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ABSTRACT

A four-year simulation program to develop airworthiness criteria for
powered-1lift aircraft is summarized. All flight phases affected by use of
powered 1ift (approach, landing, go-around, tokeoff) are treated with
regard to airworthiness problem areas (limiting flight conditions and safety
margins; stability, control, and performsnce; and systems failure). A
tutorial discussion of each aspect is given in which the general features
of powered-lift aircraft are compared to conventional aircraft. This is
followed by a presentation of findings based on the simulation experiments
of this program as well as on other appropriate sources. Qualitative and,
in many cases, quantitative criteria are proposed. Where criteria cannot
be defined, problems are discussed and subjects for further study are
recommended.
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SECTION 1

INTRODUCTION

1.1 BACKGROUND

This report summarizes a four-year program to develop airworthiness
criteria for powered-lift aircraft. The program consisted of a series of
simlator experiments which were conducted on the Flight Simulator for
Advanced Aircraft (FSAA) at the NASA Ames Research Center.

The initial simulations concentrated on determining the major problem
areas regarding airworthiness criteria for powered-lift aircraft and
especially those areas where existing airworthiness standards might not
be appropriate for powered 1lift. Later simulations addressed specific
problems and potential criteria. The last simulation was primarily an
evaluation of tentative criteria which had been developed. A more detailed

review of the whole program is given in the next subsection.

The simulation efforts were supported by analytical studies and de-
tailed reviews of other programe which were also concerned with powered-
1ift airworthiness or handling qualities. The following paragraphs describe

those efforts which had a major impact on this program.

Reference 1, commonly kmnown as FAR Part XX, was the initial attempt
to formulate airworthiness standards especially for powered-lift aircraft.
A document of this nature is the ultimate goal for this criteria develop-
ment program. Reference 2 was a systematic review of Part XX which more
directly addressed the special problems related to powered-lift airplanes.
Another formal attempt to set forth civil airworthiness standards for
powered-1ift aircraft was done in the British counterpart to Part XX,

Section P (Reference 3).

A large body of research literature on powered-lift aircraft was

available. Efforts which were directly aimed at civil airworthiness criteria



were described in References U4 through 9. Reference L4 was specially note-
worthy because it summarized several NASA flight test programs involving

actual powered-lift airplanes and proposed a numbér of criteria.

In addition, a large body of literature representing programs of a
more limited scope than those above influenced the conduct of this program.
One concurrent simulation research program having a significant impact on
the work reported here is described in Reference 10. The contributions of
various programs are indicated throughout the sections of this report by

specific reference.

We should aleo note two current flight test programs which can be
expected to have a major influence on the ultimate airworthiness standards.
The first of these is a research program being conducted at the NASA Ames
Research Center with the Augmentor Wing Jet STOL Research Aircraft (AWJSRA).
The second is part of the Air Force competition to develop an Advanced
Medium STOL Transport (AMST). The two competing designs are the Boeing
YC-14 and the McDonnell Douglas YC-15.

1.2 PROGRAM HISTORY

This program originated in mid 1972 as a joint FAA/NASA effort to use
manned simulation to develop STOL airworthiness criteria. Major milestones

in this program are listed in Table 1-1 and are discussed below.

The first formal simulation period in this program was begun in October
1972 using an STI-developed model of the Breguet 918 as the subject air-
plane. This model was intended to reflect the general characteristics of
deflected-slipstream powered-lift airplanes. During this first simulation,
general test procedures were developed which were used in subsequent sim-
lations. A relatively broad range of operations was investigated including
transition from cruise to approach, approach and landing, go-around, and
takeoff. Several approach cases were examined by considering different
approach speeds with and without "transparency," (differential inboard/
outboard propeller pitch which redistributed 1lift and thus varied the
aerodynamic characteristics).




July

October/November
April/May
July/August
January/February
June/July

September

November/December

April/May

April

September

TABLE 1-1

PROGRAM MILESTONES

1972

1972
1973
1975
1974
1974

1974

1974,

1975

1976

1976

NASA/FAA/CEV Flight Familiarization
with BR 9l1S

First BR 941 Simulation
Second BR o1 Simulation
AWJSRA Simulation

First Generic STOL Simulation
Second Generic STOL Simulation

First Meeting of the STOL Standards
Development Working Group

STOL-X Simulation

Second Meeting of the STOL Standards
Development Working Group

NASA/FAA Report on Progress Toward
Criteria Development

Summaery Report



After an analysis period, the BR 941 simulation was continued in
April 1973. The approach and landing became a more central area of investi-
gation. The conmbined results of the BR 941 simulations were reported in

Reference 11.

In July 1973 a second subject airplane model was investigated. This
model was based on the NASA Augmentor Wing Jet STOL Research Aircraft
(AWJSRA) and allowed us to view a design employing a different form of
powered 1ift, i.e., augmentor wing. The same set of flight phases were
considered as with the BR 941. The approach and landing, however, took on
an increased emphasis. Several approach speeds were examined as well as
use of different flight path comtrols (i.e., throttle, nozzle angle, direct
lift control, and direct drag control). The documentation of this simula-
tion, Reference 12, included initial attempts to formalize a theory of
flight path/flight reference control in the approach and establish criteria
based on this theory.

The BR 941 and AWJSRA simulations examined relatively complete models
over a range of piloting tasks. The approach and landing emerged as po-
tentially the most critical piloting task for powered-1ift airplanes and
the area most lacking in effective airworthiness criteria. At the same
time, there were indications that various forms of powered 1lift (deflected
slipstream, augmentor wing, externally blown flap, internally blown flap,
etec.) all yielded relatively similar flight path control dynasmics in a
generic sense. This was more formally developed in a parallel FAA program
to study STOL transport flight path control (Reference 10). Thus the
next simulation focused on airworthiness problems in the approach using a
generic STOL model rather than a specific airplane or specific type of
powered 1lift. This generic representation allowed direct variation of many

individual features of interest.

The first Generic STOL simulation was begun in January 197%. The ob-
jectives of this similation were to study speed margine, flight path control
power requirements, and flare and landing techniques. The general form
of the model wused dllowed a direect variation of specific airplane charac-
teristics which we wanted to study.




A second Generic STOL simulation was cornducted in June 1974 to examine
still other specific topics of interest. These included flight path/flight
reference cross coupling and short-term flight path response. In addition,
in order to answer gquestions concerning turbulence realism, the effects of
the low altitude turbulence model were studied by comparing the previously
used MIL-F-8785B model and an alternative turbulence model. This involved
use of a familiar subject airplane, the Twin Otter. The turbulence model
comparison showed no clear distinction with regard to realism and use of
the MIL-F-8785B model continued. The results of both Generic STOL simila-

tions were reported in Reference 13.

The first STOL Standards Development Working Group* (SSDWG) meeting
was convened in September 1974 at the NASA Ames Research Center. The meeting
was attended by representatives of the FAA, NASA, MOT (Canada), CAA (United
Kingdom), CEV (France), and STI. The objective of this meeting was to
review the results of the simulation exercises conducted over the prior
two years in order to propose revisions to FAR Part XX, Reference 1.
It was proposed that the results of this meeting be used as the basis for
the subsequent simulation phase, i.e., that known as the STOL-X simulation.

The STOL-X simulation centered about an aircraft design contrived to
Jjust meet a number of the criteria discussed in the first working group
meeting. This hypothetical design was based on an actual preliminary design
of a powered-1ift transport, but modifications were made to tailor the
characteristics to the proposed criteria levels. DNDuring the simlation
period a number of minor variations were made to better define the criteria

limits. The results of this simlation experiment are given in Reference 1k.

A second working group meeting was convened during April 1975 to
further discuss development of airworthiness criteria especially in the
light of the STOL-X simulation. The outcome of these discussions is
presented in Reference 15. This document reflects not only the data

* During the second meeting of this group, the members agreed that the
working group title was somewhat misleading. It would be more correct
to change "STOL" to "Powered-Iift" as the group was concerned only
with powered-lift aircraft and not low-wing-loading STOL aircraft.



collected in the program reported here but also important inputs from each
of the working group members and participating agencies.

The final program milestone is the issuance of this summary report.
Although reports had been written covering each simulation experiment, this
overall summary was considered necessary. The basic objective was to collect
and interpret the results from all the simlations as well as outside data
sources. Another objective was to clarify conflicts between findings and
hypotheses given in the earlier and later simmlation reports. This report
therefore supersedes References 11, 12, 13, and 14 but does not replace
them as detailed descriptions of the experiments and results are not repeated

here.

1.3 REPORT ORGANIZATION

Section 2 is a general description of the simulation facilities and
test procedures used throughout this program. The remainder of this report
is organized into sections which cover the important aspects of several key
flight phases. Figure 1-1 shows this organization in a schematic manner
and gives an indication of the program emphasis. The shaded blocks indicate
the areas of major and minor concern and give the respective report section.

Each section begins with a general tutorial discussion of the subject
matter and ends with a presentation of findings from this program. Where
possible, the results of this program are cérrelated with data obtaimed
from other research programs. Specific criteria are suggested where the

data warrant this.

The final section, Section 12, gives a summary for each of the areas
considered. This includes an assessment of our current ability to define

appropriate airworthiness criteria and recommendations for additicmal

research where it seems necessary.

Because of the special importance of the longitudinal flight path
dynemice end of atmospheric disturbance modeling, appendices dealimg with

these subjects are included.
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SECTION 2

DESCRIPTION OF THE EXPERIMENTAI APPROACH

The following pages summarize the main features of the experimental
approach taken in this simulator program. The details of each respective
part of this program are covered in the simulation reports (References 11
through 14). The elements of the experimental approach which are described

here are:
® Test procedure
® Airplane models
® Operational environment
® Simulator apparatus
® Subject pilots
® Data acquisition.

Each of these is taken as a subsection topic. The objective is to define

the important features of the experimental approach.

2.1 TEST PROCEDURE

The test procedure used in this simulation program was, briefly stated,
to examine powered-lift vehicles operating in the terminal areas. This was
accomplished through a consideration of pilot opinion, overall pilot/vehicle
performance, and engineers' observations. There was no strict reliance on

any one of these.

When we considered any given flight phase, it was done within the proper
context; for example, the go-around flight phase was always preceded by a
realistic approach flight phase. The tasks themselves were made as realistic



as possible although the pilots were requested to carry out tasks in some-
times unusuel ways. For cxample, flarc and landinge using power instead of
pitch attitude were examined. While this was a new experience for many

of the pilots, it was conducted within a realistic setting and with realistic
landing constraints. In some cases, flight test procedures were examined
rather than specific flight phases or tasks. One notable example of this was

approach to stall or high angle of attack conditions.

The specific flight phases which were considered in this program included:

® Takeoff

® Transition from cruise
® Approach

® ILanding

® Go-around.

After examining all of these in the initial program simulations, it became
clear that special emphasis should be placed on the approach and landing
flight phases.

When conducting the simulation experiments, the pilot was normally given
guidance as to the appropriate piloting technique, special performance ob-
Jectives, and the nature or objeclives ol the particular experiment. This
was found preferable to keeping the pilot unaware of test objectives and
having him search out problems and salutions on his own. Formality in
defining the experiment and pilot instructions varied over the course of
the program. Initially a complete set of detailed flight cards were used
but later only oral briefings were given to the pilot, along with greater
latitude in examining the problem. In the final simulation period, however,
we reverted to the use of detailed flight cards. Not only was this more
desirable to the pilots but it also forced the experimenter to follow more

closely the program plan and objectives.

It was found that it was efficient to have an engineer accompany the
pilot during the runs to take notes and interrogate the pllot for the taped
record. In general, the most valuable information obtained was through

direct observations made by the pilots and engineers.
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2.2 ATIRPIANE MODELS

In this simulation program, several airplane models were used. We will
describe each of these briefly with special notes on model construction and

significant problems encountered.

The airplane models which will be described in the following paragraphs

are:
® BR 941
® AWJSRA
® Generic STOL series of configurations

® STOL-X.

The BR 941 model (Volume III of Reference 11) was developed by STI
specifically for this program. The objective was to develop a highly
detailed model of the BR 9418, which was flown by four of the pilots prior
to the simulation program. Special emphasis was given to modeling the pro-
pulsion system including the individual effects of propellers, govermor,
and engines. 1In addition to previously available flight test data on the
BR 941.01, we also used additional flight test data from the RR 9L1S. These
latter data were collected during the flights made in preparation for this
program. Development of the model included one short simulation period

with the same four pilots to fine tune the model.

One important feature of the BR 941 model was use of analytical functions
to describe the aerodynamic, propulsion, and landing gear parts of the model.
This was in contrast with the usual use of tables to define characteristics.
One important advantage in doing this was the reduction in the total number
of parameters to define the model. For example, tables of 1lift coefficient
values involving several hundred numbers could be replaced by a few coeffi-
cients to describe an analytic function. Another advantage was that it was

easier to adjust parameters to fine tune the model.

The BR 941 model was successful in defining a complex and sophisticated
airplane model with an economy of parameters compared to use of a tabular

11




definition scheme. This model was a forerunner to the Generic STOL model
which was developed at a later phase and is described shortly.

The AWJSRA model used in this program was an existing NASA computer
model (Reference 16). It was an early version of a model which has been
subsequently refined and updated. This model made wide use of tabulated
aerodynamic data in contrast to the aforementioned prograh, Some minor
modifications were made to the AWJSRA model for this program. These in-
cluded the removal of some propulsion system non-linearities, implementation
of a separate control DIC and DDC option, and substitution of the BR 91
landing gear model. This model, like the BR 941, was a highly detailed
simulator model. It allowed operation throughout the entire flight envelope
of the airplane.

One important addition to the AWJSRA model was an all-axes stability
augmentation system plus a flight director and a configuration management
system. The SAS was essentially the same as that used in the latter stages
of the BR 941 simulation. The flight director and configuration management
system was one specially designed for the AWJSRA in another program, de-
seribed in Reference 17.

The Generic STOL simulator model consisted of a general computer program
capable of modeling a wide range of powered-lift and conventional aircraft
types. During the two Generic STOL simulation periods a single basic air-
plane model was used but certain longitudinal characteristics were varied
in order to examine a large number of configurations. These various longitu-
dinal models were devised to carry out specific experiments related to
safety margins, flare and landing, flight path control power, dynamic
response, speed/path cross coupling, and examination of turbulence model
effects. In some cases the configurations which were used did not reflect
realistic powered-lift aerodynamics. They were deliberately contrived to

examine certain important handling features.

The Generic STOL computer program itself was developed in anokther pro-
ject and is described in Reference 10. The model provides the basic
framework for an airplane simulation and has been used in simulation pro-
grams involving both powered-1ift and conventional airplanes. The model

12




was based on an analytic functioh description of aerodynamic and propulsion

characteristics much the same as the BR 941 model.

The STOL-X model (Volume II of Reference 14) was a realistic powered-
1ift airplane configuration utilizing the Generic STOL simulator program.
This configuration was developed by STI to explore certain tentative air-
worthiness criteria. This was done by making the characteristics of the
airplane just meet these criteria. The configuration was based on a pre-
liminary desien developed in an Air Force study program (Reference 18).
In more specific terms, this design employed an EBF powered-lift concept
utilizing four turbo-fan engines and was in a weight class just slightly
lighter than the current Air Force AMST (Advanced Medium STOL Transport)
designs. One of the special objectives was to operate at minimum safety
margins; hence the design flight condition involved a 1ift coefficient of
about six, a relatively high value compared to most powered-lift designs
to date.

2.5 OPERATIONAL ENVIRONMENT

The operating environment Importaut to this program consisted of two
main parts: the ground environment including the airport and associated
terrain and thc atmospheric environment. The importaent aspects of each

of these will be discussed in the following paragraphs.

The central feature’of the ground environment for this simulation
program was a 600 to 1 scale replica of a STOL port and surrounding country-
side. Runway dimensions and markings were largely in accordance with
Reference 19, but minor modifications were made at various times over the
span of this simulation program. Details are reported in the respective

similation reports.

The forms of approach guidance provided to the pilot included electronmic,
"VASI, and a normal visual scene. Electronic guidance consisted of normal
cockpit instruments with varying ILS glide slope and localizer angles and
sensitivities depending upon the particular experiment and aircraft. Varia-

tion of some of the electronic guidance parameters was the subject of some
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minor experiments. For example, a localizer offset angle of 6 deg from the
runway centerline was evaluated during the first series of BR 941 experiments.
Some BR 941 and STOL-X experiments involved significant variations in glide
slope angle. The majority of the experiments, however, employed a straight
in approach on a 6 deg glide slope.

Two types of VASI were utilized during this pProgram. During some of
the BR 941 and AWJSRA experiments, the VAST consisted of a pair of fixed
gighting bars located on the gide of the runway. These werc later replaced
by a two-color light system. 1In general, the VASI systems were used to en-
hance the pilot's outside visual reference during the latter stages of the
approach. This was an attempt to offset a sometimes marginal video display.

In later experiments the VASI was not used.

The visual display consisted of a closed-circuit color TV system using
a 600 to 1 scale model of the terrain. The angular field-of-view provided
was 37 deg vertically by 48 deg horizontally. The most severe constraint
imposed by this was the limit on crab angle in a crosswind without losing
sight of the runway. A standard color TV monitor was used with the picture
sharpness apparently having some effect on altitude and altitude rate per-

ception, espeecially during the flarc and landing.

The features describing the atmospheric environment included random

turbulence, deterministic winds and shears, and visibility.

Visibility was adjusted by setting the cloud ceiling. This ranged
- from a totally visual approach to an IFR approach in instrument meterologi-
cal conditions with the ceiling set near the decision height. Missed

approaches were forced by setting the ceiling to zero.

The random turbulence model used throughout this program is fully
described in Appendix B. . The turbulence intensity was the only parameter
which was independently varied. Usually the turbulence level was charac-
terized as either "calm" or "turbulent". Early in the program the calm
condition was perfectly calm air. During latter experiments it was found
that a level of g = 0.46 m/s (1.5 £t/s) was more satisfactory because
it would not permit the pilot to fly totally hands off. The standard
turbulent condition corresponded to Oyg = 1.37 m/s (4.5 £t/s). This level
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is exceeded only 10% of the time according to Reference 20. 1In a few cases
a 1% turbulence level was used, Oug = 2 m/s (6.5 ft/s).

The main source of atmospheric disturbance in this simulator program
was random turbulence, but the question of its validity lingered throughout
the program. Some of the subject pilots felt that the turbulence level
which was characterized as having a 10% probability of exceedance was un-
realistically severe in the simulator. Prior to the second Generic STOL
similation, a study of various random wind models was made, and a large
mmber of sources dealing with low-level turbulence models were surveyed.
Based on analysis, there did not appear to be a significant difference in
the net effect of any of the models surveyed. Nevertheless, a short simmla-
tion experiment was run to study the more widely varying turbulence model
parameters. This seemed to confirm that the model originally used was as
realistic as any of the alternatives, and its use continued throughout the

remainder of the simulator program.

It should be noted that in a subsequent evaluation of the standard
turbulence model involving use of the Princeton Variable Stability Navion, the

model again appeared realistic. This result is reported in Reference 10.

Since the turbulence model used here seems to have been shown reasonably
valid, at least quantitatively, the main problem may have been in the
subject pilots' interpretation of a given probabllity of exceedance. At
any rate, this should not alter the validity of the data obtained from the
gimilator experiments run. Since pilot ratings were obtained using well-
defined disturbance levels, it is possible to reassess minimum acceptable

boundaries for other levels of disturbance.

Various conbinations of deterministic winds and wind shears were used
along with the random turbulence in some of the experiments in this program.
During the first two simulation series each set of runs contained a variety
of wind profiles and turbulence. This was found awkward. The sheaf'magni-
tudes were somewhat arbitrary because no probability estimates could be
made. At the same.time it was found that the random turbulence model pro-
rided random wind shears (as it appeared to the pllots) due Lo the significant

low frequency content. For this reason, during the Generic STOL and STOL-X
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simulations the large deterministic wind shears were removed from the test
matrix and replaced by a 1/6 Power law wind profile to provide only boundary

layer wind shear effects.

Tt was clear from initial BR 941 simulations that wind shears were at
least as important disturbance factors as was random turbulence, but a more
recent simulation program (Reference 21) provides a better insight to the
effects of wind shears on powered-lift vehicles. This involved a systematic
voriation of shear magnitude and duratbtion. The vehicles included a rela-
tively conventional airplane (a low wing loading STOL) along with a selection
of powered-1lift configurations with various augmentation devices. The
results of this experiment are discussed in later sections (safety margins

and longitudinal flight path/flight reference control).

2.4 SIMULATOR APPARATUS

The entire simulation program described here was carried out on one
similator facility at the NASA Ames Research Center. This consisted of the
Flight Simulator for Advanced Aircraft (FSAA) and a Redifon visual display
system. The following is a brief description of each of these devices.

The FSAA is a six-degree-of-freedom moving base simulator with an
unusually large lateral motion capability. The FSAA provided generally
realistic motion for simulated flight including the effects of turbulence
and maneuvering by the pilot. Its most apparent limitation was its inability
to provide a good vertical acceleration cue during flare and at touchdown.

It was necessary to augment the touchdown motion cue by advising the pilot,

after landing, of his touchdown sink rate.

The cockpit of the FSAA was specially configured for the BR 941 and the
AWJSRA airplane similations. For the Generic STOL and STOL-X simulations a
cockplt representative of conventional transports was used. This cockpit
was generally similar to those specific airplanes mentioned above but

differed mainly in having a center console throttle quadrant.
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The Redifon visual display was a crucial element of the simulator
apparatus. This was because most of the critical piloting tasks occurred
at a time when visual reference was required, such as flare and landing.

The Redifon device used was adequate for conducting this program but had

to be maintained at its maximum potential. It was considered important

to frequently check the altitude and longitudinal position calibrations.

The sharpness of the picture displayed to the pilot seemed to be the most
critical aspect of the visual display. This was especially important during
the flare mancuver where sink rabe and altitude perception was of special
concern to the pilot. The subject pilots were sensitive to even the slight-

est degradation in picture gquality.

2.5 SUBJECT PILOTS

A relatively large number of subject‘pilots participated in this simu-
lation program. These pilots represented NASA and the civil aviation agencies
of France, the United Kingdom, and the United States. Most of the pilots
had experience in flight testing and experience with various types of STOL
or powered-lift aircraft. At the same time there was a good deal of diver-
sity in the backgrounds of these individuals. Table 2-1 briefly describes
the experience of each of the subject pilots along with any special quali=-
fications pertinent to this simlation program.

2.6 DATA ACQUISITION

The data collected during the simulation program were of three forms:

written comments, oral (taped) comments, and recorded performance.

Standard questionnaire forms were the basis for written pilot comments.
Frequently, though, extensive written reports were prepared on specific
items encountered during simmlation runs.

Oral interrogation of subject pilots was found to be the most important
source of information. This could be accomplished during or immediately

following individual runs.
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Various forms of recorded performance data were gathered. Analog
strip charts of a large number of variables were always taken. Various
forms of statistical performance data were also available but sometimes
were not taken because the data output increased simulator run time. The
forms of performance records are shown in detail in the individual simula-
tion reports. In general, verbal data were relied on more heavily than
performance data. Early in the program it was found that pilot ratings and
comments would reflect degraded conditions before the performance data would.

During this program a modified Cooper-Harper rating scale was used as
a quantitative indication of task difficulty. This scale is shown in
Figure 2-1. The modifications from the standard Coopcr-Harper scale
reflect the need to better address the matter of airworthiness. Specific
modifications are wording changes in the decision tree of colum one and

addition of the safety margin aspects of colum three.

One unavoidable difficulty connected with the use of the rating scale
concerns the role of atmospheric disturbances. Although levels of severity
of disturbances are not explicitly addressed in the scale, there is an
effect on ratings depending upon an individual pilot's assessment of proba-
bility of occurrence or exceedance. As mentioned earlier, this assessment

was not entirely understood.
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SECTION 3

LIMITING FLIGHT CONDITIONS; APPROACH AND LANDING

This section covers the subject of flight at, or approaching, limiting
conditions of the flight envelope which are related to high angles of attack
and low airspeeds. In the case of conventional aircraft this would corre-
spond to the region near aerodynamic stall. For powered-lift aircraft,
this region may also be characterized by aerodynamic stall, but requires a

more complex treatment.

In order to cover the subject, this section is organized in the fol-

lowing manner:

® Definition of limiting flight conditions
® Approach to and recovery from limiting flight conditions

® Warning of and deterrent to limiting flight conditionms.

We begin by giving a background discussion of limiting flight conditions
for powered-1ift aircraft and then present related simulation results.

A key difference between conventional and powered-1lift aircraft is the
strong effect of power setting on the relationship between 1ift and angle
of attack. This is shown in Figure 3-1 in which typical plots of 1lift
coefficient versus angle of attack are shown. Note that for a conventional
aircraft there is nearly a one-to-one relationship between 1ift coefficient
and angle of attack; the variation between power-off and maximmm power is
relatively insignificant. On the other hand, for a powered-l1ift aircraft,
a wide range of 1iftt coefficients is possible at any given angle of attack
depending upon power setting. Of particular interest is the fact that CLmax
for a powered-lift aircraft can vary greatly depending upon thrust. Also,
it is possible for the angle of attack at CLmax to vary with thrust.
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The following pages will dwell on the behavior of a powered-lift
sirplanc in the region of aerodynamic stall. The relationships shown in
Figure 3-1 will be discussed more fully and the simulation results which
relate to limiting flight conditions in the region of aerodynamic stall

will be presented.

3.1 DEFINITION OF LIMITING FLIGHT CONDITIONS; APPROACH AND LANDING

The objective of this subsection is to enumerate, in some detail, the
conditions which constitute limits of the flight envelope for a powered-
1ift alrplane and to give related simulator observations and findings.

A general definition of limiting flight conditions is that they form
the boundary of the usable flight envelope (we are considering, in particu-
lar here, the high angle of attack/low airspeed boundary). Beyond the
boundary of the usable flight envelope it is assumed that there would be
a substantial change in flight characteristics which may be totally un-
controllable or, at the very least, a cause of major problems in aircraft

operation.

Let us begin by considering the case of a conventional aircraft. For
most conventional alrcraft, the power-off stall is likely to be the defining
feature of its limiting flight condition. At or near aerodynamic stall,
conventional flight dynamics cease to exist and a large percentage of
aerodynamic 1ift may be lost with only a small angle of attack increase.

In some cases the adversity which dominates is related to loss of control

in the lateral-directional axes. These limiting flight conditions can
normally be associated with an angle of attack. In addition, there can also
be & limiting flight condition created by inadequate dynamic pressure, e.g.,
the minimum control speed related to propulsion failure. This, then, would
be tied to airspeed as opposed to angle of attack. But, a single equivalent
alrspeed is all that is needed to essentially define the 1 g limiting flight
condition for a conventional aircraft (for a given wing loading) whether it
be primarily a function of angle of attack or of airspeed. The nearly one-
to-one relationship between CL and angle of atbtack allows this simplification.
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For the powered-1ift aircraft, the same kinds of adversities can form
Limiting flight conditions. If, however, lhe limiting flight condition
is related to aerodynamic stall there can be a wide range of airspeeds
and angles of attack at which this can occur. This can be described in
terms of a variety of types of aerodynamic stall. Figure 3-2 illustrates
a variety of limiting flight conditions stemming from aerodynamic stall
and how they depend upon the power setting.

The first condition we consider is power-off stall. While fhis is
meeningful for conventional aircraft becaﬁse it is well defined‘énd fairly
‘ invariant, it has less significance in the operation of a powered-1ift
airplane. This is because the approach speed is likely to be below the
power-off stall speed”® as shown in Figure 3-2.

Next, consider the condition of aerodynamic stall with approach power
(or throttle setting); The -two cases we will consider here ére 1 g stall
at approach power and an accelerated stali at approach power and approach
speed. The latter follows a contour of constant blowing coefficient since
speed and power stay constant. In the case of a 1 g stall at approach
power the blowing coefficient increases as the airplane slows. Thus, CLmax
for a 1 g stall will generally be greater than CLmax for an abrupt, constant
speed stall. This kind of relationship will be of particular importance

in the discussion of safety margins in Section L.

The final case to be considered is aerodynamic stall occurring at
maximm power in unaccelerated flight. As shown in Figure 3-1, this
represents the maximum obtainable 1ift coefficient and consequently the

lowest trim airspeed for a given configuration.

It should be noted that any of the types of aerodynamic stall mentioned
above can be characterized in terms of a maximum angle of attack which is,
in turn, a function of thrust coefficient. At the same time, any of the
1 g stall conditions can also be characterized as a minirum airspeed which
is a function of power. Only the accelerated stall must be defined strictly

* DPower-off stall speed, as used here, refers to the 1 g stall speed and
not the V. in normally associated with the FAR Part 25 certification
process,
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in terms of maximum angle of attack. In all cases, angle of attack may be
the best defining parameter because it is independent of load factor and
may not be particularly sensitive to throttle setting.

A limiting flight condition purely due to a lack of dynamic pressure
is an important factor for powered-liftqairplanes. This kind of limiting
flight condition is usually associated with inadequate aerodynamic'ébntrol
power. Power setting can effect this minimum dynamic pressure just as it
does aerodynamic stall. This would be true if the ailerons or the elevators
were blown in order to increase effectiveness and would probably be most
critical following an asymmetric propulsion failure. As such, it will be

discussed at greater length in Section 8.

The following are the results of the simulation program which relate
to definition of limiting flight conditions and how they appear to the
pilot of a powered-1lift vehicle.

- e e o e wm e e e e

FINDING:

The effects of a 1 g stall at approach power may not be nearly as

severe in powered~lift aircraft as in conventional aircraft.

DISCUSSION:

In the BR 941 simulation it was noted that the effects of a 1 g stall
were relatively mild. The pilot felt no abrupt loss of 1ift and controls
conbinued to be effective beyond c]:fma.x' This was experienced in both the
simlator and in the actual aircraft. The reason for this is probably most
strongly related to thrust effects on the air flow over the wing. The
thrust effects prevent an abrupt flow separation and associated 1ift loss.
Thus, even beyond stall the variations in C. with angle of attack can be

mild.

L

The implication is that the 1 g stall may not need to be considered
as severe a limiting flight condition as in conventional aircraft. While
flight path dynamics themselvés are severély degraded at CLmax’ it may be
that going beyond stall is not particularly hazardous so long as an abrupt
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loss of 1ift is not experienced. In any event, operating above the

stall angle of attack serves no useful purpose and does cause some piloting
difficulties. For example, increasing angle of attack increases airspeed
and can cause a large, rapid increase in sink rate. Thus, sustained flight
in this regime should be avoided, although a momentary excursion into it

may not be hazardous.

FINDING:

In the case of powered-1lift aircraft it was found convenient to split
limiting flight conditions into two categories: "soft" limits and "hard"

limits.

DISCUSSION:

These two cases have been normally referred to as the vmin and the «
limits. It may be, however, somewhat misleading to use these specific
terms. Hence, in the following paragraphs the distinction will be made

using the terms "soft" and "hard".

The hard limit was considered to be a point beyond which catastrophe
was likely. Examples of this were considered to be loss of control in any
axis or an abrupt force or moment change which could lead to a loss of
control. Some examples of a hard limit would include:

® A sharp loss of 1ift followlng aerodynamic stall

® An uncontrollable nose slice or wing drop associated
with stall

® TUncontrollable pitch up to a deep stall condition
® Severe aerodynamic buffet

C Stalling of an aerodynamic control surface.

The common element in each of these conditions is that they are unsafe to

encounter.
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It is significant that aerodynamic stall, per se, is not included in
the above list. It was found that aerodynamic stall, under certain condi-
tions, could be considered a soft limit. Such would be the case if stall
were not accompanied by any of the large discontinuities in forces, moments,
or control as mentioned previously. Hence the pilot would suffer only the
degradation of normal flight path control because of near zero dampihg.
Attitude control about all axes and even lateral flight path control would
remain. Thus, recovery from such a soft limit would be easier and safer
than recovery from a hard limit. If a hard limit were to oceur prior to

aérodynamic stall, any soft limit would have no significance.

Treatment of aerodynamic stall as a soft limit is an outgrowth of the
previous finding. Because of the likelihood that powered-lift vehicles
can exhibit relatively docile behavior at aerodynamic stall, it seems
reasonable to define safety margins from an o which could be greater than

that for Cr .

FINDING:

There is some evidence that a limiting flight condition exists beyond

Cr which involves a flight path divergence.

DISCUSSION:

This limiting flight condition corresponds to the point at which a
steady-state flight condition is no longer possible. Even though the
pilot holds constant attitude and power, airspeed and sink rate continue
to increase. In effect, this condition is a combination of pitch-attitude

and power for which there is no stable trim.

A flight path divergence was first observed in the BR 941 simulation.
During stall demonstrations, the pilot slowly increased pitch attitude as
he approach chax (at constant power). Further pitch increases would cause
gradual sink rate and airspeed increases. Finally, he would reach a point
vwhere a slight pitch up would cause a rapid divergence in sink rate. Re-
covery was possible 1f it was initiated promptly. The procedure was to

pitch down and add full power.
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The cause for this divergence was not immediately diagnosed. It was
first thought to be some deficiency in the model since the model accuracy
at high angles of atback was somewhat queétionable due to a scarcity of
data. The condition was later recognized as a divergence which could

occur in many powered-lift aircraft.

The most direct means found to define the point of divergence is to
plot trim pitch attitude versus angle of attack for a constant throttle
setting. Where the slope 00/ is positive a normal stable trim condition
is possible. If the slope becomes negative, then only an unstable trim is
possible and a path divergence will occur if attitude and throttle are held
fixed. An example is given in Figure 3-3 for the STOI~X simulator model.
Note that the path divergence condition occurs beyond the point of aero-
dynamic stall, CLmax'

3,2 APPROACH TO AND RECOVERY FROM LIMITING FLIGHT CONDITIONS

One of the key differences between powered-1lift and conventional
aircraft is the rate at which limiting flight conditions are approached
following a power reduction. In a conventional jet airplane, retarding
the throttle does not significantly reduce lift but does cause the aircraft
to decelerate. If the pilot holds the pitch attitude, the airspeed de-
creases and the sink rate increases. Thus he approaches the limiting flight
condition (stall) relatively slowly as airspeed decays. But, for normal
approach attitudes, even a power reduction to flight idle‘normally does
not lead to a stall or even come close.

The situation is quite different in a powered-lift aircraft. A power
reduction causes a large, immediate loss in 1lift. The angle of attack
increases rapidly and a reduction to flight idlc would, in all likelihood,
take the aircraft into a limiting flight condition.

The key differences are then the mugnitude and rate of safety margin
reductions after reducing thrust. The conventional airplané is inherently

more gradual and forgiving, while the powered-lift airplane may approach
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limiting flight conditions nearly as quickly as the pilot can retard the
llirottle.

Approach to limiting flight conditions using pitch attitude, on the
other hand, is more similar between powered-lift and conventional airplanes.
A pitch increase of 1 deg will cause about the same speed decay whether a
powered-1lift or conventional aircraft (see the example time responses in
Figure 5-4). While there is an accompanying vertical acceleration to
serve as a warning of the speed reduction, the acceleration cue in a
powered-1ift aircraft is smaller in magnitude and of shorter duration.
For similar vertical accelerations, the speed decay would be much more
rapid in a powered-lift aircraft. Thus, the acceleration cue would be

a less useful warning.

The simulation findings in this area are relatively qualitative.
There was no formal variation of the parameters which determine how a
powered-1ift airplane approaches limiting flight conditions. Rather, we
simply viewed the characteristics of specific simulation models, in parti-
cular the BR 941 and the STOL-X. In all of the cases considered there was
no loss of attitude control at high angles of attack. The intent was to
view only flight path problems related to the use of powered-lift. The
following findings, then, are limited to those characteristics which are

likely to be unique to powered-lift airplane designs.

FINDING:

Aircraft behavior during the approach to limiting flight conditions

using one control can depend upon the specific setting of the other control.

DISCUSSION:

The approach to a limiting flight condition via a power reduction
depends upon what attitude is held, or the approach to a limiting flight
condition using an attitude increase depends upon the power setting. The
case of power reduction is the more interesting of the two. The variation

in behavior depending upon pitch attitude held is illustrated in Figure 3-L.
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If the pilot of this aircraft were to hold the nose level (6 = 0) and slowly
reduce power he would follow the trajectory labeled A. The limiting flight
condition, as shown by the shaded boundary, would be approached directly
and nearly as rapidly as the rate at which the pilot retards the throttle.
If, on the other hand, the pitch attitude were held at 4 deg nose down, then
a power reduction would result in following the trajectory labeled B.
Instead of approaching the limiting flight condition, the aircraft would,

at some point, begin to accelerate and end in a gliding condition safely
above the power-off stall. This general behavior would hold fairly inde-
pendently of how slowly or rapidly the throttle is moved.

The trajectories shown in the figure actually represent the STOL-X
simulation model. The behavior described was clearly observable by the
subject pilots and the general behavior is likely to be present in other
powered-1ift designs. The main point, though, is that the way in which
limiting flight conditions are approached can depend upon how the flight

path controls are set.

The corresponding case for approach to limiting flight conditions
using attitude with power fixed is somewhat trivial. The main feature
is simply that the stall speed or moximum angle of atteck which defines

the limiting flight condition can vary significantly with power setting.

FINDING:

Approach to a limiting flight condition appears to be more rapid and

hazardous with power reduction than with a pitch up.

DISCUSSION:

In most of the powered-lift designs simuwlated in this program the
subject pilots noted that following an abrupt power redﬁction the angle
of attack began to bulld rapidly and that if the attitude were sufficiently
high an aerodynamic stall occurred almost immediately. As mentioned pre-
viously, an abrupt approach to stall by pitching up is accompanied by a

substantial increase in normal acceleration. At the same time there is
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an opposing force from the attitude controller. If power is rapidly re-
duced, the pilot experiences only a decrease in normal acceleration. He
has no corresponding force cues in the throttle controller. This problem
has a direct impact on the requirements for warning and deterrent to
limiting flight conditions. A discussion on this will be continued inf

the next subsection.

FINDING:

Recovery using a power application and holding attitude is usually

effective.

DISCUSSION:

The subject of recovery from limiting flight conditions was studied
most during the BR 941 simulations. For that particular simulation model
it was found that, where the throttle is an effective device for rapidly
approaching limiting flight conditions, it is conversely an effective device
for reversing the process and effecting a recovery. The effectiveness of
power as a recovery device does, however, depend on how deeply the limiting
flight condition has been penetrated. In the case of the BR 941 simula-
tion model there was a flight path divergence, as mentioned previously,
which could preclude successful recovery unless initiated promptly. In
an actual airplane, this same condition could be present. However, there
could also be a serious degradation of the propulsion system in the vicinity
of the limiting flight condition. For example, at a high angle of attack
an actual airplane may suffer a propulsion system failure because of inade-
quate inlet air flow and advancing throttles would have no effect. Under
such conditions a recovery using a pitch down would be the only alternative,
providing that pitch control were still effective.

FINDING:

Under some special conditions, recovery using power could aggravate

a limiting flight condition situation.
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DISCUSSION:

This is a feature that was observed in the STOL-X simulation model.
It was a subtle feature of that model but it is mentioned here because
it could exist in other powered-1ift airplane designs and possibly be

more prominent.

The condition referred to above is illustrated in Figure 3-5. This
is a y - V plot similar to the previous one. Consider the case of trajectory
B in which abtitude is held at ' deg nose down and power 1ls reduced to
idle. As noted previously, this ends in a power-off glide above the stall
speed. If, in that gliding condition, the nose is then raised slightly
to level and power is then increased a small amount the aircraft will
follow trajectory D which, in turn, approaches the limiting flight condi-
tion. Thus, instead of improving the situation, the power increase actually

aggravates it.

The :physical explanation for such unusual behavior is related to the
effective thrust inclination at a very low thrust setting. In any jet
flap vehicle with near zero blowing, the effective thrust inclination is
dominated by the induced drag term. Hence, increasing 1ift slightly with
the thrust is nearly the same as increasing 1ift slightly by pitching up.
Either way, the airplane is slowed and sink rate 1s increased. If this
persists an aerodynamic stall could oceur. Normally, however, the applica-
tion of power would be large enough to give a more forward component of
effective thrust, thus reducing sink rate and returning to the normal

approach condition.

