver reguirement in Refevence 1 has been cast in the same way., The
parimeter £g/7 1s no! very meaningful for a statically unstable vehicle, it
also becomes less meaningful as 77 is reduced when the dynamic pressure
decreases below that required to develop lift equal to the weight of the vehi-
cle. For a vehicle flying at zero dynamic pressure, #¢/7 is quite meaning-
less. There is ren-on to believe, that under conditions where 4;/7 becomes
less important, tne pilot is concerned with the control of vehicle attitude as
described by #¢/62 or £ /&@. If future research does establish that a stat-
ically unstable vehicle 1s acceptablie for degraded Levels, Levels 2 and 3,
then Reference 13 suggests that 9/@ may be an important fcel parameter.
What paramveter is umportant is also related to the IFlight Phase, the piloting
tasks, and the vehicle dynamics. At zero dynamic pressure, during orbitai
flight, expericnce with Mercury, Gemini, and Apollo should give a great
deal of insight into the problem. For flight at low dynamic pressure, such
as high altitude flights of the X-15 using reaction controls, attitude command
or hold control was considered most satisfactory. Attitude rate command
was raled next best, followed by acceleration command. Rate command
was preferred in pitch and attitude command was preferred in roll and yaw.

This is obviously an important and fertile area for handling qualities
research to establish control requirements for lifting re-entry vehicles based

11

Sk DA U

Sl




)

i e

(a2 i

St MRl T

SO

ity

TR

e

2L b

e

on their Flight Phases, piloting tasks, and vehicle dynamics. Rescarch in
this area should also make it possible to extend lifting re-entry vehicle re-
quirements to Flight Phases other than those during terminal {light at low
supersonic, transonic, and subsonic speeds., Much of the preliminary
research in this area can be done in ground-based simulators.

The present requirements on the ratio of elevator control force to

control travel are not based on handling qualities data. Work in this area
can be combined with other work on control requirements.

5.4 Programs on Pilot-Induced Oscillations

It hais not been possible to establish quantitative requirements that
will eliminate PIO's in airplanes or lifting rc-entry vehicles. This is a
complex problem associated with the interrelationship of control system and
vehicle dy..amics and piluoting tasks, Both analytic and experimental work
in this area should continue. Either moving-base or in-flight simulation will

probably be essential because of the importance of proprioceptive cues in
PIO's.

5.5 Programs on Requirements for Unpowered Landings

An analysis and examination of available data has becn conducted,
and preliminary requirements have been established, for the {lare and float
of lifting re-entry vehicles during unpowered landings. The important param-
cter for establishing {larc requirements is the ratio of flare altitude to flare
time ( #z/¢ ). The important parameter during the float appears to be simply
iloat time ( ¢4 ). Unfortunately, little comment data and no pilot rating data
e¢x.st with which to establish handling qualities Level boundaries as a function
of h//t:/ and Zz . Based on the available data, and discussions with person-
nel at NASA FRC and AFFTC at Edwards Air Force Base, some tentative
handling qualities requirements have been established 1or experimental
Class III and IV lifting re-entry vehicles.

More ground and in-flight handling qualities research programs
~hould be conducted to confirm or modify the tentative handling qualities
i.vvel boundarics based on the parameters #A¢ /¢ during the flare and %,
during the float, Similar boundaries should also be established for opera-
tional lifting re-entry vehicles. The simulation should be concerned with
both Classes of lifting re-entry vehicles. The flare parameter ( #¢/2/)
should be varied primarily through a variation in the unpowered (L/D) .. .
The time for float ( ¢z, ) will be varied primarily through changes in {lare
initiation veiocity. Increases in flare velocity will increase the excess
kinetic energy that must be dissipated during the float. The g's pulled cur-
ing the flare should be varied to establish its importance to the flare maneu-
ver. The use of speed brakes for {flight path and velocity modulation will be
an important consideration in the simulation, Turbulence and IFR flight
conditions arc essential simulation requirements fcr operational lifting
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rc-entry vehicles., Attempts should be made to establish both maximum
and minimum boundaries on flare altitudes for various Levels. It is essen-
tial that good pilot comment data are obtiined on both the {lare and float

conditions simuuated.

