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FOREWORD

This report was prepared by Mr Moorhouse and Mr Woodcock of the Control
Dynaaics Branch, Flight Control Divisiow. The effort was conducted under
Program Element 62201F, Project 2403, Task 05, Work Unit 32, It is part of
a continuing effort to upgrade the military flying qualities specification.
This is the interim report for the time period May 1977 to May 1981.

The authors would like to acknowledge the significant contvibutions of
Mr T. P. Sweeney of Aeronautical Systems Division to the final version of
MIL-F-8785C. Significant inputs were also made by Mr R. C. A'Harrah of
Naval Air Systems Command and Mr C. Mazza of Naval Air Development Center.
The authors would like to thank them and the numerous people in industry and
government who reviewed the proposed revisions and provided comments and

suggestions to improve the product.
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SECTION I
INTRODUCTION

This document is published in support of Military Specification MIL-F~8785C
"Flying Qualities of Piloted Ajrplares" (Reference 1), as part of the effort to
revise and update the previous version of the specification, i.e., MIL-F~-8785RB
(Reterence 2). The main result of the current revision effort has been an
update - where possible - of the existing requirements rather than a complete
revision. A summary of the changes 1s presented in Table 1. Most of the data
and discussion in the existing backup dorument, Reference 3, is still appli-
cable. The approach taken in the present report is to supplement Reference 3
with justification for, and discussion of, the changes to MIL-F-8785B - including
the changes contained in Amendment 2. TIa all cases the discussion in Reference
3 remains applicable unless it is explicitly stated otherwise. In some instances,
discussion is presented for a particular requirement that has not been changed.
This has been done to clerify items which have been subject ro misinterpretation
or to suggest potential fu-ure revision.

Section IL contains the historical development of the revisions. There “s
also &« brief discussion of related specifications and backup docuwments, plus
some of the validation efforts,

The revisions and supporting discussions are presented in Sections III
through XIII. The order in which the material is presented parallels turt of
MIL-F-8785C. The main subject headings ere:

I11 1. Scope and Classification

Iv 2, Applirable Documents

v 3.1 Requirements - General

VI 3.2 Longitudinal Flying Qualities

VIT 3.3 Lateral-Directiomnal Flying Qualities

VITI 3.4 Miscellaneous Flying Qualities

1X 3.5 <Characteristics of the Primary Flight Control System
X 3.6 Characteristics of Secondary Control Systems
X1 3.7 Atmospheric Disturbances

XII 3.8 Use of Disturbance Models

XILI 4. Quality Assurance

XIV 6. Notes

The presentation and discussion of the changed paragraphs is in the
same format as Reference 3. There is a general discussion of major topics,
where appropriate. Each new or revised paragraph of the specification is
discussed in sequence, individually or together with closely related para-
graphs, under the following subheadings:

Requitrement
Related MIL-F-3785B paras;raphs (when different from the revision)

Discussiop

il . s
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TABLE 1. SUMMARY OF REVIS1ONS
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Paragraph Title Remarks

1.1 Scope Clarification

1.2 Application Guidance on additional requirements,

and other specifications

1.4 Flight Thase Amendment. 2, some wording for clarity
Categories

2.1 Issues of Substitutes MiL-S-83691 for MIL-S-25015,
documents and adds MIL-A-8861 and MIL-F-83300

3.1.1 Operational Clarification
missions

3.1.3 Moments and Includes cross-products of inertia
products of
inertia

3.1.8.4 Service load Wording change, Amendment 2
factors

3.1.9 Permissible Requires that the contractor define
Flight Envelope boundaries of the PF_; specific

criteria deleted

2,1,10.3.3 Flight outside References to "stall" and "spin"
the Service changed to "high angle of attack",
F1ight Envelope reference to dangerous flight condi-

tions modified by Amendment 2

3.1.11 Interpretation Designates procuring activity as final
of subjective authority on compliance with subjective
requirements requirements (Amendment 2)

3.1.72 Interpretation Introduces the need to define an equiva-
of quantitative lent system for application to the modal
requirements parameter requirements

3.2.1.1 Longitudinal Explicitly allows zero control gradient
static stability with artificial speed stability. Allows

an unstable ajrframe fcr Level 3. Amend-
ment 2 changed definition of stable gradiznt

3.2.2.1 Short-period Reference to 3.7 and 3.8
response

3.2.2.1.1 Short-period Equivalent systems parameters are to meet

frequency and
acceleration
sensitivity

the requirements from MIL-F-87858B
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CONTINUED

Remarks

3.

2.

~ny
.

2.

1

e rn i —— L e e e, e b bt

.2

Short-period
damping

Residual oscilla-
tions

Control feel and
stability in
maneuvering flight
at constant speed

Contrcl forces in
maneuvering flight

Control motions in
maneuvering flight

Longitudinal pilot-

induced oscillations

Dynamic control
forces in maneuver-
ing flight

Control feel

Longitudinal con-
trol in landing

Longitudinal con-
trol forces in
dives-Service
Flight Envelope

Lateral-directional
oscillations (Dutch
roll)

Spiral stability
Coupted roll-spiral
osciliation
Lateral-divectional
gynamic response

characteristics

Lateral-directional
response to atmo-

spheric disturbances

Equivalent system parameters are to meet
the requirements from MIL-F-8785B

Applies in calm air; not response to
atriospheric disturbances

&
Removes elevator-surface-fixed .tability
requirement in favor of respens2 require-
ments. Amendment 2 clarified ihe meaning
of stability

Defines the load factor range in which
control gradients should be linear; minov
changes in values. Recognizes sidestick
controllers

Applies tu "all types of pitch controllers"

Expands the qualitative requirement of
MIL-F-87858

Revised some values of control force per
load factor
Reorganizes MIL-F-8785B requirement

Clarification that this requirement does
not apply in atmospheric disturbances

One-handed wheel control requires the
same forces as a center-stick controller

Requirement for a stable airframe has
been deleted. Some damping values revised

Differences of airplane Class eliminated,
and Category C grouped with Category A

Coupled mode permitted for Category B & C,
with minimun damping specified

Clarification of wording

Rewording in 1ight of 3.8.3

B ¥ 2L U 63, SRS

el laitia e

- silialt Wte M) > o

PN PR -

PR |

o ian fal ey

s
.
St i e =



o ey o T

-

prT—

=

52 e

Paragraph

~“Downloaded from http://www.everyspec.com

TABLE 1. CONTINUED

Title

Remarks

3.3.4

3.3.4.1

.3.4.1.1

.3.4.1.2

.3.4.1.3
.3.4.2

.3.5.1

3.9

4.1

4.1.2

4.2

.4.2.1

4.2.1.1

4.2.1.0.

SEPRFINT | § U ' L

Rol1 control
effectiveness

Ro11 performance
for Class IV air-
planes

Rol11 oerformance in
Flight Phace CO

Rol11 performance
in Flight Phase
GA

Rol1 response

Roll performance
for Class III
airplanes

Rudder-pedal-in-
duced rrc1ls

Directional control
with speed changes

Laceral-directional
control with asym-
metric thrust

Dangerous flight
conditions

Devices for indica-
tion, warning, pre-
vention, recovery

Flight at high
angle of attack

Stalls

Stall approach

Warning sneed for
stalls at 1g
normal to the
flight path

»
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Disturbance effects deleted (now in 3.8.3).
Calls for rolls from both wings level and
coordinated turns

Different speed ranges defined, requirements
relaxed at high and low speeds

360° rolls initiated at 1g and rolls initi-
ated between .8n0(-) and .8n0(+) specified
separately

Expanded requirements, load factors

between .8no(-) and .8n0(+)

Sencitivity clarif’ «d

Requirements relaxed at high and Tow

speeds

Deleted; uncoupled response now allowed

Specified wings-level flight (Amendment 1)

Adds crosswind to the requirements on
asymmetric loss of thrust

Procuring acti ity approval of prevention
devices moved t¢ 3.4.1.2 by Amendment 2

Guidance and criteria for use of special
devices (Amend. 2)
Introduction for stall, post-stall-gyration

and spin requirements (Amend. 2)

Describes stalls and required conditions
for meeting stall requirements (Amend. 2)

Warning characteristics, controllability
lack of objectionable uncontrollable
oscillations (Amend. 2)

Speed range unchanged. Speed reduced
"gradually" (Amendment 2)
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Peragraph Title Remarks
3.4.2.1.1.2 Warning range Range in percent of Cp_, ,,. gradual
for accelerated stail
stalls ‘ approach (Amend. 2)
2.4.2.1.2 Stall charac- Rolling, yawing, pitching limits
teristics (Amend. 2)
3.4.2.1.3 Stall prevention Allowable control, altitude loss, speed
and recovery buildup (Amend. 2)
3.4.2.1.3.1 One-engine-out Recovery and thrust levels on good
stalls engine(s) (Amend. 2)
3.4.2.2 Post-stall gyra- Entry conditions. Store releasa not
tions and spins allowed, but auto. SAS disengagement
is (Amend. 2)
3.4.2.2.2 Recovery from Affected airplanes,allowable recovery
post-stall gyra- techniques & characteristics (Amend. 2)
rations and spins
3.4.3 Cross-axis coupling Roll-pitch-yaw coupling paragraph re-
in roll maneuvers titled. This and subsequent paragraphs
in 3.4 renumbered consecutively
3.4.4.1 Control force Force limits apply to sidesticks
coordination
3.4.10 Control margin New requirement to ensure control
authority, rate and hinge moment
capability
3.4.11 Direct force 3.6.5 of MIL-F-8785B re-numbered
controls and expanded to include direct side-
force control
3.5.2.3 Rate of control Reference to the new requirements in
displacement 3.4.10 and 3.8.3
3.5.3 Dynamic charac- Combines the oid 3.5.3 and 3.5.3.1 as
teristics a requirement on response to cockpit
control input. MIL-F-87858 values for
surface lag are revised and expanded
3.5.4 Augmentation Covers both normal and abnormal opera-
systems tions
(3.5.4.1) Performance of Deleted
augmentation sys-
tems
(3.5.4.2) Saturation of Deleted; covered by 3.4.10 and 3.8.3
augmentation sys-
tems
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TABLE 1. CONTINUEU

Paragraph Title Remarks
3.5.5 Faiiures Re-worded for emphasis. The phrase
“small and gradual" applied to the
transient has been deleted
3.5.5.1 Failures tran- Revised values for allowable transients
sients
3.5.5.2 Trim changes due Wori ing changes for clarification
to failures (Amendment 2?
3.5.6 Transfer tc alter- Again, "small and gradual" deleted
nate control modes
3.5.6.1 Transfer transients Revised values for allowable transients
3.5.6.2 Trim changes Wording changes for clarification
(Amendment 1?
3.6.1 Trim system Requirement applies to steady-state
untrimmed cockpit control forces
3.6.1.2 Rate of trim Forces for one-handed wheel operations
operation are same as for centerstick controller
3.6.1.4 Trim system ir- Clarification
reversibility
3.6.2 Speed and flight Clarification
path control devices
3.6.3 Transients and Includes any buffeting caused by
trim changes secondary control devices. Also adds
thrust reversers
3.7 Atmospheric dis- A1l Sections 3.7 reorganized and expanded
turbance models
3.7.1 Form of the dis- Introduces the equations to be used for
turbance models turbulence (same as MIL-F-8785B) and
gusts
3.7.1.3 Discrete gust the "T-cosine" shape of a gust is re-
mode] tained but only half a period is speci-
fied to allow more flexibility
3.7.2 Medium high alti- Equations for isotropy
tude model
3.7.2.1 Turbulence scale Same scale lengths as MIL-F-87858
lengths above 2000 ft
3.7.2.2 Turbulence in- Three RMS intensities are specified

e et A Ml I e s b e

tensities

consistent with other revisions
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TABLE 1. CONTINUED

Title

Remarks

3.7.2.3

3.7.2.4

Gust lengths

Gust magnitudes

Low-altitude dis-
turbance model

Wind speeds

Wind shear

Vector shear

Turbulence

Gusts

Carrier landing
disturbance model

Application of
the disturbance
models

Requirements for
use of the dis-
turbance models

Use of distur-
bance models

Qualitative
degrees of suit-
ability

Effects of atmo-
spheric distur-
bances

Requirements for
Airplane Normal
States

Discrete gusts lengths are same as
MIL-F-8785B

Light and Moderate gusts calculated as
in MIL-F-8785B, Severe gusts taken from
MIL-A-008861A

Introduces a separate model for Category
C Flight Phases

New requirement, mean (surface) wind vs
probability of occurrence

New requirement, applies a logarithmic
profile to the variation of wind speed
wind speed with altitude

New requirement, change in wind direc-
tion with altitude produces low level
wind shears

Revised variations in scale length and
intensity close to the ground

Discrete gusts as in MIL-F-87858

This section contains a ship wake model
supplied by NADC

Reorganized discussion from MIL-F-87858

Introduces a new section to be used for
explicit consideration of the effects of
atmospheric disturbances, if required by

procuring activity

Modified discussion from 3.7.1 of
MIL-F-87858B

Contains definitions of the effects of
increasing disturbance intensity on fly-
ing qualities or (indirectly) pilot
opinion rating

Introduces disturbances as a potential
cause of degraded flying qualities

To be substituted for 3.1.10.1, includes
disturbance effects
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TABLE 1. CONCLUDED
Paragraph Title Remarks _
3.8.3.2 Requirements for io be substituded for 3.1.10.2, includes
Airplane Failure disturbance effects in with Failure State
States probabilities
4.1 Compliance demon- A1l requirements by anaiysis, some by
stration flight test or simulation (from Amendment
2). Conditions tabulated for new/modified
requirements.
4.1.1 Analytical ccnm- Start of an expanded treatment of com-
pliance pliance
4.1.1.1 Effects of Failure Renumbered 6.7.1 from MIL-F-8785B
States
4.1.1.,2 Effects of atmo- Added for guidance on satisfying the
spheric distur- new disturbance requirements
bances
4.1.1.3 Computational as- Renumbered 6.7.3 from MIL-F-8785B
sumptions
4.1.2 Simulaiion Added for guidance on use of simulation
4.1.3 Flight Test Exempts atmospheric disturbance require-
ments from flight test demonstration
4.2 Airplane States Table updated
4.4 Tests at special- Added by Amendment 2
ized facilities {
6.1 Intended use Claritication
6.2.2 Speeds Vs definition clarified, Vg added
6.2.5 Longitudinal para- g definition clarified, CLsta11 defined
meters i
6.2.6 Lateral-~directional ABax definiticn clarified %
parameters
6.2.7 Atmospheric distur- New parameters defined, old ones redefined ‘
bance parameters as necessary '
6.2.8 Terms used in high- Post-stall, post-stall gyration and spin i
angle-of-attack defined (Amendment 2) .
requirements \
6.3 Interpretation of Conforms to new lower limit .
Fs/n Timits of
Table §
6.5 Engine considera- Clarification (Amendment 2)
tions
£.8 Related documents Updated (Amendment 2) ]
In, adgiticn, references to "elevator, aileron and rudder" have been changed :
throughout to "pitch, roll and yaw control". .
8
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SECTION II

HISTORICAL DEVELOPMENT

A. SPECIFICATIONS

Since publication of MIL-F-{785B in 1969, the Navy and Air Force have
conducted and sponsored a nunber of analyses specifically to validate or ;
recommend revisions to these requirements, The Flight Dynamics Laboratory i
3

(FDL) sponscred several comparisons of military airplanes (which had been
deslgred to earlier specifications) to the new requirements:

F-4 AFFDL-IR-70-155, (McDonnell) -~ Reference 4

"

F-5/1-38 AFFDL~-TR~71-134, (Northrop) - Reference 5

4
4
|

: P38 AFFDL-TR~72-141, (Pacer Systems) - Reference 6
C-5A AFFDL-TR~75-3, (Lockheed - Ga.) - Reference 7 i
|

As reported in Reference 8, McDonnell's Brulle and Moran compared F-15
developmental and other simulator data to MIL-F-8/83B and other requirements. ‘
. On their own, some manufacturers have made detailed comparisons of the “
| tlying qualities of other aircraft - both eivil and military - with the ‘
MIL-F-87858B requirements. These reports are aot generally avallable,

i It has been the practice of the Air Force Systems Command's Aeronautical
‘ Systems Division (ASD) to write out d.cailed specifications for each new

‘ aircraft, tailoring the wording of general specifications as appropriate.

Thus the F-15 was designed to handle requirements based on a preliminary {
draft of MIL-F-8785B; perhaps the most notable change to that was the Level 2
floor for the unaugmented airplane, In keeping with the prototype concept,

the YF-16/17 flying qualities requirements were just one page long - only
slightly more detailed than the 1907 Signal Corps handling requirements for

the Wright Flver, Reference 9. For the production PF-16, however, MLL-F-8785B
requirements were used with some wmodification. A noteworthy addition stated
requirements in terms of handling qualities during tracking (HQDT - see

' Twisdale & Franklin's AFFIC-TD-75-1, Reference 10). During YC-14/15 development,
both Boeing and Douglas wrote proposed detailed flying qualities requirements

for a follow-on production airplane; with the help of these and inputs from

NASA and other sources, ASD generated the specification to be used in the
development of a production confipuration (Reference 11). This document had
much in common with MIL-F-8785B, with relatively few modifications for STOL {

flight conditions.

e

sy

o sy o

e

The FDL has sponsored reviews of MIL-F-8785B with the objectives of
recommending revisions. Reference 12 contained recommendations in the
areas of equivalent systems, phugoid, short period requirements for
Category C, longitudinal pilot induced oscillations, control system lags,
turn requirements at high load factor, and failure and engagement/disengage-

Reference 13 contained recommended revisions for almost
Reference l4 contained recommendations

T I ———_—

ment traunsients.
all the main sections of MIL-F-8785B,
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for heading control, airplane normal and failure states and Category C short
pericd requirements. Reference 15 documents a Naval Air Systems Command -
sponsored study of aircraft configurations which could satisfy MIL-F-8785B
but have unacceptable flying qualities.

Other military flying qualities specifications have been published since
1969. In 1970, M..-F-83300 set out requirements for piloted V/STOL aircraft,
again with Cornell Aero Lab help in generation (Reference 16) and suggesting
improvements (Reference 17). The year 1970 also saw publication of AGARD-R-
577 on V/STOL handling tn revise AGARD Rep 408A. Tn Reference 18, Di Franco
and Mitchell (also CAL) gave preliminary requirements for lifting re-entry
vehicles during terminal flight. An outline for remc'.ely-piloted-vehicle
flying qualities design criteria is given in Reference 19. The result of an
extensive effort to revise the British military flying qualities requirements
of Av. P. 970 is reported in a 1975 RAE Tech. Memo, Reference 20.

Several related Military Specifications have been issued since the
appearance of MIL-F-8785B. MIL-A-008861A(USAF) revised the flight loads
requirements as part of a general revision of Air Force structural loads
requirements in 1971. Coordinated with MIL~-F-8785B amendments, MIL-S-83691
(USAF) in 1971 ar' -83691A in 1972 gtate Air Force Flight Test Center require-
ments for demonstrating stall/post-stall/spin characteristics in flight. Also
for Air Force use alone, in 1974 MIL-F-9490D set forth completely revised
requirements for piloted-aircraft flight control systems, making frequent
reference to the generic MIL-F-8785 specification.

i
|

. -

Civil requirements have also been developed, although these are generally
less detailed than the military specifications. Franco-British authorities
g published TSS Standard 3-0 (formerly TSS-5) in July 1969 to guide Concorde ;
design. In the United States, the FAA revised a number of times its 1965
tentative requirements for powered-1ift transport aircraft; and periodically
updated Parts 23, 25, etc. of the Federal Aviation Regulations. The British
CAA also issued provisional aicwworthiness requirements for powered-lift air-
cvaft, in 1972, as well as revising the British Civil Airworthiness Require-
ments. An exhaustive list of civil specifications is impossible here, but 1
the Society of Automotive Engineers' ARP842B desipgn objectives for flying
qualities of civil transport aircraft should be mentioned. This document
contains design charts in terms of modal parameters, and is more closely
related to the military specifications, although of itself it has no authority.

it i 1

L This summary of related developments of specifications and regulations has

§ stated little about research and development aimed at improving flying
qualities requirements. Chalk, Neal and Harris included recommendations for

} work to improve the requirements in their final report on the MIL-F-8785B

revision, Reference 21. The AGARD Flight Mechanics Panel has held a number of

meetings on related subjects, and also has had a committee to survey handling

qualities specification deficiencies (Reference 22).

NASA, the military services, civil authorities, and individual manu-
facturers have expended considerable effort. Much of this, however, has been
concencrated on vertical or short take-off and landing, where less was known
to start with. We want to extend MIL-F-8785 in that direction, but learning
continues, and STOL operation is beyond the scope of the present proposed
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revision. For conventional flight, we seem to have reached a combined state

of resources aand technical capability that make the needed progress more

[ difficult, Some analytical studies have been made, but progress has been slow,

% especially in getting validation sufficient for specification use. For lack
of resources to do more, much effort has gone into milking a few good but

limited sources of flight evaluation data such as Refereance 23. We have

b found the scope of the current revision erfort restricted severely by inade-

quacles both in progress and in substantiation of the advancements achieved.

B. BACKUP DOCUMENTS

Reference 24 represented an unofficial backup document to the then-current
flying qualities specifications. The author discussed some of the requirements,
presented some substantiating data and then reviewed other proposed require-
ments. Reference 3 was an official backup document for MIL-F-38785B, being
listad in the "related documents' in the amendments to the specification.

! Substantiation and full discussion of the requirements were presented in this
reference. Reference 25 in support of MIL-F-83300 and Reference 26 in support
of MIL-F-9490D have followed in the same format. Similarly, the Air Force
Flight Test Center issued Reference 27 in support of MIL-S-83691. 'Ihe N
current report continues this lead. '

A different approach was followed for AGARD-R-577, for which Volume I

6 included discussion with the requirements and Volume IT contained substan-
tigtion., For the future, we plan to put the flying qualities specification
into a new format for such documents, A MIL-STANDARD will be prepared, which
will have only the basic form of the requirement.. A supporting MIL-HANDBOOK i
will contain for each item in the Standard, the rrtionale, suggested quanti-
tative criteria to insert into the basic requirements, verification procedures
and leason: learned from past experience., The Standsrd will thug be the
framework for a detail specification; the Handbook will provide the information
necegsary to tallor the detail gpecification to the mission requirements

’ under congideration, Reference 29a contains a discussion of the new format.
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C. THE REVISION EFFORT

Amendments to MIL-F-8785B in 1971 and 1974 were directec principally at
revising the stall/post-stall/spin requirements. Coordinated with AFFIC
development of MTL~S-83691, emphasis was placed on departure resistance. A
few minor changes were made also to clarify MIL-F-8785FE requirements. Interim
Armendment-1 was further revised to secure coordination of the Navy and Arny,
and the result published as Amendment-2.

An effort to revise MIL-F-8785B more fully was started in August 1973,
fn initial round of meetings was held with other government agencies and with
major airframe companies, During the period from September 1973 to mid-1974,
input was received, either at personal meetings or by correspondence, from
the following organizaticns:

Alr Force: ASD, FTC, TPS, ADWC, TFWC, SAC, MAC, ATC, TAC

Naval Air Systems Command

Army Aviation Systems Command

NASA HQ, Dryden, Ames

Boeing

Calspan

Douglas

Ceneral Dynamics/FW

Grumman

Lockheed-Georgla

Lockheed-Califormia

McDonnell

Northrop

Rockwell

Systems Technology, Inc.

After these initial meetings the work of reviewing existing and proposed
requirvements, and either validating MIL-F-8785B or proposing rgvisions, was
performed by members of the Flying Qualities Group. Workine papers containing
proposed revisions were submitted by the following people:

J. Callahan, Major USATF (currently assigned Columbus AFB, MS)

J. Lockencur (currently with Northrop Corp.)

D, Mayhew (currently with Draper Labs.)

D. Moorhouse (AFWAL/TIGC)

R. Quaglieri (currently AFWAL/FLGD)

M. Sanders, Major USAF (currently assigned England AFB, LA)

R. Woodcock (AFWAL/FIGC)

These working papers were collected for internal review in early 1976.
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From May 1977 through August 1977, Moorhouse and Woodcock (FDL) and
T.P. Sweeney (ASD) critically reviewed the collection of working papers.
The proposals were revised and correlated into a single Working Paper, dated
August 1977, This document was distributed to vavrious government agencies
foyv commeni, Following preliminary coordination meetings with the Navy
(Naval Air Systems Command, Naval Air Test Center and Navel Aiv: Development
Center. in Dec 1977) and ASD (Jan 1978) a revised Working Paper dated February
1978 (Reference 28) was prepared for industry review, This version was
distributed to major airframe companies, research concerns and universities
with a solicitation for commeuts.

A symposium was held in September 1978 as a part of the review process,
the proceedings are documented as Reference 29. Workshop sessions plus othlier
comments received were used to further refine the itemc to be revised. A
draft of the revised flying qualities specification, MIL-F-8785C, was prepared
and comments were obtained in 1979 and 1980, and the final versicen was issued

in Nov. 1980.

The report is intended tu supplement Reference 3. Therefore, it seems
in order to put a list here of changes and errata to update that reference.
It is not surprising that over the years we have found a few typos of conse-

quence in that 689-page report.

Corrections to AFFDL-TR-69-72:

Cover and title page: Delete "OFFICIAL USE ONLY" and veplace the distribution

notice with "Approved for public release; distribution unlimited."
"

p.1l4, Fig. 25 (3.2.2.1.1): Caption should read "...n/u=5.5...

p.116, 3,2.2.1.2 DISCUSSION: The first four lines should read: The discussion
of 3.2.2.1.1 pertains to .-hat is impo-tant to the pilot when the short-period
damping 1s satisfactory. However, when the damping is too low, the airplane
short-period response overshoots and oscillates. When...

p.119, 3.2.2.2 DISCUSSION, line 3: Inscrt "stable'" before "stick-fixed."

p.122, 3.2.,2.2.1 DISCUSSION, Center - Stick Controllers, 2nd para, line 4
should read "...values of lS/(nL-l) and 85/(nL-1) were chozen"

0,139, 3.2.2.3 DISCUSSION, Historical Development..., 3rd page, 3rd equatioun
below the sketch: Within the first parentheses, the second teim should be:

1 a

p. 146, 3.2.2,3 DISCUSSION, bLesign Options (Fully Powered Control Systems),
polynomial: The numerator of the coefficient of s needs another set of paren-

theges:

vy

“ . 280 /1
K (Mgn 1/T69) = K 4;1-(?_ + %__>

p.147, 3.2.2.3 DISCUSSION, Design Options (Fully Pow>red Control Systems),
2nd page: Change "lgp" to "1gg" in typed lines 1 & 7, the two equatilons
following the latter, the next ryped line and the last equation on page 147

13
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(2 places). Change "percussion" to "rotation'" in typed lines 2 (2 places)
and 6.

p. 148, Change "1(p" to "1lgg'" in the sketch's feedback box (2 places) and the
first and last equations on p.148.

p.149, Underlined caption of sketches: Change "1cg" to "lgp" and "percussion"
to "rotation." At bottom of sketch (2 places) and in last 2 equations, rhange

"1gr" to "lgp;™ also in next to last line of text (2 places)

p.150, as on p.l149, (2 sketches, lines 1 & 2, line below sketch, lines 7 & 11
of the full paragraph).

p.151, as on p.l49 (2 sketches)

p.152, as on p. 149 (1 skecch, equation, 3rd line below sketch).

p.153, lst three and 5th equations, change "lép" to "1CR".

p.154 Work diagram in feedback box change ”ICP" to "ICR" 3 place.; also once in
text 3 lines below.

p. 155, 1lst polynomial: the numerator of the coefficient of s should be:

Qe &g l oe | #Azo O
— 4 2ie - 22 | e lZe
Mse q vV Ta o * vV «a

2nd polynomial: the last term should be:

Ge 1 Og

M (‘TE YT T

AV .E&E. Op q'
68 .
ae/a

Last equation: should be:
e 1 e

1 Ty, q
T
2 1 Zge ge L oe, e
V Mse @ q o
p.156, lst line of text: the parenthetical expression should be (Hy =0,
K, =0) e
a
e

p.295, 3.3.4 DISCUSSION, Bank Angle in a Specified Time, ¢, , 4th line below
table: '"¢y" should be'%¢”.

p.420, 3.7.2 DISCUSSION, 2nd page, lines 5, 11, 36, 40, 41, 44, 47: spell it
"homogeneity."

p.512, Bibliography: 1In entry B67, delete "(Title Unclagsified)" and
"CONFIDENTIAL."

p.513, Change entry B76 to read, Cooper, G.E.: 'Understanding and Interpreting
Pilot Opinion." Aeronautical Engineering Review. Vol. 16, No. 3, p. 47,
March 19Y57.

p.519, Bibliography, entry C9: Delete everything after the underlined title
and replace with "NASA Langley LWP-269, 1966."

p.523, In entry C46, delete "(Title Unclassified)" and "CONFIDENTIAL."

p.536, In entries E32 and E33, delete "(Title Unclassified)" and "CONFIDENTIAL."
For E32, add at end '"(ARC R&M 2983, published in the ARC TR for the year 1953,

in 1964)".
p.554, In entry J33, delete "(Title Unclassified)" and "CONFIDENTIAL".
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p.533, In entries P43, and P48, delete "CONFIDENTIAL"., In enuvry P47,
delete "'SECRET".

p.640, Appendix V, 2nd page, lst line above sketch: add at end of sentence,
""(assumiag that the vane axis is normal to the flight path)".

p.6al, Appendix V, 3rd page, 2nd full paragraph, line 3 should read, "...Dutch
roll frequency squared, wé ...". Last line should read, ”...L'@ and L’rN§<..

p.666, Anpendix V, VB-3, Thenry, 4th page, equacion at bottom should be:

wi’ = 4’?1 + :bgz - qu]_ - sz - lpp3

é p.058, Appendix V, VC, lst nage: In equation 1, a minus sign should precede
" L'g,. In equation 2, "K;" should ke "Ky" and "Np" siould he "Ny'".
é p.669, Equations 4 & 7 for yp and ¢g should read:
il wp = d eee
;‘ be 2 A e
% p.670, equations with sketch: Each of the three paired quantities in the de-
: nominators of Kg and Ky should have a bar cver them, as is done in rhe numerators.
} p.671, equation 10: In the first bracket in the denominator, the square root
; should be:
J J '
e 1+ 5 L'r

v VL pz

f‘ as in the second bracket.
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SECTION TII

STATEMENT AND DISCUSSION OF
REQUIREMENTS ON SCOPE (1.)

1. SCOPE
A. 1.1 SCOPE

REQUIREMENT

1.1 ¢ _ope: This specification contains the requirements for the flying ;

and handling qualities, in flight and on the ground, of U.S. Military, manned, |3
piloted airplanes except for flight at airspeeds below V., . (MIL-F-83300). 8
It 13 intended to assure flying qualities that provide adequate mission perfor-

mance and flight safety regardless of design implementation or £iI°ght control i
system mechanization. The structure of the specification allows its use to B
gulde thece aspects in design tradeoffs, analyses and tests, !

1.2 Application: The flying qualities of all airplanes propored or contracted !
for shall be in accordance with the provisions of this specifi. _.ion. The

. requirements apply as stated to the combination of airframe and related sub- N

4 systems, Stability augmentation and control augmentation are specifically to

be included when provided in the airplane. The automatic flight control system

i3 also to be considered to the extent stated in MIL-F-9490 or MIL-C-18244,

whichever applies. The requirements are written in terms of cockpit flight

- ' contvols that prou.ce essentially pitching, yawing and rolling moments. This

approach is not meant to preclude other modes c¢f control for special purposes.

t Additional or alternative requirements may be imposed by the procuring activity

E in order to fit better the intended use or the particular design.

] DISCUSSION

The scope has been defined in terms of the type of vehicle for which
this specification applies. Also, ground handling is mentioned explicitly.
Our intent is given morce pominence by incorporating in the opening paragraph
material from 1.2 and 6.1. As suggested in Reference 5, mention of deviation
has beeu deleted from 1.2; of course, the possibility remains implicit.

e M |
e ity DA O o it i

. S e R i

Applicability to stability and control augmentation systems (SCAS) is
stated in ordev to remove any possibility of misunderstanding. 1t has never
been our intent to restrict application to the "bare airframe". A new
paragraph, 3.1.12, gives guidance for application to configurations in which .
a SCAS introduces new modes or characteristics. As always, the procuring activ- j
ity may introduce new or different requirements for a particular case. Also,
it should be nrted that the Air Force's current flight control system
specificatioo MIL-F-9490D., makes frequent reference to MIL-F-8785.

i

E)
:

b

Factors affecting V/STOL conversion speed, Vccn’ are discussed in Reference
25,

s 3 (il kbl ¢ e S,
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B. 1.4 FLIGHT PHASE CATEGORIES

4 REQUIREMENT

) 1.4 Flight Phase Categories: The Flight Phases have been rombined into three
4 Categories which are referred to in the requirement statements. These Flight
- Phases sliall be ~onsidered in the contexst of total missions so that there will
: be no gap between successive Phases of any flight and so that transition will
be smooth. In certain cases, requirements are directed at specific Flight
Phases indentified in the requirement. When no Flight Phase or Category is
stated in a requirement, that requirement shall apply to all three Categories.
Flight Phases descriptive of most military airplane missions are:

T T T AT e

Nonterminal Flight Phases:

Category A ~ Those nonterminal Flight Phases that require rapid
maneuvering, precision tracking, or precise flight-
path control. Included in this Category are:

a. Air-to-air combat (CO) e, Reconnaissance (RC)
b. Ground attack (GA) f. In-flight refueling
(receiver) (RR) :
c. Weapon delivery/launch g. Terrain following (TF) i
(WD)
d. Aerial recovery (AR) h. Antisubmarine search i
(AS) i
i. Close formation flying
(FF)

Category B - Those nontermiral Flight Phases that are normally accomplished
using gradual maneuvers and without precisiou cracking, although
accurate flight-path controi may be required. Included in this
Category are:

a, ¢Climb (CL) e. Descent (D)

b. Cruise (CR) f. Emergency descent (ED)

c¢. Loiter (LO) g. Emergency deceleration 1
(DE) ]

d. In-flight refueling h. Aerial delivery (AD)

(tanker) (RT) |

Terminal TFlight Phases:

" Category ( - Terminal Flight Phases are normally accomplished during gradual .
maneuvers and usually require accurate flight-path control.
, Included in this Category are:
. a, Takeoff (70)
b. Catapult takeoff (CT)
c. approach (PA)
d. Wave-ofi/go-around (WO)
e. Landing (L)

sk

When necessary, recategorization or addition of Flight Phases or delineation
of requirements for special &ftuaticas, e.g., zoom climbs, will be accomplished
by the procuring activity.

DISCUSSION

% Reversal of the order of the third and fourth sentences, as presented in
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]
: Amendment-2, was incorporated in order to improve the flow of thought.

¥ The Flight Phase Categories have not been revised. Reference 3 discusses
the rationale for putting Flight Phases with similar flyiag qualities require-
- wments into the three Categories. There was, however, the caveat at the end of
! 1.4 which suggested that additional requirements could (or should) be specified
2 by the procuring activity. Some aspects-e.g., attitude regulation - are common
4 to many tasks. 8till, as airplane misslons and tactics evolve, it becomes more
probable that a specific Flight Phase may not be adequately represented by
the 'average' ctaracteristics of the appropriate Category. Reference 29b
documents exper.ence with tie A-10. That airplane appeared to meet MILL-F-8785B
requirements for Category A (which includes ground attack) and it was rated
Level 1 during flight tests using a straight-in approach. Its flying qualities
were unsatisfactory, however, when evaluated in an operationally realistic
ground attack task. In addition, advancing flight control technology has
greatly increased the poteutial for talloring the flying qualities for specific
tasks within a Flight Phase Category without compromising other tasks. Truly
task-oriented flying qualities would receive an impetus from the inclusion of
reguirements related to actual ovperational tasks into the specification for

f a particular airplane.

R s - o

e e

In close air support, a wide variety of attack maneuvers may be character-
ized by three general phases, as sketched:

P oy ———

148601
ACGU SE1 1R AL
54 5201 :
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Ground Attack Maneuver Scenario

T s e

Target acquisition - rapid rolling toward target while developing 4 to 5g's;
bank anud g's held until rollout onto target (return to zero bank and lg)

Weapon delivery or tracking/firing - errors eliminated and pipper maintained
on target

ez

‘ Break ~ a gross maneuver to reposition for another attack while maintaining
i alreraft survival.