It appears that this very special case of aggravated recovery would
occur for a minimum power setting, a speed just above aerodynamic stall,
and a very slow application of power while holding attitude. The tendency
would be significantly reduced, if not eliminated, by pitching the nose
over or more rapidly advancing the throttle to maximum power. Since this
particular problem was never encountered in any of the simulated landings,
its seriousness is purely speculative, but it could be more severe for

another powered-lift design.
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3.5 WARNING AND DETERRENT TO LIMITING FLIGHT CONDITIONS

From the point of view of current practice, it is necessary, in powered-
1ift aircraft, to have (i) a warning that a limiting flight condition is being
approached, and (ii) a deterrent to encountering it. While the simulation
program did not include a formal investigation of limiting flight condition

warning and deterrent, there were some resulting ideas which are worth

reporting.

FINDING:

Warning can be characterized as an alert to the pilot that the basic
control characteristics are starting to change and this warning can be

made without: interfering with'opéfation of the aircraft.

DISCUSSION:

“fypical eXampléS of warning to limiting flight conditions are, for
examplé, a stick shaker or the encounter of light aerodynamic buffet. 1In
the case of powered-lift aircraft warning is always appropriate at the soft
limit (usually Vmin) even though the aircraft could go fd a higher angle of
attack without hazard, i.e., when the hard limit is beyond the aerodynamic
stall. A warning should always bé made at (or before) stall because it
signals the loss of heave damping and the associated fundamental change in
control of flightipath.

FINDING:

A deterrent, as opposed to a warning, should be associated with a
potentially hazardous event and should interfere with the pilot's action
in econtinuing past the limiting flight conditiom.

DISCUSSION:

Typical examples of current deterrents to limiting flight conditions
are: stick pushers, heavy aerodynamic buffet, or a large nose-down pitching
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moment. For powered-lift aircraft the same approach to deterrent devices
seemg reasonahle. An antomatically varying throttle stop might be particu-
larly effective in view of the likely use of throttle to comtrol flight
path.

FINDING:

Warning and deterrent devices for approach to limiting flight condi-
tions by reducing power may require more sophistication than currently-used

devices.

DISCUSSION:

This is primarily because of the potentially rapid approach to limiting
flight conditions from a power reduction as was described previously. In
the STOI~-X simulation, a colum shaker and pusher were used as warning and
deterrent respectively. The shaker was actuated at an angle of attack
5 deg prior to an assumed S and the pusher was actuated 2 deg prior to
that assumed S This warning and deterrent combination was reasonably
effective for approach to limiting flight condition via pitching up, but
was completely ineffective for protection against a rapid power reduction.
One pilot, who evaluated this system, noted that even a slow throttle
closure caused column shaker, pusher, and encounter of & pax in rapid suc-~
cession. With a rapid throttle closure, catastrophe was virtually
instantaneous. He felt that throttle closure inhibiting would seem to be
the only solution to this situation, however, this might also interfere

with normal pilot use of the throttle during an approach.



SECTION 4

SAFETY MARGINS; APPROACH AND LANDING

This section addresses the subject of safety margins for powered-lift
aircraft operating in the approach and landing flight phases. The use of
powered lift poses significant complications in establishing safety margins
compared to conventional aircraft. In the first part of this section,
these complications will be described and discussed to set the stage for

the simulator findings reported in the second part.

A safety margin is the separation between a given operating point and
a limiting flight condition. The purpose of safety margins is to prevent
excursions into limiting flight conditions. The margins must tolerate
flight condition excursions due to external disturbances and maneuvering
by the pilot, as well as some reasonable variations and ébuses in the

nominal flight condition.

For any aircraft, angle of attack and airspeed are the primary flight
condition variables. Angle of attack is the best measure of stall proximity
for accelerated and 1 g flight. Airspeed is important because if it drops
below the stall speed, 1 g flight is not possible at any angle of attack.
Therefore, the important safety margins are the angle of attack and airspeed

margins.

The things which affect airspeed and angle of attack, and thus their
respective margins, are the pilot's controls (attitude and power), and
external disturbances composed of vertical and horizontal gusts. This is
shown schematically in Figure L4-1. Note that margins might be described
in terms of these "input quantities" as well as the "outputs", angle of
atback and eirspeed. Another way to put this is that one can speak of
margins in terms of how much pilot input or atmospheric disturbance can be
tolerated, or in terms of airspeed and angle of attack margins remaining.
Naturally, the dynamics of the airplane and the piloting techniques used
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Figure 4-1: Schematic of Safety Margin Influences
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to fly it are important in determining the relationship between the input
controls and disturbances, and the resuliting airspeed and angle of attack.
The following paragraphs will describe these relations, first for conven-

tional aircraft, then for powered-lift.

For conventional aircraft the main safety margin qualtity is expressed
V *

in terms of approach speed relative to a power-off stall speed or Végg .
We use the symbol.MitQ represent margin, and.mg_to represent specif?iglly
relative speed margin. The expression of safety margins in terms of a
simple relative speed margin apparently has been adequate for virtually
all conventional transport aircraft designs. We feel that the reason for
this is a strong implied reslationship between speed margin and other margin
quantities such as angle of attack, hbrizontal and vertical gusts, and 1ift
margins. The basis of these implied relationships are several aerodynsumnic
and geometric quantities which tend to be relatively invariant. The fol-
lowing is a brief discussioﬂ of thesefrelationships in préparation for

trying to deal:similarly with powered-lift'aireraft.

For conventional jet transports, most of the implied margin relation-
ships can be derived directly from a plot Eﬁvlift coefficient versus angle
of attack. This is shown in Figure 4-2." In this figure, the limiting
flight condition is taken to be aerodynamic stall as characterized by CLmax
and o.. Safety margins, then, can be taken between stall and a given approach
operating point. The implied margin relationships which chall be derived
from this plot of CL

lift margin, Mh; horizontal gust margin, Nhg; and vertical gust margin, M&g.

versus o will consist of angle of attack margin, W&;_

The independent variables to be used in each of these implied relations

will be relative speed margin,

A app min
MV - v .
min

*  Throughout this discussion we refer to the 1 g stall speed as Vpin. For
most jet transports this speed is considerably larger than the certified
stall speed, Vg,, because of certification test procedure used. For a
typical jet transport, the FAR Part 25 1imit of 1.3 Vg, is about 1.22
‘times the 1 g stall speed according to Reference 22.
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First consider the implied angle of attack margin for conventional
airplenes. Referring back to Figure 4-2 we can see that the angle of
attack margin between stall and a given 1 g operating point can be computed
using the ratio of C; to CLa_pp; the 1lift curve slope, CI(L; and the
factor describing the roundness of the 1lift curve near Cj ) Aa(CI ).

Hence, angle of attack margin is:

M 2 4 -
a. 8 app
and
Cr 1
M o= 1 - — +0a(Cp )
i) (1+1Mv)

Figure 4-3 shows the resulting angle of attack margin versus speed
margin for a likely range of Clmax’ i.e., 2 to 3, and representative values
of Cg and~A“(CIth)' This shows that for operation at minimum certifi-
cation speed, 1.3 Vao (approximetely 1.22 Vyip), the angle of attack
margin 1s 11 to 1k deg. Reference 22 shows bhat airline pilots ususlly
approach with a 1 g speed margin more nearly 30%. At that speed, the angle
of attack margin is roughly 12 4o 16 deg. The point of this is that if a
specific speed margin is imposed, a fairly well constrained angle of attack
margin is implied, and it is not necessary to impose both speed and angle
of attack margins. This same idea can be carried further with regard to

other margins.

Implied safety margins in terms of atmospheric disturbances, in
particular sharp-edged horizontal and vertical gusts, can be shown in a
manner similar to that used above. It will be necessary, however, to
consider the absolute airspeed in addition. The following margin re-
lationships thus result:

Mﬁg = M, Vi

Mg

1
=
+
<
E<
E
]
e
5
o>
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20

M, (deg)

a

CL max [I |

CLQ —(I+MV)2] + Aa(CLMAx)

Assume Ci,=5.7/rad AaCLMAx=4deg

2.5

CLmax=2

Normal Range

1

Typical’ Jet Transport at 1.3 Vg,

Figure L4-3:

8] 20 30 40 50
M, (Percent)

Angle of Attack Margin Implied by Reletive Speed Margin
(Conventional Airecraft)
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Implied horizontal and vertical gust margins are plotted in Figures 4-k
and 4-5. Again, they are shown to be a strong function of relative speed
margin. The curves assume a chax range of 2 to 3 and stall speeds ranging
from 90 tc 110 kt, which are representative of current jet transports. As
before, the point of these plots is to show the strong implied relationship
between various margins and the speed margin.

Finally, consider the safety margin which is indicative of the degree
of maneuvering available to the pilot. This shall be termed 1ift margin,
Mh, and can be defined as the maximum avallable normal acceleration re-
sulting from a change in aerodynamic 1ift. This is, theoretically, the
ratio of CLmax to CLapp’ If this ratio were 1.5 then the pilot could
theoretically pull 1.5 g if he were to rotate the aircraft instantaneously
to the point of aerodynemic stall. In practice this theoretical limit is
never quite reached. The pilot camnot instantaneocusly rotate to stall
angle of attack. Hence, there is some airspeed loss and thus a loss in the
moximm absolute 1ift owing to the reduced dynamic pressurc. To keep
things simple, we shall neglect this factor. Then 1lift margin is approxi-
mately equal to:

. 2
Moo= (1+MV) -1

This relationship is plotted in Figure 4-6.

To summarize, for conventional transport aircraft the establishment of

a minimum speed margin effectively implies several other margins. These
implied margin relationships are relatively invariant becanse the following
are relatively invariant:

® Alrplane geometry, in particular, aspect ratio
® (g
@ Limiting flight condition defined by stall.

Powered-1ift aircraft have, in general, a different set of geometric
and aerodynamic constreints. The result is a different set of implied

%9
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Figure L-4: Horizontal Gust Margin Implied by Relative Speed Margin
(Conventional Aircraft)
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margin relationships. While this simulation program did not try to take
advantage of implied relationships for powered-lift airplanes, it is useful
to discuss these briefly prior to presenting the simulation results. In
fact, the simulation program tried to explore the explicit margin require-

ments for powcrced-1lift alrcraft.

The implied margin relations for powered-lift airplanes can be shown
in precisely the same way that they were for conventional aircraft; that is,
they can be based almost solely on the behavior of 1lift versus angle of
attack. The added dimension will be, of course, the effect of thrust on
1lift. The following is a brief derivation of the various margin relation-

ships for powered-lift airplanes.

Relative Speed Margin,lﬂv:

A Va
By definition, M 2 ———B . _ 1§

v V..
(mind g
This is similar to the conventional aircraft speed margin

definition except that the power setting is that of the
trimmed approach condition rather than power off.

L1ft Margin,ﬂ%f

Iift margin is defined at approach power also. It
can be directly related to relative speed margin in at
least two ways, but some measure of powered lift must
be included. The metric used herc is the parameter np’
an indicator of the proportion of powered 1ift to
total 1lift. (np is defined and discussed in Appendix A.)

The first way of approximating the 1ift margin is
to agssumc a simple linear CL versus o relationship hetween

the trim condition and stall.
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If C, = f (o(,,CJ)
oC ac
L L
AC. = — g+ AC
L N ScJ J
. T
Since CJ Ve
aC ¢ C
B L L AV J oT
ACL = aa a +WJ(—2 CJ 7 + T aVAV

For lift margin, ACL is evaluated with AV = 0O

But, for relative speed margin, V is allowed to vary

such that
ACI‘ o
_C; v
BCL
Thus for 1ift margin, AC. = — Ag = C. Ag
L N L
09
aC ac AC
and for speed ma.rgin* AC_ = —L'Aoo + LC L
7L . J¢C
J L
o
or ACL = ———CFE—L Lo, = 1_,{] Lo,
1T-& P
CL %

BFach of these cases is illustrated in Figure )i-7. Based on
the assumptions made,

M = [(Mv+ 1)° - 1] (1 = ny)

This provides one implied margin relationship for powered-
1ift airplanes. Note that if Mp = O, i.e., no powered 1lift,

the expression reverts to that for conventional aircraft.

~* The thrust variation with speed, 3T/0V, is assumed zero. This is a
reasonable approximation for a jet engine.
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A second way of approximating the 1ift margin relation-
ship is also worth noting. It may, in fact, prove to be a
better approximation. Thia methad is based on the sketch
shown in Figure 4-8. If Clypny TOr an accelerated stall,
iee., (04, + ”CLtrim’ is related to Cp, for a 1 g stall,
i.e., (IMV + 1>20Ltrim’ just as was done in the previous
method, then:

2(1-Npgta11)
M +1 = <1Mv+1)

Note that if Mpgig1y SAUaLs zero, IMn relative to IMV is
the same as for a conventional airpla.ne.‘ If pg £a1l equals 0.5,
M, equals M. If mp tali equals qy (which appears to be a
good approximation) there is little difference between the
implied 1ift margin relatiorships ofueither of the tvfé-xxrlethods
described here for M < 05 and nij <.0.5. This is shown in

Figure 4-9,

£ 7le of Attack Margin, IM{W:
- ]

The angle of attack margin relation, if based on lift

margin, is unchanged from that for conventional aircraft:

M
. 0
M n * Aa"(cl*ma.x)
; o
where n = C. /C .
[0 AN o4 trim

The values for nZOL and Aa.(CI ) may differ, however.

Hor'zontal Gust Margin, Mug’

The horizontal gust margin differs from conventional air-
c1aft only in that it ie based on vai‘n at the approach power

setting. Thus:

]

MU’% M, (Vmin)app
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Figure 4-9: Lift Margin Implied by Relative Speed Margin
(Powered-Lift Aircraft)
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Vertical Gust Margin, ng:

The vertical gust margin is identical to conventional
aircraft if related to M@:

Ing = Vapp sin M

These relationships are plotted against Mv in the following pages
to show that there are corresponding implied margin relationships for
powered-1ift aircraft.

igure 4-10 shows that the angie of attack margin, Mc‘, for powered-
1ift vehicles, appears to be in the same general vicinity as for conven-
tional aircraft given the same relative speed margin. But it is important
to note that with the use of powered 1ift there is more room for variation
in 1y, /_‘a,(CImax), and n, . Thus, although an implied margin relationship

exists, it is less well defined.

The amount of Ma. required for powered-lift may be less than for con-
ventional due to use of a STOL piloting technique. This, in effect, is
still another source of variation in the parameters which combine to form
safety margin reguirements. The trend of horizontal gust margin, Mug, for
powered-1ift aircraft is shown in Figure 4-11. This relationship is, of
app® M,lg for slower sircraft must be
inferior at the same relative speed margin.

course, a wique function of ]Mv and V

It should be pointed out, though, that speed margins can be improved
through use of powered 1ift. From the sketeh of Cp versus a and AT in
Figure 4-12 one can see how it may be possible to significantly improve
relative and absolute speed margins when given credit for the ability to
increase thrust. This is due to the vertical shift in Cp, versus o for
increased thrust. Note that this is useful only when there is a signifi-

cant ip and a raplidly available excess thrust, T—AT— .

app
Finally, in Figure 4-13 the implied margin relstionship between ng

and M, is shown. For flight path parameters assumed (i.e., np, a(Cp ),
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Figure 4-17: Horizontal Gust Margin Implied by Relative Speed Margin
(Powered-Lift Aircraft)
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Figure 4-12: Effect of Thrust on Speed Margin
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Ny and Vapp) the vertical gust margin is somewhat less than for conven-
tional aircraft. The main source of this deficiency is the reduced
approach speed. (Reca.:l.lllv[w.g = Vapp sin w&.) But a compensating factor

may be present in this safety margin.

If the stall itself is non-hazardous then it may be possible to allow
an gy greater than agggyy. Thus, both M and.W%g would increase cor-
respondingly. {(In the expressions given for]%x and.W%g such an effect

could be reflected by an increased Aw(C __).)

Note that the morgin approximations given above are general, that Ls,
they apply to both conventional and powered-1ift alrcraft. The main

determining parameters are:

® n
Z
o4
[ ]
Iy
P
app

The respective values of these parameters tend to set any implied rela-
tionships between relative speed margin and the other.ﬁargins. These
parameters are relatively restricted for conventional aircraft, hence
there are relatively strong implied marginal relationships. In powered-
1i1e aircraft, these parameters are less restricted in addition to having
different ranges of values. The result is that implied margin relation-
ships are looser and are of a different character than for conventional
aircraft. Therefore, in trying to develop minimum safety margins for
powered-1ift aircraft it is more necessary to consider each of the various

safety margins one by one as was done here.

During the simmlation program safety margins were studied in two main
ways. First, for several realistic powered-lift configurations the adequacy
of thelr respective margins was noted in the context of routine approach
and landing operations. Second, for a realistlc general STOL configuration
a scheme was devised to independently vary speed and angle of attack margins
and examine them during routine approaches and landings. Thus, the results
of this simulation include a set of specific configurations for which there

is some pilot opinion relating to adequacy of safety margins. There was
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no attempt to sort out which specific margins may be deficient. It is not
known if this is even possible. Due to the nature of the testing, it is
not fair to characterize pilot opinion of the margins any more specifically

than the terms of "adequate, marginal, or inadequate.” The list of cases
for which margins were considered is shown in Table L-1. This table will
be referred to in the findings which follow.

In addition to the simulator configurations of this program, it is
helpful to also comsider a nmumber of actual flight tests in which safety
margins were studied. Those used in the following discussion are listed
in Table 4-2. Each case represents a minimum acceptable approach flight
condition. BRvery attempt was made to make these cases as homogeneous and

as accurate as possible.

FINDING:
In this simulation program the smallest margins collectively asso-

ciated with a clearly acceptable case were:

® Relative speed margin, 16%

® Absolute speed margin (horizental gust margin), 9O kt

® Angle of attack margin, > 11 deg

@ Vertlcal gust margin, 213kt

® Lift margin, 0.2 g

(These values do not necessarily correspond toc the smallest margins taken

on an individual basis as shown shortly.)

DISCUSSION:

This result was determined by considering the cases listed in Table L-1.
If all cases having comments indicative of being less than acceptable are
set aside, then the case of the BR 941 operating with transparency at
65 kt has the set of smallest safety margins. It is somewhat coincidental

that all of these minimim margins were for the same case but it is probably
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a direct result of the implied margin tendency described previously. Another
fact which should be noted is that this case was examined extensively by a

relatively large number of subject pilots.

The safety margins associated with this case should not be interpreted
as the absolute minima required for powered-lift vehicles. They should,
instead, be considered as a reasonably firm starting point. The effects of
differences in piloting technique and the level of atmospheric disturbances
need to be considered. This particular case will he nused as the hasis
of a general discussion of safety margins for powered-lift aircraft. Data
from other cases will be brought to bear for the purpose of making a more
refined estimate of minimum acceptable safety margins.

If the above set of safety margins is, in fact, reasonably valid then
it indicates that some powered-lift margins may be significantly less
than those found in conventional jet transports, but, as we shall explain,
they may not lack equivalent protection. First, however, consider the
obvious differences. The relative speed margin of this case is one half
to three quarters that of a conventional transport (if the conventional
transport speed margin from 1 g stall is taken to be 22% to 30%). The
absolute speed margin or horizontal gust margin is only one half that found
in a conventienal jet transport. Lift margin is less than one half, and
vertical gust margin is about two thirds. Only the angle of attack margin
is approximately equal to that found in a conventional jet transport. We
shall try to explain the significance of these general trends in discussing

the following findings.

Note that in general the margins assoclated with this case are similar
in magnitude and relative proportion to many of the flight test cases in
Table 4-2. This gives additional credence to the simulator data, but one
basic point should be kept in mind. Much of the flight test experience
may have been limited to lower levels of atmospheric disturbance than that
used in this simulation program. Therefore it may nobt be entirely correct

to make such a direct comparison.
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FINDING:

A speed margin of 15% (Vmin)app GMV) or 10 kt OMug), whichever is
greater, appears adequate for the powered-lift vehicles and atmospheric

conditions considered in this program.

DISCUSSION:

Based on the experiments conducted during this program, acceptable
speed margins were found to be significantly lower than those of conven-
tional aireraft. While these results do appear valid for the atmospheric
conditions considered, the validity of thc atmospheric conditions themselves
are open to question. This opinion is based partly on the subsequent
simulation results reported in Reference 21. Aside from this recent data,
it is felt that any safety margins: should ultimately be based on flight

test experiments in actual atmospheric turbulence.

Before discussing the validity of the experiments conducted in this
program, let us consider the results obtained. All the cases from Table L4-1
are plotted in Figure 4-14. This shows, first, a plot of relative speed
margin versus a pilot opinion indication and second, a plot of absolute
speed margin. These plots are intended to show the general trend with
pilot opinion as well as some indication of a cut-off point. The flagged
symbols are an indicatlon of where olher margin parameters are probably
inadequate even though speed margins were reasonably large. The clearest
grouping of the data appears tn he for those cages which are better than
"marginal." This leads us to interpret the minimum speed margins as being
15% (Vmin)app or 10 kt. These are clearly less than conventional transports
which are 22 to 30% of Vyi, and about 20 kt.

It is not possible to say, categorically, that the minimum margins
inferred do, in fact, provide protection equivalent to current safety margins
of conventional aircraft. There are factors, however, which would explain
why a generally lower level of speed margin could be satisfactory for
powered-1ift aircraft. These factors (explained below) are: the likely use
of a STOL piloting technique, the abllity to rapidly increase margins by
applying thrust, and inherently higher speed damping in the bare airframe.
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First consider the effect of piloting technique. In the case of
conventional aircraft, the pilot is likely to maneuver using pitch attitude
as primary control. This necessarily leads to some degree of airspeed
excursion even though the pilot may be attempting to maintain airspeed by
use of throttle. On the other hand, in a powered-lift aircraft, the pilot
is likely to maneuver using the throttle (sTOL technique) and, because of
a largely vertical thrust orientatibn, such use of the throttle will not
produce a significant amount -of airspeed excursion. In addition, though,
in the event a gust produces a large loss of airspeed rapid addition of
thrust can 51gn1flcantly increase speed margins by a significant reduction
in Vipine These ideas are shown schematically in Figure h-15.

Another factor which acts to allow smaller speed margins is the inherently
higher speed damping of powered-1ift airplanes. The term speed damping
refers to the specific restoring force due to an airspeed excursion. This
effectively translates into a’time constant for the exponential ‘decay of an
airspeed error provided pitch attitude and throttle are held fixed. Higher
speed damping normally reduces this time constant (this will be explained in
detail in the section on approach vertical path dynamics). Where a conven-
tional aireraft is likely to have an airspeed decay time constant of approxi-
mately 15 sec, a poweredLlift aircraft may have a time constant of less than
half that. In efféct, this is a measure of the convective tendency of the
airframe without the actionvof,the pilot. The effect of speed damping on
airspeed excursions with throttle and attitude held fixed is shown by the

following expression:

where

Oug is the RMS airspeed excursion
Oug is Lhe RMS horisontal gu.bt

Lu is the horizontal gust scale length.
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In most cases, this expression reveals a tendency for powered-lift airplanes
to have somewhat smaller absolute speed excursions than convention airplanes.

Unfortunately, the factor which plays the biggest role in determining
minimum speed margins may be inadequately defined. This is the atmospheric
disturbance itself and, in particular, horizontal guSts and wind shear.

The aspect which is not well known but is crucial for determination of
safety margins is an appropriate relationship between atmospheric distur-
bance and its probability of occurrence. The speed margins determined in
this program must be viewed as conditional to the atmospheric disturbances
used in this program.

It is fair to'say that the sﬁeed margins determined here are heavily
weighted by the:standard random atmospheric turbulence model used. While
this level of turbulence seemed severe to the subject pilots, it may not have
adequately addressed the very lérge wind shears which have occurred from

time to time in airline operations.

FINDING:

An angle of attack margin of 14 deg appeared adequate for the powered-
1ift vehieles considered in this program. v

DISCUSSION:

Based on an experiment conducted during the first Generic STOL simla-
tion program (Reference 13), there was evidence that some angle of attack
margin was required independent of;speed margin. The device used to reveal
this was an unusually sharp break;in 1lift at stall as opposed to the normally
rounded break. This is illustrated in Figure 4-16. Thus, for sny given
speed margin there was correspondiﬁgly less angle of attack margin than
for a more rounded 1lift curve. The specific cases which were involved in
this comparison were: 203, 204, and 205 versus 215 and 216. The first
group possessed the more rounded break at stall while the last two had a
sharp break. Cases 205 and 215 bofh had a speed margin slightly in excess
of 20%. The first was judged clearly adequate, the second, clearly
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inadequate, in terms of safety margins. The case which was inadequate had
a sharp and unrecoverable limiting flight condition which occurrcd at an
angle of attack 10 deg above the nominal flight condition. The other case
had a relatively docile stall which occurred at 14 deg above the nominal
flight conditions, and in being docile permitted angles of attack somewhat

in excess of stall.

In view of other cases, all the safety margins in these two specific
cases were adequate except angle of attack. While it is reasonably clear
that lack of angle of attack margin was responsible for the inadequacy of
case 215, it is not clear what particular aspect was deficient, i.e.,
vertical gust protection or ability to make attitude or angle of attack "
excursions in maneuvering. A combination of both was involved in this
experiment beecausc there was a fair level of atmospheric turbulence present,
1.4 m/sec (4.5 £t/sec) Oygs end the pilots were intentionally sbusing
their pitch attitude and throttle controls.

All of the cases considered with regard to safety margins are shown in
" Figure L4-17, a plot of angle of attack margin versus pilot opinion. Note
that a consistent trend exists and that the case which fell outside the
speed margin trends, case 215, now falls in line with the angle of attack
trends. This plot was used to infer the minimum angle of attack margin
suggested above, i.e., 14 deg.

FINDING :

A vertical gust margin of 15 kt appeared adequate for the powered-lift

vehicles considered in this program.

DISCUSSION :

This level of vertical gust protection was inferred by considering the
apparent vertical gust protection of all the cases from Table 4-1, in the
absence of any maneuvering. A plot of the cases considered is shown in
Figure L-18.
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Note:

* Shaded symbols indicate that margin
taken with respect to “hard" limiting
flight condition.

e All other cases for margin with
respect to stall having varying
degrees of gentleness, i.e., Mg
somewhat greater than indicated.
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Figure 4-17: Angle of Attack Margin Trends
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It is important to note that there is an overlap between angle of
attack margin and vertical gust margin as determined here. Angle of attack
margin, per se, seems more related to the pilot's use of the pitch attitude
control, while vertical gust margin is obviously related to gust distur-
bances. Both, of course, concern a direct margin from an angle of attack

limiting flight condition.

It is not possible at this time to determine a rational apportionment
of‘w& and.mug. For all practical purposes, though, use of one or the other
is sufficient. Of the two, the most logical choice seems to benﬂwg. For
the values determined here, m&Q > 15 kt would be slightly conservative for
approach speeds of 80 kt or less. Further, if minirrrumlIlVIwg were set equal
to 20 kt as suggested by the SSDWG then it would probably remove any need

for separate consideration of‘m&.

We should note that the vertical gust margin suggested by the SSDWG
. (see Reference 15) is 20 kt. This larger value is based on matching current

conventional aircraft capabilities.

FINDING :

A 1ift margin of 0.15 g (for pitch attitude control use) appeared ade-

quate for the powered-lift vehicles considered in this program.

DISCUSIION ;

The necessity of a 1lift margin requirement was the subject of some
debate by the SSDWG. For conventional aircraft, W%_does have a strong
connection with maneuverability since pitch attitude is likely the primary
flight path control. For powered-lift aircraft, however, W%'seems less

important because:

i) Throttle is the most likely primary control

and ii) In any event, a minimum requirement on short term flight
path control power (to be discussed in Section 5) would

take the place of a 1lift margin.
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For these reasons the SSDWG decided not to specify a 1ift margin at this

time.

There is, however, at least one clear role for a 1lift margin require-
ment, and that is to provide for lateral maneuvering without increasihg
power. Thus a 1ift margin could be related to a turn rate capability by

the following expression:

;o= £
Vo= V"Mn @1 +2)

The 1lift margins from the similator experiments of this program are
shown in Figure 4-19. A 1lift margin limit of 0.15 g was inferred from -
this, although it is not clearly delineated. This is close to the one
flight test case (NC-13%0B) for which a reasonably accurate determination of
Mh could be made. According to the above expression, Mh of 0.15 g would
allow a turn of 9 deg/sec or 3 times standard rate at 70 kt in the absence

of any other pilot or atmospheric induced angle of attack excursions.
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Single Flag: Low Angle of Attack Margins
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SECTION 5

IONGITUDINAL STABILITY, CONTROL, AND PERFORMANCE; APPROACH

This section deals with the broad spectrum of airworthiness considera-
tions relating to longitudinal stability, control, and performance in the
approach flight phase. The topics of stability and control, and of per-
formance are treated together to preserve and emphasize their strong

interrelation.

This section is divided into (1) piloting technique and (2) longitu-
dinal control functions. The piloting technique subsection is relatively
brief and discusses overall guidance and control objectives and various
methods (piloting techniques) for achieving these. Only a few simulation

results are given.

The subsection on longitudinal control functions constitutes the bulk
of this section. It deals with the behavior of the airplane (i.e., sta-
bility, control, and performance) as it affects the various piloting tasks.
This discussion is further subdivided according to the various longitudinal
control tasks or feedback loops. In these subdivisions the majority of
similation results are presented and discussed.

Prior to discussing piloting technique, it may be helpful to review
the general impact of powered 1lift on longitudinal stability, control, and
performance. The two fundamental characteristics which tend to differen-

tiate powered-lift aircraft from conventional ones are:

® Operation at low airspeed relative to wing-loading,
i.e., high CL

® A predominantly vertical force variation as a result
of a throttle change.
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Operation at a high Cp, the objective of powered 1lift, can be the
result of (a) increased circulation by blowing the wing, (b) mechanical
deflection of propeller slipstream or of jet exhaust using flaps or
vectorable nozzles, or (c) a combination of both. The resulting high Cg,
has a direct effect on the responses of flight path and airspeed to attitude
changes and gusts. These effects will be discussed in detail shortly.

A relatively large vertical force component due to a throttle change
also comes about from the above mechanisms to get a high Cy. The effect
is primarily on flight path and airspeed responses to a throttle change
and can have a significant impact on piloting technique. This will be

amplified in the control functions subsection.

The basic approach of the simulator study was to consider the airworthi-
ness problems and possible airworthiness criteria relative to the overall
pilot/vehicle system. This approach was reflected in the conduct of the
similator experiments. 1In early stages the program involved detailed
simulations of actual aircraft, namely, the Breguet 941S (Reference 11) and
the NASA Augmentor Wing Jet STOL Research Aircraft, AWJSRA, (Reference'12).
This was done to observe the kinds of problems naturally occurring and
their possible connection with a specitfic powered-lift concept. The pro-
gram then progressed to direct variations of aircraft characteristics in
the generie STOL simulations (Reference 13). Finally, after postulating
possible criteria, a hypothetical aireraft design, which just met these

criteria, STOI-X, was devised and simulated (Reference 14).

All of the approach simulations employed experienced pilots, a realis-
tic approach task, realistic aircraft features, and a variety of realistic
adﬂersities. No heavily augmented configurations were considered. Pilots
concentrated on one configuration at a time to provide gdequate training

in order to make fair comparisons.

5.1 PILOTING TECHNIQUE

The following is a discussion of the significance of piloting technique

in evaeluating longitudinal stability, control, and performance. It is a
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presentation of ideas and terms in preparation for the subsections on
longitudinal control functions. The points covered are piloting objectives
and various piloting techniques. This is followed by some of the more

general findings relative to plloting technique.

The primery piloting task during the approach flight phase is that of
vertical path control. The vertical flight path control during approach
involves maintaining an acceptable proximity to a nominal glide path for
the purpose of clearing potential obstacles and arriving at the point of
flare such that a successful landing can be made. The term flight path,
as used here, can refer to glide slope deviation, visually perceived flight
path angle, altitude, altitude rate, etc., depending upon which is appro-

priate for a given situation.

Longitudinal tasks subordinate to vertical flight path control are
pitch attitude and flight reference control. While pitch attitude is a
specific uhémbiguous quantity, flight reference for a powered-lift air-
plane could be any one of several parameters, including the common ones
such as indicated airspeed or indicated angle of attack. So far as the
pilot is concerned, however, flight reference is the specific quantity

indicated on the cockpit flight reference gauge.

The term "piloting technique" refers to the specific way in which the
pilot uses the cockpit controllers to accomplish the tasks of vertical path
control, attitude comtrol,. and flight reference control. The method of
describing piloting technique which appears most useful is in terms of
feedback loops. This is a meaningful concept for pilots and it allows use
of powerful tools for engineering analysis. Perhaps most important,
description in terms of feedback loops tends to simplify the mathematical
approach to pilot/vehicle dynamics.

The basic loop structure involves three primary response variables:

® Ditch attitude, ©
® TFlight path, FP

® TFlight reference, FR
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and two pilot inputs or cockpit controllers:

® Iongitudinal control columm

® Throttle (or some equivalent cockpit control lever).

Under some conditions, the pilot may make use of additional feedback
variables (e.g., sink rate, engine RPM, or normal acceleration) but only
to support and enhance the basic three-variable loop structure. Use of
additional variables will be discussed later. The important point is that
use of such additional variables or of pilot-generated compensation does
not significantly affect the description of the piloting technique;

likewise, for the case of additional cockpit controllers.

Before describing the ways of forming the pilot loop structure (i.e.,
defining piloting technique), consider the pitch attitude control task.
Regardless of piloting technique, pitch attitude is regulated manually by
the pilot or by an augmentation system. With attitude thus regulated, it
can be considered as a control in itself in that the pilot can initiate
and sustain changes in flight path and flight reference with a change in
pitch attitude. Attitude regulation is an important simplifying function
in that it allows the definition of piloting technique to involve only
two controlled variables and two controls. That is, the controlled vari-
ables are flight path and filight reference; the controls are pitch attitude
and a single cockpit control lever, normally the throttle.

There are two basic ways of forming the pilot loop structure or pilot-
ing technique: either pitch attitude can be used to control flight path,
or throttle can be used to control flight path. If pitch attitude is used
to control flight path, it is referred to as a conventional or CTOL pilot-
ing technique, also known as a frontside technique. Use of throttle to
control flight path refers to the STOL technique which is also known as a
backside piloting technigue or slow flight technique. These two loop
structures are shown in Figure 5-1. Note that in both piloting techniques

a pitch attitude inner loop is indicated.

The above 1s, of course, an idealization of real pilot behavior. The

most significant omission above is various control crossfeeds. A pilot
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Figure 5-1: Pilot Loop Structure Forms
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might learn that to go up he should add power and simultaneously pitch up.
He woﬁld be using a control crossfeed or, in other words, coordinating his
inputs. This might be done to enhance the flight path response or reduce
the flight reference excursions. Nevertheless he should be able to identify
either pitch or throttle as the primary control for regulating flight path.
If he must use both controls for adequate performance, his opinion of the
aircraft will probably be poor.

The reason for dwelling on the subject of piloting technique is that
the behavior of an aircraft in terms of longitudinal stability, control,
and performance 1s highly dependent on the pilot control loop structure.
The choice of piloting technique can mean the difference between an accept-

able airplane or an unacceptable airplane in the approach flight phase.

The foregoing idcas on piloting technique are supported by a number
of simlation findings. Some of these findings are presented in the fol-

lowing paragraphs. Others will be presented in the subsections to follow.

FINDING:

Subject pilotes routinely were able to identify the piloting technique
which they used as either STOL or CTOL.

DISCUSSION:

The loop structure appeared sufficiently obvious that the pilot could
decide which one he was using. In the case of most pilots, however,
piloting technique in the simulator was more obvious than for their flight
experience in conventional aireraft. In the latter, some claimed a com-
bination of controls was used, but if pressed to give the control used for

ragid flight path regulation, the distinction could be resolved.

e . T T T

FINDING:

The ease of adaption to the STOL technique depended to an extent on

a pilot's background.
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DISCUSSION:

The STOL technigue was more readily used by helicopter pilots and Navy
cafrier pilots while the CTOL technique was preferred by pilots with con-
ventional transport background. This phenomenon was observed and dis-
cussed in Reference 9, which involved a similar simulation experiment.
While the pilot background effect was observed to some extent in this pro-
gram, most of the subjects had no problem in using the STOL technique when
desirable. The effect of pilot background was most noticeable when trying
to flare using power rather than attitude. This is discussed 1n more

detail in the flare and landing section, 6.

FINDING:

The pilot tended to limit himself to only two longitudinal controls

even though more were available.

DISCUSS ION:

This was especially true in the latter stages of the approach. It was
observed primarily in the AWJSRA cxperimente (Reference 12) where both
nozzle and power control were avallable in addition to pltch attitude.

The pilot was able to use both nozzle and power controls in the early
stages of the apprcach where corrections could be made at a leisurely
pace, but when near the ground, say below 60 m (200 ft), the nozzle con-
trol was set and maneuvering was done solely with throttle. Attitude was
used for airspeed control. The subject pilots felt that the use of three

controls to achieve acceptable performance presented an excessive workload.

It is likely that a three-control technique will be proposed for some
airplane designs. It is suggested that in those cases the burden of proof

of acceptability be left to the designer.

The remainder of results relating to piloting technique will be dis-

cussed in the context of longitudinal control functions.
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5.2 TONGITUDINAL CONTROL FUNCTIONS

This section deals with the airworthiness considerations surrounding

the three basic longitudinal control functions:

® Pitch attitude control
® Flight path control

® TFlight reference control.

These three control functions are considered within the context of the
pilot loop structure discussed in the preceding section. Approaching the
airworthiness problem in this way aids in identifying the critical aspects
of the longitudinal stability, control, and performence; and helps to

sort out features ilmportant to powered-lift aircraft which may not be so

with conventional aircraft.

Prior to considering the individual control loops, several important
background concepts are presented. These include ways of representing the
ailrplane behavior, elements of individual control functions, and dynamic

featur~s of the airplane.

In the following pages, several geuneral means are used to represent
the behavior of the airplane. The first of these is the input/output
block diagram which was used in the piloting technique section and requires
little explanation. Another way of describing the airplane is through the
7y = V curve. This is useful in describing the steady state variations in
flight pa’h angle and airspeed (or flight reference) for a range of pitch
attitude and power excursions. The main shortcoming of the y - V curve is
the lack of time response information. Airplane dynamics are thus des-
cribed uw ing linear equations of motion. Linear equations of motion require
the use of dimensional stability and control derivatives and may be ex-
pressed, ltimately, as input/output transfer functions which relate any
motion quantity to any given control input. An important set of linear
equations o. motion made use of in this study are the so-called "simplified"
linear equations of motion, which result from constrainiﬁg pitch attitude.
A detailed account of these forms of describing airplane behavior is

provided in Appendix A.
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In order to describe the characteristics of control of any variable,
certain elements are considered. The elements of a given control function
include such features as control sensitivity, control power, response

time, response shape, stability, and linearity.

Control sensitivity is the ratio of an aircraft response to the control

input; for example, the ratio of piteh rate to control colum deflection
could be termed pitch rate sensitivity or column sensitivity. Sensitivity
can also be considered in a short term or long term sense (i.e., high
frequency or low frequency). Normal acceleration to thrust is an example
of short term flight path control sensitivity while sink rate to thrust is
a long term flight path control semsitivity.

Control power is the meximm amplitude of motion available with full
control input; for example, rate of climb using maximum available thrust.

Again, control power can be applied in both a short term and long term
sense. ‘

Response time refers to any of a variety of ways of measuring how fast

a particular motion responds to a control. For example, for a unit control
step input, the response time could be the time for a response to rise to
50% of its peak excursion. For a first order lag, the rise time to 63.2%
(i.es, 1 - % ) is the lag time constant.

Response shape is a general term which relates the long term response

to the short term response; for example, a response may rise to a peak
then decay or completely wash out, or the response shape can be some form

of oscillation. This is subject to a variety of definitions.

Stability refers to the tendency to quickly settle to a steady condi-
tion. If a system is unstable, the divergence may be aperiodic or oscilla-
tory. Stability is usually considered for controls-fixed or controls-free
but may also include the effects of pilot loop closures. A PIO tendency
is one variety of closed loop instability.

Finally, linearity is the uniformity of response to a control input
over a range of input magnitudes. Non-linearities can cause variations
in control sensitivity, response time, or response shape with input magnitude.
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Any significant amount of non-linearity is presumed undesirable and, as

such, was not generally consldered in these simulations.