5.6 Programs on Adverse Elevator Lift in the Landing Approachi

There are some indications, based on published reports, that ad-
serse lift, due to a pitch control aft of the c.g., can lead to piloting dif-
{icultics in the landing approach. The adverse lift results in closed-loop
problems associated with flight path control. The data on this subject that
presently exist arc insufficient and often confusing when interpreted in ternmis
of handling qualities. Aithough Mg 4 and iy 5e are suggested as important
parameters in some reports, short period dyﬂamics must also pliy an im-
portant role., It has also been suggested that the de’.v in the flight path re-
sponse in the desired direction may also be an important parameter.

Any ground or in-flight simulation progran: conducted to investigate
this problem from the point of view of handling qualities should consider new
parameters as well as those that have been suggesied, The problem should
be viewed as closed-loop in order to establish parameters of importance to
handling qualities specifications. The parameters Mg, % and 7y b, as
they are presently considered, are more open-loop and total control power
parameters. The adverse cffects of elevator lift in the landing approach are
expected to be of greatest concern to slow responding (Class III) lifting re-
entry vehicles. Moving-base ground simulation may be an imporuint con-
sideration for valid results,

5.7 Programs on i.atoral-Dircectional Response with Atmosphuric

Dicturhan-ce

Prescrt requirements on the lateral-directional response character-
istics in atinospheric turbulence are qualitative, yet indications are that the
vespense and control of hifting re-entry vehicles in turbulence is likely to
be ure of their most critical handling qualities aspects, particularly during
the terminal Flight Phases, Consideraticn of the following factors should
confirm this conclusion:

I, Lifting re-entry vehicles are likely to have large rolling
moements due to sideslip (L"g ), low roll damping, highlfzj/%/a/,
and significant control coupling in terms of yawing moments
due to ailerons (/V_g‘a Jand roliing moments due to rudder
( /—";,. ). All of these factors are likely to put the vehicle
ncar the limits of the handling qualities Level boundaries
cven though the vehicle is augmented,
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The requirements on "weathercock" stability for an unaugmented
airplane in MIL-F-8785B(ASG) have been deleted from the pro-
posed lifting re-entry vehicle requirements. This has been done
in order not to restrict vehicle design when adequate stability
can be obtained thirough augmentation. In addition, strong
arguments ard some data are presented that irdicate that con-
sideration shoild be given to allowing some static instability

tor degraded Levels of handling qualities. Yet the data often

do not adequately consider the effects of atmospheric turbulence.

oy

R P o

3. The minimum Dutch roll damping requirements are not par- i
ticularly high, yet a concern for turoulence response is one of :
the reasons that the total damping ( j‘;ﬂd ) 18 increased when ;
w”; ]‘d//dld exceeds particular values. Yet this requirement :
i not well substantiated by data.

the lateral-directional requirements of lifting re-entry vehicles in the pre- ]
sence of atmcspheric turbulence is extremely important. This simulation 1
can be conducted in ground simulators, but in-flight simulation is desirable. 3
i When siriulated turbulence is used, strong consideration should be given to ‘
? realistic lev~ls and models for atmospheric turbulence, such as non-Gaussian
g models. The simulation programs should consider values of handling qualities 4
pararneters such as &y, 55. .’;/a’(dd, éJ-,‘;z‘{M/,@/d, -,bom/,b”, y OB.mzy that
are near the Level 1, Level 2, and Level 3 boundaries when such boundaries A
have been specified. It should then be possible to assess the validity of the
requirements with the presence of atmospheric turbulence. These investi- A
gations will indicate the cegree to which certain requirements, such as Sy Gy
as a function of a),’“;a,/¢/,gld , may be relaxed or must be tightened,

ié All of these factors and others indicate that an evaluation of many of b
3
3

3 5.8 Programs on Coupled Roll-Spiral Oscillations

j The requirements for airplages in MIL-F-8785B(ASG) and the pro- ;