‘ For the gross target acquisition maneuvers, highly predictable terminal orien-
) tation of the velocity vector is vital to minimizing the duration of the rela-
: tively vulnerable weapon delivery phase. Excellent roll response 1s required, ‘
’ in terms of both quickness and wmaintaining turn coordination. Weapon delivery {
requires rapid, precise control of the velocity vector for dropping unguided ‘
bombs, or the pipper line of sight (and thus aircraft attitude) for gunnery. i

(Material extracted from Reference 29b)
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While the original stability augmentat

requirements on lateral-directional dynamics, and pilots rated it satisfactory

in "the originally planned tactical maneu
became very aggressive that the problem s
maneuvers, the average maxima quoted are:

normal acceleration 4.5g

roll rate 93 deg/sec
bank angle 93 deg
tracking time 2.33 sec

In the development of the A-10 to satisfy the requirements of the task
outlined above, the aerodynamic configuration remained unchanged and the flight

http://www.everyspec.com swre:~ e

ion of A-10 apparently met MIL-F-8785B

vers... It was only as the maneuvers
urfaced." For these aggressive

control system modifications were relatively minor. This will not necessarily
be so in more sophisticated designs. The cost of fixing such deficiencies é

could be very high after a new airplane has flown, and so it would obvicusly
be beneficial to consider operational maneuvers as early as possible in the !
In the example cited, little more than the sketch would

design phase,

be required as an additional Flight Phase in the specification.

For this more severe Flight Phase, more stringent requirements might be
placed on Dutch roll damping and roll-yaw coupling - see the sketched responses

of lateral tracking error to a roll-
control doublet. Although no A-10
deficiency was indicated at high g's,
certainly for such a severe Fl'ght
Phase the lateral-directional charac-
teristics must be investigated in
pullups and tumns - and possibly during
rapid rolls - as well as in straight
flight. (While the requirements of
MIL-F-8785B apply throughout the V-h-n
Flight Envelopes, often the lateral-~
directional behavior has been evaluated
primarily in l-g flight)., Commonly it
is observed that the amount of aileron-
to~-rudder crossfeed needed to coordinate
turmn entries varies considerably with
angle of attack. Thus, one might tfind
no single crossfeed gain suitable for
all phases of the ground attack
described,
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SECTION IV

STATEMENT AND DISCUSSION OF
APPLICABLE DOCUMENTS (2.)

2. APPLICABLE DOCUMENTS

A. 2.1 ISSUES OF DOCUMENTS

REQUIREMENTS

2,1 Igsues of Document.: The following documents, of the issue in effect on
the date of invitation for bids or request for proposal, forma part of this
specification to the extent specified herein:

SPECLTFICATIONS
MILITARY

MLL-D-8708
MIL-A-8861
MLIL-F-9490

Demonstration Requirements for Airplanes
Alrplane Strength and Rigidity Flight Loads

Flight Control Systems - Design, Installation and Test of,
Piloted Alrcraft, Ceneral Specification for

MIL-C-18244 Control and Stablilization Systems, Automatic, Piloted Aircraft,

General Specification for

MIL~F-18372 Flight Control Systems, Design, Installation and Test of,

Aircraft (General Specification for)

MIL-W-25140 Weight and Balance Control Data (for Airplanes and Rotorcraft)

M1L-F-83300 Flying Qualities of Piloted V/STOL Aircraft

MIL-5-83691 Stall/Post-Stall/Spin Flight Test Demonstration Requirements
for Airplanes

STANDARDS

MIL-STh=-756 Raliability Prediction

(Coples of gpecifications and standards required by contractors in conncction
with specific procurement functfons should be obtained from the procuring

activity or as directed by the contracting officer).

DISCUSSION

. — | xR BB - s

MIL=-5-83691 was substituted for MIL-$-25015 in Amendment-2, MIL-A-8861
and MIL-F-83300 were added to the list. All the listed documents, and no
others, are called out in one or more requirements of MIL-F-8785C,

As of the publication of this Technical Report, the latest versions of
these documents ave:

MIL-D-8708B(AS), 31 January 1969
MIL-1:-8861(ASG), 18 May 1960;
MIL~C-18244A(WEP), 1 December 1962
MIL-W-25140A, 15 April 1973
MIL-S-8369 IA(USATF), 15 April 1972

MLL-F-9490D (USAT), 6 June 1975
MLL-D-00886 1A(USAF), 31 March 1971
MIL-F-18372(Ae¢r), 31 March 1955
MIL-F-83300, 31 Decewber 197G 1
MIL-STD--756A, 15 May 1963

e . mn A
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SECTLON V

STATEMENT AND DISCUSSTION OF CENERAL
REQUIREMENTS (3.1)

3.1 GENERAL REQUIREMENTS

Experience in recent aircraft procurements and at the Air Force Flight
Test Center has ewphasized the importance of precision tracking as a means of
evaluating flying qualities and identifying and correcting flying quality
deficlencles, Although this discussion tends to emphasize longitudinal
flying qualities, it was found that precision tracking is important to flying
qualities in all axes,

Reference 10 documents a study in which flight tests were conducted and
techniques developed for evaluating handling quaiities in combat-oriented
alr-to~-air tracking maneuvers. The TWeah 11 ¥-4C, incorporating a variable
gain augnentation system, was the tracking aircraft, 1t was found that
handling qualities levels, as deflined by pilot ratings, correlated well with
pipper motion, tracking error, and pilot comments. Pilots were able to detect
even snall degradations in handling qualities, and could rapidly sclect values
of pains and gradients which resulted in an optimum flight control systcu.
Such subtle anomalies as uncommanded pitch excursions were readily fdentified
during tracking tests. 1t was folt that these “pitch glitches' would not have
been discovered by the pllot or engineers in a conventional stability and
control program, and wight not even have been detected until after the
alreraft had been accepted into the operational inventory and perhaps been
fntroduced into couwbat. Reference 10 presents detailed procedural information
on air-to=air tracking techniques, which is intended to be incorporated into
a future codition of AFITC Stability and Control Manual.

The [lylng qualities specification on the F-15 was originally written
guch that the Lewvel 1 short=period response requlrements were to be in accord
with MIL-1-8785B. 1t was found tha', whercas those requirements on g, Vs

n,/~ help deflne an adequate baseline airframe/flight control system, the require-

ments were inodequate as a requirement on precision tracking, The tracking
muneuver ftself was found to be a valuable tool for handling qualities invest-
fgations, and aft c.g. limits were detined from precision tracking tasks. This
experfence supgested that a {lylay qualities criterion be evolved which sti-
pulates that, for longltudinal tracking, a pllot should be able to keep the
pipper on tarpet within a glven ml! tolerance for a minimum nusber of seconds.
The tracking waneuvers could typleally commence with the plpper displaced

10 mils down or up from the tarpot,

Tracking cxperiments were used extensively during the YP-16 flight test
propram, Reference 35 documents the technique used and the results obtained.
The tracking technique is referrved to as Handling Qualities During Tracking
(HQLT) . A distinetion needs to be made between HQD'T and operational tracking,
HQDT is not oriented toward probability of hits/probability of kill predictions,
nor is Lt used to evolve or evaluate operational tactics. Typlcally, a HEDT
maneuver iuvolves about forty scconds of precision tracking of a specific alm
point on a target alrcraft during a constant-p or slow windup turn. Gun camera
t1lm fs scored and computer processed to display a qualitative and quantd tutive
summary of the run. Pilot ratings and comments, supported by analysis of
the general trend of the pltch and azimuth tracking characteristics, may then

21
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reveal flying quality deficiencies which impact the capability of the fighter
to accomplish its mission. In AFFIC experience the tracking performance has
been too variable for valid comparisons - the useful datz being the pilot ratings

and comments.

References 10 and 35 both point out that a fixed, depressed - reticle
gunsight is essential for the evaluation of flying qualities during tiacking.,
The use of an automated fire control system computing sight tends to mask the
true tracking characteristics of the closed-loop system consisting of the
pilot, aircraft aerodynamics and flight control system. The computing sight
' dynamics involved computation and presentation delays which were long relative
L to motions seen when tracking with a fixed pipper. In the YF-16 program, the

fixed sight was used for precision tracking during the development phase,
whevreas the computing sight was used at a later staxe for an overall evaluation
of the intcgration of the fire control system with the airframe/flight control

system,

Current and projected research on flight/fire control system integration
\ is expected to generate the principles needed to perform the trade-offs between :
! alrcraft and sight dynamics. Until these guidelines are developed and accepted, ﬁ
f however, there i{s no assurance that a fire control system can compensate for
L any flying qualities problems. On the contrary, poor alrcraft dynamics may
F compound sight or fire control problewms. TFor the present, therefore, continued

o R s

evaluation with a fixed sight is warranted.

The importance of precision tracking to the development and evaluation of
flying qualities sugpgests that MIL-F-8785B could be rewritten in terms of per~
; formuance standards during prescribed tracking tests. This approach, however,

; raises a long-standing controversy: should the specification parameters be

{ oriented nore toward aircraft design or toward operational use? And what

; requi rements can we have sufficlent confidence in? Currently, our flying

P qualities requiremrnts are primarily on airplane characteristics rather than

v on what a pilot can do with the airplane. We see increasing emphasis, however,
on relating requirewrnts of all kinds directly to mission performance. For
speclficatiou porpours we would need to find tasks for which pilots can

.

¥

i‘ obtain consigtoen: peviormance with the vehicle, then seek a broader acceptance

k of pilot-in-the-loop Ulying qualities requirements (see George's summary in 1
Ref. 294). ‘

E Lt 18 recognized that expertise in the conduct of flight tests and the
extraction of flying qualities data therefrom is properly vested in such flight
test agencies as Naval Alr Test Center and Air Force Flight Test Center.
Historically, an attempt has been made to avoid specifying requirewents on

the pillot-vehicle coubination in MIL-V-8785B, because of the reliance of such
requirements on pilot skill, experience, and background. These variables could
lead to inconsistencies in evaluating the degree of compliance with such require-
ments. It 1s further felt that specifying flight test objectives would leave
unanswered the question of what characteristics make a system capablc of meeting
those objectives., The approach taken in revising MIL-F-8785B, therfore, is

based on the premise that if aircraft flying qualit.es are going to be judged

in closed-loop tracking, then the specification should provide guidance and

requirements oriented toward developing an aircraft which will exhibit good i
flying qualities during tracking. For the future, we hope to nake the mission ‘
orientation more explicit,. '

[
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MIL-F-8785 1itself was a siguificant departure from its predecessors in
formalizing a framework for considering flying qualities. New requirements
called for definition of Normal and Failure State; establishment of Operational,
Service and Permissible Flight Envelopes; statement of three Levels of flying
qualities; and appli.ation of these Levels according to the probability of
encountering failures which degraded flying qualities in the Operational and
Service Flight Envelopes, We saw this framework as neccssary for a rational
approach to flying qualities specification; but a number of users feared that
the cost and effort of designing to and showing compliance with the MIL-F-8785B
requirements would be increased manyfold. While we cannot claim to have overcome
all objections, the following excerpt from the AFFDL/FGC 21-25 June 1971
Weekly Activity Report indicates that things are not all that bad.

12, visited the Handling Qualities
Group to discues experience in applying Military Speci-
fication, MIL-F-8785B in a recent study effort, The purpose of

the effort was to establish a set of flying qualities requirements
based on MLL-F-8785B to be applied in a weapon system development
program and to take a prelimlnary look at the ability of the con-
figuration to meet these requirements, The airplane in question
was intended svlely to conduct weapon delivery missions against
ground targets, 1t was a relatively unsophisticated, subsonic
alrplane required to carry geveral external store complements, and
to follow four mission profiles in the conduct of 1ts basic air-to-
ground weapon delivery operations. Applying the portions of the
spectfication concerned with defining alrplane normal and fallure
states and establishing flight envelopes at {irst uappeared

to be a task of wonumental proportions, but, as 1i¢ was necessary in
order to identify the applicable MIL-V-8785B requlrements, therc was
no way to avold it, ‘They found that defiuing the normal states for
cach flight phase was more of a bookkeeping problem than anything
else, 1t was, however, the ounly approach to iugsuring that the com
blunation of configuration, loading, ete., that were critical with
respect to each of the MIL-F-8785B requirements were identified,
Because of this, and because of the improved understanding of all
agpects of the total system that resulted, felt that the
effort {uvolved was worthwhile, All that was requlired in thig
documentation effort with respect to flight envelopes wag that the
operational flight envelopes be constructed. Since these represent
the speed, altitude and load factor capability necessary to complete
the mlssion, conslderation ol the elfect of external stores, ctce.,
on alrplane limitations was not necessary, which simplified the
task a great deal. There was cousiderable overlap of the envelopes
congtructed by , which led to a manageable nunber of envel-
opes to be considered, was very liberal {u sizing these
envelopes, realizing that larger envelopes enhanced the competitiveness
of their design. They had not come to grips with the problem of
providing Level 1 flying qualities within these large envelopes,
and the {mpact on such things as system weight, cost, complexity,
relfability, ete. They acknowledged that they might have had to
reduce these envelopes becaugse of these considerations, in order to
be responsive to the need for a relatively simple system. The
identificatlion of system failures that would have an affect on flying
qualities, and the assessment of the fallure consequences in terms
of degraded flying qualities were found to be straipghtforward.
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The process of establishing the per flights probability of these
failures presented no particular problem, identified some
failure modes through this evaluation which would not otherwige have
been recognized, They did not have confidence in the accuracy of

‘ their failure probability analysis because of the inaccuracy in the
3 system component failure rate data available 1in the open literature.
k Looking back on the application of MIL-F-8785B in this particular
study, concludes that it wus by no means as big a problem as
: had been anticipated, and that the benefits throughout the service

J life of the airplane would have more then compensated for the addi-

? tional design effort required. They would recommend no changes to .
! MIL-F-8785B based on their expericnce in this application of the i
F‘ specification, (Wilson) 4

"
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A. 3.1.1 OPERATIONAL MISSIONS

REQUIREMENT

3.1.1 Operational missions. The procuring activity will specify the opera-
tional missions to be considered by the contractor in designing the airplane
to meet the flying qualities requirements of this specification. These
missions will dinclude all assoclated Flight Plhases and tasks, such as takeoff,
takeoff abort, landing and missed approach, Operational missions include
alrcrew upgrade and training.

DISCUSSION

This change is an attempt to clarify the meaning of the paragraph
and the detall to which the mission should be defined.

25
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B. 3.1.3 MOMENTS AND PRODUCTS OF INERTIA

REQUIREMENT

3.1.3 Moments and products of inertia. The contractor shall define the
moments and products of inertia of the airplane associated with all loadings
of 3.1.2, The requirement of this specification shall apply for all moments
and products of inertia so defined.

DISCUSSION

This is a semantic change to include cross-products of inertia explicitly.
The axis system in which values are given must be identified, of course.

26
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C. -5,1,4 EXTERNAL STORES

DISCUSSION

This paragraph is unchanged. However, it takes on increased signifi-
cance because of changes elsewhere., Static longitudinal stability is no
longer required for Level 3 and the requirements for control-surface-fixed
short-period and dutch-roll stability have been deleted. Thus, granted
Special Failure States, the basic airframe may be quite unstable. Stability
then will be provided through the flight control system at least for normal
operation.

The tolerable amount of basic-airframe instability is a flight safety
consideration; an excess of control authority over that needed to trim
must be available for recovery from high angle of attack, maneuvers, upsets,
etc. External stores, being generally destablizing, will tend to aggravate
the recovery problem by decreasing the amount of control available for
recovery. Thus, especially in these cases particular attention must be
given to anticipating the full operational complement of external stores -
possibly allowing growth margins. It just may not be possible to carry a
store that is more destabilizing than has been designed for,
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D. 3.1.6.2.1 AIRPLANE SPECIAL FAILURE STATES

DISCUSSION

This paragraph has not been changed. With the emergence of '"relaxed
static stability" and other "control-configured vehicle" designs it takes
on increased significance.

In the last analysis the procuring activity is responsible for approving
design tradeoffs that bear upon safety. Rather than inhibiting imaginative
design, then, this paragraph should be construed as forcing examination of
failure possiblities as they affect flight safety through deterioration of
flying qualities. The present state of the art can support some properly
implemented reliance on stability augmentation to maintain Level 3 flying
qualities, but it must be done carefully and for good reason,

Concerning the admissibility of a Special Failure State on the basis
of its remoteness of possibility, the combined probability of having any

flying qualities worse than Level 3 -~ not just the individual Failure State
probability - musi he kept extremely remote.

28
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E. 3.1.7 OPERATIONAL FLIGHT ENVELOPES AND 3.1.8 SERVICE FLIGHT ENVELOPES

DISCUSSLION

Paragraphs 3.1.7 and 3.1.8 have not heen changed. Scome Air Force fighter
pilots have expressed dissatisfaction with the terminology, which might be
taken to imply no operational need for flight outside the Operational Flight
Envelope, Considering the Service Flight Envelope boundaries which must
encompass the Operational, these pilots saw no way to extend the Operational
Flight Envelope to higher angles of attack or lower speeds which they have
found useful in air conbat operations. We have never intended cvo preclude
such use where it is safe, so we looked-unsuccessfully-for a name to replace
"Operational' which would not have that restrictive connotation. 1t seems
worth noting, nevertheless, that an "Operational Fiight Envelope" defines the
region in which Level 1 flying qualities are normally required - but this
region will not always encompass the entire combat flight envelope.

S
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Similarly, Level Z flying qualities are required in the Service Flight
knvelope. Note, however, that the minimum sarvice sgpeed is a function of
stall speed, Vg, and the first item in the definition is hased on 1lift plus
thrust component. Tor STOL or high-thrust~to-weight configurations, Vg by
this definition can be significantly lower than the aerodynamic or power-off
stall speed. Other items in the definition of Vg and minimum service spee«
give a ninimum usable speed which could be higher or lower than the aero-
dynamic stall speed. This applies in level flight and In maneuvers. Lt is
doubtful that this interpyvztation has in fact been used: however, there are
operational benefits to be gained from improving flying qualities at extreme
flight condlitions. The safe, usable attainment of nure extreme flight conditions
may be emphasized for missions in which maneuvering at high angle of attack
ig critical., The procuring activity could accomplish this by tailoring the
requirements for determining the Service aud Permigsible TFlight Envelopes,
As an example, we could require that the Service Flight Envelcpe include the
aerodynamic stall speed, with the Perwmisgible Flight Envelope Jdefineu consistent
with operational maneuver. appropriate to the mission (sce Section V.G).
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In the revised roll performance requirements of para. 3.3.4 we have felt
the need to make a further dlstinction as a function of alrspeed within the
Operational and Service Flight Lnvelopes.
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F. 3.1.8.4 SERVICE LOAD FACTORS

REQUIREMENT

3.1.8.4 Service load factors. Maximum and minimum service load factors,

n(+) [n(-)], shall be established as a function of speed for several signifi-
cant altitudes. The maximum [minimum] service load factor, when trimmed for
lg flight at a particular speed and altitude, is the lowest [highest] algebra-
ically of:

P T T T Y re—

a. The positive [negative] structural limit load factor

b. Tke steady load factor corresponding to the minimum allowable value of
1ift coefficient for stall warning (3.4.2.1.1.2)

c. The steady load factor at which the pitch control is in the full airplane-
nose-up [nose-down] position

d. A safe margin below [above] the load factor at which intolerable buffet
or structural vibration is encountered.

1 DISCUSSION

& Amendment 2 changed the wording of subparagraph b. to conform to the

_ rewritten requirements at high angle of attack (3.4.2). Specifically, stall
3 warning reference was changed from angle of attack to lift coefficient.

i The paragraph number for stall warning requirements was changed.

;
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G. 3.1.9 PERMISSIBLE FLIGHT ENVELOPES

REQUIREMENT

3.1.9 Permissible Flight Envelopes. The contractor shall define Permissible
Flight Envelopes which encompass all regions in which operation of the airplane
is both allowable and possible, consistent with 3.1.10,3.3. These Envelopes
define boundaries in terms of speed. altitude and load factor.

REJATED MIL-F-8785B PARAGRAPHS 3.1.9, 3.1.9.1, 3.1.9.2, 3.1.9.2.1

DISCUSSION

This revision deletes the restrictions on the Permissible Flight Envel-
opes (PFE), leaving only the real requirement that it be defined and that
it shall be possible for the pilot to return the aircraft to the Service Flight
Envelope. The cross-reference of 3.1.9 and 3.1.10,3.3 means that Level 2
flying qualities are not required outside of the Service Flight Envelope up
to stall, maximum dives or other similar limits which can be used to define
the PFE. The revision is intended to emphasize that the contractor is required
to d¢ ‘ne the PFE appropridte to the airplane type and mission. For a
transport mission, the requirement applies primarily to safety of flight items
related to stall and maximum dive speed. For a fighter mission, consideration
of extreme flight conditions related to combat would also be appropriate.
The PFE limits in MIL-F-8785B are still valid for many missions and the dis-
cussion in Reference 3 (some of which is repeated here) is still valid.

The maximum permissible speed in dives and level flight can and must be
defined for pilots' information. To allow for upsets, phugoid oscillations
and other inadvertent excursions beyond placard speed, some margin is often
needed between the maximum permissible speed and the high-speed boundaries of
the Operational and Service Flight Envelopes. No attempt has been made to
quantify such a margin, leaving only the basic requirement of 3.1.,10.3.3. The
margin may also be set by other requirements, e.g. structural, gust upset, etc.
Civil airworthiness requirements will be appropriate for some military
airplanes.

The minimum permissible specd must also be defined; however, we feel that
minimum usable speed should be emphasized and not just allowed as a deviation
from stall speed. In MIL-F-8785B the minimum permissible speed was defined
in terms of V, or controllability limits. As noted in the discussion of mini-
mum service speed (see Section V.E), the literal definition of Vg could produce
speeds less than the aerodynamic stall speed. We suggest, therefore, the
definition of a minimum usable speed consistent with the mission requirements
and the other flight envelopes.

This change, of course, does not relieve the need to meet the requirements
on flight at high angle of attack (see paragraphs 3.1.10.3.3) but rather is
intended to emphasize consideration of those requirements according to the
misgion.
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H., 3.1.10.3.3 FLIGHT OQUTSIDE THE SERVICE FLIGHT ENVELOPE

REQUIREMENT

3,1.10.3.3 Flight outside the Service Flight Envelope. From all points
in the Permissible Flight Envelopes, it shall be possible readily and
safely to return to the Service Flight Envelope without exceptional pilot
skill or technique, regardless of component or system failures. The
requirements on flight at high angle of attack, dive characteristics, divec
recovery devices and dangerous flight conditions shall also apply.

DISCUSSION

This change was made by Amendment 2. Consistent with other changes in
the amendment, references to 'stall' and 'spin' have been replaced by the

more general reference to '"flight at high angle of attack." The requirements
of 3.4,2 in Amendment 2 place more emphasis on resistance to loss of control.
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I. 3.1.11 INTERPRETATION OF SUBJECTIVE REQUIREMENTS

REQU IREMENT

3,1.11 Interpretation of subjective requirements. In several instances
throughout the specification subjective terms, such as objectionable

flight characteristics, realistic time delay, normal pilot technique and
excessive loss of altitude or buildup of speed, have been employed to
permit latitude where absolute quantitative criteria might be unduly
restrictive. Final determination of compliance with requirements so worded
will be made by the procuring activity (1.5).

DISCUSSION

This paragraph, moved from section 4 by Amendment 2 for added emphasis,
seems self-explanatory. The further changes in the present revision to
replace 'qualitative' with the word 'subjective' was made to prevent con-
fusion with the definition of qualitative requirements to account for the
effects of atmospheric disturbances (3.8.2).
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J. 3.1.12 INTERPRETATION OF QUANTITATIVE REQUIREMENTS

REQUIREMENTS

3.1.12 Interpretation of quantitative requirements. The numerical requirements
of this specification generally are stated in terms of a linear mathmatical
description of the aircraft. Certain factors, for example flight control
system nonlinearities and higher-order characteristics or aerodynamic
nonlinearities, can cause the aircraft response to differ significantly from
that of the linear model, The contractor shall define equivalent classical
systems which have responses most closely matching those of the actual air-
craft. Then those numerical requirements of section 3 which are stated in
terms of linear system parameters (such as frequency, damping ratio and modal
phase angles) apply to the parameters of that equivalent system rather than
to any particular modes of the actual higher-order system., The procuring
activity shall be the judge of the adequacy of the response match between
equivalent and actual aircraft,

i DISCUSSION

)

? In the past, both ovperational experience and flying qualities research

; were largelv limdted to aircraft which behaved in the classical manner:

: response to control and disturbance inputs characterized by transfer functions

2 of familiar form., The effects of additional dynamics introduced through the

i flight control system were recognized at the time MIL-F-8785B was written, 3

but limited knowledge prevented adequate treatment., Still, afrcraft design
developments continue to emphasize equalization to "improve'" ailrcraft
response. In Reference 15, Stapleford discusses both good and bad possibil-
ities, Certainly once would expect that fallure to consider one or more
dynamic modes in the frequency range of pilot control would give erroneous
results. Prime examples include the 1-1430 and the Y1-1731 designs. The F-14's
stability augmentation system was designed to increase the low short-period
frequency. At one stage It did that well in landing approach, but it clso
{ntroduced higher-order dynamics which resulted in an overall "effective
short-period frequency'" lttle changed from augmentation-off., 1In a flight
evaluation of predicted YF-17 characteristics using the VDL Calspan NT-33
P Variable Stability Afrplane, pilots rated the short-period response poor to
: Lad., The equivalent-system approach may not nave been used to improve the
response. However, it is pertinent that a coufiguration intended to have good
: flying qualities got "good" pilot ratings in flight only after the flight
; control system compensation had been simplified,

et e e

-

Boothe et al 22 sugpest several simple mwechanizations which augment

1 stability without increasing the order of the system response. However,

' prefilters, forward-loop commensation, crossfeeds, ctc, are legitimate

design tools which are belng used on many current aircraft and indeed seem

3 to be the norm. These artifacts do increase system order and we need to be

) able to account for their effects in the requirements. Thusg, with modem
flight control and stabllity augmentation systems, there is considerable
confusion regarding the "proper" selection of modal parameters such as short-
X period frequency and damping. Correlation of Level | flying quallities with

g characteristics of the bare airframe is certainly not valid for angmented
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aircraft in general, Stability and control augmentation frequently introduce
additional dynamics in the frequency range of pilot uontrcl, thereby invalid-
ating any interpretation of the requirements in terms of particular roots

of a transfer function. Although these fallacies have been pointed out

many times, misinterpretations continue. The feeling is not uncommon that
some requirement just do not apply. To clarify appliration of the require-
mggtz to flying qualities in general this new paragraph, 3.1.12, has been
added.

DAL (SN s g1
B =5

In reality we are only interested in pilots' op?nioa as to whether the
actual airplane dynamics enable the appropriate tasks to be performed well
encugh with acceptable workload. We now require, thsr=fore, that the actual
’ dynamics be approximated by the responses of transfer runctions of classical
: form. The appropriate parameters of this equivalent tiansfer function must
meet the modal requirements of the specification. Thir so-called "equivalent
system' approach allows continued use of the familiar <ata base for a broad
range of mechanizations. It was proposed first in Ref. crence 12, and more
recently has been advocated strongly by Hodgkinson and nthers (References 29c,

33, and 34).

Iy

g

-y

In order to demonstrate compliance with thz mods?l requirements of MIL-F-
8785C, equivalent systems must first be defined to approxiamate the actual
airplane dynamics whether predicted analytically or obtaincd from flight test,
Considerations for specific axes are discussed 2lsewisnre {»iiowing the appro-
priate requirement. 1In general, however, it has been necessary to add a term
representing a time delay to the 'classical form' of the transfer functions, ,
This term has allowed a closer match of the higher-frequency content of most ;
advanced systems considered to date. The time delay has been correlated with
pilot opinfon ratings, and has ylelded new requirements in 3.5.3.

Sl b

The preceding discussion should not be taken to imply that there is little
problem with applying the specification requirements to equivalent system
parameters. For configurations which exhibit conventional-appearing dynamics,
application 1is indeed straightforward. It also appears to be true at present
; that pilots are most comfortable with respouse to dynamics that are 'natural',

‘ l.e., like the classical modes. Certainly, addiclonal prominent modes result

in a more complicated dynamic response. As we consider configurations with

dynamics which depart more and more from the classical order or form, then

more and more judgement will be required in defining the appropriate equivalent

system parameters and assessing compliance with the requirements. Hodgkinson

has suggested that flying qualities will be poor if no equivalent system can

be found to give a 'good' fit to the actual response. Success ci the equivalent

system approach in applying or defining the Level 2 and 3 boundaries is not

definite at this time. There are also questions which remain to be answered:

Is the equivalent system solution unique? (Not universally, it seems). Can

the equivalent system parameters be juggled until compliance is indicated?

(In limited cbservations, some tendency toward equivalent results from differ- .

ent techniques has been noted). Are requirements necessary for either the i

amount or the quality of the mismatch? (To date this has not been a major i
|

T T T e e
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problem)., 1In spite of the qualifying remarks and the above questions, this
approach is a way to apply known requirements to advanced configurations with
high-order dynamic responses. We preserve the validated data base of MIL-F-
87858 and the experience in its use. At the same time the equivalent systems

j are to be defined by matching an appropriate airplane response to pilot control
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input. We, therefore, focus attention on the quality of the actual overall
response perceived by the pilot, rather than imply consideration of a dominant
mode as may be inferred (however incorrectly) for MIL-F-8785K. We also
believe that the use of the equivalent system approach is responsive to the
needs of designers. Failure of an equivalent system parameter to meet the
requirement then indicates the characteristics of the system (e.g., damping,
delay or lag, etc,) that must be improved. We acknowledge that the use of
equivalent systems is not a magic solution to good flying qualities; however,
properly used it is a good tool for designing or evaluating advanced configur-
ations which are bocoming indiscriminately complex.

Determining Parameters of the Eguivalent System

To facilitate the reduction of higher-order systems to equivalent systems,
a computer program is required. At this stage, judging the adequacy of &4
match remains something of an art - no method should be used blindly, without
exercise of engineering judgment, One such program utilizes a first-order
maximum=1ikelihood least-squares fit to find an optimum set of equivalent-system
parameters, given an initial estimate of this set, which minimizes a cost function.
The cost function is a measure of che area contained between the two amplitude
and phase curves in the sketchs One possible chofce 1s, for frequencies at

e High Order Respoinse
= w=  Equivalent System

o~ "% ~~ . Freguency - rad/ssc
. >

N

1

Gain -dB

Note. Intervals equi-spaced on log scale.

I
|
I
i
I
|
l
T

S NP D

Frequency - rad/sec

Phase - deg

} P20
20
Minimize Cost Functional, = £ (G2 + wP,2); W « 0.02
i.e., Mismatch i=1

QPI7.0804:%

SKETCH OF EQUIVALENT SYSTEM DETERMINATION
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equally spaced logarithmlie increments, the sum of squares of the gain errvors
(in decibels) and, with a weighting factor, the phase errors, It is not clear,
however, that each frequency should be given cqual weight. One might want

to force a good it in the region around "crossover," which is o measure of

the bandwidth expected for piloted closed-loop control. That choice generally
would require some consideration of pilot adaptation: whether, what form, how

much,

The match may be over a specified frequency range, or an open-loop phasc
angle value may be substituted for the upper frequency limit, As we shall sce,
the phase-angle cutoff option 1s especinallyv fwvortant. Options could allow
the user to match elther the amplitude or phase portion of the Bode plot, or
both portions, welghting the importarce of each. Any or all of the equivalent
system parameters may be "turned loouse" simultancously to undergo optimization,
with the rest of them remaining Innctive at stipulated values, possibly being
freed In a later fteratlion, The kinematic relationships among the motion
varlables must be kept {n mindy thiy point is discussed In some detail where

appropriate to gpecific requlrements,

The dInttial set of equivalent system paramcters can be determined by
a varloty of standard techniques, such as an Meyeball" it of the Bode
plot, anatog matching techniques in the time domain (as In reference 23),
pole=zero cancellation on a root plot, otes  Tn general 1t has been found
Hufflvl$nt to Initialize the numerator tlme constout, Ty at the bare-alr~frame
value, “0,. The Inltial value of statte gain {8 not cerftical, and can be

nominally sot Lo 1.

To some extent, experience has shown that handling qualities predicted
by equivalent gystem parameters are falrvly loasensitive to the {requency
range over which the parameters were deotermined.  The following general
puldelines are offered for ghort-term responsoe!

Io  Low=frequency entoff: approximately 1 to .3 rad/see - but at
teast 3 times the undamped natural frequencey or time constant of
any Hightly=damped (eope, phugold) mode,

2, High=trequency cutofts o frequency, o (rad/see) 2 o 4 times (one
or two octaves above) the Frequency at which phase anpgle contribution,
¢ (rad), of the alreraft and flipght control aystom {8 given by

o= ~h.7 + ”-3“\

The cutoff frequeney usual ly need not exceed 10 vad/sec, One or two
octaves ponerally should be surffefent margin from the peak-rosponse frequency,
In the akaence of attasing phenomena or nearby large structural resonances,

A one-minute perfod corresponds to a frequency of 0.1 rad/sec. Phugotd
frequoncey usually {8 more or less of that order of magnitude, Spirval diver-
poence requiremonts Timlt divergent taverse time constant to be smaller than
0,086 for lLevel 2, 0,173 for Level 3. The highest frequency observed for
pitot control in tight tracking (s 8 to 10 rad/see,  The phasc cutolf is
based on the Neal-Smith analysls of longitudinal dynemics:  their pilot model,
with a 0.3 sce. time delay, can contribute no more than 90° lead compensation:
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a maximum phase lead of m/2 - 0,3w t» help meet the -m phase-angle
stability criterion. Certainly that much or more high-frequency lead
would greatly downgrade pilot opinion.

.3

Deciding whether a fit is good enough remains a matter of judgment.
We have no experience with trying to outsmart this requirementj but for
the higher-order systems which have been examined, most of the time a
; decent fit could be found when looking for the best fit. The fraquency
} range in which the fit is poorest, and the nature of the deviations,
{ should be considered if the fit is not uniformly good.

T ST T

} Transfer functions are inherently linear representations. Various \
: requirciwcats state specifically that they apply to all amplitudes of motion i
to each cycle of oscillation, Generally, the intent in this specification

is to establish bounds on parameters of a rational quasilinear representa-

tion of the system for all reasonable amplitudes of control imputs and

airplane motions. The control saturation attendant to very high feedback I
gain can result in poor flying qualities at moderate to large amplitudes
if saturation of control-surfuce amplitude or rate alters the motion para-
meters too severly from thelr values at small awplitude.

e -

1t is, of course, possible to find higher-order systems for which a
good fit could not be attained with an equivalent system. The problem
might arise with two or move lightly damped second-order roots in the
frequency range of ilnterest, or an uncommon closed-loop resonance near or
boyond 10 rad/sec. The question has tu he posed whether we could realis-

T T T Y T

b

L tlcally expect to encounter these systems in practice, Examining several 1
¥ actual higher-order svstems, having both good and bad flying qualities, such 1
; configurations scem to be rvare. In the experience of Hodgkinson and others

i (Reference 33) inability to match with an equivalent system may in itself !
! be an indlcatlon of very poor flydng qualities, !

——r—

One often encounters more than one equivalent system giving a good
fiv., Slight differences in the frequency range used, differences in initial
parametor values, or differences in optimization proucedure can lead to a q
multitude of "equivalent" systems, The situation is analogous to the non-
uniqueness problem encountered by past researchers in analog matching.
Although this may present a dilemma for purposes of ldentifying a plant, in
our experience it has aot been a problem for purposes of predicting handling
qualitles Levels; cach "good fit" equivalent system for a given higher-
order system has generally led to the same prediction of piteh tracking
flying qualities.

E—— -
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SECTION VI

STATEMENT AND DISCUSSION OF
LONGITUDINAL REQUIREMENTS (3.2)

3.2 LONGITUDINAL FLYING QUALITIES

In the time since MIL-F-8785B and Reference 3 were published, various
attempts have been made to develop new requirements. There is much discussion
on relative merits of the frequency domain vs the time domain, and on open-
loop vs closed-loop requirements. We have kept the form of the requirements
as in MIL-F-8785B for the present revision. In the future Standard and
Handbook, the intent is to present altermative requirements and discuss the
applicability of each, concentrating on how the different criteria are similar
rather than highlighting differences to choose a '"best'",

|
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A. 3.2,1.1 LUNGITUDINAL STATIC STABILITY

¢
d
(i
d
m

REQUIREMENTS

3.2,1.1 Longitudinal static stability. For Levels 1 and 2 there shall be no
tendency for airspeed to diverge aperiodically when the airplane is disturbed
from trim with the cockpit controls fixed and with them free. This requirement
will be considered satisfied if the variations of ritch control force and

pitch control position with alrspeed are smooth and the local gradients

N I —

stable, with:
a, Trimmer and throttle controls not moved from the trim settings by
the crew,

b. 1l-g acceleration normal to the flight path, and,

over a range about the trim speed of + 15 percent or + 50 knots equivalent
L airgpeed, whichever is less (except where limited by the boundaries of the
1 Service Flight Envelope). Alternatively, this requirement will be considered
t satisfled 1f stability with respect to speed is provided through the flight
v control system, even though the resulting pitch control force and deflection
gradients may be zero. Tor Level 3 the requirements may be relaxed, subject
! to approval by the procuring activity of the maximum instability to be allowed
o for the particular case, In no event shall its time to double amplitude be
less than 6 seconds. In the presence of one or more other Level 3 flying
qualities, no static longitudinal instability will be permitted unlegs the
flight safety of that combination of characteristics has been demonstrated to
the satisfaction of the procuring activity. Stable gradients mean that the
, pitch controller deflection and force increments required to maintain
i gtraight, steady flight at a different speed are in the same sense as those
required to initiate the speed change; that is, airplane-nose-down control
to fly at a fuster speed, airplane-nose-up control to fly at a slower speed.
The term gradient does not include that portion of the control force or control
position versus airspeed curve within the breakout force range.

h

4

v

. c. Constant altitude
!