In the following pages each of the three main longitudinal control
.functions will be discussed and respective simulation results given. The
main point of discussion in each case will be the peculiarities associated
with the use of powered 1lift. The most important of these discussions will
be that dealing with vertical flight path control because it is the main

piloting task and it differs most from conventional aircraft.

5.2.1 PITCH ATTITUDE CONTROL

The objective of this subsection is to provide a general discussion
of pitch attitude control needs for powered-lift aircraft. This is fol-
lowed by a brief presentation of simulation results which relate to the

subject.

Minimal attention was given to the subject of pitch attitude control
during this simulation program for two reasons. First, pitch attitude
control has been the subject of extensive handling qualities research
(notable references for powered-lift aircraft are 4, 8, and 30), thus the
factors involved are relatively well understood, and in this program it
seemed proper to concentrate on the less understood aspects of flight path
and flight reference control. Second, use of powered 1lift tends to make
pitch attitude control lese important becausc in most cases a STOL piloting
technique is more appropriate, at least in the approach flight phase.
(During the flare, pitch attitude control may be more important, and this

will be discussed in Section 6.)

There are two main functions for pitch attitude control. The first is
phugoid damping, and the second is use of commanded attitude as either the
primary flight path or flight reference control. Phugoid demping is re-
quired in both conventional and powered-lift aircraft, and usually
requires a relatively loose regulation (i.e., lower crossover frequency)
of pitch attitude. In conventional aircraft, pitch attitude is likely to
be used as the primary flight path control, at least during the more
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critical stages of the approach flight phase. This normally requires a
tighter control of pitch attitude than that needed simply for phugoid

damping. In powered-lift aircraft where pitch attitude is usually used
as a flight reference control, only a relatively loose loop is required,

and a lower quality of pitch attitude control can be tolerated.

Phugoid demping is a prime benefit of holding pitch attitude and this
applies to all flight conditions. The phenomenon of phugoid damping can be
illustrated using conventional feedback control methods. Consider the
example of a conventional airplane” as shown in Figure 5-2. Note that
as a 8 ——>6e loop is closed the oscillatory phugoid roots tend towards the

real © numerator zeros, Tl_ and-Tl—. The short period roots tend toward
81 82

an oscillatory high frequency mode related to the tightness of the loop

closure.

A relatively low gain closure will provide substantial phugoid damping
but a higher gain is necessary for good flight path response. The closed
loop response of flight path is given by:

KeNg KN/
Z - & _
®
C

e
A+ KN 1 1 2 et . 2
678, (s + _Té1)(s + —Téo)(s +2§SPwSPs+u)SP

The normal effects of the various closed loop roots on the response are:

® The closed loop short period complex pair (CéP,a%P) produces

an initial response delay (like an actuator lag)

® The dominant response mode 1s T;—
82
® A slow decay in y results from the T;— mode.
91
Increasing the attitude loop gain slightly increases i;— (drives it closer to
02
Tl— ) and thereby quickens the flight path response.
8n

* Although the illustrative example corresponds to a conventional
airplane the same principles apply to powered-lift airplanes.

91



6.

Ms (s+1/Tg, Hs+1/Tpg,)

a)Block Diagram

wp |

i
t
i
{

o o R I |

T(92 Té2 Tél Tel

b) Root Locus

Figure 5-2: Pitch Attitude Loop Example
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During most of the simulation program the manual task of pitch attitude
regulation was eliminated through use of an attitude commend SAS. Thus,
phugoid damping was provided by the SAS and the pilot was left with the
direct modulation of the columm to control flight path or flight reference
as the case may have been. The prime benefit of using such a stabiliza-
tion system was to allow concentration on the areas of flight path and:
flight reference control. In some cases, though, attitude stabilization
was not used and the pilot had the additional task of regulating pitch
attitude. The simulation results relating to pitch attitude control from

these cases are presented below.

FINDING:

Manual pitch attitude control for a typical powered-lift configuration
was generally considered to be a high workload but not the single limiting

factor.

DISCUSSION:

A pitch SAS was not used in the first BR 9%1 simulation (Reference 11)
nor for the baseline case of the STOL-X simulation (Reference 14). The
60 kt and 65 kt cases in the former simulation are regarded as being
typical of powered-lift vehicles. The pilot comments relating to pitch
attitude control workload were that the proportion of scan required in
order to maintain pitch attitude was excessive because of little or no ap-
parent stability, and noted that maintaining pitch attitude was a high
workload task.

A relatively low short period frequency and high short period damping
ratio characterized pitch attitude control in the vehicles examined. For
example, the BR 941 operating between 60 and 65 kt had a short period
frequency of about 0.9 rad/sec and a short perlod damping ratio of 0.9.

The baseline STOL-X vehicle had a short period frequency of 0.7 rad/sec and
a short period damping ratio of about 0.75. The high damping ratio indicates
that the ZW and Mq stability derivatives dominated the short period mode
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and that the static stability derivative, N&, had a relatively weak effect.
A low value of Mm was, in fact, considered to be what the pilot was com~
plaining about when he referred to little or no apparent stability. The
low value of N& was due at least partially to the relatively low dynamic
pressure or high Cyp. It is for this reason one can expect powered-lift
aircraft to generally have rather low short period frequencies and rela-

tively high short period damping ratios.

FINDING:

Substantial enhancement of attitude control was obtained through use
of an attitude command system even though the system was characterized by

a relatively slow response.

DISCUSSION:

The pitch attitude SAS used in both the second BR 941 simulation
(Reference 11) and in the AWJSRA simulation (Reference 12), when charac-
terized in terms of a first order lag, had an effective time constant of
0.75 sec. The augmentation system used in the Generic STOL simulations
(Reference 13) had an effective time constant of nearly 2 sec. Normally
these would be considered as slow attitude response times. In fact, the
short period frequency (SAS on) for the Generic STOL was roughly O.4 %o
0.5 rad/sec which is below the Level 1 limit of MIL-F-8785B (Reference 31)
and near the Level 2 boundary. There were no complaints, however, that
pitch attitude response was, in fact, too slow in the approach flight phase,
even for cases flown using a CTOL technique (Generic STOL case 1240). We
can surmise, then, that the key effect of the addition of an attitude
stabilization system was in damping the phugoid by holding the attitude and

that any enhancement in short period response was not really essential.
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5.2.2 VERTICAL PATH CONTROL

This seclion covers the subjeclt of vertical path control for powered-
1ift aircraft. It is an important section because it deals with some
features previously addressed in a number of research efforts but not in
airworthiness standards nor in handling qualities specifications. It
represents one of the more extensive thrusts of this program. The section
begins by a detailed development of basic pilot/vehicle dynamic relation-
ships. This is followed by the presentation of simulation results broken

down in terms of:
® Dynamic response
® Control power

® Cross coupling.

The preliminary discussion of vertical path control will center on a
comparison between a typical conventional jet transport and what is pre-
sumed to be a typical powered-lift transport of comparable size. The
development of this comparison starts with a few key parameters. These
key parameters provide the basis for a subsequent formulation of stability
derivatives and transfer functions, and finally, the computed motion response
for both control and gust inputs. The main objective in this comparison
is to provide a background for vertical path control in the approach but
a broader use of this will be made. In particular, this material will

also be applied to flare and landing.

The essential features of vertical path dynamics can be defined by
six fundamental parameters. This is not a unique set of parameters, for
they can be combined in many different combinations. Also, it should be
noted at the beginning that we are describing the two-dimensional forces
in the vertical plane, e.g., 1ift and drag, which are a direct result of
either an applied thrust force, an instantaneous pitch attitude change, or
a vertical or horizontal gust. Hence, propulsion system lags and control

system lags must be considered separately, and it is convenient to do so.

We shall use the following set of fundamental parameters to define
the bare airframe with respect to vertical path control. These parameters

are:

P



® Approach speed, Vapp

® Rate of descent, flo

® Effective thrust inclination, O

® Povered-1lift factor, Tp

® Normal acceleration with angle of attack, n

Zg,
® Tangential acceleration with angle of attack, Ny *

The first two items in the above list simply represent the trim flight con-
dition. The last four require some explanation. While the following
Paragraphs provide a brief explanation of each, a more complete discussion

is given in Appendix A.

The effective thrust inclination, Oy, is merely the angle formed by

the resultant of the horizontal and vertical force components for an in-
cremental power or thrust change. For conventional aircraft, the effective
thrust angle is nearly, but not exactly, equal to the geometrical thrust
angle with respect to the flight path. (It would be exact if the effects
of ram drag were neglected.) For most powered-lift designs, the effective
thrust angle has no direct geometrical relationship. It can have a complex
relationship with such things as flap deflection, magnitude of blowing,

the basic aircraft drag polar, vectored nozzle deflections, ete. It is,
however, convenient to lump the combined effects of all of these into a

simple effective thrust inclination.

The powered-1lift factof, ps is some equivalent measure of the propor-
tion of powered-lift to total lift. The definition used here is based

on a key stability derivative in flight path control, Zu' The deriva-
tive Zu can be interpreted as the specific z-force change resulting from
an airspeed change. For a conventional aircraft, Zu is closely approxi-
mated by:
= 2g
Ly = 7%
Powered 1ift tends to reduce Zu and the powered-lift factor, Nps is defined

as that fractional decrease.
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The powered-lift factor can easily be related to basic aerodynamic pro-
perties if thrust effects are lumped into lift and drag. If Cy is the
non-dimensional thrust coefficient, and if thrust does not vary with

airspeed, then

P CL EE; a=const
or
d log L
T‘;p =3 log CJ

Thus, the powered-1ift factor is the fractional change in the 1lift coef-
ficient over the fractional change in the blowing coefficient. Hence Tp
could be obtained directly from the slope of log Cq, versus log Cy at
constant o as shown in Figure 5-3. This relationship is derived in
Appendix A.

Normal acceleration with respect to angle of attack is a commonly-used

derivative and is normally expressed as nzl. The derivative nz, is
approximately equal to CLz/CL' If Cr, is invariant, the derivative ng,

is dependent upon Cy, and n, is approximately proportional to the inverse

ZqL,
of the speed squared.

The last parameter mentioned in the list above is tangential acceleration

with respect to angle of attack. This is the counterpart of R aligned
with the x-axis, or, as it is expressed in the following paragraphs, nxl.

The derivative Dy, is itself nearly invariant and depends primarily on
wing aspect ratio. For aspeect ratios of asbout 7, Nt ie approximately 0.6.
As aspect ratio decreases, Ny approaches unity as a limit.
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In the powered-lift/conventional aircraft comparison mentioned pre-
viously, we defined the two cases in terms of the above six parameters.
These are shown in Table 5-1. The numerical values are simplified but
are, nevertheless, typical of their respective designs. (Appendix A dis-
cusses typical values of these parameters.) A broad range of conventional
jet transports are approximated by the numerical values given., They would
correspond to a flight condition near 1,3 Vmin' The list of parameters

describing the powered-lift aircraft is also highly representative except
that the riight path dynamics are probably more sensitive to the same

percentage variation of these parameters. Note that the key differences

between these two examples are:

® The approach speed (130 kt versus 75 kt)
@ Effective thrust inclination (horizontal versus vertical)

® Effective powered-lift factor (zero versus 40%)

® Normal acceleration with respect to angle of attack

(4 g/rad versus 2 g/rad).

If we assume an equal wing loading, then the approach speed difference
indicates a difference in 1lift coefficient of a factor of three. This speed
difference combined with the difference in nz of a factor of two therefore
implies that CL1 has increased by 50% in the powered-lift vehicle, which

is reasonable. (Appendix A discusses how Cﬂx can increase with jet flap
effect.)

The parameters can be transformed into a set of dimensional stability
derivatives and transfer functions to describe vertical path dynamics.
These are summarized in Table 5-2. It is important to note the simi-
larities in the two sets of stability derivatives. The derivatives Xu’ Zu’
and ZW all are approximately the same magnitude even though the parameters
composing these derivatives are all different. The major difference to be
noted in these derivatives are in the thrust control derivatives XST and
Z5T which are strictly functions of effective thrust inclination. A modest
increase in the derivative XW is primarily responsible for a degree of

coupling in the normally distinct flight path and airspeed response modes.
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Approach Speed

Rate of Descent

Effective Thrust Inclination
Effective Powered Lift
Normal Acceleration with o

Axial Deceleration with a

TABLE 5-1

FLIGHT DYNAMICS COMPARISON
(Basic Assumptions)

CONVENTIONAL

130 kt
3 mfsec (600 ft/min)
Horizontal
zero
4 gfrad

0.6 g/rad

100

POWERED-LIFT

75 kt
3 mfsec (600 ft/min)
Vertical
hog
2 g/red

0.6 gfrad



TABLE 5-2

COMFARISON OF STABILITY DERIVATIVES AND TRANSFER FUNCTIONS
(Simplified Path Equations of Motion)

Stability Derivatives:

-F 0 - -

£
05 COS Op

L}

- =2 53
705 Sin ep

Transfer Functions:

Vapp (kt)
x, (52
x, (52
Z,(555)
z, (525)

xaT(ftésec2)
Zog (f't sec2)

A
m
7 (deg
NST (T)
% (5
e (m
Ngg(m;fz)

* (p/Crassimed 7.5 and X =~ 2 (2 .

vy

CONVENTIONAL POWERED-LIFT
130 75
-.0u"* - .0k
+.06 0.10
-.29 -3
-.59 -.51

0.3 0
° -3
(o7)(.56)*"  (.12)(.43)
~.20{(.98) -.20(.85)
0.59(=.004) 0.51(-.053)
0.19(.59) -.019
0.024 0.146(.04)
(.59) (.5%)
0.13 0.24

*+* The follcwing shorthand notation is used for transfer Iunctions:

(-)=S+— and
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The motion receulting from thrcc different kinds of inputs to the two
kinds of aircraft are shown in Figure 5-4. The motions plotted are
y and V and the inputs are pitch attitude, incremental thrust-to-weight,
and horizontal wind shear. Each of these inputs are in the form of a unit
step. The main features of these time histories are summarized in
Table 5-3. Note that the largest difference is in the y and V motion
resulting from a thrust input, i.e., the effect of a horizontal thrust
inclination versus a vertical one. Ihis, of course, was plainly visible
in the control derivatives as mentioned previously. Also, it is the most

influential feature so far as choice of piloting technigue is concerned.
The features viewed in the above comparison help to formulate the
following echeme for deseribing the importent elements of vertical path
control. These elements are lumped into the following groups:
® Dynamic response
® Control power

® Cross coupling.

Dynamic response refers to such features as control sensitivity,

response time, response shape, stability, and linearity. It involves a
response to disturbances such as gusts as well as the response Lo control
inputs. Dynamic response directly determines flight path tracking pre-
cision of the closed loop pilot/vehicle system. Referring back to Fig-
ure 5S4, the features of dynamic response of particular importance to
powered-1ift aircraft are the time for y to respond to AT/W and how well
the initial response is sustained. The case illustrated rises quickly but
possesses some decay of flight path which could be unsatisfactory if too

extreme.

Vertical path control power describes the maximum path excursion pos-

sible, up and down, in both the short and long term. Control power capability
ultimately determines the maximum size and duration of disturbance that
can be tolerated. Note that some indication of relationships from lineuar

dynamic response and limiting control excursions is evident.
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TABLE 5-3

DISTINGUISHING FEATURES OF y AND V RESPONSES FOR
POWERED-LIFT AIRCRAFT COMPARED TO CONVENTIONAL

CONVENTIONAL

POWERED-LIFT

Fast rise, then slow washout

About the same rise time but
larger and faster washout with
long term loss (backside)

Slow but consistent loss in V

Initial loss comparable but
not as sustained (higher
effective speed damping as
characterized by 1/Tg,)

[AY4

ATJW

Very slow but eventuslly large
magnitude (long term creeping
response)

Rapid response which quickly
peaks and partially decays

OV

ATTW

Sluggish response with
sustained long term increase,
corresponds to long term flight
path increase

No initial response and only
small amplitude long term
decrease

Same shape as conventional
aircraft but larger magnitude,

27 Similar to AT/W response however if d response compared

U then powered-lift and conven-
& tional about the same.

AV Unit slope initial response Same initial response as con-

- with sustained long term in- ventional but reaches limit

ug crease sooner.
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Cross coupling, in one sense, refers to the effect that the primary

control has on variables other than flight path. ‘he most important of
these coupling effects are the effect of primary control on pitch attitude
and primary control on flight reference. But, cross coupling can also
refer to the effect the secondary control has on flight path. The un-
fortunate result is that pilot management of cross coupling effects can

cause a significant increase in overall pilot workload.

5.2.2.1 DYNAMIC RESPONSE, VERTICAL PATH CONTROL

| Vertical path dynamic response is an area in which considerable progress
was made in understanding and in developing specific airworthiness criteria.
The findings are presented in rough chronological order following a brief

account of the nature of the simulation experiments used.

The first BR 941 simulation (Reference 11) served as a starting point.
For the most part we simply observed the effects of dynamic response
characteristics naturally occurring in the model. No direct variations
were made, only indirect changes as the result of varying airspeed and
trahsparency conriguration (dirferential inboard/outboard propeller pitch).
During the second BR 941 simulation (also Reference 11), dynamic response
was focused on with the help of the pitch attitude command SAS. This relieved
the pilot of manual attitude regulation. But, as in the previous experiment,

there was no direct variation of dynamic response characteristics.

During the AWJSRA simulation (Reference 12), systematic variation of
some dynamic response features was begun. In addition to variation of
airspeed, the effective engine lag was varied. During the post-simulation
analysis, the mathematical description of dynamic response was formalized

and limits proposed.

These proposed limits for short term response were explored during the
Generic STOL simulation (Reference 13). Aside from looking at a wide
variety of dynamic response cases, there was some systematic variation of

response time. As a result of this simulation, the proposed dynamic response

105



criteria were revised and tentative numerical limits set. These were in~
troduced in the first STOL Standards Development Working Group (SSDWG).

The STOL-X model (Reference 1lL) was developed based on the working
group short term response limits. However, during the simulation, some
variation was made in dynamic response in order to refine numerical limits.
Following the STOL-X simulation, dynamic response criteria were adjusted
using all available sources up to that point. These were introduced at
the second SSDWG meeting.

FINDING:

The most important feature of dynamic response regarding powered-lift
aircraft was the quickness with which the change in flight path or sink

rate follows a change in primary control.

DISCUSSION:

This general finding suggests the need for a direct criterion governing
cshort term response of flight path. This feature of dynamic response has
long been recognized as important in the closed-loop flight path control
problem. Most forms of conventional aircraft, however, have possessed
adequate response and no direct criteria have appeared in military specifi-
cations or civil airworthiness standards. Nevertheless, others have con-
ducted research to determine important parameters and numerical limits.

Such research was used to formulate our approach at the outset of this

program.

During the first BR 941 simulation, short term response was viewed in
the powered-1ift regime. The variations in approach speed that were run
covered a wide range of response, albeit in the presence of other variations
such as in safety margins and cross coupling. The subject pilots did
comment on problems associated with sluggish path response. Even at the
comparatively good condition of 65 kt with transparency the pilots noted
that following a power change they had to allow considerable time for the
effect to become apparent before making further changes. During the second
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BR 941 simulation, a pitch attitude hold SAS was used in order to effectively
remove the pitch attitude loop considerations. Thus, longitudinally, only
flight path and flight reference tasks remained. Still, flight path control
was viewed as very difficult and unresponsive. One way the pilots gauged
this lack of responsiveness was by directly observing the flight path re-
sponse on IVSI.

FINDING:

Relief from the pitch attitude control task did not necessarily rcsult
in improvement in the flight path/flight reference task.

DISCUSSION:

Historically, pitch attitude control has been considered an important
factor in ensuring good flight path control. Hence, considerable weight
has been given to observing boundaries of minimum short period frequency
and damping. Undoubtedly this is important for conventional aircraft since
pitch attitude control is frequently used as the primary path control and
easy, fast attitude control is significant in the overall control/airframe
response. Also, as a rule, conventional jet transport aircraft possess
reasonably good heave damplng, thus the vertical path response of the basic

alrframe is fast.

For a powered-liit airplane where a S10L piloting technlique is used,
the quality of pitch attitude control is relatively unrelated to the flight
path control task. If pitch is used for flight reference control then only
a low frequency response is required. TImprovement of 8 frequency response
beyond a certain point past the flight reference crossover frequency is
unecessary. During the second BR 941 simulation an attitude command/
attitude hold SAS was used in order to remove attitude loop considerations.
Thus, in the longitudinal axis, only the flight path and flight reference
tasks remained but glide slope control was still viewed as very difficult
and unresponsive. The attitude SAS did aid in relieving pllot workload as
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indicated in a previous finding but it had no significant effect in improving
flight path control.

FINDING:

Short term control problems became more critical with decreasing al-
titude such that the most critical part of the approach was just prior to
the flaxre.

DISCUSSION:

This finding was based on pilot cbservation and explained by an analyti-
cal argument.. Tt was verified and discussed in detail in Reference 10.
The implication relative to airworthiness criteria is that the most critical
part of the approach should be considered, and this critical segment most
likely involves an outside visual flight path reference rather than a

cockpit IIS reference.

Early in the program, pilots were asked to comment and rate vertical
path control in terms of "IIS glide slope tracking." Also, performance was
measured during IIS tracking, i.e., from 300 m (1000 ft) down to 90 m
(300 ft). During later experiments it became clear that glide slope
tracking did not represent a particularly critical task. The latter stage
visual tracking portion of the task, in fact, presented more of a problem.
Therefore, in subsequent experiments, pilots were réquested t0 comment on

the entire approach down to flare initiation.

The phenomenon of increasingly critical flight path control is ex-
plained by the fact that the pilot is, in general, closing a loop around
an angular flight path relation. During the IFR portion of the approach,
this angular relation is that displayed by the glide slope needle, %.
During the visual portion, this angular relationship may be that between
the instantaneous flight path and the runway aim point,<% + Ay. These are
illustrated in Figure 5-5. In elther case, if the pilot tries to
maintain a constant angular excursion, he is thereby forced into trying to

control within a smaller linear error as range decreases. Therefore, this
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Figure 5-5: Two Examples of Perceived Flight Path Error
(Visual and I1S)
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demands the highest precision in linear distance from his nominal glide
path at the lowest altitudes. The result of this flight path loop closure
is that closed-loop damping in the pilot/vehicle system decreases continu-
ally as flare is approached. If the damping is too low, the pilot must
counter it by generating lead compensation or making use of rate informa-

tion such as the IVSI. In either case pilot workload is lncreased.

FINDING:

The most important disturbance effect on vertical path control is

horizontal gust activity, including wind shears.

DISCUSSION:

~ The implication of this finding is that the airworthiness criteria
must address the problem of horizontal gusts and shears as directly as
possible. Also, it is important to define the maximum gust environment

expected in operation.

The atmospheric disturbance environment used in the various simula-
tions of this program is described in Appendix B. One important feature
relative to vertical path control is level of intensity, normally expressed
as the RMS horizontal gust, cug. Another important feature is the low fre-
quency spectral content of horizontal gust given by the scale length.

The horizontal gust is converted to airplane heave motion primarily through
the dimensional stability derivative 2, It was noted previously that
although Zu increases with decreasing approach speed, it is reduced by the
powered-1ift factor, Npe As a consequence, the value of Z, for the

powered-1ift aircraft is comparable to conventional ones.

Vertical gusts such as those simulated do not have a significant effect
on vertical path control. At higher altitudes, say 300 m (1000 ft), the
intensity of vertical gusts is about equal to horizontal gusts but since
the vertical gusts have a higher frequency content, much of the effect is
filtered out by the low frequency response of the airplane. Intensity of

the vertical gust decreases with altitude and the choppiness further
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increases. Thus the effect on the alrplane diminishes even more. Hori-
zontal gusts, on the other hand, remain at about the same intensity while
their frequency content stays well within the response bandwidth of the
alrplane all the way to the ground. This is described more fully also in
Appendix B.

Horizontal gusts and especially sustained shears were always a dominant
factor in pilot ratings. In all simuwlations, runs were made first in calm
air then in some substantial level of turbulence, commonly Sug = 1.k m/s
(4.5 ft/s). This consistently increased pilot workload and degraded per-

formance. BSpecific examples of this will be shown in subsequent findiﬁgs.

FINDING

The factors which were theoretically shown to determine short term
response tended to be verified in the piloted simulation experiments.

These included;
® Airframe heave damping
@ Primary control lag (usually engine)

® Tnclination of net force resulting from primary control action

® Airframe cross coupling.

DISCUSSION:

The following is a series of examples of how key short term response

parameters were viewed during particular experiments.

In the various powered-lift configurations considered in this program,
probably the most frequent determining factor for short term response was
the effective inclination of net force due to action of the primary control.
To re-cap the effect of this briefly consider the cases in Figure 5-6.
Dynamic characteristics aside from eT are identical to the previous powered-
1ift example. If the inclination is slightly forward of vertical, say
approximately 70 to 80 deg, then the short term response is almost exclusively

111



| -
BT =0 Y
( Purely Horizontal ~ YMAx
Component ) o ‘ | | |
0 10 30
t(sec)
| -
61 = 45degq e
7MAX
0 ] | ]
| -
B+ = 78.9deg Y
( No Net Speed  Yyax
Change )
0 I | ]
| -
61 =90 deg Y
( Purety Vertical Max
Component)
0 | L !
| -
6+ = 97.4deg Y
(No Net Flight Path  Jyax
Angle Change) o | \
| -
B+ = 106.7 deg Y
( Equivalent to Pitch 7.,
Attitude Control)
0 | | |
0 10 20 30
t(sec)

Figure 5-6: Shape o y Response to Step & for Varying 6

T T

2



determined by airframe heave damping and primary control lag. Also, the
shapc of the response will be close to that of a first order lag. If the
control inclination is tipped forward toward horizontal there is an increase
in response time. Conversely, if the effective inclination is tipped aft,
the ;nitial response is more rapid, but there is a decay from the peak

value.

A difference in thrust inclination was one of the most distinguishing
features between the AWJSRA and BR 941 airplane simulations. The AWJSRA
similation, over a speed range of 60 to 65 kt, had an effective thrust
angle of 90 deg. For the BR 941 simulation, over the same speed range,
the effective thrust angle was about 80 deg. While the two aircratt had
nearly the same effective lag due to heave damping and engine lag, the
overall rise time (to 50% of the pcak) of the AWISRA was only 1.7 sec com-
pared to around 3 sec for the BR 941. This was reflected in a difference
in pilot opinion of about 1 unit when flying in turbulence. A similar situa-
tion was observed in the Generic STOL cases 1210 and 1250 (Reference 13).
There was also a corresponding difference in pilot opinion. In these simu-
lations it was observed that aircraft having a thrust angle of around
90 deg were more difficult to degrade through increased primary control
lags. Also, in cases with the vertical thrust inclination there was
significantly less mention of sluggish flight path response. Thus, this
is an example of how at least one form of cross coupling can have a favor-

able effect.

Another observation was that the domlpant feabure of shorl lerm response
is the net airframe plus control lag. The way in which airframe lag can
combine with engine lag is shown in Figure 5-7. It is not possible
to set an absolute limit on control lag alone and thereby guarantee short
term response. This was most directly shown in the STOL-X simulation in
which, for two configurations, the overall rise time was kept constant but
the portion of control lag versus airframe lag was varied. Thus for an
increase in engine lag, the airframe lag was reduced through use of an
automatic direct lift control. To the pilot the engine lag was reflected
by the engine'noise and engine RPM indication. Two pilots examined these
céses. One pilot could make no distinction at all. The other pilot could
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make a distinction but it was not great. With an additional variation
in engine lag of 0.5 sec out of a total of 2, the distinction all but
disappeared.

An example of airframe cross coupling acting or influencing short term
response was observed in the baseline STOL-X configuration. This case was
flowm without an attitude stabilizabtion system., Il hud a fuvorable pltching
moment due to power such that it would tend to piteh to hold the desired
flight reference without the pilot initially commanding a new attitude.

This resulted in a net reduction in rise time compared to a rigidly con-

strained pitch attitude situation.

FINDING:

Pitch attitude regulation requirements are important when considering
short term path response.

DISCUSSION:

This idea is not new -- it comes from previous analytical and experi-
mental efforts, but it bears reinforcement in our consideration of airwor-
thiness standards. That is to say, any path response standards should be
stated with an appropriate treatment of pitch attitude regulation.

The main idea is that short term path response has no real connection
to bare airframe response modes, in particular the phugoid. Instead, path
response is a direct result of either varying pitch attitude and leaving
other controls fixed, or varying enother control and holding pitch attitude
fixed. The resulting dominant modes are those which are important to

either manual or automatic control of flight path.

If pitch attitude is the primary control, then there is no real problem
in applying the assumption of perfectly constrained pitch attitude. In
order for the pilot to command pitch attitude it is necessary for him to
regulate it. If pitch attitude is a secondary control, thén there is some

complication depending upon pitching moment due to primary control and
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automatic pitch stabilization. The nature of pitch attitude regulation
can vary with individual pilot technique, and it can be dependent upon
altitude.

FINDING:

No active manual regulation of flight reference should be assumed
when considering short term path control.

DISCUSSION:

How the pilot regulates flight reference, just as pitch attitude,
affects the short term response. Therefore, the proper requirement must
be applied to flight reference control as well as pitch attitude control
in determining an appropriate short term response critérion. The most
reasonable assumption is that there is no manual regulation of flight
reference. The general argument for this is that flight reference control
is carried out in a looser or lower frequency loop than is flight path con-
trol, and if flight reference is controlled very tightly then it involves
an excessive workload. In fact, loose flight reference control relative
to flight path control is increasingly truer with decreasing altitude where
Tlight path control becomes most critical.

Some insight into this idea came as a result of the second Generic STOL
simulation. The series of cross coupling cases that were examined included
ones for which, with the flight reference perfectly regulated, the short
term path response would be just barely adequate. It was found that the
pilot would not tightly regulate his airspeed flight reference even in cases
where the airspeed response to the primary control (throttle) was clearly
excessive. In fact, in those cases, the pilot tended to drop all flight
reference regulation during the critical low altitude segment of the
approach. Under this condition, the attitude-~fixed short term path response
was so sluggish that a flight path PIO was encountered.

e o e e o e e w ome
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FINDING:

Rate of descent information is an important aid to the pilot in the

vertical path control task.

DISCUSSION:

While sink rate regulation is not an outer loop, it can be and is used
as an important supporting loop. A display of rate of descent gives the
pilot lead information with respect to glide slope excursions. Use of such
lead information helps to reduce the oscillatory tendency in the flight
path loop. Most pilots commented that they did, in fact, continually scan
the IVSI. Reference 10 reports describing function measurements for the
glide slope tracking task. These show an effective pilot delay of several
seconds and suggest a rate of descent Clfeedback loop Ls regulred; otherwise
the large pilot-generated compensation would represent an excessive pilot
workload. The implication of this is that rate of descent information may
be a requirement for the approach flight phase with a powered-lift vehicle.

See Reference 21 for more evidence on this point.

- e e o e e e =

FINDING:

A rise time criterion is an effective means of specifying adequate

short term response.

DISCUSSION:

This is a key result of this program relating to short term dymamic
response. Conceptually, a rise time criterion is attractive because it
involves a direct measurement of response following a given control input.
Some possible risks are over-simplification, application to inappropriate

input-output quantities, and sensitivity to measurement error.

The input-output quantities considered most useful for a rise time
measurement are flight path angle due to a step primary control input with
rixed secondary control. One can claim that 1f y closely follows the pri-

mary control this gives the pilot a so-called velocity control of glide
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slope error, an ideal form of controlled element. The rise time feature
would thus provide a direct connection to the potential glide slope control
bandwidth (the frequency out to which the airplane behaves as an ideal

velocity control).

The rise time definition tentatively chosen is the time from initiation
of input step to % the first flight path peak, t1/2. This definition is
somewhat arbitrary -- rise time could be the time to 63%, from 10% to 90%,
etc. The scatter in the available data was large enough to obscure any
relative evaluation of the various rise {time definitions. t]/g was chosen

mainly for its simplicity.

The upper limit on rise time has been determined from a relatively
large number of cases. These cases are tabulated in Table 5-L.
Relatively consistent results were obtained for constant levels of turbu-
lence. Figure 5-8 shows a plot of pilot rating versus t1/2. Based

on the 1.4 m/s (4.5 ft/s) o, used in this simulation program, a t less
Ug /2

1
than 5 sec appears adequate.

FINDING:

A bandwidth or phase lag related criterion is an alternative to a rise

time criterion but not as satisfactory.

DISCUSSION:

This concept was tentatively adopted at an early stage of the program
but suffered from abstractness as well as a failure to correlate results
as well as rise time did. Bandwidth refers to the potential a system has
for being rapidly controlled in a closed loop sense. More specifically,
bandwidth as used in this program is the frequency at which the open loop
phase lag becomes excessive for comfortable closed loop control. If the
system is controlled with a crossover frequency which exceeds the syslem
bandwidth it is presumed that either lead compensation must be generated

or that the resulting closed loop response will be too oscillatory. For
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Pilot Rating For the Approach

Notes:
Open symbols indicate calm air
Closed symbols for gy = 1.4 m/sec (45ft/sec)
Size of symbol denotes sample size
Gust sensitivity , Z, approximently -.3 to -.4 rad/sec

= 1.k m/s
(k.5 ft/sec)

t, (sec)

N—

Figure 5-8: Averaged Pilot Opinion Trends Versus
Flight Path Rise Time (Based on Table 5-4)
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manual control, lead compensation increases pilot workload. In the other
case, an osclllatory tendency is a FPIO.

As a result of the BR 941 and AWJSRA simulations, a bandwidth criterion
was proposed for the approach flight phase. This requirement was placed .
on the glide slope deviation response to the primary flight path control.
The bandwidth limit proposed was a phase lag less than 135 deg at 0.25 rad/
sec. It should be noted that a 135 deg phase lag for glide slope error
corresponds to a 45 deg phase lag for flight path angle. One additional
feature of the proposed criterion was that airspeed could be regulated to
a reasonable degree in order to demonstrate the bandwidth criterion. This
was further specified as an attitude or secondary control change proportion-

al to the power change s6 as to minimize speed variation.

Following the Generic STOL simulations, the short term response cri-
terion was revised. It was still expressed in terms of a phase lag limit
but it did not allow for modulation of the secondary control. At the same
time a rise time alternative was considered. The criteria suggested were
that (a) the phase lag between the primary control and flight path angle
should not exceed 60 deg at a frequency of 0.5 rad/sec, or (b) for a step
input of primary control the change of flight path angle should reach 50%
of its peak value within 3 seconds. At the stage these were introduced
there was more emphasis on the form of expressing the criteria rather than
on the validity of the numerical values themselves.

FINDING:

Long term flight path response is an important factor, but no satis-
factory criterion has been developed.

DISCUSSION:

In a conventional airplane the long term flight path response following
an attitude change is a slow decay. This decay is associated with a change
of airspeed. The amount of decay reflects how far on the frontside or back-

side of the drag curve the airplane is operating. Intuitively, such a decay
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should not be excessively large nor should it take place too quickly. In
addition, some reasonable use of secondary control should be capable of

arresting the decay.

Originally, the shape of flight path response was associated with flighf
path/airspeed cross coupling. While airspeed usually has something to do
with the decay in flight path, it is not always so. One case in the STOL-X
experiment demonstrated how a decay in flight path could take place without
flight path/airspeed cross coupling. This involved use of a powerful direct
1lift control blended with the throttle. The flight path response was
quickened in the short term but as the DIC washed out, the decay in flight
path resulted. This occurred without any appreciable change in flight ref-
erence. Nevertheless, the pilot objected to the flight path decay tendency
itself. Therefore, it secems reasonablc that the long term flight path
response be sultably limited.

No criterion was considered which directly addressed flight path response
shape although a proposed cross coupling criterion indirectly did so. This
will be mentioned shortly. As suggested previously, the main features to be
addressed regarding flight path response shape are: how much and how rapidly
flight path decay takes place following an input of primary flight path con-
trol. (Note that the so-called "creeper" condition in which flight path
continually but slowly changes, is taken care of effectively by a rise time
criterion.) Criteria such as time to decay to a given percentage of peak
were considered but without any particular success. The availability of an
easy and elleclive secondury control appears to be a Tfactor. For example,

a large and rapid flight path decay would not be nearly so troublesome if

the secondary control were effective in countering that decay. A conditional
flight path decay criterion was therefore considered at the SSDWG meeting
prior to the STOL-X simulation. The proposed criterion limited flight path
decay to 1/3 the peak while permitting application of secondary control not
earlier than 6 sec following primary control input. The amount of secondary
control was limited to that required to restore flight reference. This cri-
terion, while addressing the important factors, could not be adequately
validated with exisling dala. Therefore, further study in this area is

needed.



5,2.2.2 VERTICAL PATH CONTROL POWER

Levels of flight path control power initially considered were those of
the basic BR 941 and AWJSRA models. This actually involved a relatively
large variation in control power and led to an initial postulation of con-
trol power definition and respective limits. During the Generic STOL
similation, there was a systematic variation of 1) long term or steady state
vertical path control power capabilities, and 2) short term control power
capabilities. These experiments further refined limits and definitions.

The STOI-X simulation was a final look at tentative control power require-
ments. One especially interesting finding in the post-simulation analysis
involved relating steady-state control power requirements to horizontal

shear protection.

FINDING:

Vertical path control power involves both short term and long term

characteristics.

DISCUSSION:

This implies that both short term and long term control power should
be included in airworthiness criteria. ILong term control power require-
ments are intuitively obvious in that they must provide for adequate flight
path correction for likely varlations ln headwind and for sustained ver-
tical drafts. For these sustained corrections, the pilot has time to use
his secondary control to regulate his flight reference. On the other hand,
for a relatively short duration gust, he will make the correction without
using the secondary control. This leads to the requirement for short term
control power. A short term control power requirement is not really new
because past criteria involving load factor have really been a form of

short term control power requirement.
The fundamental questions to be answered are:
® What definitions are appropriate for short term and

long term vertical path control power?
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® What constitutes short term and long term?

® What magnitude of vertical path control power is
required?

FINDING:

Long-term control power can be stated adequately in terms of a plus
and minus incremental flight path angle at a constant flight reference,
i.e., the vertical flight path excursion which is available while main-

taining flight reference and configuralion.

DISCUSSION:

Long-term flight path control power is essentially a measure of how
much the pilot can maneuver about to his nominal flight path. There are
& number of ways possible to describe such a characteristic. Some of the
possibilities include specification of an incremental flight path angle,
an incremental closure rate with flight path (i.e., velocity perpendicular
to the nominal glide slope), or an incremental altitude rate. The latter
two possibilities are very nearly identical for glide slope angles of
interest here.

The choice of incremental flight path angle rather than incremental
sink rate is somewhat arbitrary. Over the limited range of speeds investi-
gated these quantities are essentially equivalent. Only if we were to con-
sider either a much slower or a much faster approach speed must we worry
about making a distinction between flight path angle and sink rate. During
the course of this program, use of incremental flight path angle was a
convenient measure of long term control power and was found to be widely

used in related literature.

FINDING:

Steady state control power should consist of a basic incremental flight
path angle capability of + 4 deg.
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DISCUSSION:

Determination of incremental flight path angle requirements was made
during the Generic STOL experiments and consisted of simply varying maxi-
mum and minimum power to limit the incremental flight path angle. The
experimental matrix was based on observations made during the previous
experiments, i.e., BR 941 and AWJSRA, and on recommendations from other

sources.

Initially it was established that the range from + 2 deg to + 6 deg
was most interesting, but further resolution was difficult. The minimum
control power capability appeared to depend upon the individual pilbt, how
precisely he tracked the glide slope, and finally the level of atmOSpheric

disturbance encountered.

The data shown in Figure 5+9 were used to infer the level of
long term flight path control power required. The probability distribu-
tion of maximum throttle excursion for each approach run in a series of
several runs in the BR 941 and AWJSRA simulations is shown. The maximum
throttle excursion from each run was converted to an equivalent flight path
angle change at constant airspeed from a y - V curve. For the data shown,
a 4 deg Ay capability appeared to be a reasonable choice. Therefore,wit
was used for planning purposes in the Generic STOL simulation, one paft

of which was study of long term flight path control power requirements.