Ei‘ posed lifting re-entry vehicle specifiistion do not permit a coupled roll- :
spiral (lateral-directional phugoid). %Neference 14 indicates that both the 3
M2-F2 and the X-22A lifting bodies have coupled roll-spirals under some i

i
Zy
04
3
'{

flight conditions. When this mode is lightly damped or undamped, serious
handling qualitics problems may result. There is some indication, however,
that if the roll-spiral is reasonably well damped, some roll-spiral coupling
can be allowed, at least for the degraded handling qualities levels. A con-
scrvative approach was taken in the specification because of the possible
strong effects of turbulence (Reference ]]). Since roll-spiral coupling may
be a "fact of life" for some lifting re-entry vehicles under certain {light

d conditions, a further investigation of this problem seems advisable.

An evaiuation of roll-spiral coupling in a moving-base or in-flight
i simulator seems advisable because of the importance of proprioceptive cues.
4 Roll-spiral damping ( 5@y )es and frequency (4} )ge will be important
variables as well ar the location of the Dutch roil poles and numerator zeros.
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It is strongly recommended that in this investigation turbulence be adequately
simulated because of the possible strong effects of turbulence on the handling
qualities resulis,

5.9 Programs on Roll Control Elfectivenecss Requirements

Roll control effectiveness requirements for lifting re-entry vehicles
have hcen "derived" from those of coaventional airplanes as discussed in
Reference 1. In deriving these requirements, consideration has becen given
to the differences as well as the similarities in roll requirements durinyg the
various I light Phases of airplanes and lifting re-entry vehicles., Considera-
tion has also been given to the fact that lifting re-entry vehicles in a'l prob-
ability wiil be much more sensitive to atmospheric turbulence, especially in
roll. The roll effectivencss requirements of lifting re-entry vehicles are
likely to be determined largely by lateral-directional chiracteristics of the
vehicles combined with the effects of turbulence. The antlity to obtain darpe
roll angles rapidly or large roll rate performance is net bthely to oe o ro-
quirement, at least durin; terminal flight at low supcrsonic, transonic, and
subsonic speeds.

The "derived” roll performance requirements {or hiting re-entry
vehicles should be checked through simulation, especialiy for the landing
approach, It is essential in the simulation that the pilot have appropriate
tasks, includinyg roll and turn coordination, for cach of the Flight Paases
c¢valuated. [t is essential in this simulation that the pilots assess tive roll
cffectiveness in the presence of turbulence. Some of the other laterai-
directional characteristics of lifting re-entry vehicles that hamper roll per-
formance. require rudder coordination, and gencrally degrade handhiog
qualities should also be considered in the simulation to properly assess roa
ceffectiveness requirements for both Class I and Class [V vehicios,

5.10 Programs on Reaction Controls and Reaction Augmentation Systen.s

Reaction controls and reaction augmentation systems are not generaily
expected to be a requirement for lifting re-entry vehicles during terminal
flight at low supersonic, transonic, and subsonic spceds. However, for some
special tlight conditions, such as flight at large angles of wttack, reaction
controls may be required if acrodynamic controls are ineffective.

The role of reac:ion controls and reaction control augmentation sys-
tems will be greatest for those vehicle Flight Phases at zero or low dynanuc
pressure, of the order of 10 to 25 pounds per square foot or less. How high
the dynamic pressure must be before acrodynamic controls are sufficiently
eftective for control and augmentation is a function of the vehicie mission
and piloting tasks.