'

i

DISCUSSION

ixplicit sanction is glven to zero control gradients 1f stability with
, respect to disturbances is provided through stability or control augmentation.
4 This was not intended to be cxcluded by MIL-F-8785B, as can be i1llustrated
: by quoting directly from Refcrence 3: 'The primary purpose of the static
stability paragraphs of MIL-1-8785B is to prevent divergences in airspeed
and angle of attack which mipht remain undetected by a busy pilot so that,
at the worst, the airplane would end up in an unsafe flight condition or
run out of control available for recovery. A statement banning such diver-
gences was therefore made the primary requirement of 3.2.1.1. Airplanes —
, having certain types of SAS, such as maneuver-command systems, have zero
' gradients of control force and pogition with speed yet can be quite stable
] with respect to external disturbances. If such systems meet the primary ‘
, intent of 3.2.1.1, i.2., positive stability with respect to speed, paragraph
) 3.2.1.1 should not be interpreted as disallowing these systems." Thus,
F although artificial stability was '"allowed" by the discussion of Reference 3,
;‘ the increasing use of control modes such as attitude hold/rate command makes
3 it more desirable to add this clarification to the specification itself, For

1
|
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design guidance it should be noted that zero speed stahility removes an airspeed
cue that pilots sometimes find valuable, particularly at low speed; and that
automatic trimming has been known to lead to an insidious slowdown of some
aircraft to stall when the pilot holds a small back force.

A second effect of the revision is to limit the requirement for stability
to Levels 1 and 2. MIL-F-8785B allowed no static instability, even for
Level 3, giving a designer only the choice between making the basic airframe
stable or requesting approval of a Special Failure Statc. This conservative
requirement was self-defeating, because once the boundary was violated,
there was no explicit limit or even guidance on the tolerable amount of
instability. Reference 3, p. 56, does provide a hrief qualitative discussion
on control-surface-fixed instability for consideration of possible Special
Failure States. Again, it was decided to put this allowance into the speci-
fication itself with an explicit limit on the instability allowed and with
additional guidance, such as 3.4.,10, Control Margin.

Excesses of either stability or instability increase the control power
required. Conceivably, supersonic performance optimization may give an
uncontrollably rapld divergence subsonically, 1n that case, simple pitch
rate augmentation might be used to restore control with high reliability
(e.g., the SST "hard SAS"). In Reference 36, Wasserman and Mitchell report
that "with increased pitch damping (TZ held constant),... the associated
delay in the appearance of the instability in attitude response was considered
'insidious'",

The original backup document, Reference 3 p. 60 and 61, in discussing
data interpretation allows that "A certain amount of static instability
might have been allowable for Level 3, as shown in several veferences.
After studying the available data, it is obvious that many factors influence
the amount of instability which can be handled. Because even a small insta-~
bilitycan be quite dangerous under some circumstances (e.g., low total damping),
it was decided to require the airplane to be statically stable, even for
Level 3, Aside from the data, there is great reluctance to allow airplanes
to be designed with any iInstabilities, because of design and requirement
uncertainties, and because of the possibility of experiencing several Level 3
flying qualities simultaneously..." That report shows data that indicate
a Level 3 1limit for phugoid-mode time to double amplitude of 8 to 10 seconds
(pp. 70, 7.

Since publication of MIL-F-8785, ground-based and in-flight simulation
studies related to the Boeing ST, the B-1 and other configurations have
shown the apparent feaslbility even of instrument landing with static in-
stability as great as 6 seconds to double amplitude. The Concorde now in
comme rcial service becomes statically unstable as the angle of attack for
stick shaker operation is approached. The F-16 with a degree of relaxed
static stabllity appears to be a very successful design. Still the possible
cases are so diverse that it seems better not to allow any instability with-
out substantiatlon that the airplane does indeed remain flyable. Therefore,
the requirement provides for review of the actual Level 3 boundary by the
procuring activity. For cases similar to those which have been previcusly
investigated in some detail, perhaps analysis would be an adequate basis
for approval. In other cases, ground-based or in-flight simulation might
be necessary to establish an appropriate quantitative Level 3 boundary.
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& An unstable airframe (even though stabilized through the flight control
system) runs the risk of uncontrollable divergence if control authority
or rate is insufficient; see 3.4.10, Control Margin.

- Level 3 applies to Airplane Failure States of greater or lesser probabil
! ity in the Service or Operational Flight Envelopes respectively. It is rational
to ask how to consider combinations of adverse conditions: Flight Envelope,

ﬁ maneuvering, turbulence level, wind shear, visibility. etc. Worst-case
combinations of everything are possible, but with slight probability.

oot

In view of Air Force missions, IFR must be considered common; therefore,
one would seem remiss not to consider both VFR and IFR for Level 3. The Level 3
3 definition is perhaps as explicit as necesszary about maneuver capability:
somehow or other get through the remaining Flight Phases and make a safe land-
b ing, without particular danger of damage. Other factors might also be consid-
ered to compound the difficulty to the extent that they are commonly encoun-
tered: light to moderate turbulence and winds, with the expected exponential
shear near the ground; loose formation tlight, perhaps including in-flight
refueling with difficulty but not danger.

SR

The 6-second limit on instability was derived from in-flight and ground-
based simulator studies which have shown that unstable configurations are

F safely flyable. Reference 36, for example, indicated a Level 2 boundary at

2.5 seconds in 'light' turbulence and 4.25 seconds in 'moderate' turbulence.

Pilot ratings were fairly constant at 5 to 6 until the time to double

amplitude was reduced below 6 seconds, when significant deterjoration began.

E A seemingly conservative value was chosen for the absolute limit on allowable

i pitch instability. These experiments were conducted in a research atmosphere,

3 however, not in a real operational environment. There is also the matter

b

|

.

: of design uncertainties "cliffs'", where small differences in configuration or 3
X flight condition can have a large effect on flying qualities. This degree of {
, instability allows little margin for later addition of more - destabilizing :
' external stores,

Little is yet known about the cumulative effects of several poor flying
qualities topether, except that an aircraft that is safe with any one
"unacceptable' quality can become unflyable with some combinations of these
L characteristics., Further, a number of plausible single and multiple failures
I can degrade several handling qualities at once. Loss of just the pitch axis
of augmentation, for example, could degrade damping, frequency, maneuvering
force gradients, friction and backlash. A pilot-induced oscillation could
i not be stopped by clamping the control stick 1f d§, /dn is unstable. Con-
sideration must also be taken of the pilot controller characteristics and
other modes, to ensure that there will not be any unsafe cowbinations of
Level 3 qualities.

T

Control of an unstable vehicle requires a high degree of pilot attention.
In approach and landing pilots do concentrate on flying to the extent that
a rather large amount of instabilitymay not even be noticed; the pilot may
i unconsciously compensate if feasible, to retain precision and closed-loop
! tability. World War I experience with unstable fighters showed high
: effectiveness to be possible, but with significant aircraft loss rates due
to loss of control. At this date it is not possible to sort out the exact
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degree of instability or the contributions of inadequate pilot training, lack
of a known spin recovery technique, and other airplane idiosyncracies. In
cruise, pilots tend to be less atentive to the controls, Several flight
investigations, however, have documented the adequacy of the new Level 3
instability limit for safe flight in general.

{ Note that the revision allows an unstable airframe with artificial
stability, does not require it. A descigner can consider this option in
design trade-offs, but for some missions the best solution may not be an

unstable airframe,

v

A The new revision keeps the Amendment 2 clarification of the definition of

i stable gradients. Specification of constant altitude in these requirements is
definitive at some sacrifice of relevance, Reference 3, Appendix TVA, pages
679 and 630, discusses flight test techniques.

Substantiation

3 In response to a step control input, stable aircraft reach new steady

g values of 6, o, h and V; unstable aircraft have the same iuitial response, then
diverge, as illustrated by the following figure 1 (from Reference 37). For

a supersonic transport design, impulse responses are shown for various

degrees of static instability as C_ varied. Also shown is the response

of a configurations having much more static instability, with time to double
amplitude increased by a pitch damper. Evaluation pilocs rated both of these
configurations unacceptable, but termed the latter's characteristics insidious.
From Reference 38, commenting on an F9F-2 airplane with static instability
ameliorated by a pitch damper to give about 6 seconds to double amplitude:

"The rate of divergence of the airspeed was
scarcely noticable to the pilots in normal
flying. However, this degree of instability
might be objectionable for flight operations
where accurate control of airspeed is re-
quired."”

From Reference 39, pilout tolerance of aperiodic instability is much
greater than of oscillatory instability (Figures 2 and 3); nevertheless, the
2/3 sec T, boundary of that variable-stability YF-86D evaluation for }

b
5
'
1‘;.
f
'8

aperiodic divergence is not considered safe. With less than 1 second to
double amplitude, "there was a dangerous situation ir that a short distractlion
of the pilot's attention could allow the unstable vehicle to diverge to the
point that it was difficult to recover'. For statically stable configurations
"the unacceptable boundary is close to the zero damping boundary over most

of the frequency range... in the very low-frequency and very high - frequency
ranges a small amount of posit.ve damping is required to remain within the
acceptable region'". Commenting on this different tolerance, Taylor and Day

(reference 40) state:

"at the higher frequencies, the technique for controlliag
the motion was not learnad as quickly... Controlling

the pure divergence in the region of a static insta-

bility was more natural and less tiring than controlling

the oscillatory airplane motions, inasmuch as the pilot need
only to counteract the angle-of-attack divergence

without leading the motion to stabilize the aircraft,"
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Neglecting the 0.15-second control-system time constant T,
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The unchanged phugoid requirement, Ty > 55 seconds for Level 3, still
limits the tolerable oscillatory instability at low frequency (the a, q
and n; feedbacks used in these variable ~ stability airplanes would not
suppress the phugoid mode in the region of low short-period frequency and
damping), Higher-frequency instabilities are unlikely, requiring considerable
negative aerodynamic damping; the limit of 6 seconds to double amplitude
would fit the Level 3 boundary of Ref. 39 for » < w, < 6 rad/sec.

For aperiodic instability, reference 41 shows that the boundary of
acceptability "for emergency condition" (Cooper 6.5) was insensitive to
the value of lift-curve slope, or 1/Toy or nz/a, for positive 1lift-curve
slopes, This boundary value was 2 seconds to double amplitude,

Reference 36 demonstrates that at least at low speeds, the '"short-
period" approximation can give a grossly different value of Tp; further,
configurations with unstable values thus calculated are rated bad. The
To obtained from the angle-of-attack trace matched the theoretical value
well when Cy, was actually linear. References 36 and 37 both elaborate
on the range of values for time to double amplitude obtained by different
means: calculation f -om three-degree-~of-freedom equations and various
simplifications, measurement from a,® or V responses. M, nonlinearities
gave different results for nose~up und nose-down perturbations; of course
the worst direction would govern, for all reasonable magnitudes. Most of the
evaluations gave some consideration to turbulence. Reference 36's baseline
configuration had a Level 2 value of dv/dV, but zero values were included
in the evaluation - with a little improvement in rating, less noticeable
in turbulence. The evaluations considered both visual and instrument flight.

On the basis of all these considerations, 6 seconds to double amplitude
seems a reasonable, safe limit. Operators may be well advised to glve
pilots of potentially unstable ajrplanes some flight simulator experience
with such instability. The provision for demonstrati n 'to the satisfaction
of the procuring activity" implements reference 3's caveat that two or more
Level 3 characteristics together may be unflyable.
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B, 3.2,1.2 PHUGOID STABILITY

DISCUSSION

The phugoid requirements have not been changed. An attitude hold/rate
command gystem used as the normal means of piloted control will tend to sup-
press the phugoid mode. If the mode is not evident, then certainly the
: damping requirement of 3.2.1.2 has been met. Of course an attitude command is
! not suitable for unrestricted maneuvering. However, attitude command may be
f found acceptable - possibly even desirable - for small corrections to an
¢ essentially straight flight path as on landing approach; and rate plus Integral

signal in the forward loop with pitch-rate feedback, can provide attitude
: hold hands-off while retaining rate command for maneuvering. As discussed
F under 3,1.2.2, the resulting zero gradient of control force with airspeed
is permitted (See also the discussion on side effects of stabiltiy and control

augmentation under 3.5.4).

S -

Reference 12 proposed that increased phugoid damping should be required
at all Levels when the frequency was greater than about 0.1 rad/sec. Con-
versely, Reference 7 recommended that the requirements be relaxed if the pericd
of the phugoid oscillation was greater than 30 secs. Considering data scatter
plus the interaction of the requirement with gust response due to M, and with
separation from the short-period frequency, we have not changed the MIL-F-

B785B requirements,

.

. Reference 33 discusses two different approaches to deriving equivalent
3 system parameters for the phugoid mode. The actual pitch dynamics can be
matched by an equivalent 'full'longitudinal transfer function of the form:

‘ " " —AES
E 8 K (s + l/lEl)(s + l/lEz) e

—

i 2 ] 2 2 : s 2
Fs (8% 2oppunpp + wiipyg) (8% + 20gpp0ngpy + Uiigpy)
The matching would obviously be done over a frequency trange that spans the
range of control inputs (typically 0.0l to 10. rad/sec.). If the (equivalent)
i short period and phugoid modes are separated so thrt there is no significant
‘ interaction, then it is accurate to match the phugold mode separately, i.e.,

it an okl N b s

0 Kp(s + 1/T;))

Fg (s2 + 265 wnpyS + m%PE)
over a restricted frequency range appropriate to the mode, A lower frequency
b bound c¢f 0,01 rad/sec. is probably appropriate, but the upper bound is a
b function of the response characteristics. At this time we suggest using the
frequency corresponding to the minimum gain between the resonant peaks of

the pitch rate vrespouse to pilot input,

I ikt el e 1. et
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C., 3.2.1,3 FLIGHT-PATH STABILITY

DISCUSSION

No change is made at this time. 1t should be noted, however, that
engine response must also be considered in determining the adequacy of
speed and flight-path control. For example, Reference 2%9%e discusses the
piloting difficulties created by changing to slower-responding engines in
the F-4, Engine manufacturers are little aware of flying qualities, so
people concerned with the airframe must take gpecial pains. As shown by the
F-100 engine, often things can be done in the design of a new engine to
improve its response. Integration of flight and propulsion control systems
offers further possibilities (Reference 42 is an example of work being done
in this area).

For STOL operation on the normal approach glide path, Gerken (Reference
11) with C-14 and C-15 type aircraft in mind specifies the MIL-F-8785B values
of dy/dV "when the longitudinil column is used chiefly for rapid flight
nath control'"(conventional technique). On the other hand, for "backside
tecnnique', "when a primary controller other than the longitudinal column
is used to effect a rapid change in flight path", he specifies dy/dV no more
than:

Level 1 0,20 degrees/knot at Vopin
Levels 2 and 3 0.35 degrees/knot at Vopy,

and no more than 0.05 deg/kt more positive 5 knots slower. When a speed hold
mode 1s functioning, the requiremer t does not apply. The new part of

the requirement accounts for the "back-side technique", which can be learned:
control flight path with throttle, and airspeed through pitch attitude com-
manded by colum or gtick.

Reference 1l states other pertinent requirements as well. For Level 1,
hands-off flight path stability is called out - reinfoicement of shorf-
period and phugoid requirements. Also, the ratio of steady pitch attitude
to flight-path angle "at constant alrspeed for column inputs, for airplanes
that use the longitudinal colum for rapld flight-path control, shall be
0.75 < a0/Ay < 1.5 for Level 1, 0.5 < A0/Ay < 1.5 for Levels 2 and 3.'" The
requirement implies a functioning airspeed hold mode while the pilot commands
flight path in the "conventional" manner with pitch control, rather than in
the "backside'" manner with throttle. It is intended co assure conventional
response in STOL operation where bare-airframe characteristics may be masked
by augmentation,

The numerical requirements of MIL-F-8785B were chosen with some consid-
eration of turbulence, and Reference 20 specifically comments that ''the values
specified make sufficient allowance for the effects of at least moderate
turbulence". In Reference 28 we suggested a possible form for flight-path
stability requirements as explicit functions of atmospheric disturbances.
Recognizing that flight path/airspeed control becomes more difficult as
digturbance intensity increases, the following form is suggested for the
maximum value of rate of change of flight path angle with airspeed:
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ATMOSPHERIC DISTURBANCES o
FLYING LIGHT MODERATE SEVERE
QUALITIES
LEVEL 1 0.06 -0.03 -0.12
LEVEL 2 0.15 0.06 -0.03
LEVEL 3 0.24 0.15 0.0

The nunbers suggested for moderate and severe atmospheric disturbances are
arbitrary, at present. 1t should be pointed out, however, that the sense of
these requirements can be satisfled by increasing airspeed which is commonly
done 1in adverse conditions. In application, therefore, this requirement would
probably mean defining the approach gpeeds to be used in adverse conditions,
rather than a "rule of thumb" of adding 50% of the wind or %0% of the reported
gusts to the approach speod,

Lack of data precluded any atcempt to include such a vequirement in the
specification., 1f deslred by the procuring activity subjective requirements
would be applied through the new section 3,.8.3.

Ralph Sndth, Ref. 43, proposes an altemative to the dy/dV requirement
to apply when the "backside technique" is used, an upper bound on time to
Lrregt rate of gink Ay = 3 deg. by throttle control:

Level 1 ty < 3.0 sec.
Level 2 3.0 <ty < 5.0 sec,
Levael 3 3.0 <ty

based on reported cxperlence with 14 Class 11, LIL and IV airplanes. His
calculations included incremental elevator deflection for a 5 deg. increase

in angle of attack. FPFor front-side operation he believes hils proposed short-
perfod requirements (discussed in the next subsection) to be sufficient.

"More rescarch is clearly needed Lf more definitive power approach requirements
are to be developed".
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D. 3.2.2.1 SHORT-PERIOD RESPONSE

REQULREMENT

3.2.,2.1 Short-period response. The short-period response of angle of attack
which vccurs at approximately constant speed, and which may be produceu by

v abrupt pitch control inputs, shall meet the requirements of 3.,2.2.1.l1 and

3 3,2,2.1,2, These requirements apply, with the cockpit control free and with
it fixed, for responses of any magnitude that might be experienced in service
use, If oadcillations are nonlinear with amplitude, the requirements shall

L apply to each cycle of the oscillation. In addition to meeting the numerical
| requirenents of 3,2,2,1.1 and 3.2.2.1.2, the contractor shall show that the

: airplane has sultable response characteristics in atmospheric disturbances
(3.7 and 308)0

[ 3,2,2.1,1 Short-period frequency and acceleration gensitivity, The equivalent
i short-period undamped natural frequency, Wngp, shall be within the limits

! shown on figures 1, 2 and 3, If suitable means of directly controlling normal
‘ force are provided, the lower bounds on Wngp and n/o of figure 3 may be relaxed
i it approved by the procuring activity.
i

3.2.2.1.2 Short-period damping. The equivalent short-period danping ratio,
hgpy shall be within the limits of table IV,

i TABLE 1V. Short-period damping ratio limits.

: i} Category A and C Flight Phases| Category B Flight Phases i
E Level Mini mum Maximum Minimum MaxLimum 7
“ )
1 0.35 1.30 0,30 2,00 4
: 2 0.25 2.00 0.20 2,00 ]
3 0. 15% - 0.15 -

*May be reduced at altitudes above 20,000 feet if approved by the
procuring activity,

DISCUSSION
t The first change 1s to add the reference to Sections 3.7 and 3,8 to the

) MIL-F-8785B requirement for "suitable response characteristics in atmospheric
disturbances'" in 3.2.2.!, rather than delete that sentence as proposed earlier,

il i et A N Vol s The .l

The other change is to call out explicitly equivalent frequency in
3.2,2.1.1 and equivalent damping ratio in 3.2.2.1.2 even though it would ,
‘ be covered by 3.1.12, The equivalent parameters are tu be determined by |
i approximating the actual frequency response by an equivalent tranafer function .
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of the form:

6(s) KBS (s + 1/Tp)

F_(s) s? + 2zgups + w%

Note that it is required to match the overall airplane response to pilot-
applied control force so as to include all the contributions from the flignt
control system, feel system, etc., In ar ideal 'classical' system which is
truly represented by the short-period mode, the equivalent time delay would
! be too small to be of concern, the equivalent frequency and damping ratio
would be the values determined from the short-period roots, and

1 1 g pVS
—— e m — ~ C1
n s
w o]
\Y 2m

For some configurations, this may still be a valid representation. For an
augmented system in general, however, the time delay is liable to be signif-
icant and the other parameters assume equivalent values which may diZfer from
their classical approximation. is the total effective time delay contributed
by all sources including high-frequency flight control system modes (actuators,
compensation, etc.), digital sampling and computation delays, etc., etc. The
requirements on allowable time delay, both actual and equivalent, are presented
in Section 3,5.3,

i
{

|
[,
|
[
L
1
!

Elaatte

The interpretation of equivaler* numerator time constant has also been
questioned, because of its relation - the alrframe parameter ny. In practice
we suggest that 1f a 'good response match' can be obtained using 1/T. fixed at
- the value calculated from the alrframe n,, then this would be the preferred
Y approach., Reference 34, however, presents data to support using an optimized-
i, fit "equivalent n," for comparison with the ung, vs n/a requirements in MIL-

f F-8785C. This equivalent n, (= V.%‘) is to be gnterpreted as a parameter influ-
; enclng the acceptability of the Eﬁogt—term response to pitch control imput;
1t is not the steady-state ''mormal acceleration sensitivity, n/a ", This
t approach will be required for many augmented systems, especially when the
relationship between pitch acceleration and steady state normal acceleration
is modified by the flight control system. In that case, we would alsc
recommend matching both normal acceleration and pitch rate tresponse simultan-
eously. As discussed under "Alternative Criteria" it may be desired to
specify both wz/KV/g)(l/TEﬂ and w?/(n/a).

o ey T

et i T k< e dmmn S M~ 4B BN i W -

Es Figure 7 (from Reference 34) indicates the possible interpretations of

| results with 1/T, free in obtaining the equivalent system parameters. For the
b point plotted at the high value of n,, the proximity to the luwer frequency

; boundary is consistent with pilot comments of sluggishness. I'ata from

: References 23 and 48 were compared with the MIL-F-8785C boundaries using this
¢ interpretation of equivalent n,. The results are given in Figures 8 and 9
(also form Reference 34), showing reasonable correlation., Rather than specify
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this approach at this time, we recommend that any configuration which shows
a significant change in equivalent system values from n, fixed to ny free
be considered a potential flving qualities problem. In particular, it may
be appropriate to consider alternative criteria as discussed in the fol-
lowing subsections.

The Level 3 flooron wy,.,/(n/a) was adopted in MIL-¥-8785, according to
Ref, 3, to account for uncertainties in the data and concern for safety
when the pilot is not concentrating intently the riloting task. To
keep this floor is not exactly consistent with allowing 6 seconds to double
amplitude in 3.2.1,1, longitudinal static stability. Although it was nct
possible to reach agreement to delete the Level 3 boundary of 3.2.2.1.1,
the specification does allow the Procuring Activity to grant a Special
Fallure State upon review. Of course, the specification can - should - be
tailored for each procurement., Expressed willingness to consider relaxed
static stability would be a prior evidence that, given encugh justification,
reliability, etc., this Level 3 flnor would be waived.

ALTERNATIVE CRITERIA

Numeratsr Time Constant

All along, there has been considerable discussion as to whether Ty, or
n, is the more appropriate parameter to characterize pitch respcnse. References
44 and 4%, for example, both discuss the importance of the numerator time
constant, while Referenca 46 suggests that it is the important parameter in
landing approach, The British flying qualities specification (Ref, 20) uses
the w%/na requirement. »f MIL-F-8785B/C, except that the Category C requirements
are modified by the addition of the following:

Minimum values of ng V < 100 kn V > 100Kn

Lewvel ! boundary 1.67 V(Kn) /60

Levels 2 and ” boundary 1.0 V(Kn) /100
1

With the classical approximate relationship between ny and T8,, this is
equivalent *o specifying maximum values for T2 of 3.1 secs. for Level 1 and
5.2 secs. for Levels 2 and 3. There is also a note that these lower bounds of
n, may apply to Category A as well as Category C.

The reqiirements of MIL-F-8785B were in terms of n,6 and did not consider
numerator time constant perse. It is possible for two classical aircraft to
have the same values of short-period frequency and damping and n, but differ-

ent numerator time constants, just by virtue of having different airspeeds.
The specification would not discriminate _
between these two configurations '/ﬁa

is a change in pitch dynamics, as sketched,
The effect of that change on pilot opinion
rating is going to be influenced by the db

in terms of flying qualities, although there / E
E
S

58

PRUCTPIF SRS S0 P R

T e T iy ol




WO T

g

R s oD e i ot S S o T T T

AT TR

2T

y
3

b e S et

B A S M AR A Rt 2 e RN M T 3 Rebaa adiiilinbe o o

Downlc;éded fromnhttp://Www.el\'/é‘ryspec.com

proximity of 1/T35 to the short-period frequency (and possibly by the phugoid
dyn~mics also). To support using ny instead of 1/T6; for the final version
of MIL-F-8785B, Reference 3 cited:

w%SP/(n/a) and 5., boundaries fit the available flight data,
over an n/a range of 12.3 to 61.5 for Category A Flight Phases,
roughly 2 to 20 for B-70 Category B, and 2+ to 1l for Category C.

wl _/(n/a) corresponds to (Fg/n)Mp_ and to Bihrle's Control
An%gcipation Parameter, Reference 847, the ratio of initial
pitching acceleration to steady-state load factor, for pitch
control. This correspondence holds for any forms of stability
and control augmentation irnvolving only the pitch control, as
well as for the basic airframe.

Also w2 P/(n/a) tends to be invariant with speed, so that over a wide speed
range an airplane can stay within the boundaries. That is a nice practical
convenience.

The use of an equivalent ny based on a numerator time constant should
bridge the two opposing factions. Preliminary studies at Naval Air Development
Center indicate the following tendencies for several current airplanes:

The actual short-period roots can be misleading indicators of
flying qualities.

With 1/Te, fixed at ~ Z,, large Tp would indicate poor flying
qualities,

With free 1/Te,, smallwé/(n/a)E would indicate poor flying qual-
ities,

Simultaneously matching é/FS and n/Fg reduced the Ty and (n/a)g
excursions somewhat,

Now, T, is to represent the numerator time constant Ty in the short-period
response to pitch commands, according to the classical frequency response
sketched., To determine airplane characteristics
pertinent to attitude control, then, T_ should

be freed so that the best fit to the pgescribed
6/Fg transfer function may be found. But
in the short term, normal acceleration is i [ -~ -

related to pitch attitude by the ratio of
the two transfer functions. Using the short-
period approsximation,

2 (V/g) s n w

6 s/eZy)+ 1

(As noted earlier, strictly this n is near the instantaneous renter of rota-
tion, so that the n/& zeros are very large). For control aud stabilization
with a single control surface, feedback cannot change the numerators of any of
the transfer functions; while forward-loop and feedback zeros cascade

the same additional dynamics on all the respcnses -~ for example:

wnie
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Fg + Nj Se Nn/A|——»n n(s) NanAz
——‘-*#3-—>T--~——————- =
- 141 Fg(s) DA B, + NN N,
— Ng/A|———> 8 -
R 6(s) N NINBAZ
N2 .
20 Fg(s) b4, + NNIN,
A
___% n(S) Nn
8(s) N6

Thus the time constant of the n/f response ratio is independent of the flight
control system:

l/Te = =Ly

Z, 1s a fairly accurately knnwn stability derivative of the controls - fixed
aircraft. Also, recall that Bihrle's Control Anticipation Parameter (CAP,
Ref. 3) is:

G 5Nglgaw  wgp? B

- P | L

SP 8

CAP
n, Nyl n/a \Y
5>0

The equivalence of CAP and w,g/ (n/a) holds fairly generally unless stability
augmentation employs an addi%ional control surface (e.g., wing flap. Since
qo/nw is found from n(s)/6(s), the Ty in CAP should correspond to -Z,,, which
is not necessarily 1/7_. TFor consonance between pitching and normal-acceler-
ation response to control inputs, then, T, should remain fixed at its known
value instead of being freed to optimize Ehe fit , (Fortunately, in a number
of cases we have found that it makes no difference, the optimized TE value
is close to the basic - airframe value).

An alternative "CAP" uses initial cockpit normal acceleration instead
of 4,, since at the pilot location:

np, = No + Xpdo

This interpretation seems to fit some large aircraft, but how then would
one explain past successful combat aircraft with zero or negative xp?

These dilemmas cannot always be resolved conclusively, If a good
match can be obtained with fixed TF’ that would seem tc be tne thing to -o.

From the frequency - response sketch of }O/Fsl it is the frequency
separation of w_, and 1/7, that determines the degree of departure from
"ideal" K/s - 1%ke responise at frequencies below wgp:

log W = log 1/TE = log (wETE)
so that from consideration of the pitch response alone, the proper parameter

would be wETT. Nevertheless, Ref. 3 shows that the similar parameter wé TEg/V
correlates tke available data; Ref. 34 shows further correlation.
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Bandwidth and Phase Sensitivity

For Category C Flight Phases Ashkenas, Hoh and Craig (Ref. 14) propose
Levell and 3 requirements (Fig. 10) to assure adequate pitch attitude
bandwidth and preclude excessive response sensitivity to pilot gain and com-
pensation, To the phase angles and slopes of €/Fy and 9/6S are added the
contribution of an 0.3 - second (pilot's) time delay., Phase ¢ is measured
at a frequency of 1 rad/sec. Slope is taken as the averave over a l-octave
spread (w/v 2 < w < /" 2). For a minimum-phase system (stable, with 1/T6,

and 1/T6o positive) A¢/Aw is measured at the higher of the frequency for peak
¢ or 1 rad/sec.

This requirement gets directly at "The basic inner attitude response
features which are necessary regardless of outer-loop control problems or aux-
1liary (e.g., direct 1ift) control'". It applies to '"The complete airplane
attitude response including both the phugoid and short-period modes, ...flight
control system characteristics [and] the various controlled element forms
resulting from current flight control augmentation concepts'. However, we
saw sufficient drawbacks not to use i1t. There is no Level 2 boundary, and
the data points shown with pilot rating < 6.5 were scattered on both sides of
the "Level 3" boundary. In addition, recent experience (e.g., Ref. 48)
indicates that a 1 rad/sec. bandwidth is often insufficient for the flare and
touchdown phase of a precision landing. Also, there is a natural reluctance
to have .such different forms of requirement for terminal and up-and-away
flight,

g
rf.
4

e e

Ralph Smith's Criteria

; Ralph Smith (Ref. 43) proposes a set of requirements for short-term 1

: longitudinal response based on a ''no-tracking hypothesis": "Optimum handiing
' qualities demands minimum closed-loop control by the pilot'". His parameters :
; include: :
i tq time to first peak of the q(t) response to a step input 3
in stick force. i
¢ (jwed ‘iffg (Ju) - 14.3wc: az, is normal acceleration at pilot station. i
Fg i

: We criterion frequency, rad/sec. approximately the crossover

I et

frequency of the pilot -~ aircraft system dynamics for
pitch attitude tracking; a function of aircraft dynamics and
disturbance bandwidth (Fig. 11),

His proposed requirements are:

0.2 < tq < 0.9 for Level |
S < =2db/octave f¢ Level

T P T I T e T T T A — s e
ol el e

X 8 (Jwy) » -123° for level 1, -165° for Level 2

Fy

¢ > -160° when - 122° > )f-g(j‘“c) > -130°, for Levell

2

it o thn s
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Figure 10, Longitudinal Attitude Control —
Category C Requirements
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0
¢ » 220° when -143° = F_ (Ju ) » -165°, for Level 2

Level 3 floors exist, but data to establish them {s lacking, This set of

g requirements was proposed tentatively, subject to further validation. Smith
j proposes similar requirements for direct-1ift control modes and for tasks

i in which relative position is important, such as aerial refueling and forma-
2 tion flight. Time did not permit full consideration of Smith's suggestions
- for MIL-F-8785C.

Time-Domain Criteria

With the thought that pilots are relatively more interested in pitch
rate at low speed but normal scceleration at high speed, Malcolm and Tobile
(Ref. 49) proposed a criterfon in terms of the parameter:

; co .
W o= K E .4 +
cx l\(nz . q IPq)

e e e

where n o+ 1p g is the normal load factor at the pilot station and Vco’
often taken to be 400 ft/scc., is the airspeed at whlch the ny and g signals

W are equal, Malcolm and Tobic derived C* time-history boundaries from Cornell
it Aero Lab "bullseyes" (see Ref. 3, p. 63). Later, Kisslinger and Wendl

{‘ proposed modified C* boundaries (Ref. 50) derived from thelr ground-based

t simulator studies. Time-history bounds are an appealing form of criteria,

1 useful to the {light control deslgner. However, several investigators

} (e.g., Neal and 3mith %3, and Brulle in a McDonnell internal memo dated

31 December 1974) have found the C* criterion lacking in good correlation
with pllot ratings of {lving qualities, 1

While pilots do not characteristically make the step control inputs
used in this and a number ot other time-response criteria, a step does have
a broad-band frequency content although amplitude varles with frequency.

) Malcolm and Toble also devised a [requency response version of their CF
| critorion.

Time Reaponsge Parameter (TRP)

e T N . sk et i

Abrams' TRP (Ref., 51) is basced on dead time, vy delay time, t,; cycelic
time, Lv; and ratlo of overshoot to steadv state, tl’ for the plteh-rate

{ and normal-acceleration responses to a step stick foree (Figure 12): !
- i
TRP = (TRP)D + (rRPYa_ 4+ 0.2 (1 = 0.2)
’ z
: . %
. (TRPYO = (td/t-)é +0.08 (A - 1.0)
z ¢ 0 ‘
4
(TRP)Yn = 0.5 (t - 0.7) + 0.3 (A - 0.3)
Z d 1 |
n n
: 4 Z §
: }
; !
: 64 !
; i
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Figure 12. Cooper-Harper Pilot Rating Variation with Time Response
Parameter
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where the constants were determined cmpirically. The 0.2 (r, =0.2) term
is used only when TRP 1s small, less than .23. All terms must be positive
if any should be negative they are set to zero.

Brulle and Moran (Ref, 8) plot this criterion using the data of Ref., 52
to show good correlation with Cooper-Harper pilot rating:

PR = 10 - 12,19 cxp (-3.18 TRP)

with +! rating encompassing almost all the data. Using fixed-based simulator
evaluations, Brulle again gets excellent correlation of TRP with pilot rating.
However, Figure 12 shows this trend to be rather different from that of the

bl Franco data. Some moving-base simulator results were intermediate, as
were some cases which had deadbeat response with and without direct 1ift.

For these Abrams has suggested a modified TRP with an additional term,

TRP Ldin, + .16

13=
Thus TRP appears to be a useful indicator of flylug quality trends, though
it does not yet seem definitive cnough to use as a requirement,

Chalk's Piteh Rate Response Criteria

In Reference 53, Chalk proposed requirements on pitch rate response as
shown in Flgure 13, Maxlmum values for effective time delay, t;, wete
also specifled but since they are simllar to the requirements in 3.5.3 of
MLL-1-8785C they are not discussed here. Tor a classical second-order
system the parameters used, transient peak ratio and rise time parameter,
are directly related to the parameters used in MIL-F-8785C, viz damping
ratio and Control Anticipation Parameter. Once formulated as shown,
however, the requirements are {ndependent of system order and apply directly
to the actual regponse - thus avolding problems of interpretation. The
actual numbers themselves are also revised from the corresponding ones 1n
MLL-1-87858,

CLOSED-LOOP AND PSEUDO CLOSED-LOOP CRITERIA

Neal-Smith Criteria

A criterion for good c¢losed-loop pltch tracking was proposed by Neal
and Smith in Reference 23. The gain ard phase characteristics of the open-
loop transfer function of pitch attitude to pitch attitude error, including
a speclfied pilot model is overlaid on a Nichols chart. The pilot model
has a 0.3 second time delay, plus lead/lag compensation as illustrated in
Fig., 14, Pliot gain and equalization are adjusted as necessary to meet the
closed-loop bandwidth and droop standards shown in Figure 15. Figures
16-20 {llustrate use of the Nichols chart. ‘The resulting closed-loop reson-
ance and pilot compensation are then compared to the boundaries indicated
in Figure 21, which also contains flying qualities interpretations of the
various reglons of the figure. Bandwidths were found which resulted in
quite good correlation of these boundaries with pilot comments. Examples of
further validation of the Neal-Smith criteria are contained in Reference 54
for the B-1 bowber and Reference 55 for an F-4C with a highly augmented
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Transient Peak Ratio

The transient peak ratio Aqg/qu shall be equal to or less than the following:

Level qu/Aql
f’ 1 «30
2 .60
§ 3 .85

Rise Time Parameter

The parameter At = ¢t _-t, shall have a value between the following

sf 271

i limits:

! Nonterminal Flight Phases Terminal Flight Phases
Level Min 4t  Max Level  Min At  Max

t\ (9) (500) (9) (200)

l ! B4 ¢ ap g L2t 1 Bl g &

k T T T T

] (3.2) (1600) (3.2) (645)

: 2 5‘37—5 § tg %ﬂ 2 9775- < Ot g -1—‘?76"—6-

‘{ T T T T

I o ek

-1
where: V., ~ms * true airspeed.

b Constant in parenthesis is used for VT ~ ft/sec.