For the Generic STOL simulation the overall Ay capability of + k4 deg
was considered marginal, although there was not complete agreemenf among
the subject pilots. They did, however, agree that acceptability depends
strongly upon the atmospheric turbulence level, and that evaluations in
calm air can be misleading. Lack of turbulence was one problem associated
with certain flight tests of powered-lift aircraft in which the flight{path
control power was considered. The main problem connected with severeiﬁur-
bulance was having sufficient control power to permit arriving at a reason-
able flare window. During the Generxic STOL simulation there was more concern

expressed about a limited upward capability than a limited downward capability.

The final selection of a + 4 deg requirement was reasomnably well ¢on-

firmed in the STOL-X simulation. On nearly all the approaches made during
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the STOL-X experiment there was an incremental flight path limit of L4 deg

on either the upside or the downside depending upon whether it was a steep

or a shallow approach. Over a wide range of atmospheric disturbance levels
(up to a 1% probability of exceedence) and for the large number of subject

" pllots used, the 4 deg value appeared adequate. On a few approaches, the
combination of glide slope and headwinds restricted the pilot's up capability
to something less than L4 deg. In some of these cases the pilots detected
this lessened capability.

In flight tcobs using the TRANSALL V1 airpleane flying 6 deg STOL ap-
proaches (Reference 29), the availability of approximately + 3 deg of
incremental flight path angle was judeged inadequate. A value of L deg was
felt to be desirable (and additionally, level flight as mentioned shortly).

FINDING:

Steady state control power should include a level flight capability in
addition to a basic incremental flight path angle capability.

DISCUSSION:

During this simulation program, subject pilots expressed the desire

to be able to arrest sink rate during the approach without a change in
configuration, i.e., that the incremental flight path angle in the upward
direction be sufficient to attain level flight. This is reflected in the
recommended criteria of Reference 15. In view of the desire to utilize
glide slopes of 6 to 8 deg, such a level flight requirement obviously goes
beyond the 4 deg incremental requirement. While the incremental 4 deg re-
guirement i1s meant to provide some ability to make some corrections relative
to the nominal flight path angle, a level flight requirement would appear to

be more in the category of a safety margin.

Level flight capability was a feature tested in the STOL-X simulation,
and was felt to be acceptable except where there was not the basic incre-
mental L4 deg capability. Resulbs of the TRANSALL V] flight tests concluded
that level flight capability is desirable although it was not avallable in
the TRANSALL V1 configuration tested.
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Currently, for conventional aircraft, FAR Part 25 requires flight path
control power in the approach configuration in excess of level flight, i.e.,
a climb gradient of 3.2% (1.8 deg). In practice this requirement is nor-
mally exceeded, but it does form the basis for at least one means of compari-

son with a level flight requirement for powered-lift. This is shown next.

FINDING:

The long term flight path control power can be interpreted in terms

of the ability to counter a sustained horizontal wind shear.

DISCUSSION:

In order for an airplane to maintain a constant inertial flight path
angle and constant airspeed in the presence of a sustained horizontal wind
shear, it must have the ability to accelerate as rapidly as the wind is
changing. This acceleration is equivalent to an incremental flight path

angle given by:

u u
g

This is a valuable relationship to connect the flight path angle require-
ment to one of its primary reasons for existence, to cope wilith almospherlc
disturbances. Tt also permits a direct comparison to current conventional
aircraft capabilities. Finally, it gives more credence to the use of a
Ay requirement rather than a AR requirement since the relationship between

Ay and horizontal shear is independent of airspeed.

Figure 5-10 shows the ability to counter a sustained horizontal
shear for both conventional aircraft operation under FAR Part 25 and powered-
1lift aircraft operating under the proposed level flight requirement. Note
that the comparison differs somewhat depending upon rate of descent and
whether the horizontal shear is characterized as varying with altitude or

varying with time. In all cases, however, there is approximately equal
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Notes :
® V,y maintained
® FAR part 25, aircraft, Vapp = 1.3 Vg,
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shear protection between powered-lift aircraft and conventional jet trans-

ports at their typical approach speeds given that the respective requirements
are just met and that airspeed is well regulated. The latter assumption is

not necessarily good for powered-lift aircraft as indicated in Reference 21.

FINDING:

The short term control power can be appropriately defined in terms of
a Ay within a given period following application of primary flight path
control while maintaining secondary control.

DISCUSSION:

Short term control power is a measure of how much and how gquickly the
flight path can be changed. Quantification, therefore, must include the
elements of magnitude and time. Definition of the magnitude would carry
the same considerations as previously discussed for long term flight path
control power. Thus it could be expressed in terms of an incremental flight
path angle or an incremental sink rate. In keeping with the foregoing

discussion, use of an incremental flight path angle seems reasonable.

The time element to be assoclated with short term control power should
be consistent with the rise time requirement previously discussed. Since

the required rise time, t is the maximum time allowed for a significant

1/2°
percentage of peak response, it makes sense to tie the required absolute

response to the same time frame.

The matter of what to do with the secondary control must also be fit
into the proper time frame. In view of the fact that (i) secondary control
use is associated with flight reference regulation, and (ii) flight reference
regulation is carried out at a lower frequency than flight path regulation;
then short term flight path change capability should not involve any signifi-
cant secondary control use. Further, the most convenient assumption is
that secondary control be simply held fixed.

It may be argued that incremental load factor is an alternmative way
of defining short term control power. This is not true, in general, because

it neglects the time between control initiation and peak incremental load
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factor. An airplane could possess a relatively large incremental load
Tactor capability. If, however, the time required to obtain that capa-
bility were excessive through a long lag in the primary control, then any
given flight path change would be correspondingly long. In addition, the
really important parameters such as Ah, Aﬁ, or Ay are integrals of load
factor. Hence, a large peak ay followed by a rapid washout would be in-

effective.

The requirement for short term control power is really intended to
Plug a technical loophole and may have no effect on most powered-lift de=
signs. This requirement is specifically intended to prohibit the following
type of situations:

® Primary control response is rapid, but effectiveness is

very small.

® Secondary control effect on flight path is large enough
to help meet the steady state requirement, but response

is very sluggish.
® The pilot cannot adequately regulate flight path in
turbulent air.

These situations can be avoided by a requirement that the primary control
alone provide a significant portion of the steady state control power, at

least on a short term basis.

FINDING:

The level of short term control power required is considered to be
approximately 2 deg incremental flight path angle in 3 sec following appli-

cation of primary control.

DISCUSSION:

Experimental determination of chort term control power rcgquirements
was difficult. First, it was not possible to independently vary short term
control power while holding all other flight path characteristics constant,
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such as steady state control power. Next, it was difficult for the pilot

to dctermine preciscly when control power wes inadcquatc becausc of the
random nature of the simulated atmospheric disturbances. Occasions when
maximum flight path control power was needed tended to be fairly infrequent
even in relatively strong gusts. Finally, there was a good deal of variation

among the subject pilots in how little control power they would accept.

The cases which can be used to infer some minimum level of short term
control power are given in Table 5-5. These are not only those from
direct investigation of short term flight path control power, but include
cases from other experiments. These were picked because they have no de-
ficiencies in rise time or long term control power according to the criteria
previously suggested. A clear pllot opinion trend with short term flight
path control power is not evident. It is suspected that part of the reason
is that a short term flight path control power sufficiently low to signifi-
cantly degrade pilot opinion was not evaluated. It may be that a given rise
time and long term control power, in practice, always provide adequate short

term control power.

The flightvpath control features mentioned above combined to limit
short term control power to at least a value of approximately 2 deg in
3 gec. The results show this level is adequate but not that a lesser amount
would be so. Also, it is not known whether rise time and long term flight
path control power will always limit short term control power to the level
seen here. Therefore it is suggested that the level demonstrated (i.e.,
2 deg in 3 sec) be adopted as a tentative requirement. Further experiments

should be conducted to more precisely define the limits of this criterion.

5.2.2.5 VERTICAL PATH CROSS COUPLING

Cross coupling is an area in which progress was made in understanding
but no satisfactory means of guantification was developed. One reason for
this is the complex nature of coupling. Coupling can arise directly from
a control input. For example, a primary control input of power can affect
pitch attitude which, in turn, affects flight path and/or flight reference.
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TABLE 5-5

CUMMARY OF DATA USED TO INFER REQUIRED OHORT TERM CONTROL POWER

BASTC VEHTCTE t1 /2 ANy |Ay (3 sec) PIIOT RATING
(sec)| (deg)| (deg)

1250 3.2 | 16.6 54 5
1210 2.8 | 10.8 5.4 3 5
STOL-X 3.0 6.6 k.1 Acceptable
306 2.3 L 2.7 L, 5

09 2.3 | b 3.1 L
309 3-1 J 2.3 hy, h, 5, 6
206 3.1 L4 2.0 5
1210 2.8 i 2.1 4, 5
1250 3.2 L 1.7 5
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Coupling can also arise in the natural response of the airplane. With
pitch attitude constralned a conventional airplane has relatively easily
identified airspeed and heave modes. Both are first-order modes with sub-
stantially different time constants. A powered-lift aircraft generally
has more airspeed/heave coupling, especially at speeds near Vg ;,. The two
first-order modes can couple into one second-order mode in which case any

control input will involve both airspeed and flight path responses.

In the BR 941 and AWJSRA simulation, we observed coupling as primarily
a flight reference control problem. One major characteristic which was
observed was the tendency to slow down as power was increased, the result
of a near vertical thrust angle. Alsé noted along with this characteristic
was the flight path overshoot tendency in which a flight path change peaked
then decayed as airspeed changed. In the analysis of these Initial simula-
tion experiments we developed the uSTOL concept (which is defined shortly)
in an attempt to quantify cross coupling effects. Following this, in the
Generic STOL simulation, we systematically varied cross coupling but found
that the uSTOL scheme was, in fact, based on a faulty assumption. As a
result, we fell back on a simplistic time-response view of cross cbupling.
This also failed to adequately quantify the level of cross coupling problems.
The simulation findings which are presented below will point up the high-
lights of the cross coupling investigations made and will elaborate on

problems encountered.

The form of cross coupling of most interest in this study was that
coupling between flight path and alrspeed. This is an area where powered-
1ift aircraft tend to be fundamentally different from conventional aircraft.

Coupling between flight path and airspeed is almost entirely a function
of the airframe (including any 1lift and drag augmentation). It can be de-
scribed by considering transfer relationships between y and V and the
primary and secondary controls. A complete absence of coupling would
correspond to no effect of primary control on airspeed and no effect of
secondary control on flight path. Such a condition 1s impossible for a
bare airframe and can be approached only with extensive 1ift and drag
stability and control augmentation. Because of the likelihood of coupling

and its potential impact, it does need to be considered.
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Flight path-airspeed cross coupling occurs in two important ways which
can easily overlap. First, coupling can take place through primary control
orientation (i.e., Op 1f thrust is primary). This can cause a flight path
decay problem. It corresponds to the primary control acting directly to
increase flight path while decreasing airspeed. This is most obvious if
8 > 9 deg.

The other way in which coupling can occur is independent of thrust
angle and.bnly a Tunction of the cross derivatives Xy and Z; which are
defined in Appendix A. This is where an airspeed perturbation produces a
vertical force and a flight path perturbation a horizontal force. In the
extreme, this condition forces airspeed and flight path to respond at the
same‘frequency. The resulting atfitude constrained motion is oscillatory
rather than the usual well separated exponentially decaying flight path and

airspeed modes.

Both of the above forms of coupling combine to degrade manual flight
path control. The flight path response shape is a manifestation of this
coupling and addresses the overshoot or decay but not the oscillatory aspect.

This latbter item is discussed further in the next finding.

Up to this point we have been describing flight path/airspeed coupling.
Now consider flight path/flight reference coupling. There is no distinction,
of course, if the flight reference happens to be airspeed. This, however,

cannot be assumed in general.

Flight path/flight reference coupling depends on how the flight
reference is mechanized as well as the airframe dynamics. Where the im-
pact of flight path/airspeed coupling is mainly on flight path control, the
impact of flight path/flight reference coupling is on both flight path and
flight reference. In Section 5.2.35 we will discuss this aspect of cross

coupling in detail.

FINDING:

The term "cross-coupling" can refer to a number of different effects

which are visible to the pilot and influence his workload and performance.
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DISCUSSION:

" Cross coupling is, in itself, an imprecise term. In viewing the powered-
Lift configurations of this program, however, only two prominent forms of

cross coupling were identifiable by the subject pilots.

The first of these was the effect of a throttle change on pltch attitude.
This is simply the result of effective thrust vector being offset from the
c.g., but is not easily generalized in terms of sign or magnitude for powered-
lift'airplanes nor is it a function of geometry as in the case of conventional
‘aircraft. There was no intentional variation of this effect in the config-
‘urations considéred. In general, such coupling was relatively weak, espe-
éially in those cases involving a pitch attitude hold SAS. Nevertheless,
even small amounts of throttle-to-attitude coupling were readily perceived
by the subject pilots. The largest amount of throttle-to-attitude coupling
was experienced in the STOL-X baseline configuration. This case did not
turn out to be objectionable and, in fact, it was desirable because it was
a favorable form of coupling. That is, when the throttle was varied, the
airplane pitched in such a way as to help maintain the desired flight refer-
ence. In fact when an attitude hold SAS was added the pilot opinion actually
quréened_somewhat because this favorable coupling was not present. Reference 3%
d?scribes_the effects of this kind of coupling for an AWJSRA simlator experi-

ment.

The second form of cross coupllng obvious to the subjeet pilots was
thc uwnuoual cffect of throttle on alrspeed. Because of the vertlcal thrust
iorlentatlon there was a distinet tendency_for airspeed to decrease for an
increase in throttle. Notable examples were the AWJSRA and Generic STOL
configuration 1250.

This form of coupling is normally associated with a flight path over-
shoot tendency. That is, a step change in throttle results in a corresponding

change in flight path followed by a decay. (Recall the set of responses
shown in Figure 5+5.) Since this form of coupling was viewed as a

direct consequence of powered lift, it received considerable attention.

One analytical approach is described next.



FINDING:

STOL

The theoretical cross coupling parameter termed u was not an

acceptable metric of cross coupling between flight path and flight reference.

DISCUSSION:

The usTOL parameter was adapted from a mathematical approach intro-

duced to the control system field by E. H. Bristol in the mid-1960ts
(Reference 33). This parameter provided a relatively simple measure of
how alrspeed regulation affected flight path control and vice versa. It
was deflned as the ratio of flight path response with throttle at constant
attitude to the flight path response with throttle at constant airspeed,
and was a function of frequency.

‘The optimm value was unity which meant that airspeed regulation would not
alter the flight path response. It also meant the airspeed to throttle
response was zero. (See Reference 33 for additional details and a thorough

discussion of the implications of u STOL )

The uSTOL concept was investigated in a systematic manner during the
second Generic STOL simulation. A series of airplane configurations were
considered whose high frequency and low frequency values for usTOL were
varied according to Table 5-6. Accompanying characteristics, inclu~
ding time response for step flight path changes and y - V contours for the
two controls are also shown. In general, there was simply not a clear
correlation between pilot opinion of flight path and flight reference
response and the uSTOL values. For example, configuration 1270 should have
been the most severely coupled case in terms of its uSTOL description.
However, it was judged as good or better than the supposedly ideal
case, 1210. A detailed account of these results is included in Reference 13.
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There are three main problems with the uSTOL parameter. First, the
pilot is not likely to regulate airspeed tightly. Airspeed does not nec-
essarily need to be the flight reference, but even if it were, the regulation
would be at a lower bandwidth than flight path. Hence the basic assumption
of perfect speed control is faulty.

The second problem is that uSTOL may be an overly simple or inappro-

priate measure of coupling. For example, it does not directly measure
airspeed excursion due to flight path control or problems in regulating
flight path or airspeed. This is the risk in relying on a single parameter
to describe a complex relationship.

Finally, uSTOL would be difficult to measure, or at least its non-

steady aspect. The steady state value is a simple function of %% for con-
stant attitude and throttle. The value for a given frequency would probably

require mathematical manipulation of time response data.

For these reasons along with the results of the Generic STOL simulation,

the uSTOL parameter was dropped from consideration.

It should be noted that flight path/airspeed coupling was addressed
in the AWJSRA'simulation program reported in Reference 34. While the
results involved only calm air conditions, a strong pilot opinion effect is

nevertheless shown for the steady state metric:

du
7|6

This will be further studied in forthcoming flight tests using the AWJSRA
and may provide a key to effectively defining flight path/airspeed coupling
limits.

FINDING:
A 1limit may be required for coupling of flight path/airspeed modes .

DISCUSSION:

As mentioned earlier in this subsection, attitude constrained dynamics

can appear as a coupled oscillatory mode rather than the usual two separated
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exponentially decaying modes. The amount of such coupling can be expressed
in terms of the damping ratio of that oscillatory mode.

It is suspected that a lower limit on this damping may be necessary
to insure acceptable closed loop flight path control. Based on pilot/
vehicle analyses one can show that too low a damping ratio prevents tight
flight path control. On the other hand, this feature may be effectively

governed by other requirements such as short term response rise time.

It is suggested that damping of a coupled flight path/airspeed mode
be specifically limited until such a limitation is found to be redundant.
Based on results from this program and those of Reference 10 a tentative
limit would be approximately 0.6 to 0.8 critical damping. Cases having a
value less than 0.6 were never acceptable. A value of 0.8 was the lowest
value connected with an acceptable vehicle.

5.2.3 FLIGHT REFERENCE CONTROL

As mentioned in earlier discussions, flight reference control consists
of a relatively loose outer loop the objective of which is to keep the flight

condition within safe margins.

In this section we will discuss the relatively qualitative results con-
cerning flight reference control. This will consist of a chronological
account of flight reference related experiments and how they were viewed

over thce course of the program.

During the BR 941 simulations indicated airspeed was used mainly as the
flight reference quantity but there was also some limited use of angle of
attack. During these simulations we noted comparative features such as a
PIO tendency if angle of attack were tracked too tightly. Also we gave the
pilot both indicated airspeed and angle of attack simultaneously. During
the AWJSRA similation indicated airspeed was used as flight reference through-
out. During the Generic STOL simulation we again assumed the indicated
airspeed as flight reference but found that the pilot was not always willing
to closely track this flight reference if it was not necessary to preserve
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adequate margins. Finally, during the STOL-X simulation, a qualitative
exploration of several facets of flight reference control was made,

The following are the findings related to flight reference control.

FINDING:

FTlight meference can he a milti-variable function.

DISCUSSION:

‘This is an important idea because it implies that airworthiness standards
must be formulated in terms general enough to handle such a definition of
flight reference. During the early simulations in this program, flight
reference was generally assumed to be airspeed but angle of attack was used
occasionally. To a limited extent elther airspeed or angle of attack was
appropriate to the BR 941 and AWJSRA configurations but this was not so
with some of the more unusual cases considered during the Generic STOL
similation. In some cases it was found that use of a constant airspeed
flight reference imposed an unnecessarily difficult workload on the pilot,
and that a flight reference such as constant pitech attitude was a better
alternative. B ‘

The concept of flight reference was then further expanded to include
any of a number of generalized parameters. One such flight reference was
used extensively in the STOL-X simulations. In this case, a generalized
flight reference was used which preserved a constant speed margin. This
flight reference was a linear comblnation of angle of attack and throttle

position.

In general, the flight reference, displayed on a single gauge, could
consist of a function of any number of variables contrived to help the pilot

maintain a safe and effective operating point.
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FINDING:

There must be only a single flight reference quantity for the pilot to
regulate.

DISCUSSION:

The primary supporting data for this finding came from the original
BR 941 simulation. During some runs both indicated airspeed and angle of
attack were available as a flight reference, that is, the pilot was given
.both a nominal airspeed and a nominal angle of attack. This resulted in
contusion and increased workload because of frequent conflicts. 'he pilots
noted that they had to choose one or the other to regulate. They frequently
found simultaneous airspeed and angle of attack excursions which were indi-

cating pltch corrections of opposing signs.

This is not to discourage or prohibit display of status information
other than flight reference. When flying an ailrspeed flight reference it
was found that pilots did, in fact, like to monitor angle of attack for the
purpose of margin indication, btut would make angle of attack corrections

only if the excursions became excessive.

FINDING:

Several different factors must be considered in selecting a flight

reference mechanization from among the numerous possibilities.

DISCUSSION:

Flight reference can be mechanized several different ways, even for the
same safety margin criteria. Consider the usual y - V plots with contours
of constant power, constant pitch attitude, and constant angle of attack.
Any trim point in the plot can be specified in terms of any two of the five

variables:

® Flight path angle, 7

® Airspeed, V
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® Power, Op
® Pitch attitude, 6

® Angle of attack, «.

A family of desired trim conditions (subscript c¢) could be uniquely
defined by any one of 10 plots, such as VC versus 5Tc’ 8. versus Vc, or
Yo Versus a,. Each of these curves could then be used for two different
flight reference mechanizations. For example, the curve of Ve versus o
could provide a flight reference of V - V, (a) or a - a, (V).

c

A1l of these flight reference schemes provide the same trim conditions

but differ in other important considerations, including:

® Dynamic (or short term) response to control inputs
® Sensitivity to atmospheric turbulence
® Sensor and computational complexity

® Effects of accelerated flight.

While all of these are important considerations in selecting a flight

reference mechanization, the last one may be the most critical.

Even conventional aircraft have a flight reference problem in accelerated
flight. Student pilots are carefully instructed about the effects of a
steady turn on stall speed. This is one reason some recommend using angle
of attack instead of airspeed as the flight reference. The problem is more
severe in a powered-lift aircraft because even the maximum angle of attack

may not be constant.

For powered-1lift aircraft another important accelerated flight condi-
tion is operation in a wind shear. To maintain constant airspeed in a wind
shear, the aircraft must have an inertial acceleration equal to the wind
acceleration. Because the alrcraft is accelerating, the usual y - V plot
is no longer valid. However, the effect can be approximated by using an
effective flight path angle which is defined by:

7eff = 7a +

LSy -8

wliere Ty = L1light path angle relative to lhe air mass
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This allows one to use the y - V plot to establish approximate trim
conditions in a wind shear. The contours of constant o and op are still
valid but the constant 6 contours are shifted. Pitch attitude is always
given by 6 = s + o not Yorr + o ; therefore, a wind shear shifts the o
contours by ﬁ/g. The net result is that pitch attitude may not be an ap-
propriate flight reference in a wind shear. Holding the desired pitch atti-

tude in a wind shear could substantially reduce safety margins.

FINDING:

Flight reference dynamics are visible to the pilot and affect his

workload.

DISCUSSION:

Some effects of differing flight referemce mechanizations. were demon-
strated during a brief experiment with the STOL-X simulation. For the
baseline airplane the flight reference was mechanized using angle of attack
and throttle setting*. So far as the pilot could tell, the flight reference
appeared to be a typical angle of attack indication. Movement of the
throttle had a weak but linear effect on the flight reference indication.
For this particular airplane configuration, this flight reference mechani-
zation was acceptable, even though the flight reference display was somewhat

noisy when flying in turbulence.

As an alternative, a mechanization was employed which used pitch atti-
tude in combination with throttle position” . If the flight reference
needle were zeroed, the resulting trim condition would be identical to the
baseline case. The fact that pitch attitude and throttle were used, however,
eliminated the noise characteristic of an angle of attack indication. The
flight reference indication itself was very steady and, in effect, provided
the pilot with a pitch attitude command via the flight reference gauge.
Hence, if the pilot increased his throttle setting to go up, the flight

reference gauge immediately moved to an indication which could be interpreted

* Flight reference was a - a, where o, = f(6T)

c
** Flight reference was 0 - 8, where 0, = £(&p)
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directly as the pitch attitude change required to maintain the desired
flight reference in the long term. It was easier for the pilot to fly
this simply because the short term dynamics of the displayed flight

reference were somewhat improved over the baseline flight reference.

Unfortunately, the effects of wind shear were not fully appreciated
at the time of the experiment. No tests with a definite shear were per-
formed but subsequent analysis indicated that safety margins could be
significantly reduced with the second (pitch attitude) flight reference
scheme.

FINDING:

Manual flight reference regulation is looser than flight path regula-
tion and cannot be used to enhance the short term flight path response.

DISCUSSION:

One feature of the cross coupling experiment during the Generic STOL
similation was that each of the configurations had equivalent flight path
response potential provided that airspeed was well regulated. For example,
in case 1220 which had approximately a 45 deg thrust inclination, flight
path response to a throttle inpubt was very slow. If the pitch attitude was
immediately increased to offset the speed increase when power was added,

then the flight path response was much faster.

It was found, however, that when the pilot had to depend upon this
rapid and simultaneous regulation of flight path and flight reference in
rough air and near the end of his approach, the workload simply became too
high. In this case he reduced or dropped flight reference control and
regulated flight path using only the throttle. Both of the pilots who flew
this configuration used this control technique and got into a flight path
PIO. Knowledge that tight airspeed regulation would relieve this was of
no help. The workload involved in doing so was simply too high. This, then,
is an illustration of the need for basic flight path control standards
through use of primary control only.
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SECTION 6

LONGITUDINAL STABILITY, CONTROL, and PERFORMANCE; LANDING

This section covers longitudinal stability, control, and performance
for the landing flight phase, i.e., that part of flight beginning with flare
initiation and ending with touchdown. Landing is handled in a similar way
to approach. In particular, the landing is analyzed in terms of pilloting
technique and control functions. The landing, like the approach, is pri-
marily a vertical path control problem. 1In fact, it is more so since active
flight reference control is not involved. We begin by discussing key dirf-
ferences in the landing task between conventional and powered-1ift aircraft.
This is followed by presentation of simulator results.

In the section dealing with piloting technique, we see that, just as in
the approach flight phase, piloting technique can be classified in terms of
the primary control. In the landing, though, there is much less emphasis
on the secondary control. Additionally, the landing task is defined in terms
of certain performance features, such as flare height, target touchdown sink
rate, and target touchdown point. It is important to note that flare can
include the range from full flare (nearly zero touchdown sink rate) to no-flare.
One additional degree of freedom in landing technique offered by powered
1ift is use of power Lo flare. This discussion involives development of the
means to treat power-to-flare as well as the conventional attitude-to-flare
technique.

The control functions to be considered are pitch attitude and flight
path. Flight reference regulation is not really involved in landing even
though the initial flight reference value is important. The impact of
powered 1lift on pitch attitude and flight path control is generally the
same in the landing flight phase as in the approach. The main effect is
primarily that of high 1ift coefficient and low airspeed. The vertical
thrust inelination feature of powered 1ift is also important in the case

of flaring with power.
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Landing experiments which were conducted in this similator program
followed the same general outline described in the approach section. The
Program was begun using detailed models of actual aircraft. This led to
more specially designed experiments in which critical landing parameters
were varied. Finally, tentative criteria were tried on a specific aireraft
design, STOL-X. In general, the landing was conducted as g part of the
overall approach and landing task. This meant that the pilot would arrive
at the flare initiation point having flown a representative approach task
involving various adversities. The pilot was always given a prescribed
flare technique along with some indication of target touchdown objectives.
Landing rollout was frequently accomplished, although it was not really a
part of this simulation program.

6.1 PIIOTING TECHNIQUE; LANDING

The following is a presentation of ideas related to the role of pilot-
ing technique in longitudinal stability, control, and performance for the
landing flight phase. As for the approach, this will be in preparation
for the subsections on longitudinal control functions. The pointe to be
covered here are pilot objectives and the means to describe piloting tech-
nique in the landing. This will be followed by a few of the more general
findings relating to piloting technigque. ' ‘ ‘

As in the approach, the primary piloting task during the landing is
that of vertical path control. It is, however, more of a terminal control
problem since the goal almost totally is to arrive at a set of desired
touchdown conditions. Most likely the main objectives are obtaining a
target touchdown sink rate and a target point on the runway. In a conven-
tional aircraft the emphasis is frequently on the former. In a powered-1ift
aircraft the emphasis is more on the latter if a STOL environment is in-
volved. There are, of course, other concerns at the point of touchdowm,
such as maintenance of reasonable safety margins, landing gear geometric

and structural constraints, etc.

In the approach or landing, pitch attitude control is the longitudinal
task subordinate to flight path control.

148



The term "flare technique" refers to the specific way in which the
cockpit controllers are used to accomplish the landing task. Flare using
pitch attitude is analogous to a conventional piloting technigque and flare

using power analogous to a STOL technique.

FINDING:

The likely techniques for landing powered-l1lift aircraft include both
flare using pitch attitude and flare with application of throttle.

DISCUSSION:

The choice of a particular flare technique depends greatly on vertical
path control characteristics available. Given suitable characteristics,
the subject pilots in this and the Reference 10 simulation programs demon-
strated the ability to perform flared landings with either pitch attitude
or throttle as the primary flare control.

Flared landings using pitch attitude as the primary control appeared
identical to those performed in conventional aircraft so far as general
piloting technique is concerned. In general, pitch attitude varied nearly
linearly with altitude after flare initiation. The subject pilots charac-
terized this as a closed loop task to the extent allowed by the visual

display and controllability of the aircraft.

Plares using throttle were initially tried during the BR 941 simmlation
(Reference 11). Two pilots were involved in this short experiment, one
had considerable helicopter background and the other virtually none. The
pilot with helicopter experience quickly adjusted to flares with throttle.
The similarity to a flared helicopter autorotation maneuver seemed to be a
factor. The pilot not having helicopter experience was reluctant to endorse
this technique. After trying this again with a significant reduction in
engine lag, the second pilot then agreed Lhal Lhe lechnique might be feum
sible after a sultable training period.

During the Generlc STOL and STOL-X simulations (References 13 and 14)

flare using throttle was investigated further and, in fact, was used as the
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normal prescribed technique for several cases including the STOL-X model.
It was found that all the subject pilots could adopt use of this technique
provided vertical path dynamics were adequate.

It was noted that in flight tests with the NC-13%0B (Refarence 24) flare
using throttle was tried but was found to be an unsatisfactory technique.
This appeared to the pilots to be due to long engine lags. Based on what
was learned in this simulation program, however, it is felt that the prob-
lems were mainly in the path dynamics related to the effective thrust angle,
and not in the inadeguacy of the technlque iltselfr.

- o e e e o = e e =

FINDING:

It is reasonable to permit a flare technique involving open loop

application of the secondary control.

DISCUSSION:

Initial simulation experiments (References 11 and 12) involved the use
of only one flare control at a time, either pitch attitude or throttle.
During the first CGeneric STOL simulation (Reference 13) a serics of experi-
ments was run in which the pilot was allowed to use an open loop application
of the secondary control. Some of the results are important with regard
to piloting technique in the flare. It is important to point out, however,
that the results may not have completely gemeral applicability. The nature

of the airplane dynamics plays an important role as mentioned previously.

It was found that flare using attitude could be aided by an open loop
application of throttle. The most direct benefit was in reducing the
maximum pitch attitude excursion by initially breaking the sink rate with
throttle. This can be important for powered-lift aircraft because low
ny. combined with a large glide slope angle requires relatively large pitch

excursions.

Tt is difficult to add a precise increment of throttle because there
arc no direct cues other than engine noise. The difficulty in adding lhrust

to aid in flare is its likely inconsistency of application. It should be
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Noted that this difficulty is present to some degree in flares using pitch
attitude alone owing to the variation in throttle during the approach, which
in turn creates some dispersion at flare initiation thereby altering the

initial conditions of the flare.

Flares using throttle were not, in general, aided by an open loop
application of pitch attitude except where it was necessary to establish
a level attitude for touchdown (i.e., where the approach attitude was less
than nose level). The main difficulty was similar to that mentioned pre-
viously in that application of pitch attitude introduced some variability

in amount of throttle required to flare.

In all cases where the pilot was allowed to use an application of
secondary control he did so prior to initiation of the flare with primary
control. That is, the main segment of the flare maneuver was a single
control operation. This was also noted in Reference 10. There is good
reason for this being the natural inclination. It allows some of the
transient effects of the secondary control application to settle before
the pilot begins closed loop application of the primary control. This is
the same reason that a precise measure of secondary control input is

desirable.

This aspect was further explored in the STOL-X simulation. For this
model the nominal flare technigue was prescribed as use of throtile as
primary flare control with an open loop change in pitch attitude sufficient
to clear the nosewheel at touchdown. This technique was suited to the path
dynamics of the model and was found acceptable by the eight subject pilots.

6.2 LONGITUDINAL CONTROL FUNCTIONS; LANDING

The two landing control functions considered here are pitch attitude
and vertical path. Flight reference control is not included because it is
a low frequency function which is not significant in the comparatively

short term flare maneuver.



6.2.1 PITCH ATTITUDE CONTROL; LANDING

This section presents ideas associated with pitch attitude control in
the landing flight phase and closely parallels the corresponding section
for the approach.

The importance of pitch attitude control in the landing is almost
entirely dependent upon the flare technique. If the flare is performed
using pitch attitude as the primary control then pitch control characteris-
Lics need Lo be considered. If flaring wilith power, pltch attitude control

is considerably less important.

As mentioned previously, pitch attitude control was not a specific
topic of investigation. Variations in pitch attitude control characteristics

were strictly an indirect result of variatione in other control functions.

FINDING:

When pitch is the primary flare control, pitch attitude control involves
the sw«. 2 factors as for conventional aircraft; it differs only in the mag-

nitude of the pitech attitude change.

When pitch attitude was used as the primary flare control, the nature
of the pitch maneuver itself was essentially identical to that observed in
conventional aircraft with one notable exception, the magnitude of the
pitch change was noticeably larger. This is illustrated in Figure 6-1
in which nrofiles of 6 versus h are presented for various types of aircraft.
The fla.e profiles for a simulated powered-1lift vehicle are typical of most

of the cnfigurations involved in this simulation.

The common feature of all the plots is that pitch attitude varies
approximat ly linearly with altitude after flare initiation. Only minor
fluctuations from the linear trend occur. Also, each of the cases are
characlerlzed by a reasonably well defined flare initiation height. This is

a convenient marker for the beginning of the maneuver. Correspondingly the
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pitch attitude increment from the approach to touchdown is another con-
venient metric. These features will bc important in the subsequent section

dealing with vertical path control.

The large pitch attitude required for powered-lift aircraft is mainly
the result of a lower nzl. Since approach sink rates for conventional
and powered-lift aircraft are comparable, then the level of normel accel-
eration required to flare should be about the same. Hence, for a lower
value of Nz, @ correspondingly larger pitch attitude is required to obtain
a given normal acceleration.

6.2.2 VERTICAL PATH CONTROL; LANDING

This subsection treats the main longitudinal task in the landing, the
vertical path aspects of the flare maneuver. The vertical path control
characteristics of powered-lift aircraft are described and compared to a
conventional aircraft in the approach section. The same characteristics
apply to the landing, therefore, this will not be repeated.

The following is a description of the manual flare maneuver. This
description helps in identifying the key features in the airplane which are
related to the flare. This is a mathematical model which seems to bear a
strong resemblance to the nominal flare maneuver as observed in simulations
as well as actual flight situations. The main objectives for this report
are to develop a comparison of features of powered-lift and conventional
aircraft. For background and details of this mathematical device the reader
is referred to Reference 12. We consider first a flare maneuver using

pitch attitude control, then extend the same ideas to flare using throttle.

The key features of the manual flare maneuver are described in the
previous subsections with regard to piloting technique and attitude control.
To recap, below the flare height, hpr, pitch attitude varies nearly linearly
with altitude. This implies the flare maneuver can be modeled by a simple
linear feedback of altitude to commanded pitch attitude. Thus, given
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initial conditions on the trimmed approach, a flare height, and the pitch
increment between approach and touchdown, A8, it i1s possible Lo compute a
nominal flare maneuver. This includes solving for touchdown conditions

such as sink rate, position on the runway, airpseed, and angle of attack.

The detalls of these calculations are given in Reference 12.

The following example shows the various features of the flare maneuver
computed for a typical powered-lift airplane compared to a conventional
jet transport. The two cases are the same ones used in the example of
approach flight path dynamics of Section 5. The parameters picked to des-
cribe the flare maneuver in each case are typical of those observed in
actual flares. There was an attempt, however, to match the abruptness and
duration of the two cases to provide a more direct comparison. The

respective maneuvers are dellned in Flgure 6-2.

A comparison of the main features of flares between powered-lift and
conventional airplanes (using an attitude control) is shown in Figure 6-3.
This figure shows time histories for altitude, rate of descent, airspeed
change, angle of attack change, and horizontal distance relative to the

approach aim point (with no flare, the aircraft would land at the aim point).

The similarity of the vertical path changes is shown in the time
histories of altitude and rate of descent. The resemblance of the two
examples is great and is typical of what one observes from piloted flare

maneuvers.

One minor but nevertheless realistic difference should be noted in
the sink rate time histories. Near the end of the flare, sink rate for the
conventional airplane tends toward zero while for the powered-1lift case
it levels off and starts to bend slightly upward. This is indicative of
the tendency for the conventional airplane to float while the powered-lift
airplane continues to settle thus touching down more firmly. A more pro-
nounced difference would occur if the powered-lift airplane were characterized
by an even lower nZa or lower heaving damping. This is discussed in more
detail shortly.

The time history differences are not nearly so subtle for the remaining

three variables, airspeed, angle of attack, and horizontal distance. The
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airspeed change for the powered-lift airplane is nearly twice as great while
the original approach speed was about one half that of the conventional
airplane. The main factor governing this relationship is simply the ratio
of T, to Nz.* Since Dx tends to be relatively constant between these two

types of airplanes the main determining factor is therefore simply n&;'

The angle of attack change is also significantly greater for the powered-
lift airplane. This is really the result of the lower ng which requires
a larger angle of attack change to get the same vertical acceleration. Note,
though, that the angle of attack excursion ie significantly less thaﬁ the
attitude excursion shown in the previous figure, i.e., the flare is not a

high angle of attack maneuver.

Finally, the horizontal distance traveled during the flare is greater
for the conventional'aifpiane even though, in this example, the flare
duration is the same. The differehce here is solely due to the difference
in approach speeds since the speed, even at touchdéwn, is not much less

than the initial speed.

Thus, the above set of examples provides an overview of the flare
maneuver using attitude as the primary flare control. Airspeed, angle of
attack, and distance relationships are shown within the cohtext of a
realistic control of flight path.

Now we will consider the aspeéfsxof flight path contr01 more closely.
In s flare where attitude is the primary‘control:the key to describing
vehicle dynamiés is simply the E/e response. Thié is most easily described
in terms of a transter function and is discussed in detail in both Section 5

and in Appendix A.

The dominant features of flight path due to attitude change can be

summarized as the following:

@ Sensitivity of vertical acceleration to attitude change, n&x

t

® lag in initial response as influenced by heave damping, ZW

"® Flight path decay as 1nfluenced by speed damping and the
degree of hank91dpdn@qg

158




One should expect that bty suitably limiting each of these three elements,
the flight path dynamics with regard to flare would also be suitably

constrained.

It can be shown using the flare analysis method of Reference 12 that
the closed loop flare dynamics are really a function of the first two items
(nﬁx and Z;) and that the third (backsidedness) is considerably less im-
portant except in extreme cases. Further, the first two items are related

by a simple relation:

e

nZa

1
<l

That is, for a given airspeed there is a naturally occurring relationship

between flight path control sensitivity and flight path response. Hence,

the main determining factor for flight path control during flare for powered-
. . . t )

1ift airplanes should be either ng  or ZW.

It is not clear which of the two factors is more universal or which
should be directly limited. Both iikely have limits. Under certain con-
ditions the sensitivity limit can be more easily reached, while for others
the response lag will be critical. A more quantitative treatment of this

is given in the first finding soon to be discussed.

Meantime, let us compare the condition of flaring using throttle to
the use of attitude and discuss some of the features. The important aspects
of using throttle to flare can be shown using an analytical model of the

flare maneuver similar to that shown above.

One might hypothesize that throttle is used in the same manner as
attitude, i.e., an approximately linear feedback of altitude. Based on
simulator data this seems to be a valid model of the flare maneuver, at
least after the pilot has undergone sufficient familiarization and when the
aifcraft itself has adequate vertical path control potential. Figure 6-L

shows some actual simulator landings where throttle was used to flare.

An analytically developed example is shown in Figure 6-5. This is
a direct comparison of flare with throttle to flare with attitude. The same
basic powered-lift airframe is considered. It should be again noted that

in this case the effective thrust angle is vertical and engine lag is zero.
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The flare height and throttle increment used to describe the flare
are somewhat arbitrary, but are meant to reflect typlcal cases observed
on the simulator. Variation could be expected depending on pilot and spe-
cific vehicle characteristics. The considerations in this example were to
use a reasonably common flare height, abruptness of flare, and touchdown

sink rate.