Pilot control requirements using reaction controls are a function of
the effectiveness of the acrodynamic controls, when both controls arc used
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simultancously, The requirements arc also related to the vehicle dynamics
and the piloting tasks. The vehicle dynamics at zero dynamic pressure can
be supplemented through a reaction control augmentation, The degree of
augmentation involved will be determined by the tasks and the piloting prob-
lems in performing the tasks. A simple acceleration command may be
acceptable, or a rate, or position command control may be required. The
type of command desired may also be a function of whether the control is
used in roll, pitch, or yaw,

At zero dynamic pressure the reaction control requirements and the
reaction augmentation system requirements of lifting re-entry vehicles can
probably be basced on experience with Mercury, Gemini, and Apollo. To the
extent that the Flight Phases and tasks are similar, the control requirements
of these « csentially ballistic vehicles and lifting re-entry vehicles should also
be similar, Operational experience with the X-15 reaction control and
reaction ooprmentation system should shed some light on reaction control and
augmentation requirements when the dynamic pressure is low and the tasks
arc difference (Reference 15). The X-15 experience indicated that a maxi-
mum reaction control power of approximately 2.0 deg/sec? in pitch and yaw
and 5.8 deg/sect in roll are acceptable. Usiag the two systems in cach axis
the contral power could be doubled and the pilots iiked the more rapid maneu-
ver capab.iity. Generally, position command was rated most acceptable in
pitch and yaw and rote command in roll, although acceleration commands
were often considered acce ptable abeut all axes, The acceptability of the
various control modrs is of course task dependent and generalizations are
not casy to make. Sce, for example, Reference 16. It is interesting to note,
that based on X-15 experience, aerodynamic coupling between roll and yaw,
as the dynamic pressurce incieased, complicated considerably the control
task with an acceleration command system,

A scries of simulation programs should be undertaken to investigate
reaction control power and reaction control mode requirements for a number
of Flight Phases of lilting re-entry vehicles where the dynamic pressures
are low or zero. Thesce investigations will establish the reaction control
augmentation that is required to obtain acceptable control modes, Based on
an examination of vehicle Flight Phases, a number of typical piloting tasks
should be determined for pitch control, roll control, and coordinated turns
during boost, coast, and re-entry. For these Flight Phases, typical longi-
tudinal and lateral-directional dynamic characteristics should be determinea,
Tae dynamics will vary from that of an unaugmented vehicle to that of a vehi-
«le that is highly augmented both through acrodynamic and reaction controls,
r.inphasis should be put on the minimum augmentation that is acceptable by
the pilot to perforin the tasks. When time dependent cocfficient dynamics
15 likely to be important, it should be included in the simulation of vehicle
motions.

Based on such simulation experiments, the relationship between
command modes, piloting tasks, and vehicle dynamics can be established.
[t should then be possible to obtain some insight into the nature of handling
qualitics criteria for lifting re-entry vehicles during Flight Phases at zero
and low dynamic pressurcs, These handling qualities criteria can be used
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to extend handling qualities requirements to these same Flight Phases,

5.11 Programs on Side Stick Countrollers ‘

[t is expected that single or dual side stick controilers will be used on

E future lifting re-entry vehicles, Although side stick controllers have been ‘
3 proposed and evaluated in the past, inswiticient data exists with which to pre- ]
i pose side stick controller requirements for lifting re-entry vehicles.  The ;
i characteristics of the X-20, X-15, and other side stick controllers should b
E be examined to determine some of the tentative characteristics that should !
1 be considered in any side stick controller rescarch program,

g
. T

Breaxou' torques, torque gradients, total angular deflections, and
controller dynamics should be variables in the investigation,  The compatr-
bility of a given set of side stick characteristics to flight at zero and low dy -
namic pressures and aurinyg atmospheric flight should also be assessedq.
Consideration shouid also be given to the blending of acrodynamic ang reactics, ,
controls in the same controller, and how this biending should be accomplished. 4
In the X-15, reaction controls and acrodynanuc controls were operated tnrough ]
separate side stick controllers on each side of the cockpit. Many of the details
that should be considered in the design of a good side stick contruiier from.
the handling qualities point of view will only be discovered through an adequate
set of ground and in-flight simulation programs.
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