: Straight line draun 1
i Tangent at Maxtmum i

ﬁ Slope

- (

, 43%;:.80
/

x *3 - :
; e | y
s X : t - Steady State
EE ta:,Bf
+z,13 vr:ZO2F€@% ]
5 :
o T, T T — !
0 1 2 3 !
Figure 13. Requirements for Pitch Rate Response to Step

Input of Pitch Controller Force
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command augmentation system., Radford and Rogers Smith (Reference 56a’
compared the Neal-Smith and other criteria with the data of Referencc %3
(LAHOS data). In making the comparison they also modified the orginal
rules to achieve a better correlation. Specifically, they (a) note that
landing is a high-bandwidth task, (b) proposed not forcing 3 db of droop
but using that value as a limit on droop, (c) found that a reduced pilot
time delay was necessary, and (d) suggest the need for an additional
"adaptability" parameter relating variations in required pilot lead, peak
amplitude ratio and bandwidth. Hodgkinson, on the other hand, used the
LAHOS data to compare application of the Neal-Smith criterion with the
equivalent system approach (Reference 56b), concluding that the Neal-Smith

- approach offered no better correlation. We felt that we would need a 4
;. better definition of the required bandwidth for each task before this :
criterion could be used in the general format of MIL-F-8785C. It can cer- o
tainly be a help in the design process. é

Reference 23 also discussed a way to simplify or approximate the
9 criterion, which was developed into a proposed revision in Reference 14. g
' This proposed requirement 1s a function of only open-loop characteristics
1 of the pitch response, as shown in Figure 22, from Ref. 13,

% Step Target Tracking

S

T

s I . . o e, S TR

In Reference 57, Onstott proposes a two-stage model of tracking a step
change in aim error during target tracking. Both models incorporate a
0.3~second time delay and adjustable lead, and the second model also has
an integral term. The model parameters and the switching time are selected
to maximize the time on target (with a pipper diameter of 5 milliradians).
Onstott used the Neal-Smith data to divide the rms error vs time-on-target
plane into regions of flying quality Levels, (Figure 23). His finding that
both quickness of acquisition (small rms pitch error) and time o target
determine flying qualities acceptability is obviously correct in general.

; This is another approach that we feel would be an aid in the design process
‘ but is not defined sufficiently to be used at the basis for a specification.

J
g

! Reference 56a also compared this approvach with the LAHOS data. They
Q} found reasonable correlation overall, with some anomalies.
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Figure 23. Pilot Ratings as Functions of rms 6e and Time-On-Target
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Paper Pilot and Similar Optimal Pilot Models

"Paper Pilot'" is now an adult. Anderson proposed this closed~loop
flying qualities prediction technique in 1969 (Ref. 58) as a unified way to
specify hover dynamics for both rate and attitude control systems., Paper
Pilot adjusts parameters of a pilot model,

Ype = -KP(TLe s+ 1)(s ~ 2/1)/(s + 2/1)
Ypx = Koy (T, + 1)

to minimize a rating function,

= + + 1.
R Rl R2 + R3 1.0
R,= ©, T 0, = Oy 0 < Ry < 2.5
C'-n'\

¢y required performance, determined empirically to be 0,8ft
R, = 2,57, . 2 3.25 sec.

R3 = TLX < 1.20 sec.

Tq in radians/second

for compensating in the presence of atmospheric turbulence. Several

theses extended the model to other piloting tasks. Dillow and Picha (Ref.
59) used a pilot model with a "smarty-pants Kalman filter" in single - and
dual-axis tracking tasks with thresholds. They were able to find weighting
ifunctions which gave good to excellent correlation hetween analysis and
experiment in hover, pitch tracking and roll tracking. Using these cost
functions they obtained good correlation of trends, if not ratings and
performance, with other experimental data. Dillow and Picha's pilot model
uses perceived control variables and their rates. Rms control rate (adjusted
to correspond to a 0.1 sec. neuromuscular lag) is a measure of pilot work-
load, although inqgnplete understanding of the paraneter is profesgsed.

More recent closed-loop analyses utilizing optimal pilot models include
the work of Hess (Ref. 60) and Laevison (Ref. 56¢)., Although various invegt-
igators have claimed success particularly with gingle-axis tracking, much
of the flying qualities community remains reluctant to use closed-loop par- |
ameters directly in a specification (Ref. 29d). For the present, pilot-
vehicle analysis has achieved wider acceptance as a design tool, e.g.,
Ref. 61, than as a form of design requirement,

Summary

As the preceding discussion should indicate, many different criteria
have been proposed for the short-term pitch control task. Studies which have
compared various criteria, such as Ref. 8, have typically been unable to
find one that is better than the rest, We have chosen the equivalent systems
approach for MIL-F-8785C for reasons already discussed, not the least of
which is continuity with MIL-F-8785B, 'This does not imply rejection of other
approacues. For the future MIL-Standard and Handbook we plan to include

alternative criteria with guidance on the simflarities rather than the differ-
ences,
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I 3.2.2,1,3 RESIDUAL OSCILLATIONS

REQUIREMENTS

3.2.2,1.3 Residual oscillations. Any sustained residual oscillations in

X calm air shall not interfere with the pilot's ability to perform the tasks
5 required in service use of the ajrplane. For Levels 1 and 2, oscillations
in normal acceleration at the pilot's station greater than #0.05g will be
considered excessive for any Flight Phase, as will pitch altitude oscil~
lations greater than *3 mils for Category A Flight Phases requiring precise
control of altitude. These requirements shall apply with the pitch control

fixed and with it free.

P——

! DISCUSSLON

4 This paragraph is directly from MlL-F-8785B. The phrase '"in calm air"

5} was inserted in order to distinguish the requirement from response to

¥ atmospheric disturbances (formal consideration of the effects of atmospheric

disturbances is contained in the new section3. 8).
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i 3.2.2.2 CONTROL FEEL AND STABILLTY IN MANEUVERING FLIGHT AT CONSTANT SBEED

.
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;
E‘
3

REQUIREMENT

3.2.2.2 Control feel and stability in maneuvering flight at constant speed.
- In steady turning flight and in pullups at constant speed, there shall be no
; tendency for the airplane pitch attitude or angle of attack to diverge

3 aperiodically with controls fixed or with controls free. For the above
conditions, the incremental control force and control deflection required to
¢ maintain a change in normal load factor and pitch rate shall be in the same
sense (aft -~ more positive, forward - more negative) as those required to
initiate the change. These requirements apply for all local gradients

-, e om o
) % wsa H

! throughout the range of service load factors defined in 3.1.8.4.

2

% 3.2.2,2.1 Control forces in maneuvering flipht. At constant speed in steady

fa turning flight, pullups and pushovers, the variation in pitch comtroller force 8
i? with steady-state normal acceleration shall have no objectionable nonlin- ;
E' carities within the following load factor ranges: k
j

- CLASS MIN MAX

] I, 11 s 1Ll 0.5 5 lagtH) + 11 or 3

ﬁ. L Y 0 whichever 1s less ~J

Outside this range, a departure from linearity resulting in a local gradient
hich differs from the average gradient for the mancuver by more than

50 percent is considered excessive, except that larger increases in force
pradient are permissible at load factors greater than 0.85np. All local
force gradients shall be within the Iimits of table V. In addition, Fg/n,
should be near the level | upper boundaries of table V for conbinations of
high frequency and low damping., The term gradient does not include that
portion of the force versus n, curve within the breadout force.

1
i
i;
!

Since the range of acceptable force gradients for side stick controllers
varies with the control deflection gradient and the task to be performed,
the contractor shall show that the control force gradients will produce
suttable flving qualities.

e

.

¥ 3.2,2.2.2 Control motfons in maneuvering flight. For all types of pitch

1 controllers, the control motions in mancuvering flight shall not be so

3 large or so samall as to be objectionable. For Category A Flight Phases,

3 the average pradient of pliteh=-control foree per unlt of pitch-control

3 deflection at constant speeds shall not be less than 5 pounds per Inch

: for wheel and center stick constollers or 2 pounds per degree for sidestick
controllers for Levels [ and 2,

-

DISCUSSTON

L S SO e IO ol 2 el

In line with other revisions, the requirements from MIL-F-8785B have
buen rewritten in terms ol alrplane response and pilot controller {nputs

o
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TABLE V. Pitch maneuverine force gradient limits.

Center Stick Controllers

Level Maximum Gradient, Minimum Gradient
(Fg/n)gax, pounds per g (Fg/n)mins pounds per &
1 240 The higher of
n/G 21
but not more than 28,0 n-1
nor less than _S6 * and 3.0
np=1
X 2 369 The hizher of
\ n/ 18 .
§ but not more than 42,5 np-1
E
L nor less than _85 and 3,0
; ny=1
r 3 56.0 The hicher of
; 12
k ny,=1
A
? and 2.0 !
P ;
?: *For n. <3, (Fg/n)max is 28.0 for Level 1, 42.5 for Level 2. ]
i )
‘ Wheel Controllers ;
i Maximum Gradient, Minimum Gradient,
r‘ Level (Fs/n)max, pounds per g (Fg/n)min, oounds per g ;
3 500 The higher of !
: n/a 35
1 but not more than 120.,0 ngp=1
2 nor iess than 120 and 5,0
a nL-!
. i
: 115 The higher of 3
; n/a 30 . ‘
. 2 out not more than 182,0 np-1 \
j
nor less than 182 and 6,0 i
ng-1
N :
3 240,0 5.0 3
|
81 ' j
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to achieve the basic result desired. There is now no requirement on the
variations of control surface deflection. so artificial stability would meet

this requirement.

In revising the steady-~state control force requirements the following
additional changes were made:

a. allowance for gradient changes in moderate maneuvers outside the
fine tracking range

b. defined the range over which the gradients are required to be
linear

c. low-damping correction to force gradivant ranges was inserted
d. some notes were added to cover sidestick controllers

e, some refinements were made to the limits of Table V

f. simplified the definition of stable gradients

g. mention of pitch rate as well #s normal acceleration; additional
control modes become pussible if direct force control is employed

Recent experience in aircraft design has shown that it can be desirable
to have multiple stick pains (Ref. 35). These gain changes can be trans-
parent to the pilot if not located within the range of fine tracking
force inputs., In general lg is sufficient clearance for level maneuvering.
For high-g tracking, the pilots do not usually trim to within lg of thedir
task. This leaves a preload on their stick, resulting in better control,
1{ the gradient were linear from lg trim, the total force would be too high
and the gradient would be too heavy (Fs/nz too high) for good tracking, or
too light for trimmed flight. Problems of overstressing the aircraft due
to a light gradieat can be haudled with another gradient change, usually
abrupt and quite heavy to indicate a near stal]/nL condition, i.e., a "soft
stop" on the stick.

Longitudinal flying qualities depend in a correlated way on several
key parameters. Primary among them are stick gain (Fyq/n,), short-period
frequency (wng ), short-period damping (!Sp), and the 0 to ny coupling
response term‘RTU,). MIL-F-8785C currently attempts to handle these in
a minimum coupled™way. As a result, an unfortunate cholce of parameters,
all within the Level 1 boundaries, may not produce a Level 1 rating.
Destabilizing combinations such as high w, , low ¥ , and high gain
(low ¥g/n,) should be avoided to prevent P B tendentfes. With these
considerations, low dawping was added as a potential cause of making higher

force gradients desirable,

In Reference 62, it is concluded that insufficlent data currently
exXlsts to substantlate adequate specifications on sidestick controller
characteristics although it is pessible tov derive destign guidance. An
varlier study (Reference 63) found that pllots can tolerate a wider range of
values of Fg/n, with 2 small amount of stick motion. The trends also
indicate a better optimum, 1.e., & lower pilot rating, is possible with
a small amount of deflection. The problem now is to find out if there
is an optimum value, or range of values, of deflection. Graves et al
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, (Reference 64) report the results of a study in which pilots preferred the

E no-motion stick in a fixed-base simulation, but then universally chose a

motion stick in flight tests. The possibility remains, however, that filter-
ing or nonlinear gains may be an adequate substitute for motion in some
applications. A major factor in the difficulty of side stick controller speci-
fications is the lack of standardization in construction and design formats
(i.e., pivot locations, rotation axes, slide motion inputs and force versus
torque activation). Until such formats are settled and/or specified in
documents such as MIL-F-9490, only cautions can be included in the flying
qualities specification. Experience with a YF-16 proposed slidemotion stick
indicates that such motion is not desirable for side sticks (Ref. 35). Some

] data on sidestick conttollers is available (a section is contained in References
35 and 62 through 72). Reference 62 summarizes available data, and also pre- ¥
; sents results from an additional data gathering program using inflight simu- A
¢ lation conducted by the AF Test Pilot School, sponsored by AFFDL. The addi
E tion of the 2-1b/deg requirements to the specification was based on results
from Reference 63, but Reference 62 would give 1 1lb/deg. More specific
criteria for sidestick controllers will be formulated as soon as feasible.

ARECE A o i g

i References 46 and 47 indicate a consensus that the minimum force gradient
i for both stick and wheel controllers are too high, especially Level 2 and 3

L limits. Data from reference 4 shows that a local gradient of FS/nz=0 was

; rated Level 3. Other sources recommend that for high load factor conditions

! 2 1b/g minimum gradient is desirable with a center stick. Caution should be

: exercised when considering the zero force gradient; such gradients were
obtained with a nondegraded F-4 at aft CG in a cendition of high a and n,.
Most important is that the aircraft was trimmed for lg, leaving a positive, \
hence recovering force on the stick if released and the initial load factor

g change response was still in the correct direction. Thus, the pilot comments .
h reflected Level 3 ratings, but the environment was not hostile. The recommen=-

dation in Reference 4 was only to lower the Level 1 and 3 minimum local §
gradients to 2 1lb/g. Wheel controlled aircraft are normally flown one~handed

: (References 6 and 7); thus high minimum gradients cause undue fatigue. As
with the centerstick case, no data can be found to establish a limit directly.
Upon reflection, considering possible onehanded operation and the nature of

i Level 3, 5 1b/g seems reasonable. Material in Reference 33, on the other hand,
i tends to support the present Level 1 and 2 requirements. B-1 (stick) and

i YC-14/YC-15 (wheel) experience shows that lower minimum force gradients are

‘ acceptable in those aircraft.

ot

X The "average gradient" is the steady control force less breakout force
divided by (n-1), in steady turns, pullups and pushovers from trimmed straight
and level flight.

e A St T o a2 el

. We have not relaxed the maneuvering stability requirement to allow a

] divergence for Level 3, as we did for static stability in 3.2.1.1. Maneuvering
instability thus will be tolerated only as an approved Special Failure State.
We will continue to review this conservative approach.

Gl et et e oan -

e ) i

Gt

B IR T e B 0t 5l i 111 il 3

§
3

3

13

1

¥

-
T




T T

" Downloaded from http://www.everyspec.com

G. 3.2.2.3 LONGITUDINAL PILOT-INDUCED OSCILLATIONS

REQUIREMENT

3.2.2.3 Longitudinal pilot-induced oscillations. There shall be no tendency
for pilot—induced oscillations, that is, sustained cr uncontrollable oscilla-
tions resulting from the efforts of the pilot to control the airplane. The
pitch attitude response dynamics of the airframe plus control system shall
not change abruptly with the motion amplitudes of pitch, pitch rate or normal
acceleration unless it can be shown that this will not result in a pilot-
induced oscillation. The requivements in 3.2.2.3.1 through 3.2.2.3.2 shall
be met for all expected airplane motion amplitudes and frequencies, starting
at any service load factor.

DISCUSSION

The qualititative requirement of MIL-F-8785B is retained in view of uncer-
tainties in the state of the art of flight control system design. This para-
graph is a tacit recognition of the complexity of the PIO proeblem and an
admission that no detailed specification is, at this time, a guarantee against
building a PIO-prone airframe/flight control system combination. The require~
ment has be . expanded to preclude PIO, P10 tendencies or general handling
quali ies deficiencies resulting from amplitude-dependent changes in airplane
dynamic response to pilot control inputrs. These effects can be of mechanical
origin, e.g., bobweight coupled with static friction, or due to saturation of
elements within the automatic control system. PIO has occurred in the T-38A,
A-4D and YF-12 due to such abrupt changes.

The revision stresses inclusion of large-amplitude motions and starting
from maneuvering flight. There 1is, of course, no intent to subject an air=-
plane to loads beyond structural limits.
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H. 3.2,2.3.1 DYNAMIC CONTROL FORCES 1IN MANEUVERING FLIGHT

REQUIREMENT

: 3.2.2.3.1 Dynamic control forces in maneuvering flight. The frequency

| response of normal acceleration at the pilot to pitch control force shall
be such that the inverse amplitude is greater than the following for all
frequencies greater than 1.0 rad/sec., Units are pounds per g.

.

E Level 1 Level 2 Level 3

1

i

r One-handed Controllers 14 12 8

: -1 -1 n -1

u h oy, L

|

[

% Two-handed Controllers 30 25 7

i -1 -1 n -1

r ) n, L

i

X

3 3.2.2.3.2 Control feel. The deflection of the pilot's control must not
? Tead the control force throughout the frequency range of pilot control
L inpuls. In addition, the peak pitch control forces developed during

abrupt maneuvers shall not be objectionably light, and the buildup of
control force during the mancuver entry shall lead the buildup of normal
acceleration.

! RELATED MIL-F-87858 PARAGRAPH

s Wy

% 3.2.2.3.1

3

: DISCUSSION ‘

L s

| The title and wording of MIL=-F-8785B peragraph 3.2,2,3.1 have been

F chanped and expanded tor clarlty, based largely on the proposals of Reference :

! 13. The numerical values are from that reference although we have used the #

; designations one-handed or two-handed contrellers.  That is the basic difference !

: between the two sete of numbers, so that sidesticks are now Included. From 1
Reference 13t The wora dvnamic has been substituted for transtent in the title ;
to avoid any connotation of the direct ratio of force to normal acceleration

F
|
§ in a transient response to a step or pulse force input, The requivement is
3 made applicable to frequencies greater than 1.0 rad/sec to avold ~ounfusion
E with the phugoid mode,

The MIL=F-87858 requirement did not specify different values tor different

- N AR = o

E Levels,  The requirement thus applied for all conditions of system vaillure

4 exceept approved Afvplane Special Faflure States, according to 3,1,10.3.2, That

1 made fhe tequirement too severe, o that copavate values of dynamic control

! force per g have been specified for Levels 1, 2 avd 3, 1t {s presumed that

i satisfaction of the reguirements wiil be certiried by the Program Office or §
0 Flight Test Center In any manner chat Le convenlent to theme  In fact, si-

? nusotdal control need not = and peobably would not = be wsed; o more sophisti- i
g cated tere procedure could easily be devised using modern signal analysis

: concepts and metheds.  However, the jutent of the requirement is made ciear

? by Jasulong the specifications {n the form shown: 1t {4 wambiguous.
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Paragraph 3.2,2.3.1 i8 very nearly the same as the MIL-F-8785B require-
ment on transient control forces (para. 3.2.2.3.1). It differs in that the
load factor is now referenced to the pilot's location rather than the center
of gravity. It thus lends explicit recognition to the importance ol pilot-
centered motion cues to handling qualities. For some combinations of short-
period frequency, control moment arm and distance of the pilot from the c.g.
the effect is significant. In general, it appsears that the formulation of
the PIO requirements in terms of normal acceleratio: at the pilot tends to
provide a small additional margin of latitude to the control system designer.
The numerical values in the revised paragraph were proposed in reference 13,

The MIL-F-8785B 3 or 6 1b/g values for all Levels are thought tooc severe.
The new 1.5 ratio of static to dynamic Fg/n minima corcesponds to a Sg
boundary of 0.35 or less, whereas the MIL-F-8785B requirement could corres-
pond to a required SE as great as 0.7 for low but adequate steady force
gradients. '"'The trends and values of stick force per g and damping ratio
are quite consistent with the data for center sticks in Figures 2 through 5
(3.2.2.3.1) in Reference 3 ..." . Again, it is felt that this require-
ment will usually be satiasfied if the requirements of 3.2.2.1, 3.2.2,2, and
3.2.2.3 are met, at least for aircraft not employing direct 1lift control
(DLC) .

The requirement in paragraph 3.2.2,3.2 that the pilot's control deflec-
tion not lead the control force is repeated from section 3.5 (para. 3.5,3.1
of MIL-F-8785B, para. 3.5 of MIL-F-8785C) for emphasis,

In the manner of reference 3's discussion (pp. 137 et seq.) of bobweight
effects, consider an airplane with spring and hobweight feel and a first-
order servo:

FEEL SYSTEM SERVO AIRFRAME
Fg + lemfZ §g |K * 1/T| e lAn(s + 1/Tp ) (s + 1/'1?.\2)‘ n,
— - - — T
s + 26w ok wa[ s + 1/T gl + 25gpugp® + “’SPZ .
Ky ‘
BOBWETGAT

with n, measured at the bobweight location. The virframe and servo charac-
teristics can be taken as including the effects of any series stability
augmentation, which by definition does not feed any signal to the pilot's
control stick or colum. The block diagram may be rearranged:

Fg + K w2 §g |K * 1/T|8, |NUMERATOR ’__*nz
— 2 1 T2 2
s +t2cwes +oug s + /T §° + 25 pugp8 twe Sl 8

KBAn(s + 1/T@T§ + 1an2)

2 2
8% + 285pWeps + Wyp

86

LG T WY Ve e NS . AR T IR -,
v EIAIIIL S e e S a S N sarateas thaavei bt o CRMIIEREE I o e, 2 . ot

T > I NP

BTN

T A st

R N R S P

okt o e Wi -




Sl T ST TR T T T TY BF TR AT T TR RIS ATR T N T T T - TR R TR T A
Downloaded from http://www.everyspec.com ) B o

which can be simplified to:

CLOSED: LOO? FEEL SYSTEM SERVO _

2(g2 .2 | _

i Fg . waf (s + ZCSPwSPS + we Y(s + 1/T) 65\ K 1/T

2 1,1 12 2 2 1

% 8° + 2rg ugns + wg ) (s¢ + ZCf £ wg (s + 1/TY s + 1/T

ALRFRAME

n, <—|NUMERATOR 5

: 2 " Sk
g+ s + ?CSP gp® + Wep [+

closed. The following sketch, from reference 3, illustrates the frequency
response of such a closed-loop feel system when the controls - free short~
i period natuvral frequency,@gp, is higher than controls - fixed.

g
E‘ where the primes denote control-free characteristics, with the bobweight loop
!

Y -

f N

, ol

y Log|——

F )|
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A !
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N : i
L - i | :
E‘ +(80 - ! Log W -'--'1‘
% '
v - |
i' o T dutsy {
3 g R ——_ (
o [F, (,;J o ey \

v ' '

: ~ ‘tf' \ | \

3 ! '|

{ -180 i L1 1‘; VRPN WUUEN U B W I | | ) J
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1
: As cap be seen,Wgp > Wgp tends to make 85 lead Fg, £& well as to increase
, the maximum amplitude of § /FS. References 3, 13 and 73 relate such char-
R acteristics to pilot—induced oascillatlons, This phase requirement, alone,
; mi ght have eliminated the longitudinal PIO experienced with the A4D-2 and
A the T-38A. Calspan (ref. 13) provosed the same requirement citing these
i reasons. Although this requirement is partly intuitive, it appears to be
= consistent with what little is known about interactions between the neuro-
muscular system, the feel system and human subjective response. There is
some evidence (e.g., reference 74) to indicate that decreasing average
stick force levels will result in increased pilot phase lag; by the PIO
theory of reference 73, this would promote PIO in & pilot~vehicle system

that had a tendency to develop pitch loop resonance.
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An additional PIO-related requirement was proposed but, in the end,
not adopted for this revision. This result of Ralpk =@} "= Ref., 73 is,
nevertheless, thought to provide uceful design gu° . .« :

Control system phase lag, The total phase angle h:r i . cora.  acce.ler-
ation measured at the pilot's location lags the pilot's iyt ovce at a
criterion frequency wp must be less in magnitude than 1t .- ..~ . degrees,
where w, is in radian/second. The criterion fuequercy wg . . . ned to he
any frequency within the range 1 < wp < 10 radivn/se .d at -t lightly

damped (resonant) oscillations in pitch attitude can :sult frouw turbulence
inputs or from piloting control of the airplane when used in the intended
operational manner. This requirement may be walved at the discretion of the
procuring activity for cthose flight ~onditions for which the ratio of nor-
mal acceleration measured at the pilot's location to pitch rate, evaluated
at the criterlion frequency, is less than .,012 g/leg/sec.

This statement was proposed as a replacemen* fcr paragraph 3.5.3,

Dynamic characteristicgs. However, in Navy experience the latter has proved
its merit. Since this proposed addition is somewhat redundant with para.
3.5.3 as revised, it was not incorporated into the specification. The PIO
theory of reference 73 postulates that i1f the pitch loop is resonant at
frequency wg, then the pilot may at some time (which cannot necessarily be
predicted) attempt to control normal acceleration a, to the exclusion or
near~exclusion of §. According to Smith, a PIO may Bccur when the normai-
acceleration response n,(jw) /nz (jw)(sub. e denoting the error sensed by the
pilot) is "subjectively predictable'": concentrated ahout some resonant
frequency within the pilot's bandwidth of contrul, with a magnitude there
above a threshold value, Thie situation may arisr during pitch target
tracking or as a result of the pitching response to a large, abrupt control
input, fatlure transient or gust, A pilot attempting to control normal
acceleration at that frequency will incite a P10 if no phase margin exists
there; that is, if the phase angle of the ny(j.)/n, (ju) transfer function

is more negative than -180° at the res.murt frequency. Using a pure .25~
second time delay plus gain to model the pilot, the stated phase requirement
for *he airplane is evolved. Violation of the phase criterion of 3.2,2,4.3
implies that 1if the pilot switches to a, control, the scceleration loop will
be dynamically unstable and a PIO will b8 initicted. This paragraph provides
the flight contsol system engineer with a quantitative criterion for min-
fuum requited dynamic performance of fuel and control systems., 'The amplitude
criterion ¢f this pgragraph 1s proposed as a quantitative guide for prelimin-
ary identification in thc design process (aivframe or flight control: system)
of those flight cenditions for which longitudinal P10 is probably not a
realistic possibility. A combined threshold is postulated of maximum
acceptable rms pitch rate in tracking and minimum a, consciously felt by

the pilot. More data should be collected from inflight simulation to
establish the validity of this response ratio; the nuwber selected, .012
g/deg/sec, conforms with past cases of longitudinal PIQO (ref. 73). The
frequency yp is, in disguise, a tlosed-loop, pilot-vehicle parameter.
Fortunately it is also a very physical parameter (pitch loop resonant fre-
vuency) that is readily understood and accepted. No method is given in the
p-oposed specification for its selection; methods for doing so are contained
in reference 73. The frequency wp can be readily identified from flight te.t;
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it would probably be an easy matter for SPO engineers to ascertain compliance
with 3.2.2.4.3 without relying on pilot-vehicle analysis methods. Analytical
estimates can, and should, be made by the airframe manufacturer as part of the
design evolution. Smith points out that the fixed-base piloted simulation

,5 often used in flight control system design is appropriate for establishing W

il This usage is valid even though ground-based simulation 1is widely regarded

3 as an ineffective way to investigate PIO tendencies - in Smith's theory, the

i steps beyond determiring w,.

i; It should be noted that Smith's proposed requirements as well as those

X adopted, are equally valid for classical and nonclassical aircraft control

g system dynamics, and for linear and nonlinear systems.
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I. 3.2.3.3 LONGITUDINAL CONTROL IN TAKEOFF

DISCUSSION

The requirement has not been changed. As noted in reference 13, the
diagram in reference 3} is simplified depiction: thrust is shown acting
through the center of gravity and parallel to the runway. That if an
adequate depiction for the purpose intended, but not to calculats. compliance.
The thrust may produce significant vertical force and pitching wmoment about
the c.g. For given aircraft attitude, throttle and pitch cont¢rol settings,
the nose-wheel lift-off speed can be calculated by balancing moments about

the c.g:
aScCp + Tz, = (W - qSC_ = T sin £) (X + u¥) = 0

where Tz_ is the thrust moment about the c.g. and £ = { 4 a is thrust inclina-
tion to fhe horizontal. C_ is the aerodynamic pitching moment of the complete
airplane, X and Y are horizontal and vertical distances, respectively, betwe.n
c.g. and main~gear axle, and 1 18 the main-gear coefficient of rolling friction.

Th
) - (sin €+ Tee)
A @v‘_o - %*_w *wg _w X/E + /e

)<7?¥+>4<¥?45

tu"T\\'h‘ ‘(f‘l ‘)
4 4
'_-lr_—'; '-wui"-’\l'wcr

r»
; Teslired)-D-me,

\] ]
A (W= Ly Teintige )= 1)

i E

Wolyw=Ven(dprdd-ty

LutTointirva)

‘M e rus, o Tumer

Toos (dr vad) =P -y
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J. 3.2.3.3.2 LONGITUDINAL CONTROL FORCE AND TRAVEL IN TAKEOFF

KEQUIREMENT

i
p
e

3.2.3.3.3 Longitudinal control force and travel in takeoff. With the trim
setting optional but fixed, the elevator-control forces required during all
types of takeoffs for which the airplane is designed, including short-field
g takeoffs and assisted takeoffs such as catapult or rocket-augmented, shall

b be within the following limits:

A

Nose-wheel and bicycle~gear airplanes |

E Classes I, IV-C =——mwme——- 20 pounds pull to 10 pounds push

i Classes IV-C, IV-L -——vew- 30 pounds pull to 10 pounds push |
4

v Classes II-L, III ~—=mw——m 50 pounds pull to 20 pounds push

‘. Tail-wheel airplancs

5, Classes I, II~-C, TV ~=w==- 20 pounds push to 10 pounds pull

E

¢ Classes II-L, II] ~--====- 35 pounds push to 15 pounds pull

/ The elevator-control travel during these takeoffs shall not exceed 75 percent

of the total travel, stop-to-stop. Here the term takeoff includes the ground .
run, rotation and lift-off, the ensuing acceleration to V (TO), and the !
b transient caused by assist cessation. Takeoff power shalT®fe maintained until
Voax (TO) is reached, with the landir: gear and high-1ift devices retracted in
tH&*normal manner at speeds from V, T0) to Vmax (TO).

min

F, DISCUSSION ,

The editorial, nonsubstantive change of Amendment 2 is retained.
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K, 3.2.3.4 LONGLTUDINAL CONTROL IN LANDING

REQUIREMENT

3.2.3.4 Longitudinal control in landing. The pitch control shall ve suf-
ficiently effective in the landing Flight Phase in close proximity to the

ground, that in calm air:

The geometry-limited touchdown attitude can be maintained in level

a.
flight, or

b. The lower of VS(L) or the guaranteed landing speed can be
obtained.

This requirement shall be et with the airplane <rimmed for the approach
Flight Phase at the recommended approach speed. The requirements of
3.2.3.4 and 3,2.3.4.]1 define Levels 1 and 2, and the requirements of

3.4.10 define Level 3.

DISCUSSION

The addition of "in calm air" is intended to clarify the application
of the requirement, in view of other revisions concerning requirements for
the effects of atmospheric disturbances (3.8). The requirement to provide
sufficient control to achieve either stall speed or attitude limits is applied
independently of disturbances. In operations, landing speed would be
increased to achieve a safe landing in wind/turbulent/gusting conditions. An

editorial change removes a superfluous "the" after a.

Although no specific margin of control is required during flare and

landing, the general provisions of the new paragraph 3.4.10 Control Margin
A nuwber that has been used in some civil trausport applications

apply here.
is for a nose down pltching acceleration capability in excess of trim than
0.08 rad/sec” for Level 1 and 0.05 rad/sec’ ‘for Levels 2 and 3 (Ref. 53).
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L. 3.2.3.5 LONGITUDINAL CONTROL FORCES IN DIVES - SERVICE FLIGHT ENVELOPE

REQUIT.REMENT

3.2.3.5 Longitudinal control forces in dives - Service Flight Enwvelope.
With the airplane trimmed for level flight at speeds throughout the

Service Flight Envelope, the control forces in dives to all attainable
speeds within the Service Flight Envelope shall not exceed 50 pounds push

or 10 pounds pull for center-stick controllers, nor 75 pouads push or 15
pounds pull for wheel controllers. In similar dives, but with trim

optional following the dive entry, it shall be possible with normal piloting
techniques to maintain the forces within the limits of 10 pounds push or
pull for center-stick controllers, and 20 pounds push or pull for wheel
controllers. In event that operation of the trim system requires removal of
one hand from wheel control the force limits shall be as for a center-stick.
The forces required for recovery from these dives shall be in accordance
with the gradients specified in 3.2.2.2,1 although speed may vary during

the pullout.

DISCUSSION

One-handed wheel control requires the same forces as for a center-
stick controller.

The force limits with fixed trim apply in straight dives at all speeds

greater than the trim speed. With trim at a low airspeed, this requirement
effectively limits the control force variation with speed.
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SECTION VII

STATEMENT AND DISCUSSION OF LATERAL-
DIRECTIONAL REQUIREMENTS (3.3)

3.3 LATERAL-DIRECTIONAL FLYING QUALITIES

GENERAL DISCUSSION

In discussing the development of MIL-F-8785B, Reference 3 noted that:
"This section was difficult to organize since, primarily, because of
coupling between lateral directional motions, each requirement has
implications in many areas nf flying qualities. Conversely, each flying
qualities area is generally a function of many different parameters."
These problems have been compounded by potential effects of the flight
control system such as higher-order system dynamics, altered mode char-
acteristics, artificial stability, additional modes (six-degree-~of-freedom
control), etc, Since Reference 3 was published, detail revisions have been
proposed by Calspan and STI (References 13 and 14). The proposals are
either changes to existing requirements or additional ones., As yet, no
one has found a truly simplifying principle fer lateral-directional flying
qualities requirements.

In treating higiuer-order systems according to 3.1.12, normally the
equivalent lateral-~directional system would be taken as the classical
three-degree~of-freedom roll response to a stick- or wheel-force input,
with the provision for an added time delay. For roll, this is of the form:

$(s) _ K¢(sz + 2 4pugs + wd) ahes

F, (s + 1/Tgp) (s + l/TRE)(s2 + 2gpgupgs + wDEZ)

and for gideslip:

B(s) Ky(s + 1/Tg))(s + 1/Tg,) (s + L/Tg,) 8%

F

R (s + 1/TSE)(s + l/TRE)<s2 + 2ipgupgs + mDEZ)

Equivalent system parameter values obtained by matching the respcnses of
such transfer functions to the actual high~order responses would then be
used for comparison with modal requirements. The actual high-order
responses, however, would be used for comparison with time domain require-
ments such as ¢,,P08C/pay and AB,

In general, the 'best' match is expected to be obtained by matching both
the lateral and directional transfer functions simultaneously (as discussed
in Reference 33). It is also obvious that many configurations, modes and
flight conditions would be amenable to the use of even lower-order tramns-
fer functions, such as the conventional approximations of first order roll
subgidence or second order Dutch roll., At present, no rules for application
are available. One possible approach, however, would be to use the parameters
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resulting from the best match to justify further reduction in the order of
the equivalent representation. The order reduction may be complicated by
the introduction of additional poles and zeros by the flight control system
in the relevant frequency range. The 'dominant modes' or simplified
representations should not be used until validated by analysis of the trans-
fer function forms above.
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A, 3.3.1.1 LATERAL-DIRECTIONAL OSCILLATIONS (DUTCH ROLL)

REQUIREMENT

3.3.1.1 Laceral-directional oscillations (Dutch r»1l). The frequency,
wﬁd’ and dsmping ratio, ¢4, of the lateral-directional oscillations fol-
lowing a yaw disturbance input shall exceed the minimum values in Tahie VI,
The requirements shall be met in trimmed and in maneuvering flight with
cockpit control- fixed and with them free, in oscillations nf any magnit.de
{ that might be cxperienced in operational use. If the oscillation is non-

: linear with awmplitude, tne vequirement shall apply to each cycle of the

1 oscillation. In calm air residual oscillations may be tolerated only if

i the amplitude is sufficieatly small that the motions are not objectionable

4 and do not impair mi.sion performance. For Category A Flight Phases, angu-
A lar deviations shall be less than +3 mils.