Note that the flight path change itself in terms of altitude and rate
of descent is generally comparable using both techniques. This simply indi-
cates the potential for the same kind of maneuver with either control.
According to this example there is a tendency for flare using throttle to
produce a float (h continues toward zero) compared to positive sebtling

using attitude. This general effect is visible to the pilot.

The most notable characteristics are the comparative effects on air-
speed and angle of attack. Flare with throttle tends to affect airspeed
less. The exact effect depends mainly on effective thrust angle as noted
in Section 5. While the airspeed change tends to be small, the angle of
attack change is large but in a favorable sense with respect to safety
margins. The latter is simply a result of holding attitude while increasing
flight path angle.

There is a slight difference in the horizontal distance, but this is
only due to the small difference in flare height in these examples.

The important aspects of using throttle to flare as shown above are
net increases in speed and angle of atback safety margins during the flare.
This contrasts sharply with the clear decrease in margins when flaring with
piteh attitude.

Now consider the vertical path control aspects of flaring with throttle.
The verticel path dynamics are really the same as described for the approach
phase (Section 5). The distinguishing factor from pitch attitude control
is the absence of a large flight path decay tendency. Presuming an adequate
limitation on this for the approach phase, then the main features to be
addressed in flare are simply vertical path response time and control power.

It is natural to expect that the need for increased precision in the flare
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will require a correspondingly faster response time and increased short term

control power.

FINDING:

Reasonable limits on n, and heave damping, ZL, for flaring with pitch

Zg,
attitude have been determined, but application of the limits to approach

speeds significantly different from those simulated is questionable.

DISCUSSION:

The main unsolved problem in this respect is determining whether the
1limiting factor is control sensitivity, nzu, or control response, Z;.
Arguments can be made to support either or both. The following describes
some of the data obtained from this program as well as pertinent informa-

tion from other sources.

First, consider a selected portion of data obtained from this program.

Figure 6-6 shows comparison plots of pilot rating versus nax and Z;.
These data are relatively clear of other factors because of the following:

® They represent the ratings of a single pilot

® None of the configurations are excessively frontside or

backside
® The standard turbulence level was used in all cases
® The same method of evaluation was used

® A significant speed range was spanned (55 kt to 75 kt).

For small values of elther nZOL or Z; a significant degradation in pilot
rating occurs. The parameter, g s however, appears to provide better

correlation. The importance of n is Turther supported by pilot comments

Zy,
which specifically mention excessive attitude change. 1In some extreme cases
there was a loss of view of the runway near touchdown, but thegse cases are

not included in the plot because this was not a control related problem.
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Nevertheless, it is not possible to rule out heave damping or path
response as the critical factor. The difference in data dispersion in the
two plots 1s not that great. Furthermore, the same levels of heave damping
in a much faster aircraft (hence larger nzm) give similar pilot ratings.
Figure 6-7 shows the previously plotted data compared to pilot rating
trends for a simulated space shuttle vehicle landing at about 180 kt
(Reference 35). On the basis of this, one is tempted to assume heave

damping is the more critical parameter.

While we are still left not knowing what was really deficient in the
cases studied,ian opinion is nevertheless ventured here. It is felt that
the degradation of pilot opinion shown in Figure 6-6 is tied to both
low sensitivity and low heave damping. The pilot complaints of excessive

attitude excursion must be considered as well as the space shuttle data.
It seems reasonable to consider tentative limits of N = 1.6 g/rad and
-Z; = 0.45 rad/sec. Similar limits are proposed in Reference 10 from
another simulator investigation of path control requirements for powered-

1ift aircraft.

The above limits on nam and Z; are exactly equivalent at a speed of
68 kt. For speeds close to this it is not really important which paraneter
is more critical. The question does become important for speeds which are
significantly higher or lower. Unfortunately, there is insufficient data
to determine which parameter would be more critical in either case. There-
fore the limits should be considered valid only for approach speeds in the
range of roughly 60 - 80 kt.

FPINDING:

The suggested short term response criterion for flare with throttle

is a rise time to % amplitude of approximately 2 sec.

DISCUSSION:

This criterion is based on a large number of sirmmlator cases in which

the results were reasonably consistent. The data considered for this flare
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response criterion are tabulated in Table 6-1 and plotted in Figure 6-8.

The trend of averaged pilot ratings versus rise time is well defined. The
main question is what pilot rating to use as a cut-off in determining maxi-
mim rise time. This was done primarily by reiying on the results of the
STOI~-X simulation. It was considered that this, the last simulation of this
program, produced the most consistent and well-defined results. There was
a clear concensus that a 2 sec rise time in Ay produced an adequate level
of response for the power-to-flare meneuver in the 1.4 m/s (4.5 ft/sec)
turbulence level used. This criterion should apply not only to throttle,
but to any choice of primary control for flare.

D T T e

FINDING:

If the nominal landing is chaiécterized as non-flared then the minimum

short term response rise time need be only that for the approcach segment.

DISCUSSION:

A special experiment run during the STOL-X simulation showed that if
a so-called carrier landing were performed, the short term response re-
quirement was less stringent than for a flared landing. In fact, the minimum

level of short term response needed to fly the approach was adequate all the
way to touchdown. :

This seems reasonable since the non-flared landing is no more than an
approach continued to the ground with no real change in technique or visual
guidance information. The flared landing, on the other hand, involves a
departure from the approach mode of operation and some loosely defined

increase in vertical path precision.

- e = o e = o Em wm = =

FINDING:

A calm air demonstration of the landing flight phase using a set of
the appropriate abuses can give an indication of landing characteristics

in turbulence.
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DISCUSSION:

This is a key finding of this program, which points the way to deter-
mination of alrworthiness relative to the landing without requiring direct
demonstration in a given level of wind or turbulence. It was recognized
that landing under adverse atmospheric conditions was probably the most
critical part of powered-lift operations. Ideally one would like to demon-
strate landings in the worst expected atmospheric conditions. Such a

‘demonstration, however, would be impractical from the flight test stand-
point. It would be considerably more difficult than demonstrating in a
given mean wind condition since one would want a variety of RMS gusts,
shears, etc. Therefore, we investigated what might be done under the calm
air conditions to somehow simulate problems encountered in significant
levels of turbulence.

The basic idea behind the calm air demonstration is that one main
effect of turbulence is to increase the dispersion of conditions at flare
initiation, such as sink rate, airspeed, and control settings. It is pre-
sumed that if the pilot/vehicle in calm air is capable of a safe landing
from off-nominal initial conditions and has an adequate level of short
term response, then it should be able to handle a given level of atmospherie
turbulence. In general, then, we wanted to look at a variety of abuse
conditions that would be the likely result of turbulence and show that the
pilot could successfully flare without a major change in flare technique.
Also, this would presumably look after aspects of flare control that are
difficult to measure directly. This could include such things as vertical
path control power or cross coupling which may be dependent upon ground
effect.

The idea of a calm air flare demonstration was a result of the BR 941
and AWJSRA simmlations. It was developed conceptually in the first working
group meeting, then explored in the STOI~X simulation. Feasibility was
examined for a variety of flarc techniques including full flare with power,
full flare with attitude, and no flare (i.e., continuation of the nominal
approach flight path and piloting technique to touchdown). Minor adjust-
ments in the baseline STOL-X configuration were made to accommodate each of
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these flare techniques. Each of the cases will be discussed in the following

paragraphs.

Flare using pitch attitude as the primary control is the most inter-
esting case in that all abuses are relatively important. A high sink rate
abuse indicates the basic requirement for vertical path control power. In
addition, it shows the ability to counter low power and high sink rate at
flare initiation due to a late correction or an off-nominal power setting.
A fast abuse.of flight reference can reveal a variation in flight dynamics
which may lead to over-rotation and resuliting long touchdown. A slow abuse
of flight reference can result in a variation of flight dynamics which may
reduce flight path sensitivity and result in an inadequate break in sink
rate and inadequate safety margins. The most serious abuse is likely to be
an inadvertent throttle cut at flare initiation which produces a serious
loss of vertical path control power available with pitch attitude. This is
considered an important abuse becuase it represents an action that is fre-
quently taken in conventional aircraft in which there is no correspondingly

adverse effect.

A flare in which throttle is the primary control is, in general, not
as critical relative to abuses as when flaring with attitude. A fast/slow
abuse does not produce the same results because the flare control is not
directly affected by speed, i.e., Z8T tends to remain constant while ng.
does not. A secondary control abuse, pitch attitude, is not likely in the
same sense that a throttle abuse is. Thus a nose-down attitude abuse cor-
responding to a throttle cut for the opposite technique seems unnecessary.
The most significant abuse for throttle-to-flare is an off-nominal sink
rate. Demonstration of such an abuse would directly check for vertical path

control power.

The final flare technique case considered was use of throttle as the
primary control with no break in sink rate, i.e., the approach is continued
all the way to touchdown. This is really just an extension of the previous
case. Therefore, the speed and secondary control abuses would be expected
to have little importance, however, a sink rate abuse would remain important
in order to assure flight path control power in the presence of any ground
effect.
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The results of calm air flare demonstrations for the STOL-X simlation
are summarized in Table 6-2. The numerical flight path and flight
reference abuses shown were considered by the pilot to be representative of
conditions encountered in the simulated 10% turbulence conditions. Note
that for an attitude flare the pilot selected the fast abuse larger than
the slow abuse. He did not try to make this distinction in the power-to-
flare case, though, because speed abuses were not considered as important.
In the no-flare case a steeper sink rate abuse was suggested by the pilot
and a distinction was made between thc size of fast and slow fllght reference
abuses.

Based on the limited examination during the STOI~X simalation, the calm
air demonstration of landings appears to be a feasible way of determining
airworthiness. The concept, however, needs more thorough investigation to
determine numerical abuses which would apply to a wider range of airplane

configurations.

FINDING:

An approach-type short term/long term vertical path control power
requirement is unsatisfactory for the flare due to complicating factors
such as ground effect and flare technique.

DISCUSSION:

Vertical path control power is an important requirement in the flare
maneuver but it defies the simple step input criterion suggested for the
approach flight phase. The long term vertical path control power require-
ment does not really apply to the flare maneuver because of its relatively
short duration. Short term control power is, however, important but it
depends upon the degree of abruptness of the flare maneuver and the amount
of positive or negative ground effect present in a specific vehicle. There~
fore, the control power requirement is very much design dependent.

172



, * suoTsanoxs peadsate 91e1s Lpwveqs Furpuodssdaco S} 99BOTPUT
sosoyjUaded UT sIsqumi *Topow OTJToads STUZ UFTM POSN S0USJIDISX JUSITI OU] C3 SI9TsI S3TUN

*

‘MOPUTM 3I®TI

2381 UTS POUTBILSUOD SSOT (949 L)
® JO UOT3eOTIPUI ue Arqeqoad J2qsey s3TUh UMOPYITNOY 0%
asnge UYjed QUSITI POSELIOUT aodesls Bop ¢ | Toxzuoo LaemTad sUTBWOI
rog Jod poads J0F 10U ‘TeoUum (34 ¢) oT330ayl ‘oarTi-oN
-280U aJ 9PNn9gI9e JI0F TBOTITIO ISMOTS SQTun 2

osnge ScusJeIed AUITTS 3Sed

* SOTWRUAD SI8TJ

paipnic oo it Aot I AT (1somsson eors
3 ¢ P poads : a 158 S31 Kt ~ 01 peatnbax sBueyo
TBOT3TIIO 30N * SUOT}TPUOD Jodeols Jop g
souo - °opn3TIzE 89D 2/1 ¢)
TN, Jo s4T3BIUS SIS (31 L)
Toaguo) ATEWLIJ STFI0IYL
9JoM SOSuqe SOULISFSX JUSTLF ISMOTS S3TUN 4

oSSU3 JT POJBOTPUT 30U seMm 3T

* SOTWeULp oI8TJ SPN3TIqe-

uo sousnTIutl poeds Fuoasns (31 L)
FO osneooq TesTqTJLO sesnge JI23.£BT S3TUN W A._”.mﬁ.nﬁos Qmﬁpv -0agu09
souadsJad QUITLA ‘UOTATP y 5 fx N
~UOD TBOTATAO JSOW SEM OTETI (3% ¢€) Todeals Fap 2 BUTIJ SPNITIYY Y29 Td
SuTanp Jemod oTPT JO BUTFSTS JIOMOTS ,SATUR g2
~TOD 2shqe TOJI}UOD AIBIUCDDG
H80dY asndv

STV HANOINHOEL #vid

FONHEMLHY THOITA HIVd IHDIIA

X-10LS
SESNIV NOILVMISNOWEC ¥IY WIVD ELVI¥dHddY 4AC ZUVAWNS

c=9 HIIVL

175



The most direct way of guaranteeing an adequate level of vertical path
control power is through an appropriate calm air flare demonstration. In
particular, a demonstration involving a sink rate abuse would produce a
direct measure of the same things looked after in the approach control

power criteria. Ground effect or flare technique peculiarities would be

directly taken care of.
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SECTION 7

TATERAL-DIRECTIONAL STABILITY AND CONTROL; APPROACH AND LANDING

Lateral-directional stability and control was not a subject of formal
investigation in this program. The decision was made to concentrate on
the longitudinal axis because powered-lift aircraft have fundamentally
different longitudinal characteristics and airworthiness problems than do
conventional aircraft. Inherent lateral-directional differences between
powered-1lift and conventional alrcraft are a matter of degree, not funda-
mental character. The basic piloting techniques are the same and the same
handling qualities criteria should apply.

The above is not meant to imply that powered-lift aircraft have no
lateral-directional problems. On the contrary, they seem to generally have
worse characteristics than conventional aircraft. The following problems

appear to be common in many powered-lift designs:

© Poor turn coordination

® Relatively rapid spiral divergence

® Low roll damping

® Tow frequency and damping of the dutch roll mode.
As a result, stability augmentation may be more of a necessity for powered-
1ift airecratt. There is, however, a large background of pertinent research

and many handling qualities criteria have been proposed, e.g., References 1,
2, 5: h‘: 61 s 56; 57: and 38.

Since a formal investigation of lateral-directional characteristics
was not conducted, therc arc no firm gquantitative rcoults to report. The
objective of this section is to record a few qualitative observations which

were made during the program.



FINDING:

Turn coordination or heading control problems were the major.complaints

during the few simulation runs made without lateral-directional SAS.

DISCUSSION:

As a rule, the simulation experiments of this program were run with a
lateral-directional SAS for the specific purpose of concentrating on longi-
tudinal aspects. The instances in which no lateral-directional SAS was

used were:
® All runs during the Tirst BR 941 simulation (October/November 197z2)
® One series of runs for the AWJSRA simulation

® Some runs with the Generic STOL model.

In these cases the pilots found it difficult to track the localizer because
of problems in making precise heading corrections. This was due to large
adverse yaw characteristics. Furthermore, it was difficult for the pilots
to compensate for the adverse yaw by using the rudder to coordinate the

turns.

The key factors in turn coordination and heading control are generally:

® Dynamic adverse/proverse yaw, (Né - g/Vv)
® Aileron adverse/proverse yaw, (Néa/Léa)

® Dutch roll fregquency and damping.

High directional stability (high dutch roll freguency) tends to reduce
sideslip and thereby improve turn coordination. Unfortunately, the simu-
lated aircraft had low dutch roll frequency and damping and were therefore

more sensitive to the other two parameters.

The yaw directly due to aileron (N!Oa/Léa) was not a serions problem as
it was relatively small (the ideal value is zero). The main culprit was
dynaemic adverse/proverse yaw, (Né - g/V) which should be zero for turn co-
ordination. The simulated aircraft had relatively large, negative values

which resulted in adverse yaw (aircraft yaws out of the turn). The main
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reason was the slow speed which increased the g/V term. The values of N%

were also relatively large and negative.

Because the adverse yaw was due to (N% - g/V) rather than (Nga/Léa),
turn coordination with the rudders was more difficult. One can compensate
for a (Nga/Lga) effect by a simple crossfeed from wheel to rudder, i.e.,
the pilot need only apply rudder proportional to his wheel input. To come~
pensate for an (Né - g/V) effect requires a lagged crossfeed (lag equal to
the roll mode). This is more difficult, if not impossible, for the pilot
to do accurately. It should result in at least a high workload and
probably poor tracking performance.

FINDING:

Pilots initially had some difficulty adjusting to the higher turn rate/

roll sensitivity resulting from the low approach speed.

DISCUSSION:

In a steady turnm, & = g/V * @3 thus, a low approach speed means a higher
sensitivity of turn rate to roll. Some of the pilots more accustomed to
higher speed aircraft found this adjustment troublesome. They had to
regulate roll attitude more precisely and use small roll corrections.

After sufficient training, though, the problem seemed to disappear.

While this may have been only a training problem it could also indicate
the need for more precise roll control for slower aircraft. To our knowledge
no handling qualities study has ever considered the effects of approach

speed on roll control requirements.

FINDING:

All of the powered-lift configurations considered in the course of this
program had acceptable crosswind landing cheracteristica, at least in the

modest crosswinds evaluated.
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DISCUSSION:

It should be recalled that only three basic lateral-directional con-
figurations were involved in this program — the BR 941, the AWJSRA, and
the Generic STOL (including STOL-X). This cmall sampling is really fur-
ther reduced by the fact that a similar lateral-directional stability
augmentation system was used in each case. To the extent that this SAS
masked the basic aircraft characteristics, one could say that all lateral-
directional configurations were really the same regardless of the similator
model.

One minor problem did arise during the development of the SAS. The
turn coordination feature would fight the pilot during the decrab maneuver.
The result was that excessive pedal forces were required to decrab. The
problem was cured by a simple electrical feed-forward command from the

pedals to the rudder to offset the turn coordination signal.

An important factor regarding the crosswind landings made during this
Program was the magnitude of the crosswinds themselves. Early in the pro-
gram it was found that the visual display severely limited the magnitude
of the crosswind which could be considered. The restricted lateral field-
of-view of the visual display in combination with a low approach speed
meant that only a modest crosswind component could be used without the
pilot losing sight of the runwey. For this reason, crosswind components
of no more than 10 kt were evaluated. Because of the low crosswinds
evaluated, the total impact of crosswind landings may not have been fully
appreciated. This coupled with the weak variation in airplane control
characteristics suggests cautiously interpreting the magnitude of the

crosswind landing problem.
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SECTION 8

PROPULSION SYSTEM FAILURE; APPROACH AND ILANDING

This section considers conditions associated with the failure of a
propulsion system unit during the approach and landing flight phase. It
contains not only the results obtained during this simulation program but

also a substantial number of results from other similar investigations.

This section is subdivided into two main parts:

® The failure transicnt itself, including the establishment

of a new trim condition

® The continued approach with a propulsion unit failed.

One particularly important task of this section is to describe those
features involved in propulsion system failure which are likely to be in-
herent in powered-1lift airplane designs. These features are then considered
in describing and intepreting simulation results.

One likely characteristic of a powered-lift design is that the pro-
pulsion system is more complex than in conventional aircraft. TFor
example, it could include ducting of hot or cold gases, movable nozzles,
or propeller cross-shaftlng. When consldering failures one must include
failures of each of these elements as well as the engines themselves. For

this reason we use the term, propulsion system failure, rather than just

engine failure.

8.1 PROPULSION SYSTEM FAILURE TRANSIENTS

The following treats the transient condition immediately following a
propulsion system failure and up through restoration of a reasonably steady
state condition. We begin with a description of the transient condition
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and follow it with the simulation results and their implications on develop-

ment of airworthiness criterila.

It is important to consider the effects of failure transients in
powered-1ift aircraft because the transients themselves are significantly
different from those occurring in conventional aircraft. The most obvious
difference between powered-lift and conventional aircraft is the loss of
Lift that occurs from the failure. This loss of 1ift results from the lost
engine thrust which was actually generating a portion of the 1lift force
supporting the aircraft. Figure 8-1 illustrates these and other major

differences from conventional aircraft.

The first apparent motion resulting from a propulsion failure is a
marked increase in sink rate which is simply the direct result of a de-
crease in powered 1lift. Also, with thrust acting primarily in the vertical
direction there is little tendency for the aircraft to slow down as a con-
ventional aircraft does following an engine failure. In fact, some powered-
1ift aircraft could tend to increase speed. Recalling the various flight
dynamics parameters discussed in Section 5, one can relate the powered-lift
loss directly to the powered-lift factor, np, and the initial tendency to
change airspeed to the effective thrust angle, 8.

The failure of a propulsion system unit produces a set of lateral-
directional upsetting moments which are also illustrated in Figure 8-1.
For a powered-1ift airplane in approach configuration, the 1lift on the wing
supplied by the failed engine can be substantially less than the 1ift on
the opposite wing. The net difference in 1ift Produces a rolling moment
and the drag difference produces a yawing moment. The yawing moment for
a powered-1lift airplane is much less than for a conventional airplane if

the effective thrust angle is nearly vertical.

The pilot in the propulsion failure situation must first recognize
the failure. Next he must cope with the motion transients described above
and reattaln a reasonably well trimmed flight condition which permits either
(i) the successful continuation of the approach or (ii) initiation of a
missed approach. The findings relating to this process are broken down in

the following manner:
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® Recognition of the propulsion system failure
@ Piloting technigue during the failure transient
® Lateral-directional comtrol requirements

® ILongitudinal control reguirements.

The findings in each of the above areas are accompanied by a discussion of

the problems encountered and their implications for regulatory standards.

8.1.1 RECOGNITION OF PROPULSION SYSTEM FAILURE

Delay in recognition of a propulsion system failure represents a time
lag in dealing with a potentially hazardous situation. The following
findings relate to failure recognition and reveal some of the aspects in-

volved in operation of powered-lift aircraft.

In this program propulsion system failure was studied in conjunction
with three simulator models: BR 941, AWJSRA, and STOI-X. These provided an
interesting variety of characteristics but did not systematically cover the
broad range possible for all powered-lift designs. In some tests failures
were inlroduced randomly durlng a series of runs. In other tests there was
a series of runs devoted solely to the failure problem. It was never
possible, however, to realistically duplicate the element of surprise of

a failure during normal operations.

In these simulation experiments a propulcion system foilure was usually
signaled by an audible tone in the cockpit. The warning was activated at
the same.time engine RPM started to decay. The tone provided an unmis-
takable cue that a failure had occurred, but it was necessary to wait until
a motion cue became apparent or to check the engine instruments in order to
determine which engine had failed. In some cases an audible tone was not
used and the pilot had to rely solely on motion or instrument indications
to detect and diagnose a failure.

The following findings reveal some of the important aspects related to

recognition of a propulsion system failure.
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FINDING:

An artificisl warning of propulsion system failure may be necessary

for some powered-1lift airplanes.

DISCUSSION:

Dependence upon motion cues or engine instruments to warn of propul-
sion failure does not appear really adequate. The following are some of
the factors involved in a number of simulation experiments which show this

and suggest the need for artificial failure cues.

The STOL-X simulation (Reference 14) embodied a number of factors which
could be considered typical of powered-lift aircraft. Therefore we will

begin the discussion with this example.

The initiation of an engine failure was indicated by a 15 sec duration
audible tone in the cockpit. Perceiveble motions following a failure built
up slowly while the sink rate increased rapidly to about 5 m/s (1000 ft/min).
It appeared that recognition of failures, at least in the STOL-X design,
was more difficult than in conventional alrcrarft because of the time for

perceivable motion to build.

It should be noted that testing of propulsion system failures in this
particular experiment lacked the element of surprise. Sihce the pilot was
bricfcd on the tack, he was generally "spring loaded" awaiting the engine
failure. Consequently, reaction times were probably shorter and the reac-
tions which ensued were better than might be expected during actual operating
conditions. The few failures in which pilots were not informed in advance

were recoverable, but the failures did not occur at critical altitudes.

In a simulator experiment with an EBF design (Reference 39), it was
found that the quickest reaction times under ideal conditions were on the
order of 1.2 to 1.5 sec. The most readily detectable cue of engine failure
to which the pilot could respond was the bank angle excursion induced by
the roll asymmetry when the engine failed. Vertical acceleration cues from
the simulator were not of sufficient magnitude to be detected. The increase
in vertiecal velocity did not hecome apparent visuvally until a sizable sink

rate had already built. Engine instruments were located on the center
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instrument panel and were not included in the pilots' continuous pattern.
The lateral SAS limited the rolling and yawing excursions to about 6 deg
and consequently limited their effectiveness as a cue to a failure.

Reference 39 concluded that it is likely that artificial warning will be

required.

Not all simulation experience has involved low levels of motion fol-
lowing a propulsion system failure. In Reference MQ it was found that a
sudden failure in an engine produced a very noticeable roll and yaw for
certain powered-l1lift designs. It appeared that the pilot would have little

trouble in identifying an engine failure in those cases.

The use of cross ducting can produce motion cues that are somewhat
confusing when an engine fails. In the simulation of the AWJSRA (Reference 12)
1L was noled that the ailrcraft rolled in a direétion opposite to that
expected (i.e., loss of a right engine produced a net loss of lift on the
left wing because of cross dueting), yet the nose yawed to the right which
was normal. The addition of thrust, in this case, only aggravaﬁed the

peculiar combination of lateral-directional asymmetries.

vropulsion system failures in the BR 941 simulation (Reference 1k4) were
difficalt for the subject pilot to detect because of the lack df asymmetry
due to propeller cross shafting. Also, while a failure of one engine did
produce a 25% loss of power this resulted in only a 15% loss of net thrust.
The governor changed propeller pitch to maintain propeller RPM which re-
sulted in a net increase in propeller efficiency. Therefore, thrust loss
was not as great as power loss. Aside from the audible warning, the only
other warning of propulsion system failure in the simulated Bréguet airplane

was a relatively mild increace in sink rate.

In conventional transport aircraft, the pilot generally experiences

" gubstantial cockpit side accelerations due to the asymmetric yawing moment
produced by an engine failure. In powered-lift alrcraft, a rolling moment
may be p.oduced following a failure. Since the pilot is located close to
the roll a’is of rotation, the cockpit accelerations produced by the asym-
metric rolling moment are low. Thus, the acceleration cues provided to
the pilot of a powered-lift aircraft are not, in general, as effective as

those in conventional aircraft.
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In sumary, the elapsed time between a propulsion system failure and
the pilots' identification of that failure will vary depending on the par-
ticular characteristics of that aircraft. Generally, the reaction times
for failure recognition will be longer for powered-1lift aircraft than for
conventional aircraft. Therefore it may be necessary to require some type
of artificial failure warning system. At the same time it should be noted
that any real failure warning system will have some inherent delay although
it might be insignificant.

- e m m e e m w e =

FINDING:

An audible propulsion system failure warning is only partially

effective.

DISCUSSION:

Most of the experiments conducted in this program employed the audible
warning described previously. While it was clearly effective in alerting
the pilot of a propulsion system failure, certain qualifications should be
noted. First, it was an ideal device in that there was no time delay between
initiation of the failure and the warning. Next, it warned only of a fail-
ure, it did not tell the pilot which unit failed nor did it indicate what
kind of control manipulation was required. For this sort of information
he had to rely on engine instruments and detection of motion through feel,

vision outside, or cockpit instruments.

One simulation experiment described in Reference 41 revealed that
warning lights were also beneficial in warning of engine failure. The
rélative value of lights and aural devices is a human factors problem which
is outside the scope of this program. An important consideration in this
regard is the requirement for other warnings, such as SAS failures or
overspeed,

- e w m m e = o e W om
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8.1.2 PIIOTING TECHNIQUE DURING THE FATLURE TRANSIENT

In dealing with a propulsion system failure, it may be necessary for
the pilot to quickly manipulate several controls in an effort to compen-
sate for the upsetting forces and moments. It is highly likely that
powered-1ift, just as conventional aircraft, will require that the engine
power control be advanced following a failure. It is also likely that
substantial roll control will be involved and, for some aircraft, it may
be necessary to change the pllch attitude. Alrcraft such as the AWJSRA
require adjustment of the nozzle vector control. Finally, in some cases
application of directional.control may be required. In consideration of
the number of different controls which may be required to counteract the
failure, there are a large number of possible sequences of control applica-

tion. This falls into the category of defining a piloting technigue.

The following are a number of findings based on several simalation
experiments involving propulsion system failure. For this reason, the
findings are somewhat unique to the configurations observed. These are of
value from a general point of view, however, because they reveal problems

associated with a variety of possible piloting procedures or technique.

FINDING:

The sequence of corrective actions is a key aspect of piloting technique

following propulsion system failure.

DISCUSSION:

The choice of control activation sequence can depend on a number of
things. One could choose to pitch over in order to accelerate or regain
safety margins, or the choice could be to immediately add power if arrest-
ment of excesesive eink roatc were important. Another possibility could be
the immediate application of roll control to counteract a serious lateral
asymmetry. Still another choice of initial reaction could be the selection
of a configuration change which takes a long time to effect. For example,
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if it were important to eventually raise flaps but the flap rate were slow,
then the first move might best be initiating the flap change.

During the STOL-X simulation (Reference 14) the choice of initial
control application was limited primarily to two possibilities. The first
was to immediately pitch down in order to accelerate, and the second choice
was to initially add power. In the former case the technique consisted of
pitching over to regain the flight reference (essentially a decrease in
angle of attack), dealing with rolling moment, and finally adding power to
regain flight path. The acceleration to a higher speed took a substantial
period of time. By pitching over first, the elapsed time to achieve the
higher speed was kept to & minimm. In this case, the higher speed was
desirable since it provided increased lateral control and greater flight
path capability. While this technique was satisfactory at higher altitudes,
there were problems with failures at low altitude which will be discussed
shortly.

Some pilots in the STOL-X experiment favored the technique of first
applying power, then countering roll motion, and finally, pitching over.
This sequence allowed the pilot to track the glide slope more closely be-
cause it more rapidly countered the substantial loss of 1lift from the engine
failure. The problem associated with this teclmique was that without attain-
ing the desired flight reference, i.e., pitching over, the aircraft could
barely sustain its nominal approach flight path angle. (This aspect will

be developed in the next subsection.)

For the powered-lift design evaluated in Reference 42, a different
control sequence was used. The most satisfactory sequence of control ap-
plication was found to be (1) regain bank angle control, (2) correct pitch
attitude and airspeed, (3) initiate heading correction, (4) initiate throttle
changes, (5) complete the heading correction, and (6) complete the throttle
adjustment. This resulted in 2 to 4 sec of other control manipulations
before the pilot was ready to deal with the throttle control. When simul-
taneous control inputs were attempted the recovery time was actually in-

creased due to a tendency toward PIO.

In another similation (Reference 41) the lateral-directional SAS was

found to be an aid to dealing with a propulsion system transient. The
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similated airplane was an EBF and an engine failure caused a large rolling
moment. Sinec the SAS would oppose the roll disturbauce, the pllot was

able to begin advancing the throttle immediately after detecting a failure.
He did not have to be concerned with countering the rolling moment resulting
first from the thrust loss and next from the addition of thrust.

FINDING:

The proper sequence of control application following a propulsion
system failure is likely to have a strong dependence on the altitude of
the failure.

DISCUSSION:

In the various cases considered, the sequence of application of controls
did not seem to be particularly critical at high altitudes; but it was
usually highly critical at low altitudes. The problem was one of the time
between the failure and landing. The pilot needed time to stop\the initial
transients and return to an appropriate flight path. The AWJSRA and STOL-X
are two cascs which reveal a number of interesting feabures related to the

altitude of the failure.

The AWJSRA simulator modél employed an additional control (the nozzle
angle) which complicated the problem of controlling the vehicle following
a failure. TFor engine failures at a reasonsbly high altitude, say well
above €0 m (200 ft), one technique used was to abruptly increase the pitch
attitude, apply thrust, and rotate nozzles from their nominal angle of
75 deg to 40 deg. This increased airspeed about 10 kt to the desired OPUT
(one propulsion unit inoperative) approach speed and minimized flight path
losses. The reconfigured aircraft was easy to fly on the approach, bﬁt it
was difficult to land. Touchdowns were generally long and reducing throttle
to stop lhe float only resulted in hard landings.

If the failure occurred below about 60 m (200 ft) the subject pilot
found there was insufficient time tor any change in configuration. Rea-

sonable landings were possible by avoiding the temptation to make a large
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power increase and accepting a landing short of the touchdown zone. A
large thrust increase excited lateral-directional problems and generally
resulted in an unavoidable lateral drift. There appeared to be a gray area
for a successful landing following failures between 30 and 60 m (100 and

200 ft). In that region, correct pilot actions were most critical.

As mentioned earlier, the normal OPUL recovery technigue for the STOL-X
airplane was to pitch nose~down to accelerate to the desired OPUL airspeed.
At lower altitudes, however, there were conflicting requirements. The
requirement that the pitch attitude be decreased to maintain flight reference
resulted in a loss of 1ift until speed increased. This push-over maneuver
temporarily increased the sink rabe and, abl low altitudes, could result in
a higher sink rate at flare initiation. In addition, there was the conflict-
ing requirement of raising the pitch attitude to level to avoid landing

nose wheel first during the flare with power.

On the nominal 6 deg glide slope with a failure at 60 m (200 ft) the
pilot had less than 15 sec to push over, gain speed, and pull the nose back
to level for the landing. The ability of the pilot to reduce his sink rate
with a propulsion umit inoperative was directly related to his airspeed at
the time of flare and also whether or not the lateral-directional axis had
been stabilized.

In Reference 42 it was found that the pilots would reverse the sequence
of their normal OPUI technique when failures occurred very near to touch-
down. References 39 and 42 also found that low altitude failures resulted
in very hard landings primarily because the pilot and/or engines did not

have time to respond.

FINDING;

Instinet is an important factor in piloting technique connected
with propulsion system failure.
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DISCUSSION:

An illustration of the role instinct played in reacting to an engine
failure transient occurred in the case of the STOL-X similation study.
Opinions of the subject pilots were varied. While it was agreed that, at
any altitude, the application of thrust following failure was natural,
there was disagreement regarding the act of pitching down to accelerate
to a more adequate airspeed. One opinion was that pitcHing down at higher
altitudes was, in fact, an instinctive maneuver following an engine failure
but that at altitudes below 60 m (200 ft) it was a mosl unnatural actlon.
Another opinion was that it was simply never natural to pitch down and such

an action would have to be developed through a training process.

It should be noted that the requirement for a pitch down maneuver fol-
lowing a propulsion system failure was somewhat peculiar to the STOL-X
case, but that any possible requirement to perform such a maneuyerrwhiéh is
not instinctive should be givén careful consideration for two reasons.
First, there is greater chance for pilot error arising from an incorrect
action. Second, the time required for a pilot to perform the correct

action is likely to be longer if it is not instinctive.

There is another complication which could not be realisﬁically con-
sidered in the similation programs. For a propulsion system failure in a
powered-1ift aircraft, the transient and appropriate recovery procedure
may be entirely different for the approach than for all other configurations.
The differences would be due to the different amounts of powered 1ift being
used. In the tokcoff and eruisc configurations the aircraft would probably
behave like any conventional aircraft. It could be difficult to develop
the correct instinetive pilot reactions if they were to apply only to the

approach configuration.

The problem becomes even worse 1f one hypothesizes aircraft operations
which include alternating powered-1ift and conventional landihgs. The crew
might make a non-powered-lift landing (for increased payload) at a con-
ventional airport. The next stop could be a powered-lift landing at a
STOL-port. If the proper reactions to a failure during either of those
lendings are substantially different, the probability of an incorrect or

delayed pilot reaction is increased.
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8.1.3 LATERAI~-DIRECTIONAL CONTROL REQUIREMENTS

This subsection addresses possible lateral-directional control require-
ments for dealing with the propulsion system failure transient. This is
done by describing some of the control problems encountered during this
and other programs. As before, we rely on use of specific cases viewed

during similation experiments to develop a more general overview.

It should be noted that many of the control problems related to the
transient condition carry over to the steady state condition. These are

further discussed in Subsection 8.2.

FINDING:

Roll control during the propulsion system failure transient appears

to be the dominant lateral-directional problem for powered-lift aircraft.

DISCUSSION:

In the STOIL-X simulation (Reference 14) and in various investigations
connected with the STAI (8TOL Tactical Aircraft Investigation) progrom
(References 42 and 43), roll was the primary axis concerning the pilot im-
mediately following an engine failure. This contrasts with conventional

aircraft for which the yaw axis is the main concern.

The degree of dominance of roll control probhlems is, of course, con-
figuration dependent. As described in the beginning of this section, the
influential factors are proportion of powered 1ift, effective thrust angle,
and the effective lateral position of the net loss in powered 1ift (the
asymmetry effect).

Since a rolling moment appears to be a major characteristic of the pro-
pulsion system failure transient, airworthiness standards for powered-lift
aircraft should specifically address the need for reasonably low lateral
control forces, rapid and easy to use means of lateral trim, and possibly

an indication of the amount of correction requlred. These slandards should
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also consider the use of automatic power and roll compensation systems

such as considered in Reference L41.

FINDING:

High lateral control forces required to counter the propulsion system

failure transient can be a particularly serious problem.

DISCUSSION:

The high wheel forces required to deal with the lateral transient and
the problems associated with trimming out those forces were troublesome %o
a nunber of the subjeect pilots in the STOL-X evaluation (Reference 1L).
Immediately following propulsion system failure and prior to increasing
airspeed or developing sideslip in a helpful sense, the wheel force required
to counter the upsetting rolling moment was 105 N (23.5 1b). In this
particular case, the high wheel forces were a result of the lateral SAS
saturating and disabling the command augmentation loop. Had the SAS not
saturated, only 62 N (14 1b) would have been required. It should be noted
that after the 510L-X was accelerated to 72 kt (its nominal operating point,
OPUL), the steady state wheel force was reduced to 49 N (11 1b).

Some of the comments made by subject pilots with regard to the STOL-X

cagse include:
® The wheel forces involved were hard to hold

® Tt was difficult to retrim while making small corrections

against the large forces

® It was difficult to trim two axes (pitch and roll) simul-

taneously as was desired in this case.

One technique exercised was to simply apply a large amount of lateral trim

in an open loop manner at the time of fallure recognition.

The relatively slow ratc of wheel trim added to the difficulties in-
volved in the STOL-X simulator model. The wheel deflection necessary to
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neutralize rolling moment immediately following propulsion system failure
was L4l deg, and the wheel trim rate was 6.5 deg/sec. It therefore required
nearly 7 sec to completely trim out wheel forces. This was considered

excessive.

One pilot was making what amounted to open-loop trim corrections, dbut
felt that his open-loop trim technique might not be a feasible procedure
for a pilot who had not recently practiced OPUI approaches.

In a number of other simulations in which the propulsion system failure
transient was explored, high lateral control forces were not involved
(References 41 and 42). Less lateral control was needed to cancel the
upsetting roll moments. The STOL-X simulation simply revealed some of the
problems that can emerge. This applies to other control problems cited in

the following pages.

FINDING:

In powered-1ift aircraft, there can be a tendency toward incorrect use

of rudder following a propulsion system failure.

DISCUSSION:

Recall from previous discussions that yawing moments following a pro-
pulsion system failure can act in either direction and with varying intensity
depending upon the effective thrust angle and the degree of powered-lift
asymmetry due to an engine failure. Therefore it is not possible to gen-

eralize control tendencies nearly so well as in the roll axis.

In the STOL-X simulation a common problem, particularly during the
learning process, was the addition of too much rudder following an engine
failure. As a result the pilots were causing lateral flight path problems
through the generation of excessive sideslip. In many cases a lateral path
divergence resulted which the pilot was not able to sort out. This will be
discussed further in Section 8.2.
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The results reported in Reference 42 indicate that for the EBF con-
figuration evaluated there, the subject pilots felt the rudder conbrol
power was 1nadequate to deal with an engine failure. It was not possible
to determine whether there were also problems with excessive sideslip as
in the case of STOL-X. In Reference L0 there are specific indications that
rudder requirements can differ significantly among powered-lift concepts.
While the specific IBF (internally blown flap) and MF/VT (mechanical flap/
vectored thrust) designs were not rudder control power limited, the EBF
design was.

The AWJSRA simulation (Reference 12) provided an example of considerable
rudder control being required to overcome a secondary transient as opposed
to the primary failure transient. Immediately following the engine failure
rclatively little yaw asymmetry existed. IL was necessary in thls aircraft,
though, to immediately vector the nozzles to a more horizontal angle. This
vectoring resulted in an increased yaw asymmetry and required application
of a significant amount of rudder control. It was clear that, in this case,

an increase in thrust would further aggravate control of the yaw axis.
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FINDING:

Specific configurations of lateral-directional SCAS can create mmanti-
cipated side effects during a propulsion system failure transient.

DISCUSSION:

The STOI~-X simulation revealed some problems which were unique to the
airplane/SCAS configuration considered. This unique set of circumstances
is cited here to signal the need for a cautious attitude and awareness of

the possibility for such effects in other designs.

The directional SCAS utilized in the STOI-X simulation model included
a wheel-to-rudder crossfeed which was intended to assist the pilot in per-
forming coordinated turns. Unexpectedly, this crossfeed aided the pilot
in deallng with the transient condition. The wheel deflection required to

counter the roll transient resulted in a large enough rudder command via
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the wheel-to-rudder crossfeed to neutralize the yawing moment. Two subject
pilots found that they achieved betbter success in handling the transient
situation by avoiding any rudder pedal input. However, a different mecha-
nization of powered 1ift might have required opposite rudder to counter

the failure yawing moment. The SCAS crossfeed would then make it more dif-
ficult to overcome the failure transient. The same SCAS also introduced
lateral-directional control problems in the longer term. These are described

in Section 8.2.

8.1.4 IONGITUDINAL CONTROL REQUIREMENTS

In the longitudinal plane, the two main control functions are regula-
tion of flight path and flight reference. The aspects of pitch attitude
control are adequately described in Sections 5 and 6 since the impact of
propulsion system failure on pitch attitude control is not considered
significant.

As described in the beginning of Section 8.1, for airplanes having a
large powered-lift effect, a propulsion unit failure has a strong and im-
mediate effect on flight path. Fallures call for prompt and immediate
action, especially near the ground. Airspeed, per se, is not likely to be
immediately affected if the thrust angle is near vertical, but this does
not mean that flight reference is correspondingly free from being disturbed

during the transient.

In general, there is a longer time frame associated with the longitu-
dinal control functions than with the lateral-directional ones. This is
because the latter mainly involves roll and yaw attitude control and their
effective time constants are relatively short. A change in flight path and

especially in airspeed is usually a slower process though.

Again, we rely on findings based on specific examples to derive general
insights.



FINDING:

It is of prime importance to have an adequate level of flight path
control power available very shortly after a propulsion system failure.

DISCUSSION:

For the broad class of powered-lift aircraft any power failure will
result in some immediate increase in rate of descent forcing the airplane
below 1{s nominal glide path. It is necessary to provide sufficient in-
cremental flight path control power so the pilot can quickly reverse the
sinking trend, regain the nominal glide slope, and stabilize on it. The
most critical constraints are clearance of obstacles beneath the approach

path and proximity to the runway.

In general, the subject of flight path control power could be approached
in the same way as for the normal approach and landing conditions (Sections
5 and 6). The main added element in the propulsion system failure situation
is the degree of initial flight path error build-up prior to recqgnition
and application of the appropriate piloting technique. This suggests that
the flight path control power capability be commensurate with the degree
of flight path upsel as a result of the fallure. While recommended numeri-
cal values to address this need have not been determined, the following

cases help to point out important situations.

Of those cases considered in this simulation program, the one most
clearly lacking a suitable level of flight path control power following a
failure transient was STOL-X (Reference 14). The inability of this airplane
model to maintain even its nominal flight path after a failure produced
substantial problems. The OPUL y - V characteristics are shown in Figure
8-2. Immediately after suffering an engine failure, meximum throttle
would not quite maintain the initial flight path angle of -6 deg. Positive
long-term flight path control power was available only after airspeed was
increased. Thus, recapture of the glide slope was contingent on the ability
to build up speed rapidly as well as relying on the basic short-term flight
path response.
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The key consideration is time. If the failure overly degrades flight
path control power, there must be a way to restore an adequate amount
quickly. Retracting spoilers or speed brakes would probably be an accept-

able solutiom.

FINDING:

There 1s a tendency to overshoot the glide slope following recovery

from a propulsion system failure at low altitude.

DISCUSSION

_ During the STOL-X experiment (Reference 14) two pilots commented that
they were having difficulty avoiding going above the glide slope following
a failure and the application of full power. This overshooting tendency
was a direct effect of fairly slow, but normally acceptable, flight path
response. To avoid overshooting the glide slope one pilot purposely flew

beneath it after a low altitude failure.

Reference 39 also noted that pilots tended to "duck under" the glide
slope to avoid overshooting after a failure. Overshooting the glide slope
could upset the pilot's timing during landing and could cause excessively

long landings.

e m = e o m = m owm

FINDING:

Alrworthiness standards should include a limit on the altitude de-
viation from the nominal glide path which could result from a propulsion

system failure.

DISCUSSION:

One of the hazards of a propulsion system failure is the resulting
uncontrolled descent below the nominal glide path. Thls 1s especially

critical for powered-1lift aircraft because the direct loss of 1lift results
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in immediate settling. The distance which the aircraft settles below the
nominal glide path is one direct measure which addresses the likelihood

of hitting an obstacle or landing short of the runway.

One possible means of defining the limit on path excursion follows.
As an example, comsider a 6 deg glide slope intercepting a runway 76 m
(250 ft) beyond the threshold. TIn this case, the centerline of the glide
slope passes over the threshold at an altitude of 8 m (26 ft). Assuming
the lower extremity of an aircraft nominally follows 2 m (6 £t) below the
glide slope, then a path excursion less than 6 m (20 ft) would assure =z
touchdown at or beyond the runway threshold. Naturally this dimension
would vary depending upon the specific geometry for a given airplane, run-

way, and approach path.

Path excursions for three simulator models were obtained. Of these,
the STOL-X model received the most analysis. For the 19 runs made by two
pilots, the maximum path excursion following an engine failure transient
averaged 8 m (26 ft) with a standard deviation of 3.7 m (12 ft). The largest
excursion was 14 m (47 ft). Recall that the STOL-X was a four engine model
and required a pitch down maneuver to increase airspeed. In view of the
runway geometry constraints apprinmatea above, one might consider the 10 LmX

flight path excursions to have been excessive.

The simulator model evaluated in Reference 4l had fewer adverse fea-
tures. Like the STOI-X it was a four-engine EBF configuration but did not
have the lateral control problems nor require an increase in airspeed.

Descents below the glide slope following failures were typically 4 m (13 ft).

The AWJSRA simulator model exhibited the most severe altitude excursions
following a propulsion system failure. The amount of available data is
rather limited but it shows that fhe maximum deviation below the glide slope
averaged roughly 15 m (50 ft). It is felt that the main factor in producing
such large deviations was that it was a twin-engine aircraft (50% thrust
loss) requiring a relatively complex reconfiguration procedure following

a propulsion unit failure.

199



FINDING:

The most critical propulsion system failures occur within a fairly

narrow altitude band.

DISCUSSION:

A number of simulator experiments involving propulsion system failure
have seemed to indicate the existence of a critical altitude band for the
occurrence of a failure. This band is limited on the upper end by the
~pilot's ability to handle the failure transient and attain a reasonable
State from which to flare the airplane to make a well-controlled landing.
The lower extreme of this critical altitude band seems to be that altitude
below which the pilot need take minimal action to counter the translent and
achieve an acceptable compromise in safety margins and touchdown conditions.

Between these two altitudes neither action is entirely satisfactory.

The critical band for the AWJSRA simulation (Reference 12) was consi-
dered to be between 60 m and 30 m (200 £t and 100 ft). In this band, the
subject pilot felt he had little control over the outcome of the landing.
In Reference 39 a less critical model was evaluated. The critical altitude
band in this case was narrower and was closer to the ground, i.e., 23 to

12 m (75 to 40 ft).

It should be noted that no precise definition of this critical band
of altitudes has been developed. Therefore, the values given are approxi-
mate. They are likely to vary depending on the pilot, the specific piloting

technique, and the aircraft systems.

FINDING

Following a propulsion system failure, no change in airspeed should
be required in order to continue the approach with adequate safety margins

and performance.
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DISCUSSION:

During the first SSDWG meeting it was proposed that a continued ap-
proach with a propulsion system féilure be permitted without a change in
flight reference provided that other relevant requirements are met (e.g.,
safety margins, performance, etc.). The results of the STOL-X simmlation
which followed this meeting revealed certain factors which would affect

such a proposal.

‘ Thé STOL-X vehicle was an example involving a large change in airépeed
(although not flight reference) following an engine failure. When an engine
failed the flight reference calculation was changed so that a higher air-
speed was‘required to méintain the nominal flight reference. There was no
particulér objection to the speed’change for réstoration of flight reference.

The problem was the time neCessary to obtain acceptéble aircraft performance.

Specifically, the airspeed change was necessary to obtain positive
flight path control power and lateral control power. In executing the
airspeed éhénge a pitch down was required which temporarily increased the
flight path‘error. »Finally, a substantial time lag was involved in at-

taining the desired airspeed.

The important point of this example was that all the conditions' of

the above proposed requirement were met, i.e., the same flight reference

was flown following the failure and this flight reference did insure
reasonable. performance and safety margins; but the situation was unsatis-
factory because of the time required to reach the steady condition. This

time was, in turn, mainly due to the airspeed change required.

Unfortunately, the time required for airspeed changes is strongly
related to the basic airframe speed damping. As indicated in Section 5
(and Appendix A), the speed damping time constant 1s likely to be on the

order of 10 sec or longer for either powered-lift or conventional aircraft.

The implication is that in the case of a propulsion system failure no
airspeed change should be required in order to continue the approach with
airspeed

adequate safety margins and performance becausce of the inherent time delay.
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8.2 STEADY STATE CONTINUED APPROACH, QOPUI

The following are the results related to approach and landing following
a propulsion system failure and its associated transients. These results
are concerned primarily with the steady state OPUI operation of the aircraft
along the glide path and during the flare and landing after transient

effects have been overcome.

Strictly speaking, the material contained here could be organized
according to a scheme such as that implied by Sections 3, 4, 5, 6, and 7.
The OPUI continued approach condition could be considered in terms of
limiting flight conditions, safety margins, longitudinal stability, control,
and performance, etc. Instead of such a rigorous classification we have
chosen to deal only with those feabures which are especially interesting or

significant to this failure condition.

This subsection begins with a background discussion of the pilot/vehicle
characteristics which play an important role in the OPUIL continued approach.

Following this background discussion, we present the simulation results.

 The physical characteristics which are important to this situation
arise from asymmctric powered 1ift ac described in Subscetion 8.1. In
particular, recall the diagrams shown in Figure 8-1. These ideas are
developed in further detail for the steady state continued approach in the
diagram of Figure 8-3. Each of the elements of this figure is expanded

in the following discussion.

The objective of Figure 8-3 is to show the cause and effect relation-
ships resulting from a propulsion system failure. The top diagram represents
a conventional airplane with an asymmetric horizontal thrust loss. The
other two diagrams represent powered-lift aircraft; one involving an asym-
metric 1ift loss, the other, a symmetric 1ift loss. The direct effects
shown are those resulting from the fallure itself and the secondary effects

are those stemming from the compensaling aclions laken by the pilot.

One general feature which Figure 8-3 shows is that there are signi-
ficant differences in the characteristics between a conventional aircraft

and a powered-lift vehicle regarding an OPUL continued approach. The
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fundemental difference, again, is the loss in vertical force versus a loss
in horizontal thrust. This difference propagates through the direct effects,

compensating actions taken, and resulting secondary effects.

Engine failure effects for powered-lift vehicles are configuration-
dependent. Two extremes are shown in Figure 8-3. These consist of the
clearly asymmetric powered-lift loss cases versus simple symmetric 1ift
loss cases. In the simulation experiments conducted during this program a
clearly asymmetric powered-lift loss was represented by the STOI-X model
and the symmetric 1lift loss was represented by the BR 941. In the case of
STOL-X an engine failure produced loss of 1ift on that side and a resulting
rolling motion. This could be considered a normal failure configuration
for powered-lift aircraft. The BR 941 used cross-shafted propellers; loss
of power in any one engine was completely equivalent tq a simple reduction
in throttle setting. No lateral-directional upset was experienced, only an

increased rate of descent.

The AWJSRA represented an interesting configuration variation aside from
the two extremes described above. This aircraft involved a combination of
vectored hot thrust and an augmentor wing jet flap using the fan air flow
cross-ducted to the opposite wing. Ioss of thrust in one engine resulted
in an unusuval combination of lateral-directional moments as mentioned pre-

viously.

One important distinction between thrust loss in a conventional air-
plane and a powered-lift airplane is the change in the critical latersl-
directional control. For a conventional airplane where a yawing moment is
produced, then the rudder is most likely to be the critical control. In
contrast, the powered-lift airplane experiencing an asymmetric 1ift loss
is likely to be critically limited in roll control. In both cases the
critical lateral-directional control is subject to some relief or aggravatiom
through use of sideslip.

The yawing moment in a conventionsl airplane can be offset somewhat
by sideslip through the mechanism of positive weathercock stability. To
the extent this is possible, it reduces the amount of rudder needed. If

there were zero directional stability, then the entire upsetting yawing

20k



moment would have to be countered entirely by the rudder control, clearly
a more critical condition. Correspondingly, in a powered-lift airplane,
there is the pdssibility of using sideslip to partially offset the up-
setting rolling moment, hence reducing the lateral control. This, however,

depends upon the existence of a significant dihedral effect.

An important feature in using sideslip is that the sense of sideslip
required to offset a rolling moment is likely to be opposite to that re-~
quired to offset a yawing moment. (This presumes positive dihedral effect
and positive directional stability.) Hence, steady-state flight for a
powered-1ift airplane would likely be with the failed engine forward; for
a conventional airplane, the failed engine would be aft.

The longitudinal effécts of a propulsion system failure are closely
interrelatéd with the lateral-directional effects. Again referring to
Figure 8-3, we can see that the direct effect of propulsion system failure
for both conventional and powered-lift airplanes is to increase rate of
descent. One case ihvolves an increased drag while the other decreased
1ift. In both cases, though, thrust must be increased on the remaining
engines and this correspondingly increases the resulting lateral-directional

asymmetry problems.

The necessary consequence of operating with a failed engine is that the
incremental flight path capability is reduced but can be altered by a change
in trim airspeed. If the aircraft were operating initially on the backside
then pitching down to inecrease airspeed could have a heneficial effect on
upward flight path control power. During the process of pitching down,
however, the airplane would suffer a momentary increase in sink rate from
the pitch down. The net effect would be to experience a significant time

delay before obtaining an increase in flight path control power.

One of the most serious longitudinal deficiencies following propulsion
system failure can be the increased difficulty in flare and landing. There
are probably a number of variations in the kind and degree of difficulty,
but they are variations likely to be a result of decreased flight path
control power and a substantial chahge in the nominal operating poilnt.

The latter might involve pifch angle, airspeed, and lateral-directional
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conditions. The simulator models considered in this program revealed a
number of problems in the flare and landing which will be described in this
section. While not a systematic study, it is considered to touch upon the

elements involved in a wide variety of powered-lift designs.

The final effect we shall mention in connection with asymmetric powered-
1ift propulsion system failures is the effect of dynamic cross coupling.
This was not studied in this program either analytically or experimentally,
but was found while analiyzing the results of STOI~X for this report. This
coupling effect involves the creation of longitudinal and lateral-directional
cross coupling moments. These can be described as rolling and yawing
moments arising from angle of attack and airspeed perturbations. As dis-

cussed below, the direct cause is asymmetric powered 1ift.

One of the important properties of jet-flap powered 1lift is an increase
in the slope of Cp, versus a, Cﬁm' If there is asymmetric blowing from an
engine failure, then the CLm on one wing can differ from that on the other.
-Hence, an angle of attack perturbation can produce a rolling moment through
differential 1ift. This would create a coupling stability derivative, L.
Correspondingly, there can be a differential drag with angle of attack which
would produce a net yawing moment with angle of attack, Ny;e Similar rea-
soning can be applied to differential 1ift and drag due to an airspeed
perturbation. This would produce rolling and yawing moments through air-
speed perturbations, L, and N,.

The cross coupling effect described above has not been addressed either
analytically or experimentally. Therefore, the potential effect is not
fully appreciated. One should note that the cross coupling possible in
powered-1ift aircraft exists in other flight vehicles. Two notable examples
are helicopters and some fixed wing aircraft at very high angles of attack.
We should hasten to mention, though, that the specific nature of cross
coupling can differ greatly between these examples. The mere existence of

coupling may be the only common factor.

While the impact of axis cross coupling on closed loop pilot/vehicle
control has not been thoroughly addressed for helicopters, it has been for
the high angle of attack condition. Reference 45 describes an analytical
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approach to nose slice divergence in an attack aircraft. The important
factors in the lateral divergence were found to be coupling stability
derivatives Ly and Ny in conjunction with regulation of pitch attitude.
A gimilar form of analysis could be applied to powered-1lift aircraft. ‘

FINDING:

While the general effects of powered-lift loss are always present to
some degree, many important effects cannot be completely generalized because

they are related to a specific design or mode of operation.

DISCUSSION:

The BR 941 and STOL-X vehicles are cited as examples of symmetric and
asymmetric powered-lift loss. The cause-and-effect relationships connected
with steady state operation OPUI could be typical of a number of powered-
1ift designs. The AWJSRA vehicle, on the other hand, involves certain design
complexities which alter the powered-lift loss characteristics. Cross
ducting of cold thrust caused the aircraft to roll in the opposite direction
to that expected, i.e., failure of the right engine produced a left wing-
down rolling moment. The cross ducting effect, of course, was minimized
by the vectored nozzle hot thrust which provided the usual sense of rolling
moment. This rolling moment balance, however, was destroyed if the nozzles
were vectored from a vertical orientation to a more horizontal orientation
as was the practice. This produced still another set of unusual applied

moments for the pilot to counter.

Other features which could have an effect on the nature of a powered-
1lift loss are aerodynamically augmented (blown) control surfaces, automatic

reconfiguration devices, and various forms of cross ducting or cross shafting.

The powered-1ift concept employed (e.g., EBF, USB, IFB, etc.) could be
a determining factor in the nature of powered-lift loss. IFor example,
in a four engine EBF or USB airplane, failure of an outboard engine might
produce a greater rolling moment than for a comparable IBF design due to

distributed blowing of the latter.



FINDING:

Airworthiness standards should require adequate OPUI roll performance
for all likely trim conditions.

DISCUSSION:

A minimum rolling maneuver capability is recognized as an important
requirement in all phases of flight independent of any failure condition.
Thie finding is stated here to clearly assoclate this kind of deficiency

with an asymmetric powered-l1lift loss condition.

The vehicle roferred to here is the STOL-X model. The OPUI’roll per-
formence capability of this model is described in Figure 8-4.. The per-
formance is given in terms of maximum steady-state roll rate bﬁf it is
apparent that no single value can be aésigned to this vehicle for the OPUIL
condition. Rather, roll rate ¢apability is a function of airspeed (or
flight reference), thrust setting, and sideslip (in this case, zero sideslip

compared to that sideslip obtained with zero pedal input).

The roll rate performance for the nominal flight reference and flight
path angle in zero sideslip was 16 deg/sec. This is actually in excess of
the minimum acceptable value suggested in Reference 6, It is hypothesized,
though, that the pilot rarely experienced such a high level of roll perfor-
mance during most of his approach. The pllot's displeasure with roll per-
formance was due to the tendency toward high power setting and adverse
2ideslip as a result of zero pedal displacement. The nominal roll perfor-
mance was probably adequate but it degraded so rapidly for likely off-nominal
trim conditions that the pilot really experienced a lower effective-roll

performance.

The implication of the above discussion 1s that a roll performance
requirement should account for likely off-nominal trim conditions especially
in throttle, sideslip, and flight reference. One particularly demanding
flight condition is the return to the glide path following failure. Here
the pilot is required to roll away from the dead engine with maximum thrust

on the remaining engines.
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FINDING:

High lateral control forces were an important problem experienced in

a configuration involving asymmetric powered-lift loss.

DISCUSSION:

High lateral control forces were cited as a problem for the STOL-X
engine failure transient condition. These high forces remained a problem
for the steady state condition even though the magnitudes of the forces
were significantly less. One pilot commented that the large forces and
deflections involved caused him to make coarse inputs resulting in poor
lateral-directional control. Further, he claimed it was difficult to
hold a steady wheel angle and was always hunting in roll even though thrust
was held constant. ‘

In the STOL-X case the reason for the high forces was saturation of a
command augmentation system. Had the system not saturated, the effective

gearing and resulting forces would have been significantly more favorable.

FINDING:

Subject pilots exhihited a reluctance to trim out lateral or direction-

al control forces during an OPUIL approach.

DISCUSSION:

It was expected that the high forces mentioned previously would be
eliminated by manual trimming. A number of pilots, however, were reluctant
to trim and preferred to simply hold the high wheel forces. There were
several factors which contributed to this reluctance and these should be
considered. The first was that the lateral trim rate was low. This tended
to demand excessive attention of the pilot. Another important factor was
that the amount of trim required changed radically with thrust, flight

reference, and sideslip as noted previously.
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The implication is that the mere existence of a lateral trim system
may not be effective in countering high lateral control forces. Neverthe-
less, some attention should be given to providing a reasonable trim

system.

FINDING:

Lateral-directional SAS saturation creates handling problems, but

saturation is not necessarily obvious to the pilot.

DISCUSSION:

Lateral-directional stability and control augmentation was used in
all of the vehiecles in this program as well as those of other STOL vehicles
to improve roll response and turn coordination. In the STOI~X simulalion
it was found that certain features of a propulsion system failure can
saturate important augmentation paths thereby degrading lateral-directional
handling qualities. This kind of degradation, though, was not especially

obvious to the subject pilots even though it caused an increased workload.

The SAS used in the STOL-X vehicle is described in Reference 14 and can
be considered reasonably typical of a lateral-directional SAS for powered-
1ift aircraft. The lateral stability augmentation system employed feedback
of roll and yaw rates to the lateral surfaces to improve roll damping and
spiral stability. A roll rate feed forward path was used to provide good
control sensitivity. The lateral SAS authority was asbout one quarter of
the total lateral control capability. These augmentation authoritly limits

were seldom reached except during a propulsion system failure condition.

When lateral SAS saturation occurred the main effect was to reduce the
effective lateral control sensitivity by a factor of approximately 2.5.
As a result, it took 2.5 times as much control deflection and foree to
generate the same rolling moment. This effect was readily apparent to the
pilot as noted in a preceding finding.
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Another important effect of SAS saturation was loss of stability aug-
mentation functions. The reduction in spiral stability appeared to be the
most prominent effect. It was noted specifically that the spiral divergence
was rapid and that it was difficult to keep the bank angle constant. The
lateral workload was characterized as intense.

While the lateral SAS was totally saturated, the directional SAS was
only partially saturated, that is; it was continually driven in and out of
saturation during a dutch roll cycle. One function of the directional SAS
was to provide much needed turn coordination. This was done through feed-
back of bank angle and yaw rate to rudder. A pedal-to-rudder surfaee
command augmentation was used as well as a wheel-to-rudder crossfeed. Each
of these stability and control augmentation elements were limited in au-

thority to approximately one fifth the total directional control authority.

Because the subject pilots avoided holding any steady rudder pedal
forces, the directional SAS was not driven to saturation through the use
of rudder pedal. Instead the directional SAS was driven to the borderline
of saturation by the wheel-to-rudder crossfeed. This, then, is an example
of a peculiar case where the directional SAS was saturated indirectly by
use of the lateral control. This condition was not foreseen but ié presented

here to illustrate a configuration-dependent problem.

This partial saturation condition was not readily apparent to the pilot.
One reason is that the turn coordination function of the SAS is only par-
tially impeded. In fact, for a turn in a favorablc dircction this system
is likely to function normally but for a turn in the other direction, turn
coordination could be lost completely. Removal of SAS authority limits

produced a significant improvement in overall pilot/vehicle performance.

This finding serves as a warning of some of the potential~handliﬁg
qualities problems stemming from a propulsion system failure where a .
heavily augmented airplane is concerned. The problems cited are pecﬂliar
to the vehicles studied but could be present in other vehicles along with

other unexpected problems.
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FINDING:
Use of sideslip to improve lateral control was not an obvious course

of action.

DISCUSSION:

The STOL-X simulator model was generally regarded as being deficient
in roll control pdwer for the reasons cited previously. It possessed,
however, a positive dihedral effect. Therefore, some amount of nulling
rolling moment was available to relieve the total dependence on lateral
conti‘ol. This benelfil was not apparent to either the pilots or engincers
during theksimulation experiment itself. It became apparent only after
the post-simplation analysis. Tn fact, not only was this beneficial effect
not detected but there was a distinct tendency to slip the aircraft in an

adverse direction.

In the STOL-X simlation, two of the subject pilots tended to fly‘With
zero sideslip but the majority flew with zero pedal force which corres-
ponded with approximately five degrees of sideslip in the adverse sense.

It is presumed that the reason for the preference demonstrated was i) it
avoided holding rudder forces or retirmming directionally, and ii) it was
in the direction of slip natural for convéntional aircraft, i.e{, in the

direction to counter a yawing moment rather than a rolling moment.

In early familiarizationystages, there was a strong tendency for the
subject pilots\to hold rudder pedal in the conventional sense. his re-
sulted in a nearly complete loss of lateral control and divergence in
lateral flight path. Consciously avoiding use of rudder control markedly
increased the pilot mental workload. Unfortunately, no attempt was made

to evaluate the benefits of slipping in a favorable direction.

FINDING:

Tnoadequate flight path control power is viewed as the main longitudinal

problem during the OPUI approach phase for powered-1ift aircraft.
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DISCUSSION:

Whether conventional or powered-lift, an aircraft naturally suffers
degraded flight path performance following a propulsion system failure.
For a powered-lift airplane, however, the degradation takes place far more
rapidly because of the direct loss of vertical force. This, however, was
adequately discussed in the subsection dealing with the transient condi-
tion. Nevertheless, it is worth noting that for the continued OPUI approach
condition, degradation of steady state control power is an important and
identifiable effect. This was borne out most clearly by the STOI~X simu-

lation for which this condition was made marginal intentionally.

Total flight path control power (maximum down to maximum up) will ob-
viously be less OPUI. Airworthiness requirements on OPUL flight path control
power must be carefully considered as they can have a dramatic impact on
vehicle design. It may be acceptable to require less downward capability
for OPUL. Then a reconfiguration (e.g., spoiler or speed brake retraction)
could be used to regain adequate upward capability. Reduced requirements
for OPUI might be justified on the basis of the probability of exposure.
Existing regulations for conventional aircraft require less performance with

an engine failed.

It should also be noted that flight path control power can be a strong
function of flight reference and sideslip angle, just as roll control power.
Further, enhancement of roll control power by sideslip can degrade flight
path control power. Hence there can be a complex tradeoff between the two.
This is illustrated in Figure 8-5. Note that the upsetting moments are
dependent on speed and throttle while available control moments are dependent
on speed and sideslip. The shaded boundaries represent steady state flight
path capability for various available control moment conditions. As more
sideslip is used to produce a higher control moment, more speed is required

to maintain flight path control power.

Increased roll rate capability can be directly related to sideslip and

incremental flight path control power in the following manner.

21k



_ P =5deg
(slip into failed

800 - P
A3 4
Rolling | 800 7 Yuax = ~6deg Ymax = ~2deg
Moment //
x1073 /
/7
B =0
600 - N g
7 Spgp=0
- 600
P
_
g P
~ 7
-~ P
» -
400+ —— Max Thrust
- 400
FR=0 Thrust Reguired
for y=-6,8=0
2004 200 - Upsetting Moment
= = Available Control Moment
wuzz  Flight Path Capability
0 i | 1
I\l 60 70 80

V(kt)

Figure 8-5: Upsetting and Restoring Moments
STOT-X Vehicle, OPUI

215



. . Y
First, from increased drag: Ay = _X;E———— = 75? ASE
L
Cpp
. 2
Next Ap = v g
’ b Cy
1Y
2 %o [u/s oy
Combining these: Ap = T T 5
ﬂp P YB

FINDING:

OPUT continued approaches tended to follow a path beneath the glide
slope.

DISCUSSION:

Ti. s is a tendency that was observed during the STOL-X simulation and
is suspected to be strongly associated with the initial amount of sink and
difficulty in increasing flight path angle, that is, lack of flight path
control power. The ultimatc advantage of this coursc of action was to
approach the flare with a lower than normal sink rate. This can be benefi-
cial in the flare and landing where there can be significant problems.

This will be discussed next. A similar tendency was noted in the powered-

1ift simulation reported in Reference 39.

FINDING:

The .'lare and landing phase was complicated significantly by propulsion

system fail wre.
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DISCUSSION:

Two important ways that the flare and landing characteristics can be
altered by a failure are:

® A significent change in operating point as related to
pitch attitude and airspeed

® A degradation in flare control power and introduction
of lateral-directional asymmetry 1f thrust is normally

used in the flare maneuver.

Both of these factors played a role in the STOL-X simmlation.

Recall that the normal flare technigue used for the STOL-X vehicle
was to flare using throttle. If the engines responded rapidly, this was
a satisfactory means of flaring. Following a fallure airspeed was in-
creased and pitch attitude was lowered. The resulting pitch attitude was
sufficiently nose-down that a pitch-up maneuver was required prior to an
attempted flare with power. The pitch attitude change required was so large
that it significantly reduced sink rate without a throttle input. The
throttle by itself was relatively ineffective because of inadequate flight
path control power. The pilot was effectively forced into using a flare
with pitch attitude. It should be noted, however, that this change in
technique was not regarded as specially troublesome. The main problem as-
sociated with this condition was a tendency to balloon in the flare because

of the large pitch attitude change required to avoid touching down nose
wheel first.

Flare and landing during the failure transient stage was significantly
more difficult than that just described.

If the pitch attitude change and resulting change in flare technique
were not involved as in the above case, then the critical aspect of the
flare would be lack of flare control power. In cases where no change in
operating point is involved and the normal flare maneuver is with attitude,
then no significant increase in flare and landing difficulty should be
expected OPUIL. The BR 941 was the only such example congidered in this
similation program.
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SECTION 9

AUGMENTATION SYSTEMS FAILURE

For any aircraft careful consideration must be given to potential
failures of stability and command augmentation systems (SCAS). This is
1likely to be a more serious problem for powered-lift aircraft than for
modern subsonic jet transports. The basic cause is the rather poor handling
qualities which are typlcal of many powered-lift designs. In the approach
configuration, a powered-lift aircraft could exhibit several of the
following problems:

® Tow longitudinal static stability or low short period frequency
® Small phugoid/short—period frequency separation

® Slow thrust response

® Operation well on the backside of the power required curve

® Poor heave damping

® Poor turn coordination

® Unstable spiral mode

® Tow roll damping

® Tow dutch roll damping and frequency.

These deficiencies can be corrected by a SCAS but the system may have
to be relatively complex. For example, the SCAS for the McDonnell Douglas
YC-15 is a dual redundant system (Reference 46). Inputs to the SCAS come
from a sensor complement which includes:

® Column, wheel, and rudder pedal forces
® Pitch, roll, and yaw rates

® 5-axis accelerometer
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® Vertical gyro (pitch and roll attitudes)
® Heading
® Sideslip

° Air data.
The system outputs include:

® Stabilizer trim
® Elevator
® Ailerons

® Upper and lower rudder segments.

The more complex the system, the greater the probability of a failure
of some element and the more the different failure conditions which mist be
considered. Another important aspect of the problem is the poténtially
large change in aircraft characteristics if a SCAS function is lost. Thus
the pilot may have to cope with a wide raﬁge of failure conditions and
some of these could drastically alter the aircraft characteristics.

As with propulsion system failures, the problems due to a SCAS failure
can be divided into the failure transient and steady state operation after
the failure. It is hard to generalize about SCAS failure transients because
the transient depends so strongly on the system mechanization. One impor-
tant consideration is the extent to which the SCAS sugments the basic 1ift
and drag characteristics (e.g., by manipulating power and flaps). A failure
could leave the pilot with an unusual configuration which presents problems

in maintaining adequate performance or safety margins.

After the initial failure transient the pilot may have a variety of

steady state problems. We will consider a few possibilities.

A fallure may simply increase the pilot workload but not really affect
pilot/aircraft performance. Loss of the roll damper could cause the pllot

to work harder to maintain adequate lateral control.
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A failure could change the magnitude of the aircraft responses to the
pilot's inputs. The severity of the change would depend on which responses
were affected and how much time the pilot had to adjust to the changes. One
potentially serious failure would be of a system which augments heave damping
and nza . The pilot may not fully appreciate the effects of the failure
until he attempts the flare. If he makes the normal pitch change, he may
suddenly find he is not adequately breaking sink rate.

Probably the worst type of failure would be one which required a come
plete change in piloting technique. The SCAS could provide automatic flight
reference regulation so the pilot could fly a CTOL technique using the
column to control pitch and vertical path. Failure of this SCAS could
require the pilot to switch to the STOL technique. The severity of this
problem would depend on the altitude where the Iailure occurred and how
familiar the pilot was with the STOL technique.

During this program a brief attempt was made to investigate failures
of this last type. This was done during the AWJSRA simulation (Reference 12).
An automatic speed control system was used in a few runs. This system,
essentially an autothrottle, permitted the pilot to control vertical flight
path using a conventional piloting technique. This technique was not
usable with the bare airframe because it was well on the backside of the
drag curve. The test procedure was to familiarize the pilot with the system
and then to explore the difficulties when the system failed. One aspect
of particular interest was how easily the pilot could adapt his piloting
technique from the CTOL technigue back to the STOL technique required for

"the bare airfranme.

The results of this short experiment were relatively inconclusive. It
was not possible to produce any significant element of surprise. After a
series of familiarization runs using the augmentation system, a fallure was
tried. The pilot found it easy to readapt to the STOL technique following
this failure. At the same time, he suggested that his use of the STOL
technique in recent experiments was a factor. The implication was that
significant long term training and experience were required using the
augmented vehicle before one could meke a valid determination of the effect

of this kind of augmentation system failure.
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Some of the results reported in Reference 21 also bear on this problem.
That report describes a simulation experiment to investigate potential
problems of powered-lift alrcraft operating in wind shears. Several
different powered-1ift designs were simulated, including one with a so-
phisticated SCAS of the type under discussion here. The SCAS provided
automatic speed regulation by feedbacks to the throttle and a DDC. The
pilot flew with a CTOL technique using only the column.

The simulation experiment did not include SCAS failures but did allow
manual disconnect of the system. In a few cases the pilot &id disconnect
the SCAS when he observed an excessive airspeed error (the ﬁDC had saturated).
After disconnecting the system,. the pilot had a great deal of difficulty
controlling the aircraft even though he had flown without the SCAS earlier
in the program. He rated the situation as quite hazardous. In repeat runs
with the same shear, the pilot did not disconnect the SCAS and had little
problem completing the landing.

The manual disconnect is analogous to a system failure in causing a
drastic changerin aircraft characteristics. One might argue that the
adverse conditions at disconnect exaggerated the problems relative to a
SCAS failure. This may be true if the SCAS were completely fail-passive
but is questionable if hardover failures were possible. The applicability
of these simulation results to the problem of SCAS failures is admittedly
debatable.

The paragraphs above describe some of the concerns and considerations
regarding augmentation system failures in powered-lift aircraft. While
this program did little difectly to qﬁantify the problem or develop criteria,
this area is an important one relative to safety. It should be addressed

in the airworthiness standards.
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SECTION 10

GO-AROUND

The go-around maneuver for powered-1lift aircraft can be expected to

differ from conventional aircraft in three main areas. These are:

® Piloting procedure required
® Vertical path control qualities

® Control of asymmetries due to a propulsion system failure.

The approach used in the simulator was to consider specific airplane
examples and their behavior in the go-around maneuver. The particular
examples used were the BR 941 and AWJSRA simulations (References 11 and
12). While no formal parameter variation was run, these examples exposed
some of the features which must be considered in establishing airworthiness
standards.

Prior to discussion of individual elements of the go-around maneuver
as Indicated above, we will mention some of the main features of powered-
1lift aireraft which influence or determine go-around characteristics.

One of the prime influencing factors on the go-around is the likelihood
of steep approach flight path angles combined with the relatively high
thrust-to-weight setting necessary to sustain powered 1ift. The arrestment
of sink rate and the establishment of a'positive climb gradient must be
accomplished by either a large change in thrust-to-weight ratio or a change
in configuration to decrease the drag-to-weight ratio. The first of these
implies, perhaps, a design penalty in the choice of propulsion systems,
i.e., more thrust than is required for an economical cruise. The second
implies the possibility of increased pilot workload connected with a con-
figuration change. Both of these elements entered into the examples which
were examined in the simulator.
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The near-vertical effective thrust inclination to be found in many
powered-1ift aircraft seems to have special relevance when considering the
go-around maneuver. This seems to be the feature which is the direct cause
of the problems mentioned in the above paragraph. A large vertical thrust
component is relatively inefficient in providing steady state climb per-
formance. This is gualitatively illustrated in the comparison of powered-

1ift with conventional aircraft in Section 5.

Based on approximate factors from Appendlix A the followlng shows the
general relation between steady state flight path change and thrust-to-
weight change:

For u=20
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Thus, A%% 1 for conventional aircraft

e

Ay —— << 1 for powered-lift aircraft
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Just as the near-vertical thrust inclination was the prime determining
factor in approach and landing flight path dynamics, in a very real way,

it is also the prime factor in the go-around situation.

The following deals with some of the more detailed aspects concerning

go-around and findings from the simulator experiments.

22k




10+1 PIIOTING PROCEDURE; GO-AROUND

Based on the performance of the airplanes viewed in the simulator, it
is likely that the go-around task can involve a configuration change.
 Airworthiness standards should consider this likelihood. The complexity
of a configuration change can vary widely. In this program we viewed two

extreme examples.

The BR 941 simulation (Reference 11) involved a relatively simple
procedure for transition to go-around. This consisted of adding full power
and activating a thumb switch on the throttle which made the first-stage
configuration change of flaps and transparency. The performance increase
was large in magnitude and occurred quickly. It produced a rapid change in
flight path ending in a positive climb and allowed the pilot, at this con-
venience, to transition to an even improved climb configuration with further
flap retraction.

The opposing example was the AWJSRA simulation (Reference 12). It
required a fully manual resetting of power, flaps, and nozzle angle. In

this case, the assistance of the copilot was important.

FINDING:

A configuration change procedure such as that used in the BR 941 simula-

tion was acceptable for Lue go-around maneuver.

DISCUSSION:

Quantification of the elements which made this go-around situation
acceptable is not really possible. Some of the factors, however, are im-
portant to note. Probably the main feature of this go-around mechanization
was that actuation of the thumb switch which initiated go-around was part
of the same movement involved in selecting maximum thrust. The go-around
switch was mounted atop the throttle such that when the throttle was advanced
the actuation of the thumb switch was a simple action. There was no addi-

tional hand movement required of the pilot. In addition, the switch was
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not required to be put in any particular position, rather, it only had to
be pushed forward and held. Completion of the entire go-around configuration
change required that the pilot hold the switch forward for approximately

two seconds.

The full go-around procedure, in detail, consisted of the following:

® Advance throttle to maximum and actuate the thumb switch
on the throttle handle (flaps were automatically retracted
to 70 deg and transparency was reduced from 12 to 5 deg)

® Stabilize airspeed at 60 kt

® After a stabilized climb condition is established,
manually raise flaps to 45 deg and increase airspeed
to 70 kt.

By contrast, the AWJSRA simulation model involved a complex and entirely
manual go-around procedure. Aside from a throttle advance, flap deflections
and nozzle angle had to be reset in proper sequence. Subject pilots usually

desired the assistance of a copilot.

It is recommended that airworthiness standards permit a conflguration
change for the go-around maneuver if it involves the degree of ease exempli-
fied by the BR 941 simulation as deseribed here. The salient feature seems
to be the specific degree of added workload in effecting the configuration
change necessary to establish a stabilized, positive rate of climb.

10.2 VERTICAL PATH CONTROL; GO-AROUND

Vertical path control is really the prime objective of the go-around
task. It involves consideration of both dynamic and steady-state perfor-
mence. The use of powered 1lift is likely to have an impact on both of
these. An additional complication is that path performance is dependent
upon a changing configuration rather than on a static configuration.