TABLE VI. Minimum Dutch roll frequency and damping

Level Flight Phase Class Min g * Min ¢ wpgs* Min wpq ;s
L Category rad/sec rad/sec
A (CO, GA) IV 0.4 - 1.0
A I, 1V 0.19 0.35 1.0
§ £I, IIT 0.19 0.35 0. 4% ;
: 1 B ATl 0.08 0.5 0.4%% ﬁ
: C I, 1I-C, '
; 1V 0.08 0.15 1.0
3 1I1-L, I1I] 0.08 0.10 0.4%%
¥ 2 AiT ALl 007 0.05 0.4%%
! 3 ATl AT 0 | - SNAL
* The governing damping requirement is that yielding the larget value of tyo !
except that a e of 0.7 is the ma~dmum required for Class III,
Kk

Class III airplanes may be -excepted from the minimum wp, requirement, 1
subject to approval by the procuring activity, it the requifements of 3.3.2
through 3.3.2.4.1, 3.3.5 and 3.3.9.4 are met.

.

When w% |¢/B'd is greater than 20 (rad/sec)z, the minimum Tdwng shall ]
: be increased above the CdWngy minimum listed above by: E
., ' Level 1 -Acg wyy = .014 (m%d}¢/8 d—20) %

Level 2 -Angq w

ng = -009 (“§d|¢/8,d‘2°)

Level 3 -Aggq wn, = .005 (w2 ‘¢/B| -20) !
d “ng nd d
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DISCUSSION

{ Five changes to the Dutch roll frequency and damping requirement of
MIL-F~8785B(ASG) have been made:

! Damping ratio for Category A Flight Phases €O and GA has been

, increased to ¢ = .4

. 2. The minimum Level 1 gguw,. requirem nt for Class 1I-L and Class
q I1I airplanes, Category 8 Flight Phases has been reduced from
L 0.15 to 0.10 rad/sec

3. The Level 3 requirement veduced from G = .02 to Lq = 0

4, A maximum required = (.7 has been defined for Class III air-
n craft which have a low wngy

o 5. The requirement for a stable airframe, control surface fixed,
deleted

: The first change was incorporated into the A-X specification by ASD and

5} is planned to be retained in future procurements. For this reason the change
[M was included in MIL~F-8785C., The minimum Dutch roll damping ratio and fre-

f quency boundaries in MIL-F-8785B(ASG) were not well substantiated in Ref. 3,

: for frequencies below w,, = 1.0 rad/sec. Since publicatlon of Reference I,
the experiment of Reference 76 has been performed., Data from this exper-

v iment indicated that when aileron excitation of the Dutch roll mode was 3
@ small, then configurations with wy, = 1.0 rad/sec and tg = .1 or Cq¥Wng = 0.10 :
F

were satisfactory for the landing approach Flight Phase. The new data tab-
ulated in Figure 24 shou that 23 evaluations all resulted in pilot ravings
of 3.5 or better for this Dutch roll value. Also shown in Figure 24 are
data from Reference 77, for w,, = .8 and ¢4 = .1l. These are configurations
207 and 209 of that reference. Configuration 207 had L“g= 0, was evaluated
| 6 times, and received an average rating of 5.5. Configuration 209 had

{ L°g = -16, was evaluated 13 times, and received an average rating of 4.5. ;:
; These new data are considered sufficient justification for reducing the 1
mini mum dend lim*t for Class II-L and TI1 from 0.i5 to 0.10 sec™ ]

3 The requirement for positive damping for Level 3 seems unsupprrted
: by ary of the available data. In fact, slightly negative or zero {4 seems
consistent with a large body of data for pilot ratings in the neighborhood
of 6.5 to 7, Furthermcre, for some designs this requirement, especially

if applied to high-altitude {light, could lead to unnccessary configuration
i : compromiges or to fail-operational yaw dampers where neither is justified
by mission requirements. Thus the Level 3 value of ¢4 has been reduced
from 3 = .02 to «q =0. We remain reluctant to allow nagative damping even
A for Level 3.

e S e ek

Deletion of the requirement for surface-fixed stability allows an aero-
dynamically/inertially unstable basic airframe provided that the procuring
activity judges the benefits, reliability and alternatives sufficient to
approve an Airplane Special Failure State (3.1.6.2.1).
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REFERENCE 76 HALL-BOOTHE; CLASS II-L; CATEGORY C

GROUP 6 wy = 1.0 Cd = .11

PR = 2.5, 2.5, 2.0

GROUF 11 wy = 1.00 Cd = .11

PR = 2.5,3.5, 1.0, 2.0, 2.0, 2.0, 3.0

GROUP 13 wy = 1.0G Cd = .099

PR = 3.0, 3.0, 3.0, 3.0

GROUP 14 wy = 1.01 &g = .10
PR = 2.0, i.0, 3.0, 3.0, 3.0, 2.0, 2.0, 2.0, 2.5

REFERENCE 77 SECKEL; PU-797, CARRIER LANDING

CONFIGURATION 207 vy .8 Ly = 1 Lg=0 §
PR = 5.5 6 EVALUATIONS

CONFIGURATION 209 wy = .8 g = 1 Lg =16 i

.|

E

PR = 4.5 13 EVALUATIONS '

3

3

Flgure 24 (from Referenc: 13)- DUTCH KULL DATA FOR Wn g }

%

3

L]

:

4
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B, 3.3.1.3 SPIRAL STABILITY

REQUIREMENT

3.3.1.3 Spiral stability. The combined efrects of spiral stability,
flight--control-system characteristics, and rolling moment change with

speed shall be such that fcllowing a disturbance n bank of up to 20 Jdegrees,
the time for the bank angle to double will be greater than the values in
Table VIII. This requirement shall be met with the airplane trimmed for
wings—-lavel, zero-yaw-rate flight with the cockpit controls free.

TABLE VIII. Spiral Stability - Minimum Time to Double Amplitude

TR Y SRR N TR g T r

Flight Phase
Category Level 1 Level 2 Level 3
A& C 12 sec 8 sec 4 sec
‘ B 20 sec 8 sec 4 sec
DISCUSSION

The requirements on time to double amplitude of the spiral mode have
been simplified by removing the breakdown by alrplane Class. Flight Phase
Category C has been grouped with Category A rather than B and the Level 2
limit has been reduced from )2 sec to 8 sec. Eliminating the breakdown by
Class 1s a simplification that is more consistent with the available data.

e
s
i
g
8
I
f.
?
v,
3
5

Grouping Category C Flight Phases with Category A Flight Phases is based
on the consideration that during Category A and C Flight Phases the pilot .
is in more continuous control of the airplane than in Categury B Flight }
Phase and is therefore less concerned about long-term attitude character- :
istics. This point was demonstrated in the TIFS Phase I landing approach
experiments reported in Reference 78. Spiral roots with time to douwle of
9.6 sec were hardly noticed and a case with time to double of 6.4 sec,
although noted, was not considered reason for downgrading the rating
evaluation. Based on these data together with the extensive data in Ref. 79
and re-examination of the data in Reference 80, it was decided that the
Level 2 limits on Ty be reduced from 12 sec to 8 sec. Even this limit is
a conservative interpretation of the data in Reference 79 which could be
used to support a value of Ty = 6 sec for Level 2. The gradient of pilot
rating with time to double is steep, however, and a comservative inter-
pretation is believed necessary.

A NS o NI T I T T T T (s R e i
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Data in Reference 8l for unstable real roots resulting from reduced
directional stability aiso indicate T, = 6 sec as a reasonable limit for J
cruise flight. A limit of 2.7 sec for landing approach is also indicated :
in this report but this value is regarded as too fast and inconsistent
with other data to be accepted. The data in this report does lend support
for the decision to group Category C with Category A rather than Category B.

FEPEY

In addition, the changes are consistent with the data presented in
Reference 3, Figure 2 (3.3,1.3).
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C. 3,3.1.4 COUPLED ROLL-SPIRAL OSCILLATION

REQUIREMENT

3,3.1.4 Coupled roll-spiral oscillation, For Flight Phases which involve
more than gentle maneuvering, such as CO and GA, the airplane characteristics
; shall not exhibit a4 coupled roll-spiral mode in response to the pilot's

3 rol) control commands., A coupled roll-spiral mode will be permitted fov

: Category B and C Flight Phases provided the product of frequency and

! damping ratio exceed the following requirements:

¢

é Level Cm“mm
; 1 0.5
2 0.3

- 3 0.15

DISCUSSION

The coupled roll-spiral requirement of MIL-F-8785B(ASG) was based

i primarily on the data in References 82 and 76 and the analysis of Ref. 83,
. Reference 84 documents additional experience with the M=2 lifting body

L research vehicle and Reference 85 reports the results of a ground simu-
lator study of the effects of a coupled roll-spiral oscillatory mode on
flying qualities for the Cruise and Landing Apprcach Flight Phases. Also,
there are a few points in Reference 86 that were evaluated in the T-33
variable stability airplane used as a ground-based simulator., These

; points were set up to represent the augmented M2-F2 vehicles before it was
flight tested.

The above referenced data have been plotted on Figure 25 [Figure 1
(3.3.1.4) from Reference 3}. Examination o these data together with the
? comments available in the various repcrts indicaces that & coupled roll-
: spiral oscillatory mode can be acceptable provided the frequoncy and
b damping are above certain minimums. The less than satisfactory ratings
i obtained for coupled roots in this best area are due primarily to pilot
objections to 'spiral stability" and lack of roll control effectiveness
and high steady forces in turning flignt. This is particularly true of
the data in Reference 85. 1In this experimant the roll control gearing
and feel system characteristics were set to be compatible with the base
configuration for each Flight Phase and were not varied during the exper-
iment as the roll spiral was changed. This constraint is probably the
cause of complaints about lack of roll control effectiveness,

The data from Reference 84 do not have pilot ratings associated with
each point but the report indicates that control problems were encountered
when the angle of attack was near zero or negative for the augmented
M2-F2 and that the M2~F3 exhibited improved flying qualities but also had a
similar trend of deterioration for negative angles of attack. Data are
also shown for the M2-F2 with the SAS turned OFF. This data correlates
fairly well with the proposed boundaries considering the fact that the

S
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Dutch roll mode is also affected by the angle of attack change. Additional
cases, evaluated in a fixed-bese simulator, are reported in Reference 8.

It should be noted that the coupled roll-spiral cases studied in all
of the above experiments were the result of combinations of normal sta-
bility derivatives that hawe taken on rather unusual values. In general,
the coupled roll spiral results from fajrly large L”y, large N’ /L‘p, and

large N’,., If L°; is low, the coupled roll-spiral will be low %requency
and the alrplane ls likely to be difficult to control,.

From Figure 25 it appears that boundary lines of constant §pg Wn g

fit the data better than the boundaries recommended in Reference 13,
which are also shown.

It is possible to have a coupled roll-spiral mode as a result of
introducing roll attitude stabilization, In this case the roll damping
need not be low and L°g need not be large for the mode t» exist, thus the
flying qualities may be quite satisfactory for Flight Phases that do not
require rapid maneuvering. This should be especially true if proper
attention is given to feel system gradients and roll control gain so that
they are compatible with the attitude command response that results,
Reference 87 reports different reactions from two pilots to two particular
mechanizations of direct side force control with "roll stabilizacion"
although the roll s:tabilization was not documented therein,

We do not expect any problem in the determination of equivalent
system parameters for comparison with this requirement. Starting from
the complete lateral and directional transfer functions, it should be
straight-forward to identify that the roll and gpiral modes are coupled.
The two first-order terms in the denominator would then be combined into

a second-order term to match the actual response. The roll-spiral damping
would then be a product of the match,
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D. 3.3.2 LATERAL-DIRECTIONAL DYNAMIC RESPONSE CHARACTERISTICS

REQUIREMENT

3.3.2 Lateral-directional dynamic response characteristics. Lateral-
directional dynamic response characteristics are stated in terms of response
to atmospheric disturbances and in terms of allowable roll rate and bank
oscillations, sideslip excursions, roll control forces and yaw control
forces that occur during specified rolling and turning maneuvers both to the
right and to the left. The requirements of 3.3.2.2, 3.3.2.3 and 3.3.2.4
apply for roll commands of all magnitudes up to the magnitude required to
meet the roll performance requirements of 3,3.4 and 3.3.4.1,

3.3.2.1 Lateral-directional response to atmospheric disturbances. The
combined effect of Wngs Sd» Tgs /86, ]¢/3Ta, gust sensitivity, and flight-
control-system nonlinearities on response and controllability characteristics
in atmospheric disturbances shall be considered (see 3.8.3). In particular,
the roll acceleration, rate and displacement responses to side gusts shall be
investigated for airplanes with large rolling moment due to sideslip.

DISCUSSION

The wording of these two paragraphs has been changed slightly to be
consistent with other reviiions, without any change in intent. Neither
the Calspan13 nor the STI!% recommended revisions have been adopted. Both
Calspan's revised definitions and boundaries and STI's rudder coordinatiom
parameter should be useful as design guides, but they still are complicated
and seem to be no more adequate than the present requirements.
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E. 3.3.4 ROLL CONTROL EFFECTIVENESS

REQUIREMENT

3.3.4 Roll control effectiveness. Roll performance in terms of a bank
angle change in a given time, ¢,, is specified in Table IXa for Class T

and Class II airplanes, in 3.3.4.1 for Class 1V airplanes, and 3.3.4.2

for Class IIl airplanes. For rolls from banked flight, the initial con-
dition shall be coordinated, that is, zero lateral acceleration. The
requirements 4pply to roll commands to the right and to the left, initiated
both from steady bank angles and from wings~level flight except as otherwise
stated. JInputs shall be abrupt, with time measured from the initiation of
control force application. The pitch control shall be fixed throughout

the maneuver. Yaw control pedals shall remain free for Class IV airplanes
for Level 1, and for all carrier-based airplanes in Category C Flight Phases
for Levels | and 2; but otherwise, yaw control pedals may be used to reduce
sideslip that retards roll rate (not to produce sideslip which augments

roll rate) 1f such control inputs are simple, easily coordinated with roll
control inputs and consistent with piloting techniques for the airplane
class and mission. For Flight Phase TO, the time required to bank may be
increased proportional to the ratio of the rolling moment of inertia at
takeoff to the largest rolling moment of inertia at landing, for weights

up to the maximum authorized landing weight.

TABLE 1Xa., Roll performance for Class I and Il airplanes

Time to Achieve the Following Bank Angle Change (Seconds)

Class Level ﬁ Category A Category B Catetory C
600 450 600 450 300 2590
I l 1.3 1.7 1.3
I 2 1.7 2.5 1.8
I 3 2.6 3.4
II-L 1 1.4 1.9 1.8
I7-L 2 1.9 2.8 2.5
II-L 3 2.8 . 3.6
1I-C 1 1.4 1.9 1.0
I1-C 2 1.9 2.8 1.5
Ii{-C 3 2.8 3.8 2.5
104
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DISCUSSION

This paragraph now contains requirements only for Classes I and II,
serving as an introduction for other Classes in subparagraphs. The num-
erical requirements for Classes I and II are unchanged from Reference 2.

( Although experience seems to suggest that the requirements are too scvere,
there is insufficient data to formulate new ones.

As an introduction to all the roll control requirements, some of the
wording has been changed in order to make the intent clearer. Rolls should 1
be initiated "from steady bank angles and from wings-level flight" instead {

A of "from zero roll rate". The requirements also apply in both left and
) right rolls, k

3 Conditions for application have been made more explicit, All the
requirements of MIL-F-8785B have applied throughout the appropriate E

V-h-n Flight envelopes; but application of some requirements at other than 1

lg has sometimes been overlooked., Specification of fixed pitch controller

also expresses our continuing intent,

o —— b i e T
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." F. 3.3,4.1 RULL PERFORMANCE FOR CLASS IV AIRPLANES

REQUIREMENT :

3 3.3.4.1 Roll performance for “lass IV airplanes. Roll performance in
terms of ¢y for Class IV airplanes is vpecified in Table IXb. Additional
. or alternate roll performance requirements are specified in 3.3.4.1.1 and
u 3.3.4.1,2; these requirements t.ke precedence over Table IX. Roll per-
formnance for Class IV airplanes ls spucified over the following ranges of
3 alrspeeds:

; Speed Range Equivalent Airspeed Range

% Symbol For Level 1 For Levels 2 & 3

i VL Voo SV < Vg + 20 KTS Vmin < V < Vpgq + 20 KTS

}* L Vidn + 20 KIS (1) <V < 1.4 Vo | Vg + 20 KIS < V < 1.4 Voo

[ M Lob Vo <V < o7 Vpgy (2 Lob Vg SV € 27 Viag l
%\ H T Vnax® <V v, .7 Vmax < V < Viax

(1) or Vo Whichever is greater

| (2) or Vomdn whichever 1s less
i Table 1Xb. Roll performance for Class IV alrplanes
;l Time to Achieve the Following Bank Angle Change
y (Seconds)
f Level Speed Range Category A Category B Category C
30° 500 9090 900 3o0°
‘ VL 1.1 2.0 1.1
. L 1.1 1.7 1.1
M 1.3 1.7 1.1
. H 1.1 1.7 1.1 !
-.yj VL 1.6 2.8 .3 ]
? ) L 1.5 2.5 1.3 i
4 1.7 2.5 1.3
g H 1.3 2.5 1.3
f VL 7.6 3.7 7.0
5 5 2.0 3.4 2.0
2.6 3.4 2.0 i
g ‘ H 2.6 3.4 2.0 !
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3.3.4.1.1 Roll performance in Flight Phase CO. Roll performance for Class
IV airplanes in Flight Phase CO is specified in Table IXc in terws of ¢t for

360° rolls initiated at lg, and in Table IXd for rolls initiated at load
factors between .8n,(~) and .8n (4.

3.3.4,1.2 Roll performance in Flight Phase GA. The roll performance require-
ments for Class IV airplanes in Flight Phase GA with large complements of ex-
ternal stores may be relaxed from those specified in Table IXb, subject to
approval by the procuring activity. For any external loading specified in
contract, however, *he roll performance shall be not less than that in

Table IXe where the roll performance is specified in terms of ¢, for rolls
initiated at load factors between .8ng(-) and .81,(+). For any asymmetric
loading specified in the contract, roll conttol power shall be sufficient to

hold the wings level at the maximum load factors specified in 3.2.3.2 with
adequate control margin (3.4.10).

TABLE IXc. Flight Phase CO roll performance in 360° rolls
Time to Achieve the Following Bank Angle Zhange

Lo
[PRTTSE TR

et oo i e Sl e o ot A e —

(Seconds)
Level Speed Range 300 90° 180° 360°
VL 1.0
L 1.4 2.3 4.1
1l
1.0 1.6 2.8
H 1.4 2.3 4.1
VL 1.b {
1.3
2 1.3 2.0 3.4
H 1. 2.6 4.4
VL 2.5
3 In 2.0
1.7 3.0
H 2.1
107 .
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TABLE 1Xd. Flight Phase CO roll performance
Time to Achieve the Following Bank Angle Change

(Seconds)
[‘ Level Speed Range 300 50¢° 900 1809
;}i VL 1.0
L 1.1
1
1.1 2.2
H 1.0
i
i_ VL 1.6
; L 1.3
! 2
L 1.4 2.8
H 1.4
5
: VL 2.
1 L 2.0 !
3
b 1.7 3.4
| H 1.7
E |
‘ TABLE [Xe., Flight Phase GA roll pesiurmance 1'
3 Time to Achieve the Following Bank Angle Change
i (Seconds)
h Level Speed Range 300 500 900 1800 ]
1 ]
. VL 1.5 1
L 1.7
1
| M 1.7 3.0 {
t H 1.5
| VL 2.8
§ L 2.2
2
b M 2.4 4,2 !
: H 2.4
] J
b VL 4.4 i
L 3.8 i
3
3.4 6.0 !
H 3.4 |
i
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3.3.4.1.3 Roll response, Stick-controlled Class IV airplanes in Category

A Flight Phases shall have a roll response to roll control force not

greater than 15 degrees in 1 second per pound for Level 1, and not greater
than 25 degrees in 1l second per pound for Level 2, For Category C Flight
Phases, the roll sensitivity shall be not greater than 7.5 degrees in

1 second per pound for Level 1, and not greater than 12.5 degrees in 1 second
per pound for Level 2. In case of conflict between the requirements of
3.3.4.1.3 and 3,3.4,3, the requirements of 3.3.4.1,3 shall govern. The term
sensitivity does not include breakout force.

RELATED MIL-F~8785B PARAGRAPHS
3.3.4, 3.3.4.1, 3.3.4.1.1, 3,3.4.1.2, 3.3.,4.1,3 and 3.3.4.1.4
DISCUSSION

The roll requiremeuts for Class IV are extensively modified, although
the majority of the change is reorganization to allow better definition of
the intent of the requirements, The most obvious change is the division
of the Operational Flight Envelope into speed ranges with different require-
ments for the different speeds. This change reflects feedback that the
roll requirements were too stringent at the extremes of the envelope, whereas
the operational need for the performance was at mid-range speeds. In
general, the revision retains the MIL-F-8785B roll requirements in the
speed range 'M', with a relaxation in the other speed ranges for the
Category A Flight Phases.

The initial proposals for the speed ranges were defined using ASD
experience with the F~15 and F-16. At the 1978 Flying Qualities Symposium
the authors of MIL-F-8785C presented a modified definition of the speed
range (Ref. 29f). The suggested modification - to have the four speed ranges
as a function of load factor - was incorrect. The intent is to require a
certain roll performance at all load factors in an "opera.ionally useful"
speed range, as sketched. The problem then becomes on» of defining the
required speeds in a general way.

< H —
|
| Vv '(or M)

ri

|
|
1
|

For the final version of MIL-F-8785C, we returned to the definitions
proposed in Reference 28, We believe that these do represent the requirement
for superior roll performance at combat flight conditions. The procuring
activity should retain that philosophy in developing a system specification.
Also at the 1978 Symposium, Lockenour presented Northrop's suggested defi-
nitions based on the F-5E known performance (Ref. 29g). These recommendations
are repeated in Figure 26.
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! 87858 PROPOSED REVISION
SPEED RANGE

T

; SYMBOL EQUIVALENT AIRSPEED RANGE
VL Vg MIN <2\ < Vpgyps + 20 KTS

L Vmin + 20 KTS 5V < 2V8S

M 2Vg <1V < 0.7 Vpyax

H 0.7 Vpax < V < Vg MAX N

NORTHROP RECOMMENDATIUN

B e R

SPLED RANGE

] SYMBOL EQUIVALENT AIRSPEED RANGE

2

. VL Vo MIN <V <V, MIN + 0,1 AV

L Vo MIN + 0.1 AV <V <V MIN + 0.4 AV

) M Vg MIN + 0.4 AV < V < Vg MIN +0.7 AV
H Vo MIN +0.7 AV < V <V, MAX

WHERE AV =V  MA) -V, MIN

T e YT -

FIGURE 26, RECOMMENDED SPLED RANGE l')EFINI"l'IONS
TOR THE ROLL PERFORMANCE REQUAMKEMENTS (Ref 29),

REE S

b For a configuration with Vv, greater than Mach 2 the effect of these

: proposals would be to move' 'M' to supersonic speeds, whereas typical air-
to-air combat speeds are high subsonic. The original proposal is still used,
althcugh redeiined in terms of V, instead of stall speed. This was done
to avoid a potential difficulty w?%ﬂ very low vaules of Vg (see discussion of
the revision to 6.2.2). It may be that these definitions stiil do not cover

: all cases. It is emphasized that the proposed speed ranges should be tailored

g to the gpecific application. The intent is to provide sufficient roll man-
euverability to do the task at the normal speeds for :hat task, with a

relaxation permitted for speeds at which less maneuvevrability is normally

required. A task requirement such as discussed following 1.4 would then

take precedence over the requirements in this section. In line with these

speed ranges, the bank angle changes have also been modified to be compatible

with the speed at which the roll performance will be demonstrated.

. 2Bt e ot i ki . - BB

These relaxations at low speed are concessions to the difficulty of doing
better without adding excessive structural weight, actuator size, etc. We
do this reluctantly, and some misgivings remain. The result of a recent air
combat simulation (Ref. 88) show the single outstanding factor influencing
convergence and kill was high roll performance. This was a fixed-base sim-
1 ulation, however, and the results must be balanced against feedback that
: pilots may not be able to use such roll rates at extreme flight conditions.
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In another major change, the requirements are °~w more clearly applied
with respect to airplane load factor. Requirements for 360 degree rolls only
apply at lg, which agrees with cuirent requirments Ln the loads specifications.
At elevated load factors, the requirements are stated in terms of bank-to-bank
rolls through angles of 180 degrees or less. As stated in the requirements,
these rolls are to be initiated at load factors between .8, (+) and .8, (-).
These changes should make the roll performance more amenabl€ to flight ° test
demonstration.

The MIL-F-8785B, paragraph 3.3.4 requirement for roll control effective-
ness ''to balance the airplane throughout the Service Flight Envelope in the
! atmospheric disturbances of 3.7.3 and 3.7.4" does not appear in MIL-F-8785C.
i This change is associated with the revised treatment of atmospheric distur-
] bances in section 3.8, Requirements for use of the disturbance models.
Oir intent is certainit .ot to drop this roll effectiveness requirement,
bat rather to apply it in a broader context.

@ Roll Axis Orientation

The roll axis is not specified exactly. Its desired orientation varies
with. the pilot's intent: turns (or straightening out) to modify the flight
path, barrel rolls to slow down, a!leror rolls to start split S's, ...

The most frequent, usually most important we is the first-named, for

turn eatry or exic. With respect to the diraciivu of flipht, a roll axis
tilted up corresponds to adverse yaw (ncae lagg:ng the turn eutry) in sta-
bility axes; while a nose-down tiit indicates proverse yaw. Rolling about
any axis other than the flight path will generate sideslip, thus

exciting Dutch rcll motion or even departure from controlled flight at high
! angle of attack. Other studies have shown that a major contributor to

3 departure is the pa term in the side-force equation;

-

TR
[P ICIT T T

LY = aVy(B + r - pa)

p—"

~ and pa, is of course zero in stability axes.

ey

X At high angle of attack, however, the cockpit is higher above a flight-
path-aligned roll axis. The result is spurious responses to roll zontrol
inputs: lateral acceleration as in the C-5A, PF-15, etc; visual slewing of
a fixed reference point such as a runway threshold, which was troublesome
for the YF-16 at the pilot station. Kinematically;

Byl AN S

ﬁyp = Vo8 + T + hpp

Vp = VoB + Xpr + h

Sl kAT S

pD

PR

; Alsc, rolling about the flight path at high angle of attack creates a
4 flywheel effect producing an incremental pitching moment of IXZPZ'

3 All things considered, generally it appears best to generate and measure
the roll motion in stability axes, examining the results carfully at high
angle of attack, where the difference between body and stability axes is
greatest. In order to achieve the needed roll performance, it may be
necessary to accept some uncomfortable lateral acceleration.
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G. 3.3.4.2 ROLL PERFORMANCE FOR CLASS III AIRPLANES

REQUIREMENT

3.3.4.2 Roll performance for Class III airplanes. Roll performance in
terms of ¢ for Class III airplanes is specilied in Table IXf over the

R R S A

following ranges of airspeeds:
Speed Range Alrspeed Range
Symbol For Level 1 For levels 2 & 3
b (L) (2)
2 M 1.8 Viin £V L& 7 Vo 1.8 Vipin &2 V < .7 Vo
5 H .7 Vmax(z) & Vg Vomax 7 Vmax « V & Vmax
g {1) Or VOmin whichever ir greater

RELATED MIL-~TF-8785B PARAGRAPH

£ (2) oOr vy whichever is less

f max

i TABLE IXf. Class III roll performance

3 Time to Achieve 30° Bank Angle Chang

| (Seconds)

i, r ]

ﬁ Level Speed Range Category A Category B Category C

K :

{ L 1.8 2.3 2.5 ‘

i 1 1 1.5 2.0 2.5

' i 2.0 2.3 2.5

' L 2.4 3.9 4.0

i 2 2.0 3.3 4.0 f

i K 2.5 3.9 4.0 !

1 3

¢ 3 A1l 3.0 5.0 6.0 !
| !

!

1 3.3.4

-
PRI

S DISCUSSION

Class III roll requirements have also be~n redefined in terms of three /
speed ranges. The requirements have been relaxed at the outer speed ranges, !
except for Cateerry C. The basic requirements for vevels 2 and 3 have also

112
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have been relaxed somewhat form MIT-F-8785B:

Category B, Level 2: 30° in 3.3sec instead of 3.0
v Category B, Level 3: 309 in 5.0sec instead of 4.0
Category C, Level 2: 30° in 4.0sec instead of 3.2
Category C, Level 3: 300 in 6.0sec instead of 4.0

Reference 13 concluded from a '"review of roll control used in various
experiments...the roll control authority requirements...for Category C Flight
Phases are excessive for airplanes that do not have high sensitivity to cross-
' wind and turbulence. Data clearly indicate that there is an interaction
between the roll control authority and the amount of roll damping and roll
sensitivity to side velocity'. The data was primarily for Class II and III

airplanes.

s

Roll performance of the C-5A is shown in Figures 27a and 27 (from Ref. 7).
As can be seen, the airplane does not meet the specification, however, 'the
roll acceleration available was considered satisfactory by the Joint Test
Team on the basls of the offset landing maneuver, which was considered a
practical test of lateral-diiectional maneuver ability". In cruise, also,
the airplane was considered acceptable. Reference 11, on the other hand, ,
retained tha MIL-F-8785B requirements for application to a production AMST, i
Thus, although there is some justification for relaxing the Class IIT roll !
requirements, it must be done considering the aircraft mission and potential

operation.
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H., 3.3.4.3 ROLL CONTROL FORCES

REQUTREMENT

i 3.3.4.3 Roll control forces. The stick or wheel force required to obtain
] the rolling performance specified in 3.3.4, 3.3.4.1 and 3.3.4.2 shall be

¥ neither greater than the maximum in Table X nor less than the breakout
force plus:

a. Level | -- one-fourth the values in Table X

b. Level 2 -- one-cighth the values In Table X |

i ¢. Level 3 -- zero

E 3.3.4,4 Lincarity of roll response, There shall be no objectionable non=

i linesrities in the variation of rolling response with roll control deflection

: or force, Scnsitivity or sluggishness in resgponse to small control deflec-
tions or forces shall be avolded,

N -—

3.3.4.52 Wheel control throw. For alrplanes with wheel controllers, the
r wheel throw necessary to meet the roll performance requirements specified
‘ in 3.3.4 and 3.3.4.2 shall not exceed 60 degrees In either direction., For
| completely mechanical systems, the requirement may be relaxed to B0 degrees,

TABLE X, Maximum roll control force

Flipght Phase Ma x4 mum Muxd mum

Lovel Glass Category stick lorce Wheel Toree ]

(1b) (ib)
1 L, 11-C, 1V AB 20 40 !

¢ 20 20

L. - —

11-1, 111 AB 25 50
5 ¥ 25 25 :
2 1, 11-¢, 1V A B 30 60 !
¢ 20 20 1
-1, 111 AB 30 60 J
i
¢ 30 30 |
—— {
{
3 All All 35 70 :
|
i
|
! l
s 116 ;
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RELATED MIL-F-8785B PARAGRAPHS
3.3.4.2, 3.3.4.3 and 3.3.4.4
DISCUSSION

The requirements are unchanged; the wording has been chanped to roll
control, We would also add the clarification from Reference l1: The
requirement for lincarity of roll response from 3.3.4.3 1is to apply to the

commanded variable., Roll rate should be linear for a rate command system,
and attitude should be linear for an attitude command system,

11/
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’ I. 3.3.4.5 RUDDER-PEDAL-INDUCED ROLLS
| REQUIREMENT

: Deleted

5 RELATED MIL-F-8785B PARAGRAPH

3.3.4,5 Rudder-pedal-induced rolls. For Levels |l and 2, it shall be pos-
sible to raise a wing by use of rudder pedal alone, with right rudder pedal
force required for right rolls and left rudder pedal force required for

left rolls. For Level 1, with the aileron control free, it shall be pos-
sible to produce a roll rate of 3 degrees per second with an incremental

‘ rudder pedal force of 50 pounds or less. The specified roll rate shall be

% attainable from coordinated turns at up to + 30 degrees bank angle with the
airplane trimmed for wings-level, zero-vaw-rate flieht.

DISCUSSION

Qualitatively, there are valild reasons for this requirement, as repeated
from Reference 3:

"Rudder pedals are used for many different purposes. Although no list
of rudder pedal usape would be complete, some of the more important uses
are listed below,

T e vy e -

a. To perform a crosswind landing-cither employ a steady-rudder-pedal-
induced gldeslip or else a decrab maneuver,

b. To augment roll rate anywhere within the flight envelope,
- ¢, To ralse a wing when the pilot is busy with his hands, such as when
' taking a clearance.

d. For tvackiny, for example, in air-to-ground gunnery in a crosswind

or when acquiriusg tariets,
i ¢. PFor wing-cvers or other tactical maneuvers to obtain a rapid change
in heading or bank enle,

f. VFor cloge fovaustion flying.

vo  To lose altitude as in a4 "forward" sideslip or to improve visi-
billty, for example, a pilot landing from the rear seat of a tanden-seat
af rplane.

h. To counter yawire moments from propeller torque, speed or Mach
number change, asymmetric thrust or stores, etc.

i. To coordinate turn entries or steady turns,

J. To taxi".

The requirement in MIL-F-8785B directly addressed many of the above
toplca. ASD reports feedback ranging from 'three degrees per second is not
enough' to 'roll due to rudder is not required', indicating that some other
factors need to be taken into account. A tactical fighter requires man-
euverabliity over as wide a range of flight conditions as possible. At

Al o~ il S o o
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high angles of attack, ailerons either become ineffective or produce undes-
irable coupled motions, and roll due to rudder could be very beneficial,

By contrast, aithough item c above is particularly valid for single-geat
alrplanes 1t is not necessary for (multi-crew) transports. Uncoupled peda’
response (yaw without rolling) has been found more than satisfactory for
transport operation. In vesponse to item d above, CCV experience (Refere..c
89) has shown that a wings-level-turn mode is beneficial for air-to-ground
weapon delivery; and this could be mechanized through the pedals.

The preceding discussion raises some obvicus questions: is rudder-
pedal-induced roll a valid requirement? is 3°/sec enough or too much? should
a maximum value be specified? are the requirements a function of airplane
Class or task? Lacking answers to these questions the decisi~n was made to
delete the requirement completely. We can probably be certair that "negative'
roll due to rudder is undesirable, but the designer is encoursps:d to take
task and configuration variables into account in establishing and meeting
requirements in this area,

119
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J. 3.5.5.1 DIRECTIONAL CONTROL WITH SPEED CHANGE

REQUIREMENT

3.3.5.1 Directional control with speed change. When initially trimmed
directionally with symmetric power, the trim change of propeller driven
airplanes with speed shall be such that wings~level straight flight can

be maintained over a speed range of +30 percent of the trim speed or

+100 knots equivalent airspeed, whichever is less (except where limited

by boundaries of the Service Flight Envelope) with yaw-control-pedal forces
not greater than 100 pounds for Levels 1 and 2 and not greater than 180
pounds for Level 3, without trimming. For other airplanes, yaw-control-
pedal forces shall not exceed 40 pounds at the specified conditions for
Level 1 and 2 or 180 pounds for Level 3.

N1SCUSSTION

In order to riake a meaningful requirement, Amendment 1 specified that
wings-level as well as straight flight be maintained.

120
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K. 3.3,9 LATERAL-DIRECTIONAL CONTROL WITH ASYMMETRIC THRUST

REQUIREMENT

3.3.9 Lateral-directional control with asymmetric thrust. Asymmetric loss
of thrust may be caused by many factors including engine failure, inlet
unstart, propeller failure or propeller-drive failure. Following sudden
asymmetric loss of thrust from any factor, the airplane shall be safely
controllable in the crosswinds of Table XI from the unfavorable direction.
The requirements of 3.3.,9.1 through 3.3.9.4 apply for the appropriate Fl.ght
Phases when any single failure or malperformance of the propulsive system,
including inlet or exhaust, causes loss of thrust on one or more engines or
propellers, considering also the effect of the failure or malperformance

i on all subsystems powered or driven by the failed propulsive system.

DISCUSSION

The change to this requivrement is the addition of the phrase "in the
crosswinds of Table XI from the unfavorable direction". For all commercial
and peace-time military operations, takeoff procedures are planned on the
agssumption that an engine will fall, The intent, of course, 1s to ensure
safety by having the speeds and speed margins appropriate to the airplane
performance capabilities with a failed engine, Extending this to operation
in crosswinds, the takeoff is still plonned around an engine failure (and !
accoraing to Murphy's Luw it would be the most untavorable one that falled). !
The requirement has thus been stated to reflect this practice.

A
"Safely controllable'" means, in addition to having sufficient control i
, offectiveness, that 1t must not be necessary to sacrifice a required per- ;
r formance capablility, such as a c¢linb gradient with one or two englnes out,

‘n order to achieve controllability.

lH
3 Note also that both 3.3,9.1 Thrust loss_during tukeoff run and 3.3.9.2 1
N Thrust logs after takeoff state: “Automatic devices which normally operate

in the event of g thrust fallure may be used".