The steady-state vertical path performance is synonomous with vertical

path control power as described in the approach section. Dynamic vertical
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path control depends on the speed and magnitude of the configuration change

as well as the airframe heave damping, thrust inclination, and thrust response.
It is clear that if the configuration change is done manually, then a
variability in pilot response or technique can produce a variability in
short-term path performance. The short-term response is the most critical
with regard to arresting sink rate. To set any performance standards, the

imprecise and variable actions of the pilot must be considered.

FINDING:

The dominant criterion for a go-around is the height loss after initia-

tion of the maneuver.

DISCUSSION:

Less important features would be time to arrest sink or time to achieve
a given climb gradient. The real test of a go-around maneuver, however,

is whether terrain contact is avoided.

Putting configuration change aside, the parameters which determine the
height loss following go-around initiation are: airframe heave damping,
thrust response, effective thrust inclination, and available thrust. These
combine in the manner described in the approach section. The effect of a
configuration change is generally to reduce the thrust inclination and the
drag. Il a configuration change 1s to be effective then it must take place
quickly, but any configuration change introduces the potential of pilot
variability.

The BR 941, as simulated in this program (Reference 11), represeanted
something of an ideal with respect to configuration change variability.

The only variability potential was really the difference in thumb switch
actuation relative to throttle advance. Since these were accomplished by
a single hand on a single controller lever, they tended to occur at essen-

tially the same time.

It is recommended that in order to look after the combined effects of

airframe, propulsion, and configuration change in the go-around maneuver,
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a limit be put on altitude loss directly. Further, this altitude loss
should be demonstrated and should allow for reasonable pilot responses
and reaction times. Finally, it is suggested that the procedure involve
only the pilot and that he initiate the go-around without taking hands
off the primary and secondary controls.

10.3 PROPULSION SYSTEM FAILURE; GO-AROUND

A propulsion system failure in conjunction with a go-around maneuver
represents the ultimate aggravation of piloting problems and degradation
of aircraft performance as they relate to the go-around task. The same
general considerations with regard to go-around remain, that is, piloting
procedure and vertical path control. In addition, though, one must treat
the problems associated with an inoperative power wnit. The following
finding is related to this situation.

N . . T T

FINDING:

An OPUI go-around suffers from increased pilot workload, degraded‘per-
formance, and possible lateral-directional asymmetry which is aggravated by

use of maximum thrust.

DISCUSSION:

This finding was demonstrated in a qualitative way by the BR 941 and
AWJSRA examples (References 11 and 12). The BR 941 was a case in which
pilot workload during the go-around was essentially unaltered by an engine
failure. The propeller cross-shafting precluded lateral-directional asym-
metry. At the same time, the propulsion failure significantly degraded the
go-around path performance. Following go-around initiation, the aircraft
descended far lower than without a failure and the steady-state climb per-

formance was reduced considerably.

In the AWISRA all features were degraded in the go-around maneuver. A

change in configuration was required for either an engine failure or go-aroumd
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initiation. The engine failure produced tricky lateral-directional asym-

metries and the single engine climb performance was only marginal.

Probably the main lesson learned in this area was that propulsion
failure in conjunction with go-around can present a serious safety problem.
This safety problem is connected directly to both pilot workload and de-
graded airplane performance. Further, this presents a difficult trade-
off between the degraded performance allowed versus the lower probability

of occurrence.
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SECTION 11

TAKEOFF

The discussion of the takeoff flight phase is divided into three main
parts: '
® Limiting flight conditions and safety margins

® Stability, control, and performancc

® Propulsion system failure.

Each of these parts is approached in the same way as for the landing flight

phase but involves the special considerations pertaining to takeoff.

Generally speaking, powered 1lift is not expected to be as influential
a factor in takeoff as in landing, at least where pitch rotation is used to
become airborne. If lower flap settings are used for takeoff, the effective
thrust inclination is more nearly horizontal and there is less of a powered-
lift effect. These tendencies were observed in those aircraft simulated in
this prégramJ In fact, those particular examples would have been more fairly
characterized as high thrust-to-welght conventional alrcrart rather than
powered-1ift in their takeoff configurations.

It should be noted that no consideration was given in this progrem to
takeoffs using methods other than pitch rotation (e.g., thrust vectoring).

Therefore, the results should be viewed within this limited scope.

The simulator examples examined in the takeoff flight phase consisted
of the BR 941 and AWJSRA airplanes. These two examples were sufficiently
different to reveal a variety of features associated with the takeoff flight
phase. The biggest difference was comnected with the degree of asymmetry
following failure of a propulsion unit. Another was the effect of propulsion

failure on performance.

The simulation facility and models used in this program allowed starting
with a takeoff roll at approximately 20 kt, acceleration to Vg, takeoff
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rotation, and continuing through second segment climb to 335 m (1100 ft).
The experimental procedure used for the takeoff flight phase was to have
the subject pilots try a variety of abuses. Specifically, abuses were
applied to Vg and V, with and without propulsion system failures. In
addition, the effects of wind and turbulence were studied. Since basic
performance capabilities of each aircraft were known, the simulator allowed
us to observe the combined effect of the pilot and aircraft with regard to

takeoff performance.

11.1 LIMITING FLIGHT CONDITIONS AND SAFETY MARGINS; TAKEOFF

Limiting flight conditions and safety margins for the takeoff flight
phase involve similar considerations as those discussed for the approach
and landing flight phases, at least after the aircraft has become airborne.
Prior to lift-off, however, there is the additional consideration of ground
related limiting flight conditions and safety margins. In this respect,
there is nothing fundamentally different between conventional aircraft and
powered-1ift aircraft.

Once airborne, limiting flight conditions are assoclated primarily with
aerodynamic stall just as in the case of approach and landing. Further,
limiting flight conditions are definable in the same terms. Tt should be
noted that there is a simplification because only one power setting is

involved.

Safety margins in connection with takeoff flight phase have a dynamic
aspect. Safety margins are constantly changing as the airplane is accelerated
up to the point of establishing a steady initial climb. The safety margin
jdeas developed for the approach and landing flight phase also apply to the

takeoff, at least after becoming airborne. This includes such items as:
® Speed margineg
® Angle of attack margins
® Maneuver margins

® (Gust margins.

232



The numerical values of these margins may differ from those in the approach
and landing because the pilot actions are different. In pariicular, man—
euvering and tracking are not as important a part of the takeoff flight phase.
In addition to these flight conditions margins, one must consider safety

margins with respect to the terrain.

Prior to becoming airborne, safety margins are defined mainly in terms
of the geometric constraints as delineated by runway boundaries. There
is, perhaps, a fine distinction in this case between safety margins and
performance in that safety margins are the difference between runway avail-
able and actual takeoff performance. As such this aspect of safety margins
will not be addressed here but will be covered in Section 11.2 under per-

formance considerations.

FINDING:.

For those powered-lift airplane examples considered (BR 941 and AWJSRA),
takeoff was relatively conventional in nature with the added advantage of

being forgiving of pilot abuses.

DISCUSSION:

In general, takeoffs with all euglnes operating were easy in that they
did not require precise pilot actions. The stall limiting flight condition
had no practical significance in these cases because acceleration was
rapid, regardless of the pilot's actions. The aircraft would not become

airborne until a safe speed had been reached.

It was not practical in these cases to distinguish between V, and Vg.
This was due to the rapid acceleration and short time interval between the
two points.

While this implies that it may be convenient to set V; equal to VR when
acceleration is very high, we did not look into the performance consequences
of such an assumption. Specifically, it could excessively penalize an
aircraft with good continued takeoff capability but poor ability to stop.
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11.2 STABILITY, CONTROL, AND PERFORMANCE; TAKEOFF

For the takeoff flight phase the emphasis i1s clearly more on performance
than on stability and control although basic attitude control is clearly
necessary. The items of prime importance in defining takeoff péfformance
are the takeoff field length, followed by the climb profile relative to
terrain. As mentioned previously, these considerations are really no
different for powered-lift aircraft than for conventional aircraft. This
is largely reflected in the following finding.

FINDING:

Conventional methods of describing takeoff performance were considered

adequate for the powered-lift simulations considered.

DISCUSSION:

This is a general statement meant to reflect the lack of any peculiar
features for powered~1ift airplanes during the takeoff flight phase.
Concepts such as field length, balanced field length, and climb gradient
all apply to powered-lift vehicles in the same way they do for conventional
aircraft. This finding also extends into the condition of propulsion systea
failure. In fact, propulsion system failure is the major element in de-
fining most aspects of takeoff performence. For this reason, most per-

formance details will be handled in the next subsection.

FINDING:

Actual climb performance as demonstrated by the pilot was measurably

less than the theoretical obstacle clearance plane performance.

DISCUSSION:

Climb performance data from the BR 91 simulation were compared with
theoretical values, Reference 11. A theoretical obstacle clearance plane
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was obtained from the y - V curves for the aircraft. This was compared with
a measurement of the minimum obstacle clearance plane achieved on each
takeoff. In calm air the difference was relatively small. In moderate
turbulence, o, = 0.91 m/s (3 ft/s), differences of 1 deg were not uncommon

ug

and on one takeoff a value of 1.4 deg less was measured.

These data provide some indication of the required margins between real

obstacles and the theoretical performance of the aircraft.

11.3 PROPULSION SYSTEM FATILURE DURING TAKEOFF

Propulsion system failure during takeoff can have a potentially broad
ranging eftect depending upon the design of the airplane. The two vehicles
studied probably span the range of expected powered-lift STOL designs in
terms of the impact of propulsion system failures on takeoff. The BR 941
(Reference 11), with its propeller cross-shafting, completely lacked any
lateral~directional asymmetry following a propulsion system failure. Also,
because it was a four-engine vehicle, the net thrust loss was relatively
small. The AWJSRA airplane (Reference 12), on the other hand, had substen-
tial lateral-directional asymmetries following propulsion system failyre and
because it was a twin-engine aircraft, suffered a large net loss in takeoff
thrust-to-weight ratio. It should be noted that the lateral-directional
asymmetry in the AWISRA was minimized somewhat by the cold-thrust cross-
ducting, but even so, a substantial amount of latcral-dircectional control

and pilot effort was necessary to overcome this asymmetry.

FINDING :

The only observed impact of propulsion system failure on limiting flight

conditions was a minimm speed for directional control while on the ground,

i.e., VMCG’
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DISCUSSION:

Such a finding is highly configuration dependent. The Vypg condition
observed here was purely a function of the AWJSRA simulation model. The
determining factors were simply lateral thrust moment, aerodynamic
directional control, and nose-wheel steering effectiveness. Existing
standards adequately address this particular problem.

FINDING:

The effect of speed at engine failure on takeoff field length was
found to be highly configuration dependent.

DISCUSSION:

This observation is, again, based on only the two models considered
in this program. As in other areas, however, these models represent the
extremes which could be expected from powered-lift airplanes. An éxperi—
mentally determined plot of takeoff distance to 11 m (35 ft) versus speed
at cngine failure is shown in Figure 11-1. The effect is nearly negligible
in the case of the BR 941 while it is substantial for the AWJSRA. -The
reasons are worth noting. The AWJSRA, a twin-engine airplane, expérienced
a simple 50% loss in thrust at the point of engine failure, thus takeoff
field length was correspondingly strongly affected. The relative field
length effect is likely similar to any other twin-engine jet airplane. The
BR 941, on the other hand, was driven by four cross-shafted propellers.
Without considering cross-shafting, use of four engines represents only 25%
loss in thrust at the point of engine failure. Because of the cross-shafted
propellers, loss of power at low speeds involves transition to a more
efficient propeller operating point, with or without propeller pitch govern-
ing. Any increase in propeller efficiency means that percent thrust loss
is not as great as percent power loss. In the case of this powered-1ift
airplane model, these effects coﬁbine to make takeoff field length nearly
independent of the speed at propulsion system failure.
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While this effect may vary significantly for different powered-lift
alrcraft, existing airworthiness standards should adequately cover the

situation.
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SECTION 12

CONCLUSIONS AND RECOMMENDATIONS

The following is a summary of conclusions and recommendations. Detalls
are omitted but can be found in the body of the report by the specific page
references given in parenthesis. The purpose of this section is to indi-
cate the current status of airworthiness criteria in various areas and
recommendations for additional work. It is not to reiterate specific

findings.

This section is organized similarly to the body of this report. Each
subsection corresponds to a respective report section. For example, Sub-
section 12.5 corresponds to Section 5. Subsection 12.1 is the only excep-

tion and deals with subjects of a general nature.

12.1 GENERAL

Powered~1lift aircraft constitute a fundamentally different category
of airplane from conventional jet transports. At the same time, this
category appears less broad than originally thought. The features of powered-
11t atrceraft which alffecl alrworthiness criteria are not necesgarily strong
functions of the specific powered-1lift concept involved. The main features

which powered-lift aircraft generally have in common are:

® High Cq generated by direct or indirect thrust

® Strong effect of both angle of attack and thrust on
Cp, and Cp

® Strong effect of thrust on Cf and stall speed
® Nearly vertical thrust inclination
® Lift asymmetry from engine failure rather than

horizontal thrust asymmetry.
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Piloting technique is an important factor in all aspects of powered-
1lift flight. Longitudinal control tasks, in particular, are likely to
require fundamentally different techniques than those used in conventional
jet transports. Because of the important role of piloting technique it

must be directly addressed in the establishment of airworthiness criteria.

12.2 EXPERTMENTAL APPROACH

A moving-base simulator is an effective tool for exploring and develop-
ing alrworthiness criteria. In this program, a number of criteria forms
and numerical Timits were established. These limits, however, may tend to
be conservative because of simulator limitations which may have made some
tasks somewhat more difficult than actual flight; or optimistic because of
pilots® perception of the task as being more difficult in the simulator than
in flight (Reference 10). Visual and motion cues were not as good as in
flight. BSubject pilots generally felt the turbulence model was overly

severe.

The question of the turbulence model realism is probably the most serious

one. While it cannot be resolved at this time, the following results are
pertinent.

® A short simulator experiment conducted during this program
(page 15) indicated that the turbulence model used is at

least as good as other available models.

® Reference 10 describes a related’poweredylift program which
utilized both ground-based simulation and the Princeton Variable
Stability Navion airplane. Both used the same turbulence model
employed in this program. FEven with the basic Navion airplane,
the evaluation pilot considered the model a valid representa-

tion of real-world turbulence.

® Reference 47 deccribes anobher FSAA simulation program which
used this same turbulence model. That program simulated a
current short-haul jet transport. Pilots with flight experience
in the aircraft felt the turbulence model was somewhat too

Severe.
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Additional research to resolve this question is clearly needed. There
is also a need for research on the potential problems of wind shear encounters
in powered-lift aircraft. A preliminary simulator investigation of this
problem is reported in Reference 21. The results of that program indicate
that powered-lift aircraft may have more difficulty in wind shears than

conventional aircraft.

While criteria developed from simulation may be either conservative
or optimistic, the simulation did provide basic insights and understanding
of factors involved in flying powered-lift aircraft. In turn, this led

to more effective analyses.

12.3 LIMITING FLIGHT CONDITTIONS

The main limiting flight conditions for powered-lift airecraft, like
conventional aircraft, are connected with low speed, high angle of attack
flight in the vicinity of aerodynamic stall. While it can be defined in
terms of speéd or angle of attack, a limiting flight condition should be
based on the occurrence of certain conditions. Iimiting flight conditions
are ultimately defined by certain "hard" conditions of a catastrophic nature
such as loss of control, abrupt loss of 1ift, etc. Aerodynamic stall
itself, though, 1s not necessarily in this category. Where it 1s not a
catastrophic event then aerodymamic stall should be considered as a "soft"
limiting flight condition (page 31).

The influence of throttle on limiting flight conditions of powered-
lLift aircraft is important not only in the definition of limiting flight
conditions but also in the potential rate of onset. The most critical
aspect is that a rapid throttle reduction produces an almost equally rapid
approach to a limiting flight condition (page 37).

The nature of limiting flight conditions for the bare airframe of
powered-1ift aircraft was reasonably well explored in this program but

there is still the need to form a more precise quantitative description

of the components of limiting flight conditions, i.e., the relative effect
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of maneuvering, pilot abuse, and disturbances. Finally, the matter of
limiting flight conditions for heavily augmented® vehicles remains rela-

tively unexplored and should be investigated.

12.4 SAFETY MARGINS

There are two types of limiting flight conditions, hard and sofi,
therefore, there are two general kinds of safety margins. Both can be
speed and angle of attack related. These can take on several forms de~
pending on the nature of protection, i.e., for maneuvering, pilot abuse,
or atmospheric disturbances. Limits were established for a variety of
conditions (pages 69 through 80). They were based not only on simula-
tion but also on some flight test data.

The valldity of the proposed safety margins depends on the reallsm of
the maneuvers, abuses, and disturbances. The realism was probably good
with regard to the first item, but for the latter two there is some doubt.

Again, there are special problems regarding heavily augmented vehicles.

It is recommended that further study be made of safety margin require-
ments involving pilot abuses and atmospheric disturbances and that this be
based on suitable flight test data. Further, safety margin requirements

for heavily augmented vehicles should be investigated.

12.5 LONGITUDINAL STABILITY, CONTROL, and PERFORMANCE; APPROACH

In the approach phase there is heavy emphasis on flight path/flight
reference control. Piloting technique is an important determining factor
in the nature of flight path/flight reference (and piteh attitude) control

requirements.

* Heavily augmented refers to control systems which substantially alter
the basic 1lift and drag characteristics and therefore the basic flight
path dynamics.
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For powered-lift aircraft, a STOL technique is most likely. This
requires that attention be given to the dynamic response of flight path to
throttle and diminishes the role of pitch attitude control. A combination
of airframe and propulsion dynamics is involved. The main determining
factors in powered-l1lift flight path dynamics are a high C; and a near-

vertical effective thrust inclination (page 95).

Tentative airworthiness criteria for flight path control were deter-
mined and included the areas of dynamic response (page 117) and control
power (pages 124, 130). A suitable criterion for cross coupling, an

important factor, was not found (page 137).

The nature of flight reference control was studied and found to be
dependent upon the specific mechanization of the flight reference. While
a number of aspects were recognized (page 140), no criteria were defined.

It is recommended that the tentative criteria concepts and numerical
values given here be confirmed or further refined by flight test. In so
doing, special attention should be given to atmospheric disturbances,
especially wind shears. There is need for further simulation and analyti-
cal study of flight path/flight reference cross coupling and flight reference
control. Regarding the criteria proposed, further study should be given to
the problems of heavily augmented vehicles and effects of improved displays,
such as flight directors.

12.6 LONGITUDINAL STABILITY, CONTROL, AND PERFORMANCE; LANDING

The flare and landing involves an extension of the same ideas developed
for the approach phase. The choice of piloting technique used in the flare
is a major factor. Important airplane dynamics are mainly related to flight

path, while flight reference control is of considerably lesser importance.

In addition to the conventional flare technique involving use of pitch
attitude, one must also consider use of throttle as a primary flare control
(page 149) or, under certain conditions, a combination of throttle and pitch
attitude (page 150). For powered-lift aircraft, flaring with pitch attitude

is similar to conventional aircraft but larger excursions of pitch attitude,
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airspeed, and angle of attack are involved. The two important factors are
n,  and Zy (heave damping) but one cannot separate the effects based on
existing data (page 163). Use of throttle to flare can be treated just as

in the approach phase. A tentative response criterion was established.

A landing demonstration with specified abuses was considered to take
care of certain features not otherwise easily measured or quantified such
as short-term control power and ground effect. This also addresses safety
margins. A calm-air demonstration with abuses was found to be feasible
(page 167) as a reasonable substitute for demonstrating landings in high
turbulence.

Future efforts should be directed at airframe gqualities required to
flare with pitch attitude, especially regarding the separate roles of n@a
and heave damping. In addition, flight tests should be performed to pro-
vide better numerical definition of the specified abuses to be used in the
landing demonstration and to verify the response criterion for flare with
power.

12.7 LATERAL-DIRECTIONAL STABILITY AND CONTROLj; APPROACH AND IANDING

Lateral-directional stability and control for powered-lift aircraft is
not fundamentally different from conventional aircraft, but basic aircraft
characteristics tend to be worse. The common powered-lift problems in

approximate order of importance are:
® Poor turn coordination
® Rapid spiral divergence
® TLow roll damping
® Low dutch roll frequency and damping.

There is no reason to suspect that piloting problems are different or that

there is need for different criteria. At the same time, it should be
recognized {hat turn coordination or headlng control criteria are not well

established even for conventional aircraft.
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12.8 PROPULSION SYSTEM FATILURE; APPROACH AND IANDING

A propulsion system failure in a powered-lift aircraft has important
features which are fundamentally different from those in conventional
aireraft. These derive largely from the use of powered-lift so that a
failure produces an asymmetric vertical, rather than horizontal, force.
‘This can lead to a variety of significant piloting problems which are

configuration and control system dependent.

Recognition of the failure seems to take longer than for conventional
aircraft, possibly because the large lateral acceleration cue is missing
(page 182). The most immediate effect of a failure is an increase in sink
rate but the pilot may not notice this initially. His best cue is the roll
disturbance. The appropriate pllol responses are also unconventional —-
large wheel input with relatively little rudder (possibly of either sign)
(page 186).

One potentially serious aspect of the problem, not treated in this
program, is that the failure characteristics depend on the aircraft con-
figuration. During most of a flight, powered-1lift is not being used and
propulsion failures should be similar to those in conventional aircraft.
During approach, though, propulsion failures would involve the special
features of powered 1lift. Having two distinctly different sets of failure
characteristics and required pilot responses in the same aircraft could

have an adverse effect.

For failures which occur at low altitude, the most critical factor is
the time to reach a flight condition which has adequate safety margins,
stability and control, and performance. The results of this program sug-
gest a configuration change may be allowable provided it can be done quickly

and simply, e.g., using a switch on the throttle to retract spollers.

Powered 1lift also has an impact on the problems during a continued
approach with a propulsion system failure. Specific problems can include
decreased flight path econtrol power, possible saturation of augmentation

systems, decreased lateral control power, and use of a different operating
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point (page 203). It was found that the magnitude of sideslip had a
significant effect on all of these problems.

The decreased flight path control power is probably the most signifi-
cant problem (page 213). A propulsion system failure will certainly reduce
the upward capability, perhaps to an inadequate level. Adequate upward
performance might be restored with a configuration change but that would
probably reduce the downward capability. Criteria for flight path control
power after a propulsion system failure were not developed during this

program but they could be a dominant design constraint.

This program was successful in exploring qualitative aspects of pro-
pulsion system failure problems. Further work is required to develop
guantitative criteria. This should be considered of prime importance
because of the fundamental differences from conventional aircraft and the

potential impacts on aircraft design.

12.9 AUGMENTATION SYSTEMS FAILURE

This area was not directly addressed in this program but is potentially
important because of the greater likelihood of complex augmentation systems
in powered-lift aircraft. A number of problems are discussed in this
report. Thc most critical of thesc is considerced to be an asugmentation
system failure requiring a change in the basic piloting technique which is
possible in a vehicle employing highly effective 1ift and drag augmenta-
tion. While there are no directly applicable data, the results of Reference 21

may indicate a potentially serious problem (page 222).

It is recommended that simulation be used to explore the subject of
augmentation systems failure with regard to developing airworthiness

criteria.

12.10 GO-AROUND

This program included a brief study of the go-around maneuver for two

specific powered-lift vehicles. Because of design differences between these
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two vehicles, several important characteristics were revealed. It was
found that the main aspects ot the go-around phase consist of piloting
procedure required, vertical path control and performance, and propulsion

failure complications.

As a result of the above, the main feature of powered-1ift airplanes
was found to be the possibly large loss in altitude following go-around
initiation, especially with a propulsion system failure. This can be
addressed most directly by a criterion limiting altitude loss which would
be demonstrated in flight.

12.11 TAKEQFF

Takeoff simulations were done in this program for two fundamentally
different powered-1lift vehicles. The only significant difference from
conventional aircraft was the more rapid acceleration. Because of the
higher thrust, takeoff abuses seemed less significant. As a result, some
simplification of conventional standards may be possible, such as combining
V1 and Vg. Takeoffs accomplished by vectoring thrust were not investigated
here but may involve a significant departure from conventional aircraft

features.

2h7



2u8



REFERENCES

Tentative Airworthiness Standards for Powered Lift Transport Category
Aircraft, Federal Aviation Administration, Part XX, August 1970.

Key, David L., Review of the Yellow Book and Suggested New Regulatory
Format for Tentative Airworthiness Standards for Powered Lift
Transport Category Aircraft, Part XX, Subpart B - Flight (Final
Report), CALSPAN REPORT NO. TB-3011-F-3, September 1973.

Provisional Airworthiness Requirements for Civil Powered-Iift
Aircraft, CAA (UK), Section P, October 1072.

Innis, Robert C., Curt A. Holzhauser, and Hervey C. Quigley,
Airworthiness Considerations for STOL Aircraft, NASA TN D-5594,
January 1970.

Allison, R. L., M. Mack, and P. C. Rumsey, Design Evaluation
Criteria for Commercial STOL Transports, NASA CR-11kh,L5k, June 1972.

Drake, D. E., R. A. Berg, G. L. Teper, and W. A. Shirley, A Flight
Simulator Study of STOL Transport Lateral Control Characteristics,
FAA-RD=-"(0-61, September 1970.

Berg, Robert A., W. Allen Shirley, Gary L. Teper, and Samucl J. Craig,
A Flight Simulator Study of STOL Transport Directional Control
Characteristics, FAA-RD-71-81, June 1971.

Berg, R. A. and W. A. Shirley, A Flight Simulator Study of STOL
Transport Longitudinal Control Characteristics, FAA-RD-72-56,
July 1972.

Craig, Samuel J., Irving L. Ashkenas, and Robert K. Heffley,
Pilot Background and Vehicle Parameters Governing Control Technigue
in STOL Approach Situations, FAA-RD-72-69, June 1972.

249



10.

1.

i2.

13.

Hoh, Roger H., Samuel J. Craig, and Irving L. Ashkenas, Identification
of Minimum Acceptable Characteristics for Manual STOL Flight Path

Control. Volume I: Summary Report, FAA-RD-75-123, I, June 1976.

Craig, Samuel J., Wayne F. Jewell, and Robert L. Stapleford,
Identification of Minimum Acceptable Characteristics for Manual

STOL Flight Path Control. Volume II: STOL Aircraft Characteristics

and Generic Model, FAA-RD-75-123, II, July 1975.

Hoh, Roger H., Samuel J. Cralg, and Irving L. Ashkenas, Identification
of Minimum Acceptable Characteristics for Manual STOL Flight Path

Control. Volume III: Detailed Analyses and Tested Vehicle Characteristics,

FAA-RD-75-123, 1II, June 1976.

Stapleford, Robert L., Robert K. Heffley, Robert C. Rumold,
Charles S. Hynes, and Barry C. Scott, A STOL Airworthiness Investigation
Using a Simulation of a Deflected Slipstream Transport. Volume I -

Summary of Results and Airworthiness Implications, NASA ™ X-62,3592,

FAA-RD-Th-143-T, STT TR 101L-3, October 197L.

Stapleford, Robert L., Robert K. Heffley, Wayne F. Jewell, John M. Lehman,
Charles S. Hynes, and Barry C. Scott, A STOL Airworthiness Investigation
Using a Simulation of a Deflected Slipstream Transport. Volume II -
Simulation Data and Analysis, NASA TM X-62,3%93, FAA~RD~T7L-1L3-TI,

STI TR 1014-5, October 197k,

Heffley, Robert K., Wayne .F. Jewell, Robert L. Stapleford, Samuel J. Craig,
Charles S. Hynes, and Borry C. Scott, A STOL Airworthiness Investigation
Using a Simulation of a Deflected Slipstream Transport. Volume III -
Breguet O41S Simulation Model, NASA TM X~62,30L, FAA-RD-TL-1L3-III,

STI TR 1014=3, October 1974.

Stapleford, Robert L., Robert K. Heffley, Charles S. Hynes, and
Barry C. Scolt, A STOL Alrworthiness Invesligatllon Using a Simulation
of an Augmentor Wing Transport. Volume I - Summary of Results and
Airworthiness Implications, NASA TM X-62,3%95, FAA-RD-T4L-179, I,

STI TR 1047-1, October 197k.

Heffley, Robert K., Robert L. Stapleford, Robert C. Rumold, John M.
Lehman, Barry C. Scott, and Charles S. Hynes, A STOL Airworthiness
Investigation Using a Simulation of an Augmentor Wing Transport.
Volume II -~ Simulation Data and Analysis, NASA TM X-62, 396,
FAA-RD-T7L-179-II, STI TR 1047-1, October 197L.

Rumold, Robert C., John M. Lehman; Robert L. Stapleford, Robert K.
Heffley, Charles S. Hynes, and Barry C. Scott, A STOL Alrworthiness
Investigation Using Simulations of Representative STOL Aircraft,
NASA TM X-62,498, FAA-RD-75-197, STL TR 1047-2, -1975.

230



1h.

15.

16.

17.

18.

19.

20.

21.

22.

Heffley, Robert K., John M. Lehman, Robert C. Rumold, Robert L.
Stapleford, Barry C. Scott, and Charles S. Hynes, A Simlator
Evaluation of Tentative STOL Airworthiness Criteria. Volume I -
Simulation Results and Analysis, NASA TM X-73,093, FAA-RD-T75-222-1I,
STI TR 1047-3,I, November 1975.

Heffley, Robert K., John M. Lehman, Robert L. Stapleford, Barry C.
Scott, and Charles S. Hynes, A Simulator Evaluation of Tentative
STOL Airworthiness Criteria. Volume II ~ Background Information,
NASA TM X-75,094, FAA~RD-75-222-II, STI TR 1047-3,II, November 1975.

Scott, B. C., C. 5. Hynes, P. W. Martin, and R. B. Bryder, Progress
Toward Development of Civil Airworthiness Criteria for Powered-Lift
Aircraft, FAA-RD-T76-100, NASA TM X-73,124L, May 1976.

Cleveland, William B., Richard F. Vomaske, and S. R. M. Sinclair,
Augmentor Wing Jet STOL Research Aircraft Digital Simulation Model,
NASA M X-62,149, April 1972.

Hoh, Roger H., R. H. Klein, and W. A. Johnson, Design of a Flight
Director/Configuration Management System for Piloted STOL Approaches,
STI TR 1015-3, September 1973.

Hebert, J., et al., STOL Tactical Aircraft Investigation. Volume TI:
Configuration Definition, AFFDL-TR-75-21-Vol. I, May 1973.

Planning and Design Criteria for Metropolitan STOL Ports,
FAA AC 150/52%00-8; November 5, 1970.

Chalk, Charles R., Dante A. DiFranco, J. Victor Lebacqz, and

T. Peter Neal, Revisions to MIL-F-8785B (ASG) Proposed by Cornell
Aeronautical Laboratory Under Contract F35615-71-C-1254, AFFDL~TR-T72-41,
April 1973.

Hoh, Roger H., and Wayne F. Jewell, Investigation of Vulnerability
of Powered-Lift STOLS to Wind Shear, STL TR 1063-1, June 1976.

Foxworth, Thomas G., and Harold F. Marthinsen, Another Iook at Landing
and Stopping Criteria, ATAA PAPER NO. TL4-956, August 197k.

lnnis, Robert C., and Hervey C. Quigley, A Flight Examination of
Operating Problems of V/STOL Aircraft in STOL-Type Landing and
Approach, NASA TN D-862, June 1961.

251



24, Quigley, Hervey C., and Robert C. Innis, Handling Qualities and
Operational Problems of a Large Four-Propeller STOL Transport
Airplane, NASA TN D-16L47, January 1963.

25. Holzhauser, Curt A., Robert C. Innis, and Richard F. Vomaske,
A Flight and Simulator Study of the Handling Qualities of a Deflected
Slipstream STOL Seaplane Having Four Propellers and Boundary-Layer
Control, NASA TN D-2966, September 1965.

26. TFeistel, Terrell W., and Robert C. Innis, Results of a Brief Flight
Investigation of a Coin-Type STOL Aircraft, NASA TN D-41L1, August 1967.

27. Innis, Robert C., Curt A. Holzhauser, and Richard P. Gallant,
Fllght Tests Under IFR with an STOL Transport Aircraft, NASA TN D-4939,
December 1908.

28. Quigley, Hervey C., Robert C. Innis, and Seth Grossmith, A Flight
Investigation of the STOL Characteristics of an Augmented Jet Flap
STOL Research Aircraft, NASA TM X-62, 334k, May 1974.

29. Bricaud, L' I.P., and M. A. Cavin, Results of STOL Airworthiness
Tests Using the TRANSALL V1 Airplane, (French) Centre d' Essais
en Vol, 30 December 197k4. '

30. Doetsch, Karl-H, Jr., and D. W. Laurie-Lean, The Flight Investigation and
Analysis of Iongitudinal Handling Qualities of STOL Aircraft on Landing
Approach, AFFDL-TR-T4-18, March 197kL.

31, Flying Qualities of Piloted Airplanes, Military Specification
MII-F-8705B (ASG), 7 August 1969. .

32. Franklin, James A. and Robert C. Innis, Longitudinal Handling
Qualities During Approach and Landing of a Powered-Llft STOL Aircraft,
NASA TM X-62,14L4, March 1972.

33. Bristol, Edgar H., "On a New Measure of Interaction for Multivariable
Process Control", IEEE Transactions on Automatic Control, pp. 133-13k,
January 1966.

34  Franklin, James A., and Robert C. Innis, Flight-Path and Airspeed
Control During Landing Approach for Powered-Iift Aircraft, NASA TN D-7791,
October 197k.

252



35.

36.

37.

59.

,'I'O .

hi.

Stapleford, Robert L., Richard H. Klein, and Roger H. Hoh, Handling
Qualities Criteria for the Space Shuttle Orbiter During the Terminal
Phase of Flight, NASA CR-2017, April 1972.

V/STOL Handling. I - Criteria and Discussion, AGARD-R-577-T0,
December 1970. .

V/STOL Handling. IT - Documentation, AGARD-R-577 Part II,
June 1973.

Chalk, Charles R., David L. Key, John Kroll, Jr., Richard Wasserman,
and Robert C. Radford, Background Information and User Guide for
MII~F-83300-Military Specification -- Flying Qualities of Piloted
V/STOL Aircraft, AFFDL-TR~70-06, March 1971.

Curry, Major Paul R., and James T. Matthew, Jr., Suggested Requirements
for V/STOL Flying Qualities, USAAML TECHNICAL REPORT 65-45 RIM 37,
June 1965.

Franklin, James A., and Robert W. Koenig, A Simulator Investigation
of the Influence of Engine Response Characteristics on the Approach
and Ianding for an Externally Blown Flap Aircraft. Part 1 -
Description of the Simulation and Discussion of Results,

NASA TM X-62,265 Part 1, May 1973.

Hebert, J., Jr., G. Campbell, E. Price, L. B. White, and R. Halstenberg,
STOL Tactical Aircraft Investigation. Volume V - Flight Control
Technology, AFFDL-TR-T73-21-Vol. V, May 1973.

Nieuwenhuijse, Albert W., and James A. Franklin, A Simulator Investi-
gation of Engine Failure Compensation for Powered-Lift STOL Aircraft,
NASA T™ X-62,363, May 197k.

Campbell, J. E., W. K. Elsanker, and V. H. Okumoto, STOL Tactical
Aircraft Investigation - Externally Blown Flap. Vol. V: Flight
Control Technology, Part 2: Simulation Studies /Flight Control
System Validation, AFFDL~TR-73-20-Vol. V, Part 2, April 1973.

253



L3.

L.

L6.

L.

Crandall, Kenmeth J., David J. Maund, William E. Gerken, and

James H. Vincent, STOL Tactical Aircraft Investigation. Vol. V,
Part 1: Flight Control Technology: System Analysis and Trade
Studies for a Medium STOL Transport with Vectored Thrust/Mechanical
Flaps, AFFDI-TR-73-19-Vol. V, Part 1, May 1973.

Vincent, James H., STOL Tactical Aircraft Investigation. Vol. V,
Part 2: Flight Control Technology: Piloted Simulation of a Medium
STOL Transport with Vectored Thrust/Mechanical Flaps, AFFDL=TR-75-19-
Vol. V, Part 2, May 1975.

Grantham, William D., ILuat T. Nguyen, James M. Patton, Jr., Perry L.
Deal, Robert A. Champine, and Robert C. Carter, leed-Base Simulator
Study of an Externally Blown Flap STOL Transport Airplane During
Approach and Landing, NASA TN D-6893, October 1972.

Johnston, Donald E., Irving L. Achkcnes, and Jeffrey R. llogge,
Investigation of Flying Qualities of Military Aircraft at High
Angles of Attack - Volume I: Technical Results, AFFDL-TR-T74-61,
June 1974. ; '

Schlanert, G. A., YC-15 Flight Controls, Douglas Paper G4OL (presented
at the SAE Committee Meeting No. %6), September 1975. - -

Rumold, Robexrt C. aﬁd Robert\L vStapleford A Similator Evaluation
of Means of Improving Landing Precision of Short Haul Alrcraft
STI TR 1059-1, June 1976.

25k



APPENDIX A

POWERED-LIFT FLIGHT PATH DYNAMICS

Longitudinal flight path dynamics can be viewed in a number of ways.
Each has certain advantages, but all are interrelated. We will show this

in the following manner:

® Non-dimensional 1ift/drag relationships

® Basic set of parameters, preliminary to stability
derivatives

® Dimensional stability and control derivatives
® Simplified equations of motion to describe path dynamics

® Simplified transfer funcﬁions.

As each of the above is developed we will point out the influence of powered
1ift, the comparison with conventional aircraft, and the effect of various

powered-1ift concepts. Useful approximations will be given where possible.

A.1 NON-DTMENSTONAT, T.TFT-DRAG APPROXTMATTONS

First it is useful to consider some features of a pure jet flap.
Actually, there is wide application to most powered-lift concepts such as
EBF, augmentor wing, IBF, USB, and even deflected slipstream propeller
driven aircraft. The concept of a pure jet flap is at least useful for

revealing trends and general features.

Reference A-1 develops the theory for an ideal two dimensional jet flap
and Reference A-2 extends this to a three dimensional wing. Important

relationships are given below.



Slope of Section Lift Coefficient with a:
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The above equations can be used to derive an expression for CL / (CL )
where the subscript zero refers to a non-jet-flap wing. This o
result is plotted in Figure A-1 which shows that jet flap effects can be
approximated by

C
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5 - non jet flap wing
Figure A-1: Effect of Jet Flap Blowing on Lift Curve Slope and Induced Drag



The effects on induced drag are readily available from the above equations.

1
bCD . BCD . BCD
Ei SCL aC; YL
o 1 +— o
TR

This result is also plotted in Figure A-1.

A.2 BASIC FLIGHT PATH PARAMETERS

The following set of parameters are offered as aid in simplifying
certain aspects of flight path dynmamics. They are also useful in estimating
stability derivatives. Most are familiar concepts, but one is newly defined.
An important point is that none of these parameters uniquely determine
path dynamics, i.e., there are no universal parameters. Taken together in
various combinations, though, they form all the basic flight path relationships
in terms of stability derivatives, transfer functions, etec., Their main value
is that they are easily computed or estimated. Each tends to be reasonably

invariant for given airplane category, e.g., conventional jet transport,
powered 1ift, helicopter, etc.

These parameters are:

® g/V
e n
Z
[
e n
X
a
[ ] GT
®
p

Following is a discussion of each, their meaning, approximations, and a

comparison of powered-lift versus conventional aircraft.
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g/V  1s just speed dependent but it is so expressed because it appears
;;;quently in dimensional derivatives and transfer functions. Its
dimension of frequency has significance when combined with the other
non-dimensional parameters to follow. g/V is related to‘basic phugoid
frequency, wp, which is approximately JZ?- g/V. This relation,

however, is considered unimportant for this discussion.

Nz is simply incremental normal acceleration due to Ao, It has been
widely used in handling qualities literature as a basic parameter.