PSP
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L. 3.3,9.1 THRUST LOSS DURING TAKEQFF RUN

DISCUSSION

This requirement has not been changed. The opportunity is taken to
corrzct a typographical error in Reference 3's statement of the requirement.
An inadvertently omitted line has caused some confusion. The last two sen-
tences of the requirement are:

For the aborted takeoff, the requirement shall be met at all
speeds below the maximum takeoff speed; however, additional
controls such as nose-wheel steering and differential braking
may be used. Automatic devices which normally operate in the
event of a thrust failure may be used in either case.

"Either" refers to continued or aborted takeoff,

122
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3 SECTION VIII

r} STATEMENT AND DISCUSSION OF MISCELLANEQUS
X FLYING QUALITIES REQUIREMENTS (3.4)

3.4 MISCELLANEQUS FLYING QUALITIES

A, 3.4.1 Dangerous Flight Conditions

4
| REQUIREMENT
B
|

3.4.1 Dangerous flight conditions. Dangerous conditions may exist where the
E airplane should not be flown. When approaching these flight counditions,
t
3

it shall be possible by clearly discernible means for the pilot to recognize
the impending dangers and take preventive action. Final determination of
the adequacy of all warning of impending dangerous flight conditions will

be made by the procuring astivity, considering functional effectiveness and
reliability.

3.4.1.1 Warning and indication., Warning or indication of approach to a dan-
gerous condition shall be clear and unambiguous, Tor example, a pilot must
be able to distinguish readily among stall warning (which requires pitching
down or increasing speed), Mach buffet (which may indicate a need to decrease

speed), and normal airplane vibration (which indicates no need for pilot
action).

i

o cuoe T

4 3.4.1.2 Devices for indication, warning, prevention, recovery. It is

: intended that dangerous flight conditions be eliminated and the requirements

: of this gpecification met by appropriate aciodynamic design and mass distri-

o bution, rathe: than through incorporation of a special device or devices.

’ Such devices m v be used only if the procuring activity approves the need,

! the design criteria, possible Special Failure States (3.1.6.2,1), and the

; devices themselves. As a minimum, these devices shall perform their function
whenever needed, but shall not limit flight within the Operational Flight

i Envelope. Neither normal nor inadvertent operation of such devices shall cre-
3 ate a hazard to the airplane. For Levels 1 and 2, nuinance operation shall not
5 be possible. Functional failure of the devices shall be indicated to the pilot.

| e TR . 1: b A M s

P

DISCUSSION

% In Amendments 1 and 2, these requirements were expanded and rearranged to
v emphasize that:

Dangerous flight conditions should be avoided through design of the basic
airframe, if possible, rather than through "a special device or devices'":
stability augmentation, limiters, stick pushers, etc,

C rm M s el i HERA

— o

: Any such devices to be incorporated must be specifically approved by ;
; the procuring activity,

MIL-F-~8785C makes no further revisions.

GPOSEE Spy
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Dangerous flight conditions may occur at high angle of attacks, at
. transonic Mach numbers, as a result of system failures (e.g., flight control,
3 electrical, propulsion). In recognition of design trade-offs, the requirement
) is less than absolute in reliance on design of the basic aircraft. The pro-
b curing activity approval of other means will be based upon considerations
5 such as:

Performance and maneuverability benefits to be gained

Immpossibility or great difficulty of design changes or alternatives
to fix the basic airframe

" A ———

Importance of the dangerous conditions to primary, secondary and
possible alternative missions

Probability of encounter: a subjective evaluation of pertinent
mission requirements and failure probabilities

P A G 4 e A

Consequences of encounter: results of a comprehensive failure
mode effects analysis

P

b Operation of the device: 1its effectiveness, freedom from nuisance
operation and other undesirable side effects

O

Suitability of annunciation to pilot beforehand of inability
to perform its function

For stall, warning - rather than just indication of approach - is a
universally recognized necessity. On the other hand, an accelerometer or,
in low-load-factor airplanes, just bank angle and seat-of-pants give normally
adequate indication of approach to limit load factor.

Nuisance operation cannot be allowed to affect wmission capability.
Without knowing service usage, a designer camnnot assign a meaningful proba-
bility of nuisance operation.

R -

Regarding high angle of attack, there presently exist two schools of
thought for fighter aircraft. All people agree that for air combat a fighter
should be able to maneuver with abandou, as unconcerned as possible about
exceeding aircraft restrictions. To some this means capability to fly to
P extreme angles of attack with no fear of departure ‘from controlled flight,
while to others it means effective limiters to prevent departure, Character-
istics of the airplane one 1s involved with seem to influence which side one
takes - but no limiter should act as a stick pusher, trying to take the
stick out of the pilct's hand; pilots object. Inherent capability is encouraged
rather than devices which can subtract from the usable flight envelope,
be less than totally eff.ctive, or fail. Generally test pilots have found
ways to defeat limiters - fuirentionally or inadvertently. Complete safety
(given enough altitude) requires means to recover from any attainable flight
condition (see 3.4.10 discussion). For the F-16 this meant addition of a
special provision for recovery from a locked-in '"deep stall', even though an
angle-of-attack limiter "normally" would prevent getting into that condition”V.

i T R I RN TP - VP g
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Trensport airplanes can also have high-angle-of-attack problems. Rather
than relying on a placard or the flight control system, some transport designs
limit the aft center of gravity position to preclude a locked-in deep stall.
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As recounted in the discussion of stall requirements, unreliable stall warning
is thought to have been a factor in loss of some C-133 airplanes.

Voice warning shows promise, but has yet to be evaluated definitively
for stall warning. If sufficiently intelligible and timely, it has the
potential advantage of clearly, directly commanding the crew to take the
proper action.
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B, 3.4.2 FLIGHT AT HIGH ANGLE Or ATTACK

REQUIREMENT

3.4.2 PFlight at high angle of attack. The requirements of 3.4.2 through

3.4 2.2.2 concern stall warning, stalls, departure from controlled flight, post-
f stall gyrations, spins, recoveries and related characteristics. They apply at

b speeds and angles of attack which in general are outside the Service Flight

i Envelope. They are intended to assure safety and the absence of mission limi~
tations due to high-angle-~of-attack characteristics.

DISCUSSION

Interim Amendment 1 (USAF) coupletely revised the requirements at high
angle of attack, coordinated with the Air Force Flight Test Center's concurrent
, new stall/post-stall/spin demonstration requirements, MIL-S-83691. Reference 27
is background information and a user guide for that specification. These chauges ¥
v were the result of reawakened interest in the area, occasioned by numerous §
¢ aircraft losses. A large number of aircraft accident~ have been attributead to q
‘ loss of control at high angle of attack. and it was conjectured that many losses
! in Vietnam combat (with no evidence to determine a cause) might well be due to

the same cause. Whereas previous vequirements had concentrated on demonstration
‘ of acceptable stall and spin characteristics, the new requirements emphasize
. prevention of loss of control (departure) as well. All airplanes are covered
i with flight demonstration maneuvers and controi abuse appropriate to the Class
and mission. The requirements in this regime of nonlinearities remain largely
qualititive.

Amendment 2 changed many of Amendment 1's quantitative requirements
related to test anc evaluation techniques to qualitative statements, leaving
these details c¢f test and evaluation piocedures to MIL-S-83691 for the Alr
Force, MIL-D-8708 for the Navy. MIL-F-8785C makes no further changes.

As discussed in connection with 3.1.7, although stall and post-stall
angles of attack are outside the Operational Flight Fnvelope defined there,
nevertheless, these angles may be useful in combat operations. But even if
an airplane will never intentionally be flown past stall warning, operators will
have a natural concern about inadvertent penetration of this boundary. It is
essential both to give adequate design considcration and to demonstrate flight
characteristics at high angle of attack.

The means of demonstrating compliance will change with the stage of the
i . design, as for all the flying qualities requirements - progression from rules
v of thumb through wind-tunnel testing and analvsis of various kinds to flight
demonstration. Since flight testing at high angle of attack has produced many
surpriscs in the past, the flighu program should (a) be planned carefully and
! (b) push the airplane to the limit allowed by flight safety considerations,

b i search.ing for any vroblems before they are found inadvertently in service.
Generally it has been observed that during the life of any alrcraft type, any
motiou that can possibly happen will.

W . Kbt o badh o A e ¢ i AT ekt sianin s wa b E, Nt it el i . e

These requirements remain largely qualitative, therby furnishing little
direct desig . guidance. [Lhis approach reflects both the complexity of this

essentially nonlinear problem and the continuing status of high-o design as
‘ perhaps more artful than scientific.
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C. 3.4.2.1 STALLS

REQUIREMENT

3.4.2.1 Stalls. The stall is defined in terms of airspeed and angle of
attack in 6.2.2 and 6.2.5 respectively. It usually is a phenomenon caused
by airflow separation induced by high~angle-of-attack but it may instead
(3.1.9.2.1) be determined by some limit on usable angle of attack. The stall
requirements apply for all Airplane Normal States in straight unaccelerated
flight and in turns and pull-ups with attainable normal acceleration up to
n;,. Specifically, the Airplane Normal States associlated with the configura-
tions, throttle settings, and trim settings of 6.2.2 shall be investigated:

also, the requirements apply to Airplane Failure States that affect stall
characteristics.

3.4.2,1.1 Stall approach. The stall approach shallbe accompanied by an
easily perceptible warning. Acceptable stall warning for all types of stalls
consists of shaking c¢f the cockpit controls, buffeting or shaking of the
airplane, or a combination of both. The onset of this warning shall occur
within the ranges specified in 3.4.2.1.1.1 and 3.4.2.1.1.2 but not within the
Operational Flight Envelope. The increase in buffeting intensity with further
increase in angle of attack shall be sufficiently marked to be noted by the
pllot., The warning shall continue until the angle of attack is reduced to a
value less than that for warning onset. At all angles of attack up to the
stall, the cockpit controls shall remain effective in their normal sense,

and small control inputs shall not resuit in departure from controlled flight.

Prior to the stall, uncommanded oscillations shall not be objectionable to
the pilot.

3.4.2.1.1.1 Warning speed for stalls at lg normal to the flight path. Warning
onset for stalls at lg normal to thie flight path shall occur between the fol-
lowing limits when the stall is approached gradually:

Flight Phase Minimum Speed for Onset Maximum Speed for Onset
Approach Higher of 1.05Vg or Higher of 1.10Vg or

Vg + 5 knots Vg + 10 knots
All other Higher of 1.05Vg or Higher of 1.15Vg or

Vg + 5 knots Vg + 15 knots

3.4.2.1.1.2 Warniug for accelerated stalls. Onset of stall warning shall
occur outside the Operational Flight Envelope associated with the Airplane
Normal State and within the following range of percentage of lift at stall

at that airspeed, in that Airplane State, when the stall is approached
gradually:

Flighv Phase Minimum Lift at Onset Maximum Lift at Onset
Approach 82% CLstall 907% CLstall
411 Other 75% CLstall 90% Clgeall
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3.4.2,1,2 Stall characteristics. In the unaccelerated stalls of 3.4.2.1,
the airplane shall not exhibit rolling, yawing, or downward pitching at the
stall which cannot be controlled to stay within 20 degrees for Classes 1,
II, and II1, or 30 degrees for Class TV airplanes. It is desired that no
pitch- up tendencies occur in unaccelerated or accelerated stalls. 1In unac-
celerated stalls, mild nose-up pitch may be acceptable if no pitch control
force reversal occurs and if no dangerous, unrecoverable, or objectionable
flight conditions result. A mild nose-up tendency may be acceptable in accel-
erated stalls if the operational effectiveness of the airplane is not com-
promised and:

a. The airplane has adequate stall warning

b. Pitch effectiveness is such that it is possible to stop the pitchup
promptly and reduce the angle of attack, and

c. At no point during the stall, stall approach or recovery does any
portion of the airplane exceed structural limit loads.

The requirements apply for all stalls, including stalis entered uabruptly.

3.4.2.1.3 Stall prevention and recovery. 1t shall be possible to prevent
the stall by moderate use of the pitch centrol alone at the onset of the
stall warning. It shall be possible to recover from a stall by simple use
of the pitch, roll and yaw controls with cockpit contr.:l forces not to
exceed those of 3.4.5.1, and to regain level flight witout excessive loss
of altitude or buildup of speed. Throttles shall remain fixed until speed
has begun to increase when an angle of attack below the stall has been
regained unless compliance would result in exceeding englne operating
limitations. 1In the straight-flight stalls of 3.4.2.1, with airplane trimmed
at an airspeed not greater than 1.4Vg, elevator control pcwer shall be suf-
ficlent to recover from any attainable angle of attack.

3.4,2.1.3.1 One-engine-out stalls. On multi-engine airplanes, it shall be
possible to recover safely trom stalls wiih the critical engline inoperative.
This requirement applics with the remaining engines at up to:

Flight Phase Thrust
TO Takeoff
CL Normal climb
PA Normal approach
WO Waveoff

DISCUSSION

It is appropriate to apply these safety-velated requirements at all
attainable load factors up to nj; although some manufacturers of very large
aircraft have objected that 1.5g is a more reasonable limit for flight test
there 1s no safety reason to so limit analysis or simutation., Amendment 2
also exchanged the arbitrary upper limits on stall entry rate for more gen-
eral application to include "all stalls, including stalls entered abruptly",
throughout these requirements. For stall prevention, Amendment 1 specified
"elevator control alone: - a simpler, natural and more universal usage than
MIL~F-8785B's " the controls".
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Stall classically corresponds to maxjmum lift coefficient, that is, Cp, =C;
but other accepted indicators of stall or maximum usable 1ift are uncommanded
motion in pitch, roll or yaw and intolerable buffeting. Consonant with
deletion oi specific rules for establishing the Permissible Flight Envelope,
MIL-F-8785C deletes mention that Vg and «g may be set by condltions other
than aerodynamic flow separation. Although the contractor may set the low-
speed bound of the Permissible Flight Envelope arbitrarily, there 1s no need
to state that here. (Regardless of the boundary location, we would expect
full stalls to be demonstrated 1f attalnable). Note thuat according te 3.4.1.1,

the contractor must provide adequate warning or indication of approach to any
dangerous flight condition,

If a control limit sets minimum permissible speed of a basically stable
alrplanc short of stall warniug, no minimum-speed warning may be necessary.
But where landing approach gpeed 1s restricted because of inability to make
altitude corrections, at least some indication - 1f not warning - should be
given. Any such limitation must, of course, be taken into account in setting
the airspeed for compliance with performance requirements. While the flying
qualities specification puts no requirement on amsneuver capablility at approach
speed, the normal margin from stall speed has been found to be generally
b, adequate, allowing for normal bleedoff of alrspeed at n

74\ .

g

As 1in MIL-F<8785H8, stalls are congidered for Airplane Normal States and
h also for Airplane Failure States that affect stall characteristics., 1f a

‘ stall-warning device fails, 3.4.1.2 requires fadlcattion to the pllot, who
then can exercisce caucion,

g The unchanged requirement that throtilles remafn fixed untll the airplane
has become unstalled and alrspeed has begun to Increade reflects pilots' con-
cerns, For a sudden, inadvertant stall, the alarm and workload - mental and

Y

i
" physical - likely will be proportioned to the danger, so the need for coor-
b dinated control actlon to recover should be mintmized, with "[irst things
L firust",

il ol

!

l’ Interrelation among the varlous aspects of stalling 1« 11lustrated by an
g investigation into the disappearance of saoveral heavily loaded €-133 airplanes
: on long over-water flights. Natural stall warning was fnsufficlent, and the
} artificial warning so unrellable that it was routineiy disconnected., Wing
drop at stall was severe, becoming worse as throttles were advanced -
although during development flight testing, stoll tests with power on were

2 limited. For maximum-range crulsce, procedure was to climb as close as

: possible to the absolute ceiling, which put the afrplane close to stall., Tt
was, therefore, conjectured that Lhe alrplanes lost control at this {light
condition and were unable to recover,

‘ In normal cperation, a pitch damper (augmenting M ) may even be desta-
; Lbillzlng beyond the stall. This trend may be seen by writing the longitudinal

characteristic equation (valid in this nonlinear reglon as a quasilinear solu-
tivn for small perturbstions) as;

s . , .
% A= st - (Zyy + My + Xu)sj t[-My + X Gy + M) - XwZquz + (X, My = MuRg +

g(My + ZyM)) |s + g(MyZy = ZyMu) - qu[52 =~(Zy + Xw)s + (XyZw - 2uX%y) ]
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For sutficiently negative Chu’ Zw 18 positlve, so that the MqZy terms,
Mqu s(s = Xy)

are negative, therefore destabllizing |7, = -(C,, + Cp)rvs/am].  Obviously,
normal-accel aration feedback also loses effectiveness and even becomes
destabilizing as #, diminishes and changes sign.  Thus an ny—command system
will actually induce a stall,

1n normal operation, » pliteh attitude signual to the stability and control
augmentatlon alvo loses fts stabilizing effectiveness at or ncar the stall, If
augmentat fon completely suppresses the pltehing mottion, the threc=degrev=of-
freedom longltudinal equations reduce to two!

H—Xu -Xw l.l - Xa ¢ le

f - w}'
sl
ST TR I “ |

from which the charact vistle  equation s found to by

s or(1/20)(er, 3 o+ vt

}] 9,2 2 2 .0 ' - {h ‘

l“)H +(1/2\ X(.I, 0T 4+ Gt (,,)“) =
Ordinarily Zy {8 overpoweriag, with the well<known result that two real rootd
are given by

VTy, =X + DXyl
Uty =ty

But at stally ¥y Is smalle There, large G ocan result In destablilaing
the motiont at constant attltude, o decrease in alvdapeod causes o steeper
desconty at the higher angle of attac, drag e loercasded enough to loreo o
further slowdown,

Anothier obvious examvle of possible destablltzation through normal
operat fon of the stabllicy augmentat fon sywtom, mentioned in Ret, 3, {8 roll
rate feedbuck to allerond: alleron defledtion hitonded to dnercase 14t on
one dide may actually canse that wing to stell, and adverse aileron yaw may
promote a yawing divergence, Additioaally, ¢ alloron deflection fnto a
spin Is needed {or recovery, a roll duamper wou'd tflght spin recovery.

These examples show the need for careful covalderation of Afreraft
Normal States. As discussed under 3.4.1.2 the aprleation vo Adreraft
Fatlure States s fntended to foree carveful consid-ration of faflure possi-
billties and consequences, not necessarily to prohib it compliance by means
of the flight control system. Not all significant failures are electronie
in natures Referonce 3, for example, mentions the dlsadterous effect of o
stuck slat on one side. 1In each cage the procurivg acvtvity will need to
welgh tradeoffs In deciding whether or not to grant a Spoclal Faflure State.
Given the dIifficulty of accurate early analysis, such provlems may not be
found until later ou, when chanping the destign of the basi: airframe has
become exceedingly costly.
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: Amendment 2 changed the terms of the warning cange Ter accelerated
¥ stalls from angle of attack to 14ft coefflclont, Accordlog to Ref. 3

Augle of attack, rather than load factor, was used ag tbe stall-
.. warning reference...because some anlrplances at certain V1igat con-
5, ditions exhibit a rather wide range of angle of attack wver

§ which the lift coofficient changes relatively Littts. Stuold

. warning loses {ts {mpuct and interfoeres with mancuveric. 16 it

! oceurs at an angle of attack too far below the stall, a« dan

been demonstrated on current oporational alrplancs.

Nevertheless, objections were rafeed that liacar 1t curves up to the atall
are the exception rather than the rule, and !be rvequiremen’. hould be com=
patible with the 1y stali warning vequirement. Actually, te. much more mans
ocuvering capability remafns at these 10t coefficelontst 1,15 Yy corrvesponds
to 0032 margin from compleote stall, 1,0% Vg to 00104 margin: thivse marging
would bae loss L alrdpeed blecdoff iy consldered.  The nereessd anglo=of=
attack margln also provides wore timely warnlug when the statl $w approachied
abruptly, as 1s common {n maneuvering.,  Although not meotfoned 2o tho raquires-
ment, u piteh rate signal aluao could be added to tripper arsdfical stall
warnlung sooner fu abrupt maneuvers (Soused angle=ofoartack cate, aince t
would fuclude gusty, 1tkely would be too nolay a signaid.  Inoany case,
occadfons will arise whon maximum alrptone LIEC capabt ity s neodod.
Theorefore, fL 14 desirvable that warning, whother nataral buttet ing or other,
fnerease {n dutensity as the wiall Lu approached.  Sach a vartatlon has been
found helpful in gaglng proximity to stall,  The presont wordlug vequives such
varlation (o intensity only for bultet, Anothor posstbiedity 1o that buflet

at o somewhat higher angle of attack may supplomen’ other warning,

e

Estdmat lng the onset of natural stall warndng o diyTewlt hotore flight,
In Judging adegnaney, all thene factors should be kept fon mind,

e

Avcording Lo some gourcod, a 5% marpgin botweon warning and stall dpoeed
may not be wufticfent, The marpin neoded fnoa funetlon of the clarity and
digtinctiveneas of warning, the severity ob atall and difHiculty of recovery,
- and the oxpoected low-speod mancuvering, The 5% maglwum speod warpin avolds

pramature warning which mipght be disvegardod, an well an allowing maneuver ing
f up to 75% of maxtmum usable 1M before the warning,  Reduct fon from 1% to
L0% for approach {n o concessfon to carvior and aanault-type Tandingn, which
utilize a relatively low nominal atrvapeed; pllots are expectod to wateh
afvspecd rather closcely on appronch,

{ Amendment 2 clavitied that the anpular exeursion llmltu“ut utall apply
for ptloted control, not just controls=fixed. The 209 or 307 Limits are on
f the amount of attitude chanpe at stall, Reference 91 points out that canes

exlst 1in which a pllot's attempts at stablllizatfon do not help, but actually
tnduce {nstability. For the A-7, acvodynamic coupling between ltongitudinal
g and lateral-=directional motlons while safdeslipping ts shown to be the cause.
While sideslip s not specifically mentfoned [n these requivements, it pro-
bably should bej some sideslip {8 common, even unavoldable at high angle of
attack. Alrplanes seldom even have a decent zero-sideslip reference,

—

TR T —-

Angular excursions in excenn of the 209 or 30" timlt would be consldered
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to be "departures', and the requirements for departure resistance, cher-
acteristics and recovery would then apply.

Control effectivencss geanerally tends to diminish at extreme angles of
k attack., Some alrplanes in recont times have encountered e stable trim con-
dition in the post-stall rogion, with too little control effectiveness to
break out and recover to unstalled flight. This has oceurred with trans-

: port (e.g., BAC-111) and executive (e¢.g.,, Hansa Jet) aircraft as well asg
j fighters (v.g., F=16), 1f wind-tunncl tests are extended to such high {nci-
; dence, the results may be erroneous or thaey iy not be believed., The pos-

gibility of such a stable deepstall condition must be precluded by design
as much as possible. Refervence 92 documents one example of an aerodynamic
design solution. For transport and other low-maneuverability aircraft (in
general, those not to have a flight spin demonstration) one might expect
demonstration of compliance to stop short of post-stall flight test. The
discussion of 1.4,10 considers other aspocty of this problem,

pe S

Interim Amendment 1 limited uncommanded oscillations such as wing rock
prior to stull to + 10 degrees bank, + 2 degrecs in sideallp and piteh
attitude, For Amendment 2 1t was thought that such Yimits were too defindtive
for the state of the desigh art. Instead, such osclllations are not to
’ "be objectivnable to the pilot'.

. e —— T

Amendment 1 modified, and Amendment 2 made wore speeific, the thrust
" lovels for one=engine-out untalls., The intent {8 to apply the requirement
: at thrust settings likely Lo operatjonal use. Throttling back for recovery,
" in the manper deseribed in 3.4.2.1.3, {8 allowed.

kb |
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] Do 3.4.2.0 POST-STALL GYRATLONS AND SPINS
F REQUIREMENTS
;.

3.06,2.2 Post-stall gyrations and sping.  The post-stall gyration and spin
requirements apply to all modes of mot {on that can be entered from upsets,
decelerations, and extreme maneuvelr appropriate to the Class and flight
ﬁ Phage Catepory. BEntries from tnver d flight shall be included for Classes 1
and 1V atrplanes,  Eatry angles o attack and sideslip up to maximum control
capability and under dynamie €1, ,nt condlitiony are to be included, except
s limfted by structveral considerations, PFor all Clusses and Flight Phuase ;
Categordies, thrust sottings up to and including MAT shall be {included, with |
and without one eritical engine inoperative at entry. The requirements hold !
for all Aleplane Normal States and for all states of stability and control |
augmentation syrtemy, except approved Special Faflurve States.  Store release l
shall not be allowed during loss of control, aplu or gyratlon, recovery, or ‘
subsequent dive pull=out,  Aulomatic dlsengagemont of aupmentat lon systems,
A however, {a permlssible 1t s nocossary and does not prevent mecting on.

other requirementsy re-engagement. shall be posaible In flight followinyg
rocovery.,

34020200 Doparture From controlled, flight. AL Classes of alrplanes shall

be extromely roslstont to dupnttulv Trom controlled light, post-stall pyra-

tlona, and aplus, The ateplane shall exhibit no uncommanded motion which

cannot be arvested promptly by stwple application of ptlot control, 1n addi-
thon, the procurl g activity may desipnate that corvtabn tralnbong afvplanes

1 shall be capable of a developed upln and consintont recovory,

Yoh0202,02 Recovery, from post=stall gyrarlong and spine.  For alrplanes which
: aveording Lo MIL=A=8851 must be phructurally deslignod For sploning, the fol- 1
lowlng, roqui rements apply.  The proper recovery technique(s) must hu readily
ancertatnable by the pilot, and slaple and casy to apply under the motlons
cncountorod,  Whateover the motlons, safe, conslatont recovery and pull=out
shatl bo posnthlo without oxeooding the control torces of 3.4.501 aud without
excooding rtruvtural Llwltatlons, A slaple teelmique shall provide prompt
rocovory from all post=stall pyratfons and Inelplent aplus, without requliring
the pllot to determine the direction of motlon and without tendeney to develop
A oaplu, The wame tochnlque ued o recover from post=stall pyrations and
fnetplont apinn, or at deast a compatible one, (o also derlred for spin
! recovery,  For oall modon of wpin that can oceur, these recoverfes shall be
attalnable within the nambor ot turng, measured from the Inftliatlon of
recovery action speciilod ag follows:

gy

DRSS P

Glaan Flight Phane Turna_for Recovery )

| Catopory A, B J-1/2 !

] i ] 1

Othor Classod 'A 1 ,

Other Clasdey A& B 2 ]

1 Avoldance of a apin reversal or an adverse mode change shall not depend upon %
proclye pilot control timing or deflection, 1t is desired that all airplanes

be readlly recoverable from all attalnable attitudes and motiows, The post-

!
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gtall characteristics of those airplanes not required to comply with this
paragraph shall be determined by analysis and model tests.

N T T

DISCUSSLON

Amendments 1 and 2 Lincorporated successive refinenents to consideration
of departure (other than conventional stall, from which immediate recovery
has been required all along), post-stall gyrations and spins, A key item is
entry attempts from upsets and extreme mancuvers appropriate to the Class
and Vlight Phase, A complete enumeration of thaese entry conditions 18 impos- I
sible; but MIL-85-83691A Table 1 gives current guidance, which is amplified by '
‘ discugsion in ref, 27. MIL-5-83691A's defiuitions of departure susceptibility
f and resistance arc pertinent here:

|
|
i 6.3.13 Extremely susceptible to departure: departure from l
: controlled flight will generally occur with the normal applica- \
tion of piteh control alone or with amall roll and yaw control
Luputs,

% 6,3.14 Susceptible to depurture: departure from controlled

: flight will generally occur with the application of brief mis-
application of pitch und roll and yaw controls that may be antice-
ipated in oporational use,

0.3.15 Resistant to departure: departure from controlled flight
will ouly ovceeur with a large and reasonably sustained misap-
plication of plteh und roll and yaw controls.

‘ 6.3,16 Lxtremely resistont to departures departure from con-
trolled f1light can only occur after an abrupt and inordinately
‘ sustained application of gross, ubnormal, pro-departure controls.

e T

It 18 {un this context that we require airplunes to be extremely resistant

to departure, Wenote such recent extremes in inducing depurture during
flight=tesy as full agymmetric thrust (F-18) and whatever it takes to defeat
flipht control system departurce-prevention measures, But flight testing with
g4 gtall limiter turned off is uncommon.

-t

Prior to Amendment 1 there had been no genceral requirements on poste-
stall gyratlons, as distinguished from spina, MIL-F-8785B had only a ref-
erence to the then-current gpin demonstration requirements of the Alr
Force (MI1-8-25015) and the Navy (MIL-D~8708). For airplanes to be d4pun,
MIL~-8-25015 required ready recovery form inciplent and fully developed
(5-turn) spins - except l-turn spins for landing, 2 turns inverted. MIL-F-
87858 Amendment 1 kept the MIL-S-25015 numbers of turns for spin recovery and

1 added more bounds on altitude loss during recovery. The Class I requirements
] are simllar to those of FAR Part 23 for the Aerobatic Category. Amendment 2
deleted all altitude bounds, on the premise that wing loading and dray are
get by other consideration, leaving only turus for retovery to determine
altitude loss, and that thcae bounds on turnd for recovery could not ri:ason- ;
ably be reduced further. Amendment 2 also deleted o number of Amendment 1l's
"specifics'" on departure techniques, as wall as an Amendment 1 requirement for
the start of recovery to be apparent within 3 seconds or one spin turn. Those

T e
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specificstion features indicated desirable tests and characteristics, but
added considerable detail in areas where design capability is lacking., That

material is felt to be more pertinent to a flight demonstration specification
such as MIL-S-83691.

A '"panic button'" which will slways command the right recovery procedure,
or display of proper recovery action, can be helpful in confusing situations.

An important addition in Amendment 2 is the requirement to determine by
other means the post-stall characteristics of alrplanes which will not be
flight tested in that regime. For Class 11 and III airplanes, flight demon-
stratlon generally will stop short of all-out attempts to induce departure;
control abuse will be scaled appropriately to aircraft missions. Never-
theless. repeated experience has shown the value of '"what happens 1if" infor~
mation in the Pilot's Handbook and the best possilile assurance of the lim-
itation of uny catastrophic possihilities. Analyses, wind-tunnel and spin-
tunnel testing ave wuarranted even for large transport and bomber afrcraft
that will never be spun intentlonally, even in flight test,

Although store roluease has at times been a standard part of gpin recovery
procedure (e.g., ¥=105) it has also been cautionad against (e.g.. VF=104).
GI'E racks may not be stressed for the loadr enzounterad in a gping conversely
the stores may hit the airplane after release. Algo, in emergencies the stores
might hit friendly people or cause excessive, unwuated damage on the ground,
and n lot of storus would be used up in the demonstration., Therefore, Amendment
1 gpecifically prohibited store release for recovery.

As pointed out in Reference 116 and 117, coupling between longitudinal and
lateral=directional motion can precipitate loss of control. Refercence 116 dig=
cusgern the basic phenomenon in controls-fixed flight; Refoerence 117 gives a
simplified analysis method using only static stability derivatives., Referonce
91 shows an cxample application, and as indicated in the stall discussion ulso
polnts out the possibility of closed=loop instability of the coupled longi-
tudinal and laterul-directional motions when the pllot attempts to maintain
control in pitch. These references emphasize the importance of consldoring
nonzero-sideslip initial conditlons. A number of references (o.g. Ref. 118)

also clte the possibility of lnrge yawing moments at zero sddeslip, caused by
asymmetrice vortex shoedding off{ the nose,
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;- E, 3.4.3 CROSS~AXIS COUPLING IN ROLL MANEUVERS

) REQUIREMENTS

3,4.3 Crogs-axis coupling in roll maneuvetrs. For Class I and 1V airplanes in

yaw-control-free, pitch-control—fixad. maximum-performance rolls through 360
degrees, entered from straight flight or from turns, pusi.overs, or pullups

L ranging Og to 0.8 np, the resulting yaw or pitch motions and sideslip ot angle

; of attack changes skull ned ther exceed gtructural limits nov cause other

dangerous flight conditions such as unconkrollable motions or roll autoro-~

¢ tatlon,

2 e —

During cowbat-type maneuvers involving rolls through anglee up to 360
degrees and rolls which are checked at a glven bank angle, the yawing and
pitching shall not be so severe as to impair the tactical effectiveness of the
mancuver, These requirements define Level 1 and 2 operation. For Class (1l
aud ULT airplanes, these traqul rements apply in rolls through 120 degrees and

rolls which are checked at a glven bank angle.

DISSUSSTION
new. title, more descriptive than MLL~F-

87858's “Roll-pltch~yuw coupling. Note that frem here to the end of section
3,6, MIL-k-8785C renumbers paragraphs that oxe otherwige unchanged, because

of {tg reorganization of the preceding materiak,

e e

This paragraph has been given a
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F. 3.4.4.1 CONTROL FORCE COORDINATION

REQUIREMENT

3.4.4,1 Control force coordination. The cockpit control forces required to
perform maneuvers which are normal for the airplane should have magnitudes
which are related to the pilot's capabiltiy to produce such forces in
conbination, The following control force levels are considered to be limiting
values compatible with the pilot's capability to apply simultaneous forces:

Typs_Control Pitch Roll Yaw

Side-stick or 50 pounds 25 poundg

Center-stick

Wheel 75 pounds 40 pounds

Pedal 175 pounds
DISCUSSION

The only change of subgtance is to indicate that for side-stick controllers
the force needed to perform normal maneuvers has the same numerical limits
as for a center stick, That difference in hand position should not greatly
affect pilot capability.
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G. 3.4.10 CONTROL MARGIN

REQUI REMENT

3.4.10 Control Margin. Control authority, rate and hinge moment capability
o shall be sufficient to assure safety throughout the combined range of all

i attainable angles of attack (both positive and negative) and sideslip. This
requirement applies to the prevention of loss of control and to recovery

from any situation for all maneuvering, including pertinent effects of fac-
tors such as regions of control-surface~fixed instability, inertial coupling,
fuel slosh, the influence of symmetric and asymmethric stores (3.1.4), stall/
post stali/spin characteristics (3.4.2 through 3.4.2.2.2), atmospheric dis-
turbances (3.8) and Airplanes Failure States (3.1.10.1 and 3.1.10.2; maneu-
vering fljight appropriate to the Failure State is to be included). Consider-
ation shall be taken of the degrees of effectiveness and certainty of oper-

| ation of limiters, c.g. contrel malfunction or mismanagement, and transients
: from failures in the propulsior, flight control and other relevant systems.

T K Py e e

RELATED MIL-F-8785B PARAGRAPH

!

b None.
l\

; DISCUSSTON
l Relaxed static stability, direct force control and other ''control con-
., figured vehicle" (CCV) or "active control technology' concepts are gaining
! acceptance, They promise attractive mission performance benefits, while
impressive gains continue to be made in reliability of stability augmenta- %
tion. Therefore, we have allowed for trade-offs involving static insta- ]
bility and alternative control modes. To that end the requirements for

b control-gurface-fixed stability have been deleted from 3.2,2.2 and 3.3.1.1.

’ Also, the role of atmospheric disturbances is explicitly specified by the new

requirements included iu 3.8,

RET

kR M et 5 _ -

Whatever the cause, control saturation can be catastrophic in a
basically unstable airframe. Then control deflection for recovery, whether
commanded by thepilot or automatically, is just not available. This differs
from the stable case, in which if the deflection limit is reached for trim
full control authority is available for recovery. Cnntrol rate limiting
can also induce instability if the basic airframe is unstable, Paragraph
3.4.10, together witk the related changes mentioned, is intended to require
full consideration of all the implications of relaxed static instability
and other CCV concepts. It is well known that hinge moments can limit both
deflection and rate of contrul surfaces. When using a surface for control in
i two axes, as with a horizontal stabilizer deflected symmetrically for pitching
g and d fferentially for rolling, priorities or combined limits must be set to
assure safety. For the F-16, the full nose-down control put in by stabilitv
augmentation has to be overridden in order to rock out of a locked-in deep
E; stall. Also, aerodynamicists sometimes have to remind control analysts
: that control surfaces themselves stall at an incidence somewhat less than
909; and if control is supplemented by thrust vectoring, for example, one must
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consider the control force or moment available in normal operation, the effect
on forward thrust, and the possibility of flameout. All the possible inter-
actions of active control must be taken into account.

In considering how much margin or control should be required there is
c no general quantitative answer, but it
: e L is possible to enumerate some cases to
A ARr oo o - consider, Certainly there should he

2 Luw,rc I:L'T“ sufficient control authority to pitch

RN the airplane out of any trim point to
C}n ) \ lower the angle of attack from any
! attainable value. That is, with full
o nose~down tontrol the pitching moment
iy 4 ﬁhy“ﬁééa— should be at least a little negative
; DOWN CoNTROL at the most critical attainable angle
of attack, for a center of gravity on
. the aft limit and nominal trim setting. '"Attainable angle of attack" is
i ancther issue in itself; but lacking intolerable buffet or a limiter effective
in every conceivable situation, angles to at ieast 90° should be considered.
Encountering the wake vortex of another alrcraft can oe an extremcly upsetting
experience, These encounters are not uncommon in practice or real air com-
bat, and also may occur in the terminal area and elsewhere; prediction is
difficult. Other atmospheric disturbances can be severe too: jet streams, }
storms, wakes of buildings, etc.

e e

I e T

The amount of control capability at extreme angles of attack, positive
and negative, must be enough to recover from situations that are not otherwice
catastrophic. Avoidance of a locked-in deep stall has been known to iimit
the allowable relaxation of static stability. Also, control must be sufficient )
to counter the worst dynamic pitch-~up tendency below stall or limit angle '
of attack. Propulsion and flight control system failure transients must be
i considered, along with possibly degraded control authority and rate after
{ failure. Fuel system failure or mismanagement must be allowed for.

T T AT T s

The flight task will dictate some minimum amount of nose-down control

| capability., Air combat maneuvering certainly imposes such a requirement, and
P so do terminal-area operations. Then, there should be some capability to

L counter atmospheric disturbances while maneuvering and center-of-gravity
movement due to fuel glosh wihile accelerating or climbing, stop rotation at
the take-off attitude, etc. f

WTRELTRE AT SN ST T S

The trange of maneuvers considered should account for both the stress of
combat and the range of proficiency of service pilots. For example, in 1919
: the British traced a number of losses of unstable airplanes to control _
- authority insufficient to complete a loop that had got flattened on top i
(Ref. 93), Thus nose-up capability at negative angles of attack cen also
be important. For CCVs as well as conveniional airplasnes, limiters can help
greatly but their effectiveness and certainty of operation need to be cun-
sidered. Spins attained in the F-15 and F-16 attest to the possibility of :
! defeating limiters. Reference 91 describes the A-7 departure boundary's i
. closing in with increasing sideslip angle; angular rates also affect
E departure boundaries. Rapid rolling sometimes creates inertial coupling

S
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which can put great demands on pitch control. And the transients that propulsion
or flight control system failures might cause must be considered as well as
' gusts and wind shear, Spin/post-stall gyratioan susceptility and charactex-

4 istics will be affected.

External stores change both center of gravity and pitching morment (Cmo
and Cmu). Experience with past aircraft indicates a firm need to allow some
margin to account for unforesecn store loadings. With relaxed static stabil-
ity thic can determine not osnly the safety, but the possibility of flight
with stores not considered inm the design process.

2o -

Uncertainties exist in the desigr stage. Nonlinear asrodynamics, par-
ticularly hard to predict even from wind-tunnel tests, are almost certain
it to determine the critical conditions. The center of gravity, too, may not
come out as desired. And in service the cg location is only known with
There aie alsoc possible malfunctions and mismanagement

limited accuracy.
in fuel usage to consider. We have even seen recent cases (e.g., F-111 and
Aeroelas-~-

F-16) of misleading wind-tunnel results on basic static stability.
ticity and dynamic control effectiveness (e.g., F-15) can also reduce control

f margins,

e ol

e

?' In addition to conventional control modes, a CCV's direct force controls
g can offer a number of new possibilities ranging from independent fuselage

‘ aiming to constant-attitude landing flares. The additional variables must

be accuunted for to assure adequate sizing of the control surfaces.

4 The instabillitles and complications resulting from these factors can
probably be rectified by stability augmentation if and only if control

i effectiveness is adequate. The coantrollability margin conventicunally pro-

vided by static stability must be traslated for CCVs into margins of control

‘
; authority and rate,

i

N Paragraph 3.4.9 precludes dangerous single failures. After the first
" failure it may be advisable to constrict flight envelopes for some
agsurance of flight safety in case, say, a second hydraulic systew should
fail, The nrocuring activity will need tou welgh the expected frequency

and opcrational consequences of such measures against predicted benefits.

We do not intend thorough flight demonstration in all cases to show
compliance with this requirement. ''The combined range of all attainable
angles of attack and sideslip" may even extend beyond the Permissible Flight
Envelopn, excepc for certain highly maneuverable fighter and trainer ajrplanes.
Flipht test bounds will be established according to such requirements as
MIL-5-83691., Yor more extreme flight conditious a combination of model testing -

wind-tunnel, free~flight 1f necessary, and hardware - and analysis will often
be adaquate.

The requirements of 3.4.10 are largely an emphasis or amplification of
other requircments in this specification, among them
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? 3.1.4 External stores
5 3.1.10.2 Airplane Failure States
} 3.1.10.2,1 Requirements for specific failure
g 3.1.10.3.3 Flight outside the Service Flight Envelope
; 3.2.3.6 Longitudinal control forces in dives - Permissible Flight
Envelope
3.2.3.7 Longitudinal control in sideslips

g 3.3.4.1.2 Roll performance in Flight Phase CA
3.3.8 Lateral~directional control in dives

b

4 3.3.9 Lateral-directional control with asymmetric thrust

E 3.4.2,1,3 Stall prevention and recovery

g 3.4.2,2.2 Recovery from post-stall gyrations and spins

g 3.4.3 Cross~axis coupling in roll maneuvers

E 3.5.5 1 Failure~transients

) 3.5.6.1 Transfer Transients

E 3.6.3.1 Pitch trim changes

g 3.8 Requirements for use of the disturbance models
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H. 3.4.11 DIRECT FORCE CONTROLS

REQUIREMENT

; 3.4,11 Direct force controls. Use of devices for direct normal-force control
3 and direct side-force control shall not produce objectionable changes in atti-

tude for any amount of control up to the maximum available. This requirement
shall be met for Levels 1l and 2.

RELATED MIL-F-8785B PARAGRAPH

g, 3.6.5

F DISCUSSION

:

5 Tn Reference 2, the related paragraph (3.6.5 Direct normal-force control)

was at the erd of the section on Secondary Control Systems. Current tech-
nology allows the use of direct force controls either as components of the
primary flight contri.} system or as trimming systems (Reference 89). The
requirement has becn moved to the end of the miscellaneous flying qualities

o ccciion, immediately preceding the section on primary flight control systems.
\ The opportunity has also been taken to generalize the requirement to include
side-force countrol in addition to normal-force control,

Pending the development of more explicit requirements on the use of k
direct force controls, the wording of 3.4.11 remains purely qualitative - ?
. prevent objectionable attitude changes. The assertion of Reference 2 that
y "This new paragraph requires the designer to minimize pitching moments associ-
P ated with the use of any direct-lift control device, so that the pilot ie
; provided with an essentially pure 1ift control' needs to be corrected.
Favorable attitude changes should be considered by the designer, and may even
be required for some tasks to achieve the potential benefits. For some
| tasks, a blended normal force and pitching moment (maneuver enhancement)

’ response to control input gives the most beneficial results. Using this
% approach, it 1is possible to achieve a conventional-type of attitude response
i which is better than can be achieved with a single control surface. What is

1 an ''objectionable attitude change'" needs to be considered within the context
] of the piloting ta=k.

i b i s

oo mtieaddre

Reference 94 documents results of a study to develop more explicit
criteria., Bandwidth 1s proposed as the governing parameter:

The bandwidth of the specified response to a particular

control input is defined as the lowest frequency for which
the (open-loop) phase margin is at least 45 degrees and the ‘
gain margin is at least 6db. 1

aakrue im

Table 2 lists the response variables, associated with different tasks, which
could potentially be subject to the requirements. The required bandwidths
proposed in Reference 94 are shown in Table 3. The effects of attitude changes
on the 'pure' force modes were also investigated. Small amounts of proverse
attitude interference to increase the bandwidth of the mode were acceptable;
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TYPICAL AIRCRAFT PARAMETERS SUBJECT TO BANDWIDTH
LIMITATION IN MIL STANDARD

TASK CONTROL VARIABLE

Air-to-air tracking Pitch or yaw angle if angle of
attack or sideslip are not an impor-
tance factor for weapon release

? Path angle 1if angle of actack or
: sideslip must be left small for
weapon release E
; Alr-to-ground tracking i
f Pointing tasks Pitch or yaw angle F
: Strafing k
: Photo i
' Flight path tasks Path angle, normal or lateral velo-
Dive bombing clty
L Path deviation tasks Path angle, normal or lateral velo-
. and landing city
§ T
E TABLE LII. i
r ;
£

TENTATIVE BANDWIDTH LIMITATIONS

REQUIRED BANDNWIDTH i

[ TASK (rad/sec)
é LEVEL 1 LEVEL 2
| Tracking (CAT A) 1.25 0.60
R Air-to-air gunnery
. Strafing ,
; Photo ;
?\ Dive bombing
; Path deviation (CAT C) 0.30 0.12 *
: Formation ‘
! Air-to-air refueling :
] Approach !

. Y ‘
‘ Short final and landing (Hp - 3)/10 ?
3 path response ("CAT D) or 1.25 0.60
:
g *HF = gink rate in ft/sec on visual or
; instrument glide slope
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however, the pilots did not want the bandwidth increased by large amounts of
proverse attitude change. Adverse attitude changes were degrading, of course.

The controller mechanization is also a critical factor in the practical
benefits to be reatized from the additional theoretical capabilities with
additional control gurfaces. Reference 94 discusses the data in Reference 89
which shows that the pilot was unwilling or unable to manipulate the two
controllers (sidestick and thurmb button) used in that mechanization. The
thecretical benefits were not achieved in some of the modes., Reference 94
discusses the problem but criteria need to be developed,
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SECTLION IX

STATEMENT AND D1SCUSSTON OF PRIMARY
FLIGHT CONTROL SYSTEM REQULREMENTS (3.5)

3.5 CHARACTERISTICS OF THE PRIMARY FLIGHT CONTROL SYSTEM

GENERAL DISCUSSION

One major factor in the need for the current revision (and for even
further revisions) is the use of the flight control system (FCS) to modify
airplene response. There 1s the possibility of having a flight control system
for which it 18 difficult to distulnpulsh between priw oy and sccondary FCS,
or h *+ween manual and automatic FCS, The current MIL-F-9490D comblnes the
primary ond secondary designations into a Manual Fligh: Control System (MFCS)
clagsification, Reference 206 presents as justification: "The change from
Primary/Secondary FCS to Manual FCS was made ay a regult of a serious concern
with the high percentage (up to 50 percent) of cocent Alr Porcee ineident/
accident reports which are due to secondary flipht control problems. To reduce
the number of problemy with Secondary Controls, the differentiation between
Primary/Secondary control requirements in arcoas such as fallure immunity has
been dropped or sharply reduced." A valldation study of MIL-F-9490D, Ref. 95,
supports the use of the single MFCS destpnation but there {8 some digcusslon
of the wording used, In MIL=F=9490D there is still the distinction between
Manual and Automatic FCS, which {8 not addiesged dircctly in MIL-1-87858,

MIL-F-9490D includes "eugmentation, performance limiting and control devices"
in the MFCS. While {t puts "stick or wheel steering in the AFCS, 1t just
states that "1f thiy mode {8 requlred, MIL-F-8785, or 1f applicable, MIL-F-8330¢

Flying Qualitics of Plloted V/STOL Alveraft , shall be used as the basis for
control capabllity",

In the flying quallties specificatlon the primary ftewm of concern ig
alrplane regnonse, either to nilot control fuputs or to external distur-
bances, The requirements should be iundependent ot the detalls of the con-
trol system mechanization, as far as pogsible, In sgimple terms the alrplane
should do what the pilot wants, when he wanta. The current revision incor-
porates some inftial gtepy towards this goual., More generic terminology has
been used for all controls, Requirements on control surface deflection have
been deleted in favor of relating the requirements to the controller, An
exception to this last change is the requirement on control surface lagg
retained in 3,5,3, The revisions incorporated in the current version are
intended to remove prohibltfous (real or fmplied) on the possible uses of
advanced flight control techunology.
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A, 3.5.2,3 RATE OF CONTROL DISPLACEMENT

REQUIREMENT

3.5.2,3 Rute of control displacement. ‘The ability of the airplane to perform
the operational muneuvers required of it shall not be limited in the atmos-
pheric disturbances specified ir 3.7 by control surface deflection rates
(3.8.3.1, 3.8.3.2 and 3.4,10), For powered or bousted controls, the effect

of englne speed and the duty cyele of both primary and secondary controls
together with the pilot control techniques shall be included when establishing

compliance with this requirement.

DISCUSSLON

The revislon makes specific reference to new paragraphs 3,8,3 for
qualitutive requirements on the effects of utmospheric disturbance, and to
3.4,10 for requirements on control nargin,

146

. L
e b e et e L 2 U g

Ladacan,

o 8 i B i |

A 7 20 a2 i i M.




Eake .t ek bR

== "5ownloaded from http:/7\~/\'}'\’/v~\;v.'e"veryspec.co'm" s -

B. 3.5.3 DYNAMIC CHARACTERISTICS

REQUIREMENT

3.5.3 Dynamic characteristics. A linear or smoothly varying airplane responsge
to cockpit-control deflection and to control force shall be provided for all
amplitudes of control input., The response of the control surfaces in flight
shall not lag the cockpit-control force inputs by more than the angles shown

in Table XIII, for frequencies equal to or less than the frequencies showr in
Table XIIL,

TABLE XILI. Allowable control surface lags

Allowable Lag deg Control Upper YFrequency rad/sec
;?iiﬁtrzhﬁszgd v ;gfgﬁzry B pltch the larger of wy, gp and 2.0
Level Phases roll & the largest of Wi s 1/1R
1 15 %0 l yuw and 2.0
2 30 45
3 60 60

In addition, the response of the alrplane motion shall not exhibit a
time delay longer than the following for a pilot-initiated step control force
input,

TABLE XIV  Allowable airplune response delay

Level Allowable Delay Scc
1 0.10
2 0.20
3 0.25

Further, the values of the equivalent time delay derived from equivalent
system match of the aircraft response to cockpit controls shall not exceed the
values of Table X1V.

3.5.3.1 Damping. All control system oscillations shall be well damped, unless
they are of such an amplitude, frequency and phasing that they do not result

in objectionable oscillations of the cockpit controls or the airframe during
abrupt maneuvers and during flight in atmospheric disturbances.
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RELATED MIL-F-87858 PARAGRAPHS
3,5.3, 3.5.3.1 and 3.5.3.2
DISCUSSION

Table XILI has been retained in the form of a requirement on control
surface motion, in contradiction with the emphasis on airplane response
elgewhere in MIL-F-8785C, 'This was based on Navy desires to use this require-
ment and to provide continuity with current practice. Reference 3 discusses
the requirement and approaches for measuring the lags either on the ground or
in tlight, and from either time or frequency responses. The phagse lag at any
plven frequency is the product of that frequency times the time delay, The
time delay is to be measured from the pllot's indtiatlon of a step control
{nput until the first indication of control surface motion (for Table XLIL) or
overall airplane respouse in the commanded motion variable (for Table XIV) for
that control fnput. Generally, one would uge the pltch, roll and yaw controls,
regpectively,

Reference 3 1s also very interested in recognizing the problems of lags
introduced by flltering the pilots input to cure o sensitive response. The
"startling" new (at that time) results of Reference 96 were used to duvelpg
the requirements of 3,5.3 in MIL-P=-8785B, Since that time, other studicg?ds 48
lhave emphasized the generval trend of lags and time delays beyond a certain
threshold degrading pilot opinion. Unfortunately the design approach of fil-
terdng pilot [nputs has progregsed along with our knowledge of the problems
cawsed by time delays, This concern has driven the revision to these require-
ments,

The data usod in Reference 3 is rveproduced in Figure 28a. A8 can be seen
1t 18 reasonable to interpret those results to develop more stringent requdre-
ments,  The more recent data of Reference 48 1s shown in Filpure 28b. The
results are takon to support the new requirements of Table XI1I,

The results are also expresged us maxdmum time delays in airplane response
In Table X1V, ‘Those requirements also apply to the equivalent time delays
determlned in the process of obtaining lower-order cquivalent gystems approx-
imations to the actual responses. The numerical values are supported in Fig. 29
from Reforence 29¢, and (from recent unpublished data) appear to be applicable
to both plteh and roll axes for demanding tasks, The majority of the available
data {s for Class TV conflpurations, Relerence 56d indicates that higher
values may be acceptable for Class 111 but there is fnsufficient data to
gupport requirements at this time,

Application of these requirements "for all amplitudes of control input"
{4 an extension of MIL-F-8785B's "for reasonably large force inputs". The
purpose [s to ensure that eoffects of amplitude-dependent control or aerodynamic
nonlincarities are adequately considered in the assessment and acceptance of
handling qualities. 1In addition to problems at large amplitude, A'Harrah for
example recently pointed (AFFIC PIO Werkshop, November 1980) to oversensitivity
at small amplitudes when a control and stabilization system with high forward-
loop gains is adjusted for large -amplitude performance.
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C. 2.5.4 AUGMENTATION SYSTEMS

REQUIREMENT

3.5.4 Augmentation systems., Operation of stability eugmentation and control
augmentation systems and devices shall not introduce any objectionable flight
or ground handling characteristics,

k.

i

RELATED MIL-F-8785B PARAGRAPHS

3.5.4, 3.,5.4.1 and 3.5.4.2

i | re ™ T———

DISCUSSION

In 3.5.4 "Normal operation" has been changed to just '"Operation'", plus
3.5.4,1 and 3.5.4.2 have been deleted. These changes simplify the requirement
: so that neither normal nor abnormal operation should cause objectionable
L characteristics, i.e., only this basic requirement is stated, For abnormal
; operation, the definition and interpretation of objectionable characteristics
? must be consistent with a1y appropriate Failure State or degraded Level of
|

: flying qualities. The more detailed requirements of 3.5.4.1 and 3.5.4.2 are
3 believed to be coverad by the new paragraphs in 3.4.10 Control margin and

3.8.3 Effects of atmospheric disturbances.

F
i
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D, 3.5.5 TFAILURES

REQUIREMENTS

£ 3.5.5 Fallures. The following events shall not cause dangerous or
Ef intolerable flying qualities:

a. complete or partial loss of any function of the augmentation
system following a single failure

E b. failure~induced transient motions and trim changes either
( immediately after failure or upon subsequent transfevr to
alternate control modes

e g+

¢. configuration changes required or recommended following

v failure

% 3.5.5.1 Failure transients. With controls free, the airplane

y motions due to failures described in 3.5.5 shall not exceed the follow-

3 ing limits for at least 2 seconds following the failure, as a function

!‘ of the Level of flying qualities after the failure transient has sub-

F sided:

; Levels 1 and 2 +.5 g incremental normal or lateral acceleration at

}‘ (after failure) the pilots station and 10 degrees per se~ roll rate, _
i except that neither stall angle of attack nor struc- A
b tural limits shall be exceeded. 1In addition, for ;
f Category A, vertical or lateral excursions of 5 ft ]
; and +2 degrees bank angle. 1
i ]
v Level 3 No dangerous attitude or structural limit is §
L (after failure) reached, and no dangerous alteratiun of the flight )

path results from which recovery is impossible.

| 3.5.5.2 Trim changes due to failures. The change in control forces

! required to maintain attitude and sideslip for the failures described
F in 3.5.5 shall not exceed the following limits for at least 5 seconds
b
F

- e Saie i

following the failure:

Pitch ~- 20 pounds \

Roll ~- - 10 pounds i
: Yaw - ~-50 pounds '
1 |
‘ ;
:‘ DISCUSSION ;
K The basic requirements of the MIL-F-8785B paragraph have been i
- restated to achieve the real objective of preventing dangerous condi- i
@ tions as a result of a single failure or related events. The phrase ‘
; "Failure-induced transient motions .... shall be small and gradual..." g

. that was a part of the MIL-F-8785B requirement has deliterately been
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deleted. Although the intent was to ensure 'that dangerous flying qualities

] never result', there may be some benefit to a noticeable transient after a

i failure, or after transfer to an alternate control mode in order to alert the

: pilot to the change. That possibility is left to the designer without explicit

direction to minimize transients.

% The acceleration and roll rate limits are now consistent with the require-

ments in MIL-F-9490D, the back-up document of which (Reference 26) refers to

MIL-F-8785B for additional requirements. The revision basically follows the

recommendations of Reference 12. In particular, the authors noted that

3 the allowable transient levels of MIL-F-8785B were consistent with failure
probability considerations but not with flying qualities considerations.

Level 2 has a lower probability of occurrence than Level 1 and was permlitted

to have larger transient responses, however Level 2 is a poorer handling qual-

ities state and cannot as readily accept the larger responses. It was felt

~hat the values in the current revision were representative cf transients

v 2ich could be handled with Level 1 flying qualities. Conversely, the low

allowable transients of MIL-¥-8785B were conducive to soft failures which could

lead to catastrophic situations if undetected by the pilot. This comment applied

to the B-58, in particular, and led General Dynamics/Ft Worth to suggest a |

minimum allowable transient (according to Reference 12). This has not been %

incorporated into the current revision, but ghould be a consideration in the

design process. j

The 5ft limit on failure transients should preclude cellisions in formation
flight and also minimize the time span of large but allowable accelerations. If
observation by chase plane is not sufficient, accelerometer measurements could

be integrated to determine compliance,

e T T o - - we gy s xpoe o

Lastly, the revision of 3.5.5.2 was contained in Amendment 2 and makes it
clear that the requlirement is to apply to incremental forces. ﬁ
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E. 3.5.6 TRANSFER TO ALTERNATE Cun=ROL MODES

REQUIREMENT

3.5.6 Transfer to alternate control modes. The transient motions

and trim changes resulting firom the intentional ergagement or disengage-
ment of any portion of the primary flight control s, :tem by the pilot
shall be such that dangerous flying qualities never result.

T BT e —

. 3.5.6.1 Transfer transients. With controls free, the transients
3 resulting from the situations described in 3.5.6 shall not exceed the
‘ following limits for at least 2 seconds following the transfer:

FS Withiz the +0.1 g normal or lateral acceleration at the pilot's

pf Operational station and 3 degrees per second roll

i Flight Fnvelope

g Witnin the 0.5 g at the pilot's station, 5 degrees per second

. Service Flight rn1l, the lesser of 5 degrees sideslip aund the

. Envelope structural limits.

3 These requirewents apply only for Airplane Normal States. g

—y

3.5.6.2 {rim changes. The change in control forces required to maintain
‘ attitude and zero sideslif °»r the situations described in 3,5.6 shall ,
not exceed the following luimits for at least 5 seconds following the i

Dot ST =

transfer:
i
; Pitch e—=—memw 20 pounds
? Koll —- —— 10 pounds
| Yaw =mmmmemmm—e v - -50 pounds

These requirements a,.ly only for Ajrplane Normal States.

2t 4 e e o1 SIS | S0t

i DISCUSSLON

ﬁ Again, the phrase '"small and gradual enough' has been deleted in

| favor of a more basic requirement just to prevent dangerous flying quali-

. ties. The allowable transients have been increased for reasons similar ?
! to thnse presented in diccussion of 3.5.5. Also the addition to 3.5.6.2 !

from Amendment 2 has been incorporated to indicate that the requirement
is on incremental rorces.

e Al

SURCPRTUP

j This requirement applies to intentional actions by the pilot.

ﬁa Again, following the discussion of 3.5.5 there is also a need to con-

ﬁ sider the results of inadvertent engagement or disengagement of por-

{ tions of the flight control system. Reference 97 presents the results
of an accident investigation in which it is conjectured that inadvertent
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control input could have been a causal factor: ‘''the DFDR (Digital Flight
Data Recorder) readout indicates a vertical acceleration transient of
0.04 g causing a 200-f,p.m. rate of descent. For a pilot to induce such
a transient, he would have to intentionally or inadvertently disengage
the altitude hold function. It 1s conceivable that such a tramsient
could have been produced by an inadvcrtent action on the part of the
pilot which caused a force to be applied to the control column. Such a
force would have been sufficient to disengage the altitude hold mode".
Note that the vertical acceleration transient of 0.04 g was less than
the original requirement in MIL-F-8785B, and was also probably less than
a pilot's threshold of recognition. There was, however, a significant
long-term effect of that unnoticeable transient, namely a rate of
descent.. The current limit of 0.1 g may allow consideration of the
trade~off of the nuisance of a transient upon intentional actions versus
the positive annunciation value of a noticable transient following inad-
vertent inputs. The answer to this implied question is left to the
designer. In the above discussion, ''dangerous flying qualities' is
interpreted rather broadly since an undetected unwanted rate of descent
is a problem regardless of the Level of flying qualities.
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SECTION X

STATEMENT AND DISCUSSION OF SECONDARY
CONTROL SYSTEM REQUIREMENTS (3.6)

3.6 CHARACTERISTICS OF SECONDARY CONTROL SYSTEMS

A, 3.6.1 TRIM SYSTEM

REQUIREMENT

3.6.1 Trim system. 1In straight flight, throughout the Operational
Flight Envelope the trimming devices shall be capable of reducing all
the cockpit control forces to zero for Levels 1 and 2. For Level 3

the untrimmed steady-state cockpit control forces shall not exceed

10 pounds pitch, 5 pounds roll and 20 pounds pedal. The failures to
be considered in applying the Level 2 and 3 requirements shall include
trim sticking and runaway in either direction. It is permissible to
meet the Level 2 and 3 requirements by providing the pilot with alter-
nate trim mechanisms or override capability. Additional requirements
on trim rate and authority are contained in MIL-F-9490 and MIL-F-18372.

DISCUSSION

Apart from terminology changes, the substantive effect of this

revision is to apply the Level 3 requirements to steady-state control
forces. This allows transient forces to exceed the limits speciried

in this paragraph.
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B. 3.6.1.2 RATE OF TRIM OPERATION

REQUIREMENT

3.6.1.2 Rate of trim operation. Trim devices shall operate rapidly enough to
enagble the pilot to maintain low control forces under changing conditions
normally encountered in service, yet not so rapidly as to cause over-sensitivity
or trim precision difficulties under any conditions. Specifically, it shall be
possible to trim the pitch control forces to less than 10 pounds for center-
stick airplanes and 20 pounds for wheel-control airplanes throughout (a) dives
and ground attack maneuvers required in normal service operation and (b) level-
flight accelerations at maximum Augmented thrust from 250 knots or Vi/C,
whichever i{s less, to Vp,y at any altitude when the airplane is trimmed for level
flight prior to initiation of the maneuver. In the event that operation of the
trim system requires removeal of one hand from the wheel-control. Level 1

force limits shall be as for a center-stick.

b
i
'y
i

T

DISCUSSION

FOATTIRS AL T TV v o et =
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The chonge applies centerstick force limits when one-handed operation of
a wheel controller is nececssary to trim,
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C. 3.6.1.4 TRIM SYSTEM IRREVERSIBILITY

REQUIREMENT

3.6.1.4 Trim system irreversibility. All trimming devices shall main-
tain a given setting indefinitely unless changed by the pilot or by a

special automatic interconnect (such as to the landing flaps), or by ;
the operation of an augmentation device. If an automatic interconnect 1
or augmentation device is used in conjunction with a trim device, pro- |
vision shall be made to ensure the accurate return of the device to its
initial trim position on removal of each intercomnect or augmentation

command.

]

: DISCUSSION

: The wording of MIL-F-8785B has been rearranged for clarification i

J without any intended change in the requirement. L
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D. 3.6.2 SPEED AND FLIGHT-PATH CONTROL DEVICES

3 REQUIREMENT

3.6.2 Speed and flight-path control devices. The effectiveness and
response times of the longitudinal control shall be sufficient to pro-
vide adequate control of flight path and airspeed at any flight condi-
tion within the Operational Flight Envelope. This requirement may be
met by use of devices gsuch as throttles, chrust reversers, auxiliary
dreg devices, and flaps.

DISCUSSION

Consistent with the changes to more generic control terminology
throughout Reference 1, this paragraph has been revised to apply to
any longitudinal control, i.e., any control with its action in the
x-2 plane of the aircraft.
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E. 3.6.3 TRANSIENTS AND TRIM CHANGES

REQUIREMENT

3.6.3 Transients and trim changes. The transients and steady-state
trim changes for normal operation of secondary control dewvices (such as
throttle, thrust reversers, flaps, slats, speed brakes, deceleration
devices, dive recovery devices, wing sweep, and landing gear) shall not
impose excessive control forces to maintain the desired heading, altitude,
rate of climb, speed or load factor without use of the trimmer control.
This requirement applies to all in-flight configuration changes and com-
binations of changes made under service conditions, including the effects
of asymmetric operations such as unequal operation of landing gear, speed
brakes, slats, or flaps. In no case shall there be any objectiomnable
buffeting or osciliation caused by such devices. More spernific require-
ments on secondary contrel devices are contained in 3.6.3.1, 3.6.4, and
3.6.5 and in MIL~F-9490 and M1L-F-18372.

DISCUSSION

The phrase "buffeting or oscillation of such devices' has been
deleted in favor of '"buffeting or oscillation caused by such devices" -
a semantic distinction to include airframe huffeting as well as buffet-
ing of the device itself.
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ﬁ SECTION XI

g STATEMENT AND DISCUSSION OF ATMOSPHERIC
- DISTURBANCES (3.7)

3.7 ATMOSPHERIC DISTURBANCES

GENERAL DISCUSSION

For the purpose of the flying qualities specification an engineering
model of atmospheric disturbances is required. This engineering model may be
considered as the simplest model which is consistent with any related usage in
alrcraft design, but still correctly identifies the primary parameters of par-
ticular interest. This {8 in contrast to the objectives of basic research
into meteorclegical phenomena or the physics of etmospheric dynamics. It is
also noted that terminology has different connotations depending on an indi-
vidual's background or field of endeavor. To prevent any confusion, certain
‘ terms will now be deflned for use in Interpreting MIL-F-8785C. There is a
small change from the nomenclature in MIL-¥F-8785B, which has been applied to
all the following paragraphs, 3.7.1 through 3.7.5.2.

o e

Mean Wind: This is the steady wind, the reference value on which perturba-
tions are superimposed. The mean wind could vary with time and spatial
coordinates, but is considered to be only a function of altitude. Since for
engineering purposes the mean wind is constant with time, the meteorological
concept of "averaging time'" does not apply. There 1s no requirement for the

"mean wind" to actually be a mean over any particular time period. |

% o —— e a———

Wind Shear: This 1s the rate of change of magnitude of the mean wind with
altitude.

Vector Shear: This 18 the rate of change of direction of the mean wind with
altitude. 1

f Turbulence: This term is used to denote the continuous, random fluctuations in ;
| wind velocity which must be described statistically. Actual atmospheric tur-
bulence has been shown to be non-Gaussian; however, for the current purposes

' turbularce is assumed to be randem with a normal, or Gaussian, distribution.

Gust: This term is uced to denote a discrete or deterministic change in the
wind velocity. In application gusts may be used independently or superimposed
on a mean wind and/or turbulence to represent large disturbances. Used appro-
priately a gust can actually represent a discrete wind shear such as can occur
at a temperature inversion; the large (30 or 4o) fluctuations that are not
represented in the assumed Gaussian form of turbulence; the fluctuations due

_ to the wake of man~made or topclogical features; or an independent discrete

3 phenomencnsuch as the wing-tip vortex of another aircraft.

b, st o ek M it

The above definitions depart from meteorological practice in order to
allow some flexibility in defining models of atmospheric disturbances that are
tractable for engineering analyses. Although the desirability of tractability
should be obvious, flexibility is consiaered to be equally desirable. During
the course of an aircraft developmen' a veriety of analyses, computer simu-
lations, piloted simulations, etc. are pertormed with different objectives and
different requirements for atmospheric disturbance inputs. The definitions
given earlier identify and separate the primary parameters in atmospheric
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disturbances which relate to aircraft control and flying qualities. The
synoptic effect of any or all of these parameters can also be obtained in a
long simulation run. Ultimately, it is suggested that a piloted simulation
should be performed which does combine all the above elemeants and so has the
best possible representation of atmospheric disturbances.

The "best possible representation' of atmospheric disturbances is probably
not going to be achieved by combining Gaussian turbulence with discrete gusts -
better and better approximations would be achieved using more and more complex
specifications for the gusts. The non-Gaussian character of actual disturbauces
which has been alluded to is supported in numerous veports (e.g., References
9§-100). In contrast, from Reference 101: "It is the belief of the author
that the mjor reasons for failing to achieve realism im many simulator studies
are as follows:

1) Use of excessive gust severity values (the use of rms values of
around 9 fps nearly always led to "unrealistic' response behavior;
the use of the mcre appropriate values around 3 fps gave a more
realistic feel).

2) Use of excessive integral scale values (the use of scale values of
around 2500 ft gave unrealistic results, as with the high severity
values; the use of scale values of only several hundred feet, as is
more appropriate, gave a much hetter response interpretation).

3) In particular, the appropriate forcing inputs due to the gusts
(forces and moments) were not used.

Many feel that the question of intermittency or nonstationarity has a lot to
do with achieving realism. 1t is felt, however, that if the three items, i
listed nad been handled more realistically, then nonstationarity aspects may
not be important."

The use of non-Gaussilan turbulence in simulations has also yielded mixed
results. For the flying aualities study reported in Reference 102 the pilot
chose a non-Gaussian lturbulence representation as being more realistic than
the Dryden forw ol Gaussian turbulence; however, he said that his ratings were
not affected by the turbulence model. Reference 103 showed no ccnclusive
results in an attempt to develop a non-Gaussian model. There are a variety of
approaches to developing a non-Gaussian representation. 1t can safely be stated,
therefore, that there is no unanimous opinion with respect to any departure from
a Gaussian distribution of disturbances. In fact, the atmosphere itself does 1
not have a uniquely non-Uaussian characteristic. Using the fourth order moment
as a measure of ''non-Gaussianness' Reference 104 indicates a wide range of
values including Gaussian. The most significant point to be made here is that
the atmospheric disturbance model to be used, for instance in a piloted ground-
based simulation, should be consistent with the objectives of the simulation
and the fidelity of the total system representation. The attempt in the
current revision has not been to define a universal model but to identify the
primary parameters of atmospherilc disturbances. Thus non~Gaussian disturbances
are suggested but not rigidly defined allowing flexibility in application.
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A, 3.7.1 FORM OF THE DISTURBANCE MODELS

REQUIREMENT

3.7.1 Form of the disturbance models. Where feasible, the von Karman form shall
be used for the continuocus turbulence model, so that the flying qualities anal-
yses will be consistent with the comparable structural analyses. When no com-
parable structural analysis is performed or when it is not feasible to use the
von Karman form, use of the Dryden form will be permissible. In general, both
the continuous turbulence model and the discrete gust model shall be used. The
scales and intensities used in determining the gust magnitudes for the discrete
gust model shall be the same as those in the Dryden turbulence model.

3.7.1.1 Turbulence model (von Karman form). The von Karman form of the spectra
for the turbulence velocities is:
2L, 1

d’u (Q) = 0U2 Ly
& w1+ (1.339L,2) 2]

Ly 1 +(8/31.339L,R)2

¢, () = o,2
Ve Vo [L+ (L3dL2]

1 +(8/3(1.339L,0) 2
(1 + (1.339L,0) 27

¢, Q) = gyl
wg(® = oy

3.7.1.2 Turbulence model (Dryden form). The Dryden form of the spectra for
the turbulence velocities is:

¢y (2) = 0,2
g v (L2 + 1

Ly 1+ 3(LyR)2

by (D) = 0,2 p
& Yon I+ (L ?)2

1+ 3 (1,02
[T+ (L,M2]Z

¢ Q) = gy
wg(® = 0y

3.7.1.3 Discrete gust model. The discrete gust model may be used for any of
the three gust-velocity components and, by derivation, any of the three angular
components.

The discrete gust has the 'l - cosine'" shape given hy:

v =20 , X <0
v = "I (]~ cos If) » 0 < x < dy
2 dnm
Ve yp ,x>dm
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{ The discrete gust above may be used singly or in multiples in order to assess
| airplane response to, or pllot control of, large disturbances. Step function
or linear ramp gusts may also be used.

RELATED MIL-F-8785B PARAGRAPHS

3.7.2, 3.7.2.1, 3.7,2.2 and 3.7.2.3

DISCUSSION

R S T T

In keeping with the overall change making 3.7 just a presentation of the
components of an atmospheric disturbance model, the above paragraphs contain
the basic form and the equations for the turbulence and gust components. The
presentation is little changed from MIL-F-8785B, continuing the implication

that the von Karman form be used for analyses and the Dryden form for simu- 3
| lation. The equations for the turbulence spectra are retained as in MIL-F-
2 8785B. As noted in Reference 13: '"The spectra and scales as defined in...

MIL-F-8785B give the correct answers, but for the wrong reasoas'. We decided )
to forego any "correction" at this stage, preferring to retain as much of
MIL-F-8785B as possible.

e

! The "1 - cosine" profile for a discrete gust is retained; however, only
: half a period is specified in order to make the model more flexible. Sequences
5 of two or more half-cycle gusts, appropriately spaced, may be found useful.

One obvious application is to use a full period to determine the control
: authority needed to recover from a large disturbance. In the case of an
unstable airframe, with stability provided by the flight control system, the
gust recovery can be the critical control sizing criterion. The model and the
wording of the requirement leave other options available, such as the require—
g ment in Reference 20. Figure 30 jllustrates the equiprobable gust family 100
! and the applicaticn cf the pair of ramp gusts<”. The requirement states, in
part: '"The two component ramps have opposite sign and are each members of the
same equiprobable family of single ramp gusts. The single ramp components as
well as the spacing distance dg should be varied over all significant distances
until the response of maximum amplitude is found, However, to allow for the
reduced probability of meeting this gust pattern, the magnitudes of the ampli-
tudes (vg )1 and (v may be reduced from the magnitudes applicable to single
ramp gusts by a facgor of 0.85". This approach of searching for the worst
combination is appropriate to the analysis of single-axis response. Jones'
model was derived from consideration of point-to-point velocity differences,
i.e., discrete gusts, rather than the distribution of the velocity components.
] This has been developed into a continuous spectrum of discrete gusts . At
? this time, we do not know 1f the complexity of this model is justified for a
full piloted simulation.

i
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1 1 1

First (primary) First Second
‘macroscole’ peak overswing ovarswing

Typical transicnt response to discrete-ramp gust illustrating overswings’
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4
} A: Tuned gust length
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. |
; | a
' 4'
‘( A Log H d
: b
3 Discrota-gust response function
1
Gusb <
intencity UgH* (HS L)
i Gradient distance —t—
N T
i% |
1! —_—
! - =]~
L H

3 Family of cquiprobable ramp gusts defined for H < L by intensity
purameter Uy

Figure 30. Discrete gust anplication of Jones
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Single Remp Guct (ese para 3.3.3)

v C Bm(1-cos ) Oo<axmy,
g i 2 g,
v

Vo |m---——x

E 8. |

3 gust :

velocity ‘

.

's !

|

4 t

3 4 distance d
vhere ) 8,<0
?

d>4

T e ——_ L T

Pair of Ramp Guris (see &,3e3.6)
;
i s
- 3
, gust
i velocity 1
2 v 1
g€ :
| |
i ;
; - |
2 < - 4 3
E distance d ;
Approximating the Discrete Gust Model (see para.Z.3,7) g
i v L - = - -
" |
X gust | 3
1 velocity i ]
|
|
d
1 distance d
(Concluded) Figure 30. Discrete Gust Models (Cont)
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5

B, 3.7.2 MEDIUM/HIGH~ALTITUDE MCDEL

REQUIREMENT

3 3.7.2 Medium/high-altitude model. The scales and intensities are based on the
g assumption that turbulence above 2000ft is isotropic. Then

=Q‘w

T
Q
[+
L}
Q
<

‘ and
1 Ly = Ly = Ly

3.7.2,1 Turbulence scale lengths. The scales to he used are Ly = Ly = L, =
2500ft using the von Karman form or Ly = Ly = L, = 1750ft using the Dryden form.

3.7.2,2 Turbulence intensities. Root-mean-square turbulence intensities are
shown on figure 7 as functions of altitude and probability of exceedance.

Simplified variations for application to the requirements of this specification
are indicated.

i i P TR+ S T T

3.7.2.3 Gust lengths. Several values of dp shall be used, each chosen so that
the gust is tuned to each of the natural frequencies of the airplane and its
flight control syste . .igher - frequency structural modes may be excepted).
For the Severe intensities modes with wavelengths less than the turbulence
scale length may be excepied.

-

i‘ 3.7.2.4 Gust Magnitudes. The Light and Moderate gust magnitudes ug, vg, wg

: shall be determined from figure 8 using values of dy, » 4, determined
according to 3.7.2.3, and the appropriate RMS turbulence intensities from
figure 7. Severe gust magnitudes shall be:

i a. 66ft/sec EAS at Vg, gust penetration speed

. b. 50ft/sec EAS at Vo max

J c. 25ft/sec EAS at V..

L .

- d. 50ft/sec EAS at speeds up to Vpax(PA) with the landing gear and other

. devices which are open or extended in their maximum open or maximum

v extended positions.

§

P e. For altitudes above 20,000ft the gust magnitudes may be reduced lin-

3 early from:

X (1) 66ft/sec EAS at 20,000ft to 38ft/sec EAS at 50,000 for the Vg,

3 condition ;

b (2) 50ft/sec EAS at 20,000ft to z5ft/sec EAS at 50,000ft for the

- Vmax condition

v (3) 25ft/sec EAS at 20,000ft to 12.5ft/sec EAS at 50,000ft for the

% Vmax condition

f. For altitudes above 50,000ft the equivalent gust velocity specified
g at 50,000ft shall be multiplied by the factor/i/f5g, the square

root of the ratio of air density at altitude to standard atmospheric
density at 50,000ft.
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RELATED MIL-F-8785B PARAGRAPHS
3.7.2 through 3.7.4.2
DISCUSSION

A major acdvance in Reference 2 was the definition of allowable causes
and allowable limits of degraded flying qualities, This was done on a proba-
bility basis. Thus, the probability of encountering Level 2 flying qualities
after a failure must be less than 1072 per tlight within the Operational Flight
Envelope (OFE)., Flight outside the OFF is also allowed tuv cause degraded flying
qualities. Now, by common observation, atmospheric disturbances tend to degrade
flying qualities according tc the hasic definitions, i.e., 'some increase in
pilot workload or degradation in mission effectiveness, or both, exists'., If
the pilot does not mentally compensate for his impression of the intensity of
the disturbances, the result tends to be a degradation in pilot opinion.
These effects occur whether the airframe modal characteristics are influenced
or not. The revisions are an attempt to account for the two effects separately,
as discussed in section 3.8. 'The problem in this section was to decide on
rational probabilities for the depradation of flying qualities due to atmos-
pheric Jisturbences per se, and then to define appropriate disturbance inten-
gities,

In order to define the appropriate disturbance intensities we need to
considev first the probability of eucountering disturbances at all, and then
the probable intensity of the disturbance once it has been encountered (as
discussed 1in References 3 and 13), There are two approaches to using the avail-
able data, which ig in the forw of "global" averages. We can use disturbance
intensities that correspond to a given probabiliiy of exceedance. This is
analogous to vequiring that the probability that flying qualities will be
depraded to a lover Level due to atmospheric disturbances should be less than
a specified value. This approach is consistent with other parts of the gpecifi-
cation, such as the effects of augmentation fallure., The alternative is to
assume that digturbances of a given {ntensity will be encountered, l.e.,
with a probabilitv of one, In this cuse, we need the intennitles corresponding
to a glven probability of exceedance under the condition that disturbances
have been encountered, These valuws ave relatively ingensitive to altitude
(slnce 1t 1 mainly the probability of encounterivg disturbances at all that
decreases with {ncreasing altituded, This approach would be consistent with
gome other requirements in the gpecification, wuch as those pertaining to engiue
fallure, which {4 assumed to happen repordless of probability,

The basice data shown In Figure 31 U5 taken from Reference 26, ‘The nunbers
were ealeylated frowm the values of proportions of flight time in nonstorm
turbulence and in atorm turbulence, at o plven altitnde, and the meau {ntenslvy
and atendard deviatlon of poustorm and uwtorm turbulence at the altitude
apecifred tn MIL-A-00886 1A, RBelatedly, then, the structuves, the flight control
system and the tlyfng qualities gpeclfivetions have consistent turbulence
definitions, With all the approxinations, assumptions wid inaccuracias Luvolved
fo the masuring, processing and appllication of the {urbulence intensities, it
e folt that the complox curves shown in Fipure 31 are not Justified, Siupli-
fled varclations are therefore shown Lor the three intensity levals usod iIn
applylag 3.7,.%.2 to the requlivoments of the spevlfication,
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The most likely RMS turbulence intensity is reasonably invariant with
altitude (Reference 3). Therefore a case can be made for something like:

Max. Cooper-Harper Rating

Normal States Failure States (P 10~%)
Turbulence OFE SFE OFC SFE

light (=2.5 or 3 fps) 3.5 6.5 6.5 9

moderate (=5 or 6) 6.5 9 9 9

limit (9490D) 9 9 contr -
thunderstorm (21) contr -—- -

where ''contr' should be interpreted to mean that control can be maintained for

ejection or landing (MIL-F-9490D Operational State IV or V). This accounts for
the most likely value (2.5 to 3 fps) of g if turbulence is encountered, is
coordinated with a related specification, and provides an additional measure

of safety #r. extreme turbulence. ''Moderate" turbulence has an order of

severity comparable to MIL-F-8785B "clear air turbulence" at altitudes up to
about 40,000 ft,

There is also merit in extending the contrellability requirements beyond
structural limit load. Some airplanes hold together even somewhat beyond

degign ultimate load, but that might be a suitable final cut-off for flying
qualities requirements.

In order to meet mission reliability and flight safety requirements, flight
control systems often employ redundant channels (sensors, computers, signal
paths, actuation, etc.). Some means such as voting must be used to detect fail-
ures, in order to disengage the failed channel, It i1s important to make the
right selection, that 1s, recognize fallures ~hen they occur, disengage the
channel, and avoid false failure indications, &ll with high probability.
Atmospheric disturbances, both discrete and random, affect this monitoring.

Some small level of disturbance will exercise the system enough to provide good
signals for monitoring., Sensor and installation errors etc., on the other hand,

will cause the channels to track imperfectly; these differences are accentuated
as the disturbance magnitude increases.

Thus we must ask, what are reasonable magnitudes of atmospheric distur-
bance to consider fcr flight contrul design? According te Pritchard (Ref,
3, pp 438), "although [the expected value of gust-intensity variance, E (ug)]
is not really constant for nonstorm turbulence it is nearly enough constant
so that for simplicity it may be assumed constant'. 'In MIL-F-8785B, it is
agsumed that a single value...is vallid for clear air turbulence at all alti-
tudes'". His Rayleigh cumulative probability distribution P (0o), (Figure 37

has the mode, the most likely value, o = 2,3ft/sec, The mean 1s g~ 2,8ft/scc,
E(o?) 1is (3.25)2 ft2/gec?.

Added to Fig. 33 are indications of "light", "moderste' and "heavy" tur-
bulence as adopted by the British in their recent Av.,P, 970 revision (Ref. 20).

Again quoting, 'the discrete probability (P}) of encountering turbul-

ence at all, which ig often called the proportion of time spent in turbulence,
18 & function of altitude" shown reproduced as Figure 34, At altitudes up to
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90,000ft the proportion is more than 1/100; up to 50,000ft it is more than 1/20;
to 10,000ft more than 1/10. None of the proportions are negligible at common
or likely airplane flight altitudes.

MIL-F-8785B defines the ¢ to be considered for clear air turbulence at
each altitude as the level that would be exceeded only 1/100 of the time; that
is, considering the probability of encounter and the level encountered to be
independent, c(h) is found by taking

Pl P (0) = ,01

The result was MIL-F-8785B Fig. 8. In terms of the Av. P. 970 definitions the
specified turbulence was more or less '"'moderate" from sea level to about 40,000ft
altitude, than tapering off to "light" at about 75,000ft, going to '"calm" at
90,000 feet.

For "essential" functions MIL-F-9490D requires that its specified turbu-
lence reduce Operational State I (normal operation) no further than Operational
State III (minimum safe operation, mission may be aborted). The MIL-F-9490D
0 corresponds at V; (gust penetration speed; roughly to MIL-F-8785B's "thunder-

storn!' turbulence, reducing at Vy to intensities corresgondiwgbif 19-2 to 1074
probability of exceedance. According to the MIL~F-9490D probabilities

the MIL-F-8785B ¢ corresponds to a 1074 probability, roughly, to about 20,000';
10-3 at 40,000'; 104 at 80,000'. These comparisons are illustrated in Figure 35,
together with the recommended curves. As can be seen, the recommended curves

are qualitatively similar to both MIL-F-8785B and MIL-F-9490D, but the simpli-
fication shown in this figure is felt to be justified by all the assumptions

and implications of using global averages.

Av.P., 970 (Reference 20) Leaflet 600/5 notes some fundamental difficulty
in estimating an average rate of equalling or exceeding z given o. Neverthe-
less, "To assist...in assigning figures to the turbulence intensities in which
the requivements of Part 6 are to be met and the i{nlensities where relaxations

s il DT R W i et

are acceptable'" the Leaflet presents these "typical relationshipy" )
3

Probability of equalling Corresponding Average (global) rate ;

or exceeding a gilven o range of o of equalling or ex- i

. o cecding a piven o ;

i

10-7 I+ to 2+ m/s 1 Eer hour i

10=% 2 1/2 to 3 1/2  10™% per hour %

10-6 b6 to 6 1074 per hour i

"on the assumption of an average aeroplane speed of 800 km/hr (500 mile/hr or ;
434 kn)...whilst values...are valid as averages over a large number of flight i
hours (and over a wide range ov environmental conditions) they...do not y
provide a realistic description...[of] a particular flight". This is also %
taken as supporting the aimplifications recommended. i

]

é

The discrote pust model s essentially the same as before, except that
now there are three intensitles or magnitudes apectflied, The Light and Moderate
gust nagnitudes are calculated as before. ‘'The Severe gust magnitudes are taken
directly frow Mll-A-008861A. For medium and high altitudes, the discrete gusts
may be appllied gencerally as a cowplote cosine perlod as specified in MIL-F-8785R,
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In Figure 8 of MIL-F~8785C, the ordinate axis was inadvertently mislabeled,
retaining the MIL F-8785B nomenclature for the gust components. As indicated
in Figure 32, "v,/o,, V /ov, v,/c ' should be "u /ou, v /ov, wg/c " in order to
! conform to the notation of 3.7, 2 %
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C. 3.7.3 LOW-ALT1TUDE DISTURBANCE MODEL

REQUIREMENT

TR

3,.7.3 Low-altitude disturbance model. This section specifies the model of
atmospheric disturbances to be used for all Category C operations. The effects
of wind shear, turbulencez and gusts may be analyzed separately. Some analysis
and piloted simulation is required considering a complete environmental repre-
sentation, demonstrating compliance with the requirements with the cumulative

. effects of wind shear, turbulence and gusts. A non-Guagsian turhulence repre-
: sentation together with a wind model may also be used to represent the patchy,
internd ttent nature of actual measured turbulence,.

RERTPNT

3 DISCUSSION

The turbulence model in Reference 2 did account for the influence of the
v ground on the turbulence Intensity and scale lengths. Reference 3 acknowledged

¥

ﬁ the model to the "merely a formula that produces reasonable resulte'. Comments
g from users, however, indicated that the variation close to the ground was

: not reasonable and that this wes the weakest part of the model. Since terminal

b,
J Flight Phases are cyitical in airplane design and operations, it was decided
to specify a model just fur conditions close to the ground.

+lToT2,

R

The wording recognizes (maybe unnecessarily) that different parts of
the disturbance model may be critical for different parts of the design;
then separate analyses would be appropriuate. A simulation of airplane response
and controllability in a 'complete' reprugentation of disturbances is required
(addressed more fully in the discussion of the revisions to section 4.1).
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D. 3.7.3.1 WIND SPEEDS

REQUIREMENT

3.7.3.1 Wind speeds. The wind speed at 20ft above the ground, uyg, is given
in Figure 9 as a function of probability of occurence. The values to be used
for the different levels of atmospheric disturbance are indicated.

3.7.3.2 Wind shear. The magnitude of the wind scalar shear is defined by the
use of the following expression for the mean wind profile as a function of

altitude:

In (h/zy)

Y = W0 T
e (20/zg)

where zy5 = 0.15ft for Category C Flight Phase
2,0ft for other Flight Phases

3.7.3.2 Vector shear. Different orientations of the mean wind relative to
the runway for Category C, or relative to the aircraft flight path for other
Flight Phases, shall ke considered. In addition, changes in direction of the
medn wind speed over a given height change shall be considered as follows:

Disturbance Change in Height of
Intensity mean wind vector shear
heading feet
degrees
LIGHT 0 —_—
MODERATE 90 60Q
SKVERE 90 300

A range of values for the initial wind orientation and the initial altitude for
onset of the shear shall) be considered, Relative to the runwuy, values of Uz
sin y,, greater thau the crosswind values in 3.3.7 or tailwind componernt at

20ft greater than 10 knots need nut be considered. Al any altitude other than
200t these liatts do not apply.

RELATED Mul~F-87858 PAPAGRAPH
Nove
DISCUSSLON

The meon wind spued is presented us a curve of probabulity of exceedance
vorsug a value at 20ft above the ground. The values are consistent with those
in MIL=F=9490D and Rueference 105. The 20ft reference 1is used because this is

the standard height of wind measuring towerg wt US sirports. This wind sepeed
{s the one that a piliot would commonly know before landing. A simple logar-

178

5

e s il F b T AR Lt oot IR o et v bt




T e R TN T T e S e e,
. —— e ———— M

3

TrTr Yyt ¥ T T Treor v .1 L] R NI S S i L4 T «TT T v 3 L . TYrvrr vt T T T
i
v o
! =
| -
i <
“. g
M &
i o 3
| | * “
-l F
i o ;
L ] ] i
H 7o J -
1 i » &
) \ L913A35,, ] b
: m ™ |5 Yt f
W ! o o A
§ : e )
S | c A 9
o _\ C >~ &~ *
mv H < -~ i
D M 1 — :
= 1 - ”_M =
g w ] 8
3 v o H
W ._ :Uuﬂhwvo.z,: %l m ki
s - . 4 2 &
= P A
=2 = — o
E e m ™~
= i = o —
S : = H
&= i = 3 .
m i Q = o
g 18 F E§
S i LS w
c K Q
s ; AR
o W N E
[a) r~ b
£ © i
: i % i
i B = B
L 2 [~
Wﬂ 33
& = o
3 ~ @
[ ek odedo A & PUE & )P W A Y % 2, L ——_d a by & 1A 3 4 - e i tD-
w - . el ] oy ) A=t ey o fan )
m < .\I . ) i ]
3 = < o o o f= y E
m sou®pa9axy jJo AI3F1Iqeqolg oy
m =




T T T T T e YRy oty

"™ Bownloaded from hittp:7wiww.everyspec.com == e ror o ey

ithmic profile is specified in 3.7.3.2 to provide the typical variation of wind
speed close to the ground. The value of surface roughness height, z,, equal

to 0.15ft is representative of flat terrain appropriate to most airmorts, appli-
cable to terminal Flight Phases. The value of 2.0ft for other Flight Phases
applies to rougher terrain; the practical effect is to produce more shear away
from the ground. If an airplane mission specifically requires landing in

rough terrain, an appropriate value for surface roughness height should be used.

RO i SR "

o e s i

T

Atmospheric stability has significant influences on wind and turbulence
characteristics (see, for example, Reference 105 and 106). The mean wind vari-
ation produced by the logarithmic wind profile specified in 3.7.3.2 is appro-
priate for a neutral or slightly unstable atmosphere. The data presented in
Figure 37 (Reference 107) indicates that this is ronsistent with surface wind
speeds greater than approximately 10 Kts. Higher wind speeds enhance atmos-
pheric mixing and support the near-neutral stability. Figure 37 also shows
that a neutral/slightly unstable atmosphere (i.e., Categories C & D) and hence,
by implication, the propcsed wind profile occurs with approximately 55% pro-
bability. The logarithmic profile is also relatively benign in terms of its
effects on aircraft flight path control, It can cherefore be considered as
a 'mormal' wind variation appropriate for routine operatica. The remaining
categories include those atmospheric conditions which are frequently invelved
in accidents and, therefore, receive special emphasis.

Unstable conditions caused by the onset of strong surface heating are
normally associated with light wind speeds., These conditions often cause
significant fluctuations in wind direction, the production of thermals and thun-
derstorms. Stable atmospheric conditions are often assoclated with strong
temperature inversions. A strong inversion has the ability to make conditions
above and below it indepeundent of each other, i.e., there is the potential for
significant changes in wind speed and direction across the inversion. The 4
f changes in wind speed associated with these conditions (e.g., simple shear,

’ updrafts, downdrafts, etc.,) can conveniently be represented by discrete gusts !
| for engineering purposes. Thus, although not directly a part of the 'wind 7
; speed' paragraphs, the discrete gusts of 3,7.3.5 adequately reprasent these
effects I{n each axls separately. ‘'the probability of occurrence of changes in
wind direction below 1000ft is quite low, in peneral, but may be assoclated

; with particular topographical features in addition to.the abuve conditions,
The potential effects on aircraft response and glideslope control can be
A particularly adverse for the real wulti-axis piloting task of 1and%n& an
o alrcraft., This was shown in one particular aircraft aceident108, 109 e
calculated winds, from those References and presented in Figure 38, ware the
result of the passage of a warm front. The data given shows that both the
tailwind and crosswind were greater than 20 kts above 500ft altitude, with
relatively little varfation., Between 500ft and 200ft there was an extreme

wind shear, such that the crosswind reduced to less thau 5 kts and the tailwind
decreased to zero, becondng a small headwind from 250{t to the ground. Thu.,
the winds by themselves presented a complex piloting task, although the shear
in each axis separately was not severe, It can also be scen that the surface
winds that would be given by the control tower (equivalent to a 4 kt headwind
and a 2 kt crosswind) gave absolutely no {ndication of potential problems.

A e e s e e ik M Bt s
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The final approach was made with autopilot coupled and autothrottle
engaged, Because of conaltions pecullar to the airfield the autopilot was
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2 Figure 38. Wind Profile in DC-10 Accident :
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disengaged at 184ft altitude with the runway partially in sight, and a manual
landing was attempted, Above 500ft the automatic flight control system (AFCS
established off-nominal trim conditicns of higher rate of descent, reduced
thrust and reduced pitcl: attitude in order to maintain the glideslope. As
the airplane descended through approximately 500ft the tailwind and crosswind
began to decrease., With a wveciease in tailwind, the anomentum of the aircraft
caugsed an initial increase in airspeed and consequent rise above the initfal
glideslope. This is discussed in Reference 108, the reference does not point
out that without any control input the alrcraft would decelerate to approxi-
mately the original airspcod and descend below the original glideslope, as
sketched., The AFCS responded to the initial perturbation, however, by reducing

: ;

~ -y ...4...:]
J / ‘
—~ |

A <
aupesLy/ .—l
FLIGHT PATH
~ TAIL. WIND

thiust and decreasing pitch attitude, i.e., the opposite of the long-term cor-
rections required. At po/nt A in the sketch, as the aircraft starts to descend
below the nominal glideslope, the AFCS would normally start to reverge the
previous inputs and reacquire the glideslope, A further decrease in the
tailwind prior to point A, however, would tend to produce another ttansient
increase in airspeed and rise, causing furthar reduction ia thrust and pitch
attitude., Since the winds for the accident show a continucus wind shear down
to0200ft altitude, it is probable that the AICS was continually correcting the
"initial transient'" by reducing thrust and pitch attitude until the point at

which it was disengaged.
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Also starting about 600ft the left cross wind began to decrease, causing
the aircraft to move left of the localizer. Although the autopilot put in
corrective control inputs, the aircraft was stiil left of the localizer (but
close to the glideslope) when the autopilot was disconnected. With the avail-
able visual cues the pilot judged his primary task to be aligning with the
runway. At this point, unfortunately, the aircraft was sinking through the
glideslope and the pilot was unable to prevent a short landing. The preceding
discussion i1llustrates the insfdious nature of a slow vactor shear which does
not give the pilot an obvious warning of anything unusual.

A 'vector shear' has been included in the model for Moderate and Severe
conditions, with primary application to piloted simulation (alchough it could
be used in the design of automatic landing systems). It is felt that this
generic disturbance, with the requirement to consider the worst direction and
altitude, can be used to represent a variety of adverse environmental conditions.
The addition of the vector shear with indeterminate probability meauns that
the low-altitude model is not necessarily consistent; 1t does, however, form
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an enginearinn approach to identifying the primary cffects on the landing task
of some of the less probable wind shears. The alternate approach of specifying
a particular wind profile or family of profiles '. ' <'ieved to be too prone to
producing a configuration designed tu <ly ir = .-« 77 nation shear'" at the
expense of other real possibilities which arc r »oud & . ~7 sent kr wledge

to specify.
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E. 3,7.3.4 TURBULENCE

REQUIREMENT

3.7.3.4 Turbulence, The turbulence models of 3.7.1.1 or 3,7.1.2 shall be
used. The appropriate scale lengths are given in figure 10 as functions of
altitude. The turbulence intensities to be used are o, = 0.1 U2, and o
and oy given by figure 11 as functions of o, and altitude.

DISCUSSION

These figures have been taken from Reference 105, where the justification
is given.

Briefly, the vertical turbulence intensity has been fixed at a constant
value of 10%Z of the referonce wind speed. This is the same as the value
specified in MIL-F-9490D. It is a reasonable approximation to the available
data, although there is considerable scatter. Also in MIL-F-9490D, the
longitudinal and lateral turbulence intensities have been set at double the
vertical intensity. This is a simplification which is adequate for automatic
landing system requirements. TFor the manual control requirements of MIL-F-R785C
we have specified the more rigorous continuous variation in Figure 40. Also,
the continucus variation of scale length with altitude, given in Figure 39, has
been specified. This reduction in scale length 1s seen as a gradual suppression
of low frequency disturbances with the power belung transferred to higher
frequencies as the pllot approaches the runway. Thls model has been used
in a piloted simulation on FDL's LAMARS facility; it received subjective
pllot approval.
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Figure 40.
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Tu/Oy = Oy/oy

(MIL-P-8785C Figure 11) Horizontal turbulence RMS
intensities.
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F. 3.7.3.5 GUSTS

REQUIREMENT

3.7.3.5 Qusts. Discrete gusts of the form given in 3.7.1.3 suall be used,
with both single and double ramps to be considered. Several values of dn
shall be used, each chosen gso that the gust is cuned to each of the natural
frequencies of the airplane and its flight control system. The gust magni-
tudes shall be determined from figure 8 usiug the appropriate values from
figures 10 and 11, 7The two halves of a double gust do not have to be the same

length or magnitude,
DISCUSSION

As noted in the introductory discussion to Section 3,7, the discrete gust
can represent 4 nunber of different phenomena including wind shear. The basic
model of 3.7.1.,3 is also appropriate for representing a shear effect in any
axis (horizontal wind shear, downdraft, etc.). In application, these effects
can represent the cataclysmic disturbances influencing aircraft performance
and controllability margins rather than the insidious piloting task of the
vector shear of 3.7.3,3. We then have the problem of determining values of
the gusts that ensure a realistic level of flight safety without making impos-
sible design requirements, For medium/high altitudes we have required control-
lability up to gtructural limits.

Such extreme gusts are less probable c¢lose to the ground, They do
happen, however, as evidenced by at least one takeoff accident Bat occurred
due to a downdraft that exceeded the alrcraft climb capab&lity
the model uses the probabilities of exceedance 10-1 , and 10 glving cor-
respoading mean wind speeds from 3.7.3.1 (Figure 36). Paragraph 3,7.3.4 then
gives the three values of the three turbulente intensities, as functions of
altitude, For each dynamic mode (natural frequency and gust length), Figure 32
then yields Light, Moderate and Severe gust magnitudes in each axds. It must
be stressed that we do not have here a hard and fast requirement for analysis
of all modes with three gust magnitudes and all axes, We do suggest this model
be used to design for acceptable controllability and performance margins in
adverse weather, and beyond that to assist in developing pilloting procedures
for recovering from upsets. More specific discussion follows 3,8,3.
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G. 3,7,4 CARRIER LANDING DISTURBANCE MODEL

| REQUIREMENT

3.7.4 Carrier landing disturbance model., This section specifies the model of
atmospheric disturbances to be used for carrier landing operations. This model
shall be used in analysis and piloted simulation to determine alrcreft control
response and path control accuracy during carrier landing. This model supple-~
ments, but does not replace, the low-altitude model of 3.7.3, :

|

The terminal approach carrier landing disturbance model shall be used
during simulation of the last 1/2 mile of the carrier approach., The u velocity
t component is aligned with the wind over deck. Total disturbance velocities are
; computed by adding segments caused by raudom free-air turbulence, ujy, vy, wi;

ﬂ steady ship-wake disturbance, uj, wp; periodic ship-motion-induced turbulence,

v u3, w3; and random ship-wake disturbance, us, v4, w4, The total air distur~ 1
i i
y

H

bance components Ugs Vg and wg are then computed as:

r Ug = uj +up +ouy + oy,

s vg T VLt Vv g
wg-w1+w2+W3+w¢ ‘

4 The input to all of the random disturbance filters shall be generated

: by filtering the wide~band, Gaussian output of zero~-mean, unit~variance

random-number generators.

3.7.4,1 JFree-alr turbulence components., The free-air turbulence compeonents

which are independent of aircraft relative position are represented by fil-
tering the output of white-noise generators described in 3.7.4 to produce

i the following spectra:
200 ]
(ft/sec)? per radian/ftw i

el

f’ by, () - ——————
“ 1 1+ (100 )2

939 (1 + (400 «)2]

i
f b, () =
| Y1 [1 4 (1000 @) 201 + (400/3 2)2] (ft/sec)? per radian/ft*
; 71.6
, b, () = — u
' Y1 1+ (100 @)2 (ft/sec)? per radian/ft* \

3,7.4.2 Steady component of carvier alrwake. The steady components of the
. carrier airwake consist of a reduction in the steady wind and a predominant
§ upwash aft of the ship which are functions of range. Figure 12 {llustrates
the steady wind functions uy/ V,/4 and wy/ V,/y as functions of position aft of

the ship center of pitch.

* The units, and the constant of ¢Vl are wrong in MIL-F-8785C.
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3.7.4.3 Periodic component of carrler airwake. The periodic component of the
alrwake varies with ship pitching frequency, pitch magnitude, wind over deck
and alrcraft range., 'These components are computed as follows:

ug = BV, 7q(2.22 + 0,0009X)C

T T B N

: w3 = 0V, q(4.98 + 0.0018X)C

vV - Vw/d X
C = cosine mp[t (1 + + + P
0.85Vy/d/ 0.85Vy/d

] where:  w, = Ship pitch frequency, radians/second.

! Oy = Ship pitch amplitude, radians.

: P = Random phase, radians,

g The u component 1s set to zero for X < -2236 feet, and the w component 1s set i

to zero for X < -2536 feet.

3,7.4.4 Random component of carrier alr wake., The ship-related random
velocity components are computed by filtering white noise (3.7.4) as follows: !

0 (X) v 21 (X) (Input)

U[‘-

T re— TS A i

T(X)jw + 1

0.035 Vy/4v6.66(Input)

W4l - V[. =
3.334w + 1

e e e ML

where: o(X) = RMS Amplitude-ft/sec. (IF'igure 13)

1(X) = Time constant-sec. (Vigure 13)

Input = [Random nunber][ jw ] sin (10 n t)

output jw + 0.1
RELATED MIL-1"~8785B PARAGRAPH
None

DISCUSSLON

N e Pt ok AT oSl . il 2 M At )

In developing the form of the requlrements for the effects of atmospheric
disturbances 1t became obvious that the Navy had "hidden" flying qualities
requirements: Most Navy airplanes are required to make shipboard landings.
This 18 an item to be simulated before flight demonstration, and also pre-
sumably, considered in the design. Thus, the requirement to demonstrate a

; capability for shipboard landing implies a severe environment and there 1is
! no need for separate requirements in atmospheric disturbances (at least for

: the landing Flight Phase). A disturbance model for carrier landing, supplied i
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by the Naval Air Development Center (Reference 111), has been added in this
section, Even in calm air, the ship wake provides unavoldable atmospheric
disturbances.

5 It is apparent from informal discussions that some increase in pilot
workload, or degradation 1n pilot rating, is accepted for the task of landing
, in this environment relative to landing on firm ground in calm air. More

i work 1s required to relate the severity of thismodel to the low-altitude

3 model of 3.7.3,

: We algo need to correct an erro: in the MIL~F-8785C spectra of the
4 free-air turbulence components for carrier landing, 3.7.4.1. The form of

E the spectra is correct, although the units should be (ft/sec)? per radian/ft.
: The coefficlent in the expression for b, should be 939 instead of 5900

|

3 (a factor of 2m)., With these changes, the three power spectra can be inte- .
" grated in closed form: l
ol = fo vy()de

X ey = 1.77 ft/sec i
2 oy, = 1.69

‘ 0y = 1.06
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H. 3.7.5 APPLICATION OF THE DISTURBANCE MODEL IN ANALYSES

REQUIREMENT

3,7.5 Application of the disturbance model in analyses. The gust and tui-
bulénce velocities shall be applied to the airplane equations of motion i
‘ through the aerodynamic¢ terms only, und the direct effect on the aerodynamic i
! censcrs shall be included when such sensors are part of the airplane augmen- .
tation systen. Wheu usine the discrete gust model, all significant aspects
of the penetration cof the gust by the airplane shall be incorporated in the
analyses. Application of the disturbance model depends on the range of
frequencizas of concern in the analyses of the airframe. When structural
modes arve significant. tue exact distribution of turbulence velocities
should be considered, For this purpose, it is acceptable to consider
u, and v, as being one-dimensional funcrions only of x, but wy shall be
_ considereéd two dimensional, a function of both x and y, for the evaluation
i of aerodynamic forces and mnoments. @
)

i

When structural modes are not significant, airframe rigid-body responses |
| may be evaluated by considering uniform gust or turbulence immersion along '
, with linear gradients of the disturbance velocities. The uniform immersion
is accorated for by u pr Vg and w, defined at the airplanec center of gravity.

The angular VelOLitleS dUL to tu%bulence are equivalent in effect to air-
plane angular velocities. approxdmations for these angular velocities are
4 defined (precisely at very low frequencies only) as follows:

.
' g i
dy i
) awg :
“Cp T Qg =777 1
IX j
. —av8 1

12} 1%

The spectra of the angular velocity disturbances due to turbulence are then

given by: iy, i

0d 0.8 r) 1/3 §

Sy A0 = !

Py h

; & L, 1+ (7‘?982) ;

: _ 12 3
; ) - = —— 4 2
. dqg(az) wgm)

G = eem— B () ,1
. X } v i
: 8 1+ (_329)2 8 ‘1
.l n s i
: where b = wing span. The turbulence components u,, v,, w,, and p, shall be con- ;
. sidered mutuallyv independent (uncorrelated) in a statistical sense. However, !
f
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3 q, is correlated with w, and r, is correlated with v,. For the discrete gusts
g tfe linear gradient givgs angu%ar velocity perturbatfons of the form:

: X

pg = pm sin (d_n;) 0 _<_ X _i dm

i For the low-altitude model, the turbulence welocity components ug, V and w
are to be taken along axes with ug aligned along the relative mean w%nd vec%or
and Vg vertical,

BISCUSSION

. This paragraph has only minor changes from MIL-F-8735B. mostly changes

: in the notation not the intent. The one change ¢f significance is to align

the low-altitude turbulence perturbations with the relative mean wind vector,
The meteorolougical definition of the turbulence velocities is with u, longi-
tudinal (i.e., along the actual wind) and v, and w_, transverse. At megium/

high altitudes we have specified isotropic turbulence - the spectra of v, and
wg are the same in all directions perpendicular to the wind. Also, a megn wind
is usually not a factor in flying qualities, and none has been gpecified. It
is, therefore, acceptable fo use either body or stability axes.

oy S SR T

For the lew~altitude model we have specified nonisotropic turbulence
spectra to account for the influence of the ground. We have also specified
a mean wind, so that the orientation of the turbulence wvelocities is wmore
critical. 1he transformation of these velocities to other axes can not be
done exactly. Reference 105 addresses this problem and concludes that the
use of the mean wind vector realative to the aircraft for u, is the least
inaccurate approximation. This should consider alrcraft motion relative to
the winds (horizontal) specified in 3.7.3,1-3.7.3.3. The effect of proximity
to the ground is reflected in wy, which should be vertical. Vg then completes
the axis system,

OTHiiR ENVIRONMENTAL FEATURES

. This section of MIL-F~8785C now contains a recommended model of distur-

L bances, i.e., wind turbulence and gusts, These factcrs influence the air-

craft flight path directly and increase pilot workload. Other environmental

features msy be of peripheral importance in a particular application. As

we see more reliance on automatic guidance and active displays for task

) performunce, then these also become flying qualities related. Both rairn
density and visibility are environmental features which have a potential
influence, and preliminary models are presented here as guldance.

Reference 19 presents a riin wodel empirically developed by the USAF
Environmental Technical Applications Centevr, The selected model has been used
‘ to estimate the rainfull encouatered during manned aircraft approaches and has
i general acceptance. Thiis model describes a rainstorm cvcnsisting of several
! cells, the rainfall 'ln each beiny proportional to a ten-minute point rainfall,
The digcussion is paraphrased as follows,

]
i
k_ Rain Model
b
3
K

) Microwave frequeacy energy attenuation is caused by water absorptiou and
] is directly related to rainfall rate, raindrop size, radio frequency used, as
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well as other factors. Since landing systems must operate satisfactorily in any
selected climatic regions, the measured point rate rainfall during heavy rain
in Southeast Asia was selected as the basis for the recommended precipitation
model presented in Figure 43. This rain model, recommended for worldwide
applications, will provide 99% weather reliability in the tropical areas and
greater reliability in other areas. It is further recommended that this model
be used for altitudes to ten thousand feet, since there is little variation

over this altitude range. This model does not apply above ten thousand feet;
heavier rain rates are possible at the higher altitudes.

The preceding discussion is obviously directed towards the effect on gui-
dance systems., R