Its most important interpretation here is as the high frequency gain

for the flight path/pitch transfer function. It is also closely related

to heave damping:

s &
ZW v nz
o3
ny.» @8 used here, is:
C%L
nz = C_ cos 70
o. Ts

where C  is a "trimmed" value, i.e., elevator varied to

o
maintain zero pitching moment

The cos 7o effect can be neglected for normal flight path angles, so
that

CL
n : 2
%L CL

One can estimate Tz, for powered-lift aircraft using the previous

jet flap relations, i.e.,

C

. J

c = C 1+ —
N

@)



If we assume (CLm) = 6, valid for most conventional jet transports,
o]

and let Cy = Tb/W * Cp, where Ty 1is thrust used for blowing lhe wing,

then

. 6
n, = C—L+1.5 T /W

Hence, Ny is mainly a strong function of Cp but increased some-
what with blowing. A plot of Nz, versus Cp, for various aircraft is
given in Pigure A-2. Most ecxamples of powered-lift aircraft occur
in a Cp, range of 3 to 4, thus, 1.5 < 5 < 2.5. High Cy's of say 5
to 7 have low n, due to Cr, alone (approximately n, = 1) but this is
likely to be raised to 1.5 by the blowing effect. Conventional air-
craft operating at 1.3 Vg fall in an n, range from 3 to 5.

Ny, is analogous to Nz’ but tangent to flight path. It is the high
?iéquency speed gain for A0 or Ao inputs. It is comparatively unin-
teresting, though, because it is relatively invariant between powered-

1ift and conventional aircraft.

The main physical importance is tied to the ratio between Ny,
and Oz i.e., the elffective inclination of © control (ihe counterpart

to e for throttle). We define this angle as 6.

n
GA = arctan :355

Ny, is primarily a function of aspect ratio because it is tied to
induced drag

LS.
Mo T T, T T X, T MW

From earlier approximations we can derive:
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Thus we see that blowing has a relatively small effect on ny . A

typical value for both conventional and powered-l1ift aircraft is

n = 0.6 g/rad
[0 4

The effective inclination can be approximated by:

1 oC
= = X D
eA = arctan —_555 = 5 + arctan 55;
3c,,
. ox, 2c,
T2 = &{+-2CJ

Thus, the blowing coefficient has a minor effect and a high 1ift

coefficient increases the angle.

is the effective thrust angle, i.e.,

A JLift dDrag

GT indicates the relative 1lift and drag increments for a throttle change.

It has a strong impact on the choice of piloting technique. It is one of

Op

np

the most distinguishing factors between powered-1ift and conventional

aircraft.

For a conventional aircraft, BT is nearly horizontal, eT < 15 deg.
Powered-1ift aircraft have a strong vertical component, for deflected

slipstream, typically 60 deg < 6, < 80 deg. For jet flap or vectored

T
nozzle, TO deg < GT < 95 dcg.

A good approximation to 8., can be obtained from a y - V plot. To

T
derive this relallonship, consider a small throttle perturbation. If
pitch attitude is also changed to hold constant angle of attack, the

steady state 1ift and drag perturbations are given by:

A-8



.

2Lift QLift

ALift = -W sin 76 Ay = 7 AV + BBT ST
: B n. o+ 2Drag oDrag
ADrag = =W cos 7o Ay = 7 AV + BST 6T

Combining these equations with the O definition and the trim rela-

tionships
Lift = W cos s
Drag = -W sin %
give the desired approximation
. 2 (av
tan (7, + 6p) = -7 (57)‘

oV

‘Thus fof small 6., conventional aircraft, (5;) will be small —

T

constant o lines will be nearly vertical. For large 8q, powered-lift

aircraft, (%%) will be large and negative — constant a lines will
04

be nearly horizental. If constant o contours are not available but

constant 6 contours are, one can use the following relationship:

5), - (), (&),

This kind of relationship will be more broadly developed in Subsection
A.5. ” ’

EE is a newly defined parameter which indicates the proportion of
propulsion supplied 1lift to total lift. It should not be confused with
O although there is a strong relationship between the two. The

direct impact of p is on the vertical acceleration due to a horizontal

gust. This is characterized as the stability derivative Z,. p is

really defined as a function 6f %f.

s vz,

p g cos 7,
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T equal to zero characterizes conventional aircraft. If n, is unity
then the aircraft is totally propulsion supported, i.e., there is no
aerodynamic 1ift. A hovering vehicle would have p = 1.

The powered-l1lift factor can easily be related to basic aerodynamic

properties. In general, the derivative Z, can be expressed as:

where CL is assumed to include all thrust effects and forces.

. =.:\_7_(a_cl_'
P 20L ou

The 1ift coefficient is normally presented as a function of blowing

Therefore:

coefficient, CJ. Therefore, Np can be written as:

v BCJ BCL

Ul = S S
P 20L du CJ

Finally, if we assume that thrust is independent of airspeed

ou \
and n = -(—:-{ BCL
P Cp, 3C;
J log L

B8 M T I Tog
If 1ift is a function of « and Cj (or T, etc.) then g is

easily approximated from a plot of log CL versus log CJ, i.e., Tp is

the slope.

A-10



An illustration of this is shown in Figure A-3. Cp, is plotted
versus Cy on a log-log scale for several aircraft. Some are based on
wind tunnel data, some on flight test. The value of Ny appears to
range from 0.3 to 0.5 for jet flap type aircraft.

If an airplane uses direct vectored thrust the o is simply
Td/w gin op. If there is a combination of jet flap and direct thrust

(e.g., AWJSRA) then an effective overall Ty can be obtained from

respective components. For example:

C. oC T
A g L . X b
Moy = == (jet flap, i.e. C. =—2)
P1 C;, oC; ’ J 83
A Td \
Top = o sin ey (direct thrust)
Then.the effective p is related by:

(=) = (=) (0 = apy)

An interesting approximate relationship among np, B> and 8, can

be shown using a theoretical jet flap drag approximation.

2
CL

o = Gt aTET ;T %o

taking partial derivative with respect to CJ,

acy N 20L2
L oep b — D —n
oC; W AR + 205 3C; (x & + ECJ)Q

where r is the jet flap recovery factor

bcD eCy

Recall 3¢, ~ TR+, -~ ™%
L J

= S T AL

& 3¢, T TpTr T T /W
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thus

or

or

—_" 1,2
35} r + 5 ctn~ 6p
ctn 6, = 3, = ; * T /W + ctn 6y
P
3;
5 . r + % ctn 2 8p
tan (8p - 3) = ten (6 - 3) - Tp/W
P
1 a2
S r + 3 ctn Op
8p = 8y - Tp/W
o

Thus, for airspeed nearly constant 6p is approximately proportional

to Tp/W.

Further, if r is unity and C{ << n R then:

aeT A
) Tb7W np

To summarize the parameter relationships above:

' GT without powered 1ift is small.

g/V is simply speed dependent.

By is a strong function of Cj, but alsd feels some powered-lift
effect.

blowing.

The latter is significant only at high CL and strong

D, is fairly invariant, but is a function of R.

It is usually about T0 to
95 deg for a jet flap, 60 to 80 deg for a deflected slipstream,
and decreases as thrust increases. 6g tends to be large for

a steep flight path angle and high Np*

is the main indicator of powered 1lift. It is nearly zero

p
for conventional aircraft, and about 0.3 to 0.5 for powered-

1ift aircraft.
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The range of these parameters is shown in the plots of Figure A~k to
illustrate the fundamental differences between powered-lift and conventional
aireraft.

A.3 DIMENSIONAL STABILITY AND CONTROL DERIVATIVES

The following dimensional stability and control derivatives are useful
in computing longitudinal flight path motion. This will be shown in the
subsequent equations of motion and transfer functions.

The relationships shown here differ slightly from those defined in
Reference A-3. The main difference is that here we assume a zero pitching
moment, i.e., 8 is constrained. Pitch is considered a controlffather than
a response variable. Only one derivative is really affected; and that is
slight. ‘

The derivatives represent x and z forces due to perturbations of air-
speed, vertical speed (angle of attack), pitch attitude, throttle (neglecting

thrust lags), and horizontal and vertical gusts. They are defined for a
body-fixed sbabllity-axis system in accordance with Figure A-5.

Xu is the basic speed damping stability derivative. It is a simple
function of basic parameters. Starting with the basic definition,

1 dDra,
Xy = " %5758
It is convenient to assume gross thrust independent of airspeed, but
that there is a ram drag effect equal to mav where &a is the engine

air mass flow. Thus:

3 ovPs 3¢, i

VS a

Xy =~ o -"TFT = tw
oC dC.. oC
then D = D J
Ju BCJ. ou
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J 2
amd 5t -7 G
¢ m
. .8 e, D e
thus Xu = =57 CD + - CJ 55; + -
. -2—gcosy(CD C; acD) i
= - s - = .2
v CL L BCJ n
s E_E‘IBCL acD/acJ)_n;a
v °o\C, " T 5CJ SCLECJ m
‘p
but tan % = - &
L
-acD/acJ

and ctn 8
T 5C£750J

therefore

™

- 28 - .-
T €05 7, ( tan Yo * Ny ctn ST) o

Xy

For conventional aircraft it is more useful to evaluate Xu as a
function of CD/CL (where Cp is not a function of ST) or

C m
- =28 D__a
Xu 7 cos 70 -

=

Z, is a cross coupling defivative, i.e., 1t is the specific z-force
due to an x-velocity. It is important because it represents the high
frequency vertical path disturbance due to a horizontal gust.

OLift
u

z, = -+
m

i
]
Q
1




- Sty 2, T
U Su T 50J du. - TV g EEE
X
_ =pVS L
or Z, T Tm . (CI.' Cs 5?}

- -2g -
Ly = v cos 7, (1 np)

Recall that n, is really defined in terms of Z,, hence the last

u’
expression is exact by definition.

Zy normally increases for slower speeds but in powered-lift aircraft
p offsets this. Expected values of Zu for powered-lift aircraft seem
to be roughly comparable to those of conventional aircraft.

‘XW is the other cross coupling derivative, x-force due to z-velocity.

x . _ 1 ODrag
W " m ou
-oVE
= CD@'CL)
C
-g D,
= == cos Y — -1
A 0 ( CL )
Cp
&
Recall CL = n&l

i

<bq_

Therefore, XW . (1;- n&x)

Because Ny is relatively invariant, then XW is primarily a function of

g/V or speed.
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Zy 1s the heave damping stability derivative. It is probably the single
most important stability derivative with regard to flight path control
regardless of aircraft category.

7 = .1 OLift
w m ou

-pVS
B (CICI, + CD)

g c
= --v-COS ’)’0

[

9!

e
+
Q'Q

H g
N

- This is the only derivative significantly affected by the assumption
of constralned attltude. This enters via Cr,, and the symbol t is

used to denote "trimmed", i.e.,

z
5

Al 2 Z, - 5= M,
He,

For most practical purposes, though, this distinction can be ignored.

It is important to recognize that the jet flap augmentation of
CIu for powered-lift aircraft tends to maintain a significant level of
heave damping. We can see this if we recall that

(-9

6 +1.5 CJ

CLy,

e

or CL:
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0

; -pVS
thus z S=(6+1.5¢

1)

2ogV _1.5¢
w7{s - TV

For conventional aircraft only the first term acts, but in jet flap
type powered-1lift both are significant. Figure A~6 illustrates the
effect. This shows en estirate of Z_ Dbased on Tb/W = zero and 0.5.

XST is the x-force throttle control derivative. It is convenient to
pormalize this using thrust to weight, i.e., 8p in units of AT/W.
Thus, for a jet flap airpl&ne:

X - -1 szs acn:ac.i
8t T "2 m B?:}'E_TZW
g

For the case of direet thrust,

XST = g cos BT

ZST is the z-force throttle control derivative and is  expressed simi-
larly to XBT:

= - P
Zsq /TB/WA for powered 1lift
ZST = =g sin;_“eT for direct thrust
A
fa!
Note that 3{—2 é tan eT
S



uotqewixoxddy Sutdusg oavoy 19~y aandtd
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0G| ool 0S 0
T ‘ T T 0
- le
9:="73 8
193443 buimolg oN /
_ -Hog-
G =M/9L bumoig Su-
kq paspasou| °1y 784
(p/f2+1)9 = P10
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The dimensional derivatives can thus be summarized:

i
_ 28 (_ -2
7 (- tan 7o * g ctn eT) -

<
e

gg CD ﬁa
or - 7 E; - if CD is not a function of CJ

Ly = - v (1 - nP)

%1 g
% = v = v (1 - n&x)

A

L« N -

Zw - v - V Pz,

P4
o

=3

Ile
3
=
E
[eo]

H

(or g cos Op 1f no jet flap effect)

g

"

(or -g sin o

ZaT

T if no jet flap effect)

A.L4 FLIGHT PATH EQUATIONS OF MOTION

The foregoing stability and control derivatives can be used in the
following convenient equation of motion scheme. It is not an exact repre-
sentation, but if the Z; distinction is recognized there is negligible
error. These equations of motion (shown in Figure A-7) have two degrees
of freedom with variables speed, u, and rlight path excursion, d. The
control variables are pitch attitude, 6, and throttle, Sp. Disturbance
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variables are horizontal gust, ug (positive for headwind) and vertical
gust, Vo (positive for an updraft).

The transfer function denominator is given by:

2 t t
= - (xu + zw) s+ X2 - X2z,

>
]

1}
o
0

+
1
< —
—
~—
P
n
+
3
D {—
[\V]
S—

The numerators for control inputs are:

u t .
N, = (Xa,' g cos 7,) s+g(ZW cos 7, - X, sin 70)
=(X-gcosyo)s+T—1—
QO u
N&=(:ZT+gSin7)S+XZT-XZ + g(Z_ cosy -X_ siny)
0 w o] u o a u u o] u o

_ t . 1.
= (-Za, + g sin 70) (s + T71)

+
NST = XSTS 7- XBTZW + X:WZST

1
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The numerators for gust inputs are:

= X s-%x2 +x2
u uw o W

=
e
il

s (s - Z;)

oo 2 sexz -xz
g W uw wou
It is frequently convenient' to further simplify these equations by

assuming 7o Small, making u, a variable, dropping the Wg term, and using

horizontal gust rate (or shear) Gy, thus:

a, X, X (=) [%-8 Zegl(® 1
- + + 1
¥ -7 zT 1l a A/ 5 0 { g}
u W o S T :

This is a highly useful compact form.including all the variables important

to the approach and landing situation.

We can express the various transfer function roots in terms of the

basic parameters presented previously:

1. 8 2

(valid if reasonably near gl =0)
3,
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<l
o]
g
1
&

Top 1
1. g%
Tu1 \ nxa
1 .
T ¢ no simple form
71
1. - 8
Tue = 5 [nza - (1 - nxa)tan GT]
1. 28 ’
T;; = 5 (- tan 7o + ctn GT)

A.5> REIATIONSHIPS BETWEEN y - V CURVES AND STABILITY DERIVATIVES

I: is possible to take advantage of the foregoing to develop a set of
relationships between steady state y - V curves and the path dynamics as

expressed by dimensional stability derivatives or other alternative parameters.

The most direct means of doing this is to consider a y - V curve
consisting of constant angle of attack and constant throttJ.e contours.
(Note that constant pitch attitude contours can be used to determine con-

stant angle of attack contours.) Several combinations of four pieces of
information can then be obtained for any given operating point. The four

which we shall choose are:

oV ov da %
8—7- a) 6_6; a} ga-; V) 6']'_‘
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The equations of motion from the previous subsection can be used to

form the following equalities:

3V g(XST sin 7, - Zgp cos 7o)
&, - XorZa - Zorka
3 XsT sin 7, = Zgq COS 7o
Bg| T TZy cos 7o - Xy sin g

01
g_a. _ E(XST sin 74 - Zgg cos 7o)

] v 1
v Ko Zy = Zop Xy
. 1
v v (X sin 7o = Zy cos 7,)
&-ST‘ Zu cos 7O-Xu sin %o
-Zg

Since tan O % s
identity and the approxi&tions for X, and Z, can be used to show:

oV . =V
F’)’ = > tan (70 + GT)
s 7

as presented previously in Section A.2.

If thrust is proportional to dp and independent of V then

-g cos 7

%or = T p

g cos 7 ctn GT

]

and XS‘I‘ STO T]P
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(A.5-2)

(A.5-3)

(A.5-4)

, the equation A.5-1 along with a trigonometric



- 28 g -
Also, Xu 7 sin 7, 1 np ctn s ctn eT

and, by definition

- =2g -
Z, = - cos 7, (1-1q

o)

Substituting these into Equation A.5-2 one can show:

oV
sin © E-'E
p = ? Y7 = i
P cos y_ s8in (y_ + 6 Vv v
© ° T (38; - QST )
@ [o]

Finally, from Equation A.5-3

g sin (70 + eT) 3

z! +X tan 0
w w

T v cos By, x -
and from Equation A.5-4
ov
ZW - XW tan 7’0 = > 55
Vocos v, (4 . To dV
V3%,
o

Thus one can solve for the flight path dynamics given a y = V curve according
to the relationships summarized in Table A=-1.
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TABLE A-1

SUMMARY OF y - V REILATIONS TO FLIGHT PATH DYNAMICS

GIVEN: 7 versus V for constant o, ST

At the operating point Yo V and trimag, dp, evaluate the partial

derivatives:
ov ov Jos and oV
| .’ R 39|’ X
o
Note = ! )
39 v 1+
& v

Solve for eT from:

Solve for np from:

ov
B sin eT 55; @
Tp = Tos 7o sin (70 + eT) v v
Cy
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TABIE A-1  (Concluded)

Solve for XST’ ZaT, Xy &y, from:

g cos 7, ctn 8

T
Xop = 5. iy
-g cos ¥
ZaT = —-—-——alllo T]p
2g . _ :
X, = v sinr [1 - My ctn 7, ctn OTJ
- .28 -
L, = =3 cos 7, (1 np)

Solve for XW and Z; from:

avl
g sin (70 + eT) 36 ou ) Bep

v cos eT S v V2nos 70(] _ 28To BV

X =
W
(tan eT + tan 7o
oV
=,
1 2g T
and 7 = X tan 75 +
w V2cos 75 |1 6T oV
S
T
Finally,
A
Nze, = "% ZW
v
%—1--g-Xw
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APPENDIX B

ATMOSPHERIC DISTURBANCE MODELING

This appendix presents a summary of the experience derived during this
Program regarding atmospheric disturbance modeling. It was clear that
similator results depended heavily upon the presence of atmospheric dis-
turbances. Thus, this was a continuing area of concern. An appreciation
of the important aspects of atmospheric disturbances is difficult to obtain
because the literature contains many apparent conflicts in modeling forms,
definitions, and areas of emphasis. The following is an effort Lo address
some of these conflicts by considering limitations imposed by the handling
qualities and performance features of a low-speed aircraft operating at low
altitudes. )

The organization of this appendix follows the general chronological
sequence in our study of disturbance effects. We began the program with
what was considered a widely accepted atmospheric model, however, midway
through the program, this model was reconsidered because of concerns ex-
Pressed by subject pilots. Alternatives were studied, and finally, based
on the results of this study and a short simulator experiment, it was
decided to continue with the original model. Thus, this appendix is sub-
divided in the following manmer:

® A definition of the disturbance model used throughout this

experiment
® A study of disturbance model alternatives

® The results of a simulation experiment to explore major
modeling dissimilarities

® A summary of important factors concerning atmospheric

disturbance modeling.
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A few introductory remarks should be made. First, an atmospheric dis-
turbance model may be characterized by a deterministic component and a random
component. The emphasis given here is on the latter. In this particular
program, the relative effects of the deterministic model were weak compared
to the random turbulence effects. This would probably not be the case if
the effects of strong wind shears were of particular interest. It will also
be noted that special emphasis is given to the longitudinal random distur-
bance component. This is due to the nature of the pilot/vehiclé system and

the range of altitudes of interest as described shortly.

B.1 THE ATMOSPHERIC MODEL USED IN THIS PROGRAM

During this simulation program, the deterministic wind model and the
random turbulence model were fWo relatively independent entities. The
features of the deterministic wind included magnitude, direction, and shear
profile. Each of these were sometimes varied on a run-to-run basis and
the specific sets of characteristics used are described in the respective

simulation reports (References B-1 through B-4).

The random turbulence model used during this simulation program was
based on the MIL-F-8785B Dryden model as described in Reference B-5. Turbu-
lence intensity, the only parameter whiclhi was varied, was characterized in
terms of a probability of exceedance.

The specirfic properties of the random turbulence model used throughout
this program are given in Table B-1. The horizontal gust intensity, oug,
was held constant during any given run. The standard level of turbulence
used corresponded to a nominal probability of exceedance of 10%. It should

be noted that in the basic MIL-F-8785B model, Gug is actually a weak function

of altitude as shown in Figure B-1.
To summarize, the important features of the model used are:

® Horizontal gust intensity is a specified constant

independent of altitude

® Horizontal scale length varies with the cube root of altitude



TABLE B-1

PROPERTIES OF THE RANDOM TURBULENCE MODEL
USED IN THIS PROGRAM

SPECTRAL FORM: Dryden

TURBULENCE FILTERS:

1
Horizontal: T
1+ -Vll s
3'er
1 +J: v s
Lateral: 3
2Lv
1+ ~ s
32L
1 + —J_.:f___‘! s
Vertical: )
2LW
1+ - s
SCALE LENGTHS ;
3
_ _ 2
Lu = 2Lv = ho h
b, = 535.k m (1750 ft)
2L = h
w

TURBULENCE INTENSITY:

10% (Standard)

Oyg = constant; 1.k m/sec (4.5 ft/sec) for P,

2.0 m/sec (6.5 ft/sec) for pe = 1%
2 2 2
b S S
‘lf‘ 2L, 2L,
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N h=0
- 30m (100 ft)
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Figure B-1: Probability of Exceedance for Horizontal Gust Intensity
of MIL-F-8785B Turbulence Model

B-k



® Vertical gusts are characterized by a decreasing
intensity and increasing choppiness as low altitudes

are approached

® The dominant characteristics are the horizontal gust
intensity and scale length (which will be shown more

clearly in the following paragraphs).

B.2 A SURVEY OF MODELING ALTERNATIVES

While use of the standard level of turbulence for the model previously
described seemed to be effective in revealing key features and limitations
of powered-lift aircraft, some pilots expressed the opinion that the turbu-
lence seemed unrealistically severe. During the period between the AWISRA
similation and the first Generic STOL simulation, the matter of turbulence
modeling was studied in order to either confirm the original turbulence
model used or to recommend an alternative which might be regarded as more
realistic. This study involved a review of low altitude turbulence data
along with other atmospheric models. Unfortunately it was found that the
background data and the various models differed widely, both in mathematical
forms and numerical definition. A factor which helped to simplify this
overview, though, was consideration of the closed loop pilot/vehicle system.
This resulted in showing that seemingly extremely different atmospheric
models can have a nearly equivalent effect on flight path performance of
the pilot/vehicle. Ultimately, it was found that the original model was

probably no worse nor no better than any reasonable alternative.

We begin our discussion of modeling alternatives by considering the
restrictions imposed by the pilot/vehlcle in combination with the random
disturbance. This allows us to focus on a limited spectral range and on a
particular axis of the disturbance. Then, with this point of view, three

competing models are compared.

We can gain some appreciation of the important aspects of atmospheric
disturbances on flight path performance by the following approach. First,
we assume that the pilot/vehicle is approximated by pitch attitude and
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throttle held constant. Next, as a metric for flight path dispersion,
we use altitude rate, h. Finally, we will consider horizontal and vertical

gust disturbances represented simply by the normal Dryden spectral forms.

The key airframe transfer functions are:

m“lw
I~
[
+
3
:‘l) —
\/p'
A
7
+
7l
DO =
[\
S—”

mﬁlb'

In the following paragraphs, we consider first the effect of horizontal gust
alone, next the effect of vertical gusts alone, and finally the combined
effects of horizontal and vertical gusts.. The result of this will be to
identify the important relationships between pilot/vehicle frequency response
and gust frequency response, and perticularly the dominance of the horizontal
gust component.

In order to illustrate the sensitivity of flight path to horizontal
gusts let us consider the following example.

1

—— = 0.1 sec”
T91

Tl_ = 0.5 sec!
02

4 = -.3 sec™ !
u

These values are representative of a fairly wide range of vehicles including
not only powered-lift aircraft but also conventional aircraft. Represen-

tation is at least adequate for the general argument presented here.
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The ratio of RMS altitude rate to RMS horizontal gust versus the
horizontal gust break frequency, %&, is shown in Figure B-2. This figure
shows that if the horizontal gust break frequency falls generally between
the effective speed damping, 1/Te1, and heave damping, 1/T62, of the basic
airframe, then the RMS altitude rate is fairly insensitive to the gust
break frequency,'ll. This is also the frequency range for which the air-
frame is most sensitive to horizontal gusts. In the following pages we
shall see that horizontal gust break frequencies do in fact appear to fall
within this range. Thus the relative insensitivity to horizontal gust

break frequency is an important aspect.

Now consider the effect of the vertical gust component in a similar
manner. First note that the main feature characterizing the airframe is the
effective heave damping, 1/T92. If we use the same value as in the previous
example, i.e., 1/T92 = 0.5 sec", then we can generate a similar plot of
RMS altitude rate to RMS vertical gust intensity versus the effective
vertical gust breakpoint. This is shown in Figure B-3. Note that for
vertical gusts having higher fregquency content, the effect on flight path
decreases, 1l.e., the airframe simply acts as a low pass filter. It will
be found that as the aircraft descends in altitude for the latter stages of
the approach, the vertical gust break frequency tends to be somewhat higher
than the effective heave damping, 1/T92. Further, the intensity of the
vertical gust component is somewhat less than the horizontal component.

We can get a better view of the comparative effects of the horizontal
and vertical gust components if we consider a given turbulence model. In
particular, we need a means of relating horizontal and vertical gust in-
tensity and scale length to altitude. For the purposes of illustration
we will use the MIL-F-8785B model to provide these relationships. It will
be shown in the next subsection that the résults obtained from this modcl

are similar in character to those from other models considered.

Figure B-l4 shows the EMS altlitude rate to BMS horizonlal gusbt versus
altitude for each of the two gust components. The airframe dynamics are
the same used in the two previous figures. Note that at an altitude of

about 100 m.(550 £t) the two components are about equally influential, but
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Figure B-3. Effect of Vertical Gust on Altitude Rate
Versus Vertical Gust Break Frequency (Attitude and Throttle Fixed)
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below that, the effect of the vertical component becomes considerably
weaker. In particular, in the critical altitude range below 60 m (200 ft)
only the horizontal gust component has a significant effect on the RMS
altitude rate excursion.

To the extent that the above line of reasoning and assumptions are
sound, we can then direct our attention to the horizontal gust com-
ponent restricted to the spectral range defined by the basiec speed damping
and heave daﬁping of the bare airframe. This restricted view of random
atmospheric disturbances greatly facilitates handling the various conflicts

in model forms and numerical values.

With the abdve ideas in mind, we now compare three competing atmospheric
models, and in particular, their random turbulence properties. The three

models are:

‘i) The MII~F-8785B Dryden Model (Reference B-5) -
ii) The Etkin low altitude turbulence model (Reference B-6)

iii) The Boeing atmospheric model (Reference B-T)

We will discuss the following aspects of the above models:

® Probability density function
OE_Spectral form
® AIntensity
® Scale length
® Mean wind depéendence.
Wheré possible, we 1imi£ discussion to only the horizontal gust conmponent

since the vertical component can be considered less important for reasons
stated previously.

All threé(of the atmospheric models considered here assume a Gaussian
probability density function to describe random turbulence. While this

seems to agree reasonably well with actual measurements, the most compelling
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peason for this assumption is probasbly in the ease of handling analytically.
Reference B-10 presents the results of a study in which a non-Gaussian
model is considered. While this report indicates that pilots were able to
discern differences in probability density function to some degree, it

appears to be not really a first-order effect.

The spectral description of the turbulence model describes the time
varying nature of each gust component. For each component the spectral
description is composed of the spectral form, the intensity (e.g., RMS
level), and the characteristic scale length. Let us begin by considering
the spectral form. For the sake of brevity, we will consider only the

horizontal (longitudinal) component.

The two spectral forms most commonly used are the Dryden and Von Karman.
Each of these has a certain advantage. The Dryden form is easily simulated
since it is equivalent to white noise through a simple first-order low-pass
filter. Unfortunately, it is commonly considered to be an inadequate rep-
resentation of real world spectral properties of turbulence. The Von Karman
spectral form, on the other hand, is considered to be a good representation
of the real world, but it cannot be modeled with a physically realizable
filter. In order to approach the Von Karman form, a high~order filter more
complex than the Dryden filter must be used. In the following paragraphs,
though, we show that the distinctions between these wo spectral forms are

not necessarily great, at least when viewed in the context of the pilot/

vehicle system of interest here.

At this point we should note that the three turbulence models we are
considering here employ both spectral forms. The MIL-F-8785B model employs
the Dryden form (the MIL-F-8785B model also includes a Von Karman form as
an alternative but we shall not comsider it in our discussions). Both the
Boeing and Etkin models are based on a Von Karman spectral form. Recognizing
the inability to physically realize this form, the Boeing model actually
utilizes a second-order filter which approximates the Von Karman form out

to a reasonably high frequency.

Now, consider some important aspects of the Dryden versus Von Karman

spectral form. First, let us compare the power spectral density of the two
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forms. This is shown in Figure B-5, a normalized frequency (no distinction
is made between the so-called Dryden scale length and Von Karman scale
length, at this point they are assumed equal). Note that the two power
spectral densities are within 1/2 db of one another for the majority of the
reglon one decade below and one decade above the breakpoint, 'S rad/sec.
Only at high frequencies do the two curves show a significant gg&ergence.
The implication is that if our spectral range of interest lies near the
filter breakpoint then either spectral form is adequate. We shall see

that this is, in fact, the case. Let us make this comparison, though, in

a slightly more direct way.

A useful way of viewing spectral power is to plot the product of power
spectral density and frequency normalized by the variance. This function
versus the log of frequency gives a direct indication of the power contained
in a given spectral range®. This is shown in Figure B-6. The main feature
of this plot is that both spectral forms concentrate the power in a region
near the breakpoint. In this region, a slightly bebtter match could bc ob-
tained by simply decreasing the Dryden intensity by about 8%. If, on the
other hand, the frequency range of interest were at higher frequencies,
then the two spectral forms would be matched by sliding them laterally,

i.e., adjusting the effective scale lengths.

We can conclude from the above that if our spectral range of interest
is in fact centered about the gust filter break frequency, i.e., that the
airplane frequency response as indicated by the 1/T81 to 1/Te2 range, then
there is no major distinction between the two spectral forms and that one
form could be used in place of the other. Clearly, the Dryden form is the

more attractive because of its convenience.

Now consider the aspect of gust intensity. Again we shall treat only
the horizontal component, Uge We will choose to make our comparison of
turbulence intensity of various models and data sources in terms of prab-

ability of exceedance.

Table B-2 shows a comparison of IRMS ug for two daota sources and two

turbulence models. The point of comparison consists of probability of
exceedance of 10% and 1% at an altitude of approximately 30 m (100 ft).

* The area under the curve for any frequency band is proportional to the
power in that frequency band.
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Notes:

e Area under curves for a given frequency
range corresponds to spectral power

s Total area under either curve is .4343
if unit on abscissa is taken as one
decade

 Spatial frequency, £ related to temporal
frequency , w by airspeed, Vor 1= w/V

N
/ \\ _— Dryden

von Karman

Figure B-6: Direct Comparison of Spectral Forms
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TABLE B-2

COMPARISON OF RMS Ug FOR SEVERAL DATA SOURCES AND MODEIS

Oyg? m/sec (ft/sec)

SOURCE , PROBABILITY OF EXCEEDANCE

10% 1%
MIL-F-8785B (%0 m) 1.43 (&.7) '2.07 (6.8)
Boeing (30 m, neutral lapse) 1.34 (h.k) 2.09 (6.85)

Battelle (Lake Union, 25 m, adjusted’)| 1.49 (4.9) | 2.38 (7.8)

I0-IOCAT III (overall, 75 m) 1.30 (4.25) | 1.85 (6.0)

Nominal values used

in this simulation program 1.4 (k.5) 2.0 (6.5)

The data was adjusted to account for a difference between the mean

wind measured during the study period and the climatological mean wind,
assuming that RMS gust intensity is approximately proportional to mean
wind. In this case the mean wind measured was T76% the climatologiecal
mean. Therefore, the RMS values were adjusted upward 32%.
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Values for the MIL-F-8785B model are taken directly from Figure B-1

for an altitude of 30 m (100 ft). Ln using the Boeing model we assume a
neutral lapse rate, a surface roughness corresponding to a normal airport
(4.6 em), and an altitude of 30 m. The Etkin model is not involved because
it contains no probability of exceedance relationships. The data from
Reference B-8 is based on a recent study involving V/STOL port sites, and
the data from Reference B-9 is of particular interest because it involves
relatively long-term turbulence measurements made at a reasonably low
altitude (approximately 75 m). As noted in the table, it has been adjusted

to reflect the climatological mean for the area measured.

The tabulated RMS ug values for the various models and data sources
do in fact compare closely with those nominal values used during this
similation program. This is particularly true of the standard turbulence
level taken at 10% probability of exceedance.

The variation of turbulence intensity with altitude is shown in
Figure B-7. The Boeing model varies the most as a function of altitude.
However, at those altitudes corresponding to the critical part of ‘the ap-
proach (below 60 m) the comparison is good. We should note also that the

Etkin model assumes a__ is constant with altitude.

‘llg
The next model feature we consider is the turbulence scale length.
Up to this point there has been little to distinguish the three models we
are considering. In the case of scale length, there appears to be a sub-

stantial difference.

Fromithe foregoing discussion of spectral properties, it is clear
that the scale lemgth directly determines where the spectral power is
centered. If the scale length is such that the spectral power of the
disturbance is centered within the bandwidth of the pilot/vehicle then we
can expect some significant effect. This appears to be the case for air-
craft in the latter stages of the approach phase. ‘

First, let us:consider how scale length is specified by each of the
three models we are considering. In each case, scale length is a direct
function of altitude as summarized in Table B-3. The forms are clearly

quite different. However, a better illustration of their differences is
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Figure B-T7: RMS ug versus Altitude
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TABLE B-3

HORTZONTAL SCALE LENGTH, Ly, FOR VARIOUS MODEIS

. MIL-F-8785B (DRYDEN):

533.4 m (1750 ft)

o
i
(=2
-
=
]

BOEING:

H
L = h

[ h 1.2 o
(0;177 + 0.723 F;)

]

204.8 m (1000 ft)

121.9 m (400 ft)

()
=

li
ob"

=3

=3
o]

]
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shown in Figure B-8 in which scale length is plotted versus altitude.

This shows a wide variation especially in the critical low altitude rcgion.
In general, the Etkin and the MIL-F-8785B models bracket the range of scale
lengths from numerous measurements reported in the literature. Reference B-9
is considered to have one of the better sets of scale length measurements
because of its relatively long~-term measurements. It shows that scale
lengths db, in fact, vary widely in the real world. In fact, the data
plotted in Figﬁre B+9 suggests some relationship between scale length and
gust intensity. Milder gust intensities involve scale lengths of the same
<6rdef of magnitude as those ofwthe Etkin model, while higher gust intensities
correspond to scale léngths comparable to the MIL-F-8785B model. According
to these data, the standard 10% level of turbulence used in this program

was in agreement with the relatively long scale length provided by the
MIL-F-8785B Dryden model.

In the last analysis, though, it will be seen that the overall pilot/
vehicle performance is not really all that sensitive to a large variation
in scalgxlength. To see this, let us now consider how the widely varying
hofizontal>scale lengths of the three models affect pilot/vehicle performance.
We can do this in a manmer similar to that done in the first part of this
subsection, i.e., compute the RMS altitude rate as a function of gust scale
length for a sample airplane. In addition to-the‘case of no active control
of flight path, i.e., attitude and throttle fixed, we shall also consider
the approximate effect of moderate to tight control of flight path. This
can be done in a simple fashion by assuming that the pilot has modified the
denominator of the airframe Fransfer funetion by regulation of flight path.
Bésed on observations made in the simulator, we assume that tight flight
path control can be represented by a closed-loop frequency of 0.5 rad/sec
and a damping ratio of 0.3. A moderate degree of flight path control can be
represented by a frequency of 0.3 rad/sec and damping ratio of 0.5. For
the previously used example, a speed of 75 kt, and a horizontal gust intensity
of 1.4 m/e (4.5 ft/s), thc BMS altitudc retc is plotted versus horizontal
scale length in Figure B-10. Horizontal scale lengths are indicated for
each of the three models over the critical approach altitudes of 60 m
(200 £t) down to 15 m (50 ft). This plot suggests that over the wide range
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of scale lengths represented in these three models, there is relatively
little effect on the flight path performance as indicated by RMS altitude
rate.

Up to this point we have dealt mainly with the turbulence aspect of

the wind models. Let us briefly consider the mean wind aspect.

Mean wind dependence on the random turbulence model is a feature
unique to the Boeing model. This dependence is associated with the behavior
of a planetary boundary layer. Thus there is a specified mean wind pro-
file which combines with the random wind shear. The dominant feature,
however, 1s simply the magnitude of the mean wind. For example, the
probability of exceedance of 10% leads to a mean wind of 20 kt at 30 m
(100 ft) and 15 kt at 6 m (20 £t). When using the MIL-F-8785B and Etkin
models, the mean wind must be arbitrarily defined and combined with the

random turbulence as was done in this simulation program.

Now let us summarize our analysis of the effects of turbulence and of
the three turbulence models considered.

® The horizontal gust is the most important component
in the critical approach altitudes below 60 m (200 ft).

® The RMS gust intensity has the most direct effect on

pilot/vehicle performance.

® Horizontal scale length is the most variable feature
among the models considered but does not have a
corresponding effect on pilot/vehicle performance, at

least not on sink rate.

® Von Karman and Dryden spectral forms and scale lengths
may be used interchangeably in the spectral band of
interest in this program.

The above factors led to the brief simulator experiment described in the

following subsection.
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B.3 A SHORT SIMULATION EXPERIMENT TO EXPLORE RANDOM TURBULENCE CHARACTERISTICS

The study of turbulence models described in the previous subsection
showed that the most extreme differences of any likely consequence were in
turbulence scale lengths. The standard model used in this program (based
on the MIL-F-8785B model) was characterized by relatively long scale lenths
while, at the other extreme, the Etkin model involved relatively short
scale lengths. It was decided to perform a simulator test on this one
aspect of random turbulence in order to measure its influence on turbulence
realism and apparent severity. As mentioned previously, analysis had shown
that these extremes in scale length should not really have a large impact
on pilot/vehicle pertormance, but the effect on perceived realism was not

known.

Turbulence model characteristics which were compared experimentally

are summarized in Table B-L. The most prominant point of comparison was

the horizontal scale length.

An airplane model which approximated the DHC-6 Twin Otter was used
to explore these two different sets of characteristics. This airplane

model is described in Reference B-3.

The simulator experiment consisted of flying normal visual approaches
similar to those performed during previous powered-lift investigations. Two
subject pilots participated in the evaluation. BEach one flew a series of
approaches with one turbulence model, then a change was made to the second
model. The pilots were informed only when the change was made but the

models were not identified.

The results of this brief experiment did not favor one turbulence model
over the other. While\there were indications that the pilots could sense
the difference in choppiness between the two models*, neither could be
termed more realistic. Both pilots considered the turbulence with eilther
model to be realistic for some runs and unrealistic for other runs. A

summary of pilot comments is included in Reference B-3.

* Etkin model had more high frequency content because of smaller L.
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TABLE B-k4

CHARACTERISTICS COMPARED EXPERIMENTALLY

ORIGINAL MODEL ALTERNATIVE MODEL
Basic MIL-F-8785B Etkin
Gug m/sec (ft/sec) 1.4 (4.5) 1.4 (4.5)
L. m (£t) 2 h°h ‘,h h
u [o] (o]
h = 533.4 (1750) h =121.9 (400)
2L,
ov - Uu 008 U,
g L, ‘8 Ug
oL * L 2L
v u w
2L,
Mg _L—u— Suy 0.5 Sug
2Lw* h 0.4 n**

The coefficient of 2 is included to clearly denote the use of the Ly
and I, definitions most frequently used in the literature.
break frequencies are thus V/2L, and V/2L, while for the horizontal
component it is V/Ly.

This was an error in interpreting the Etkin model, 2
0.8 h in which case it would have been nearly equal to the MIL-F-878-B

nmodel.
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Due to the appareht equivalence of the two sets of characteristics
studicd, it was decided to continue using the original turbulence model
for the remainder of this simulator program, with comsistency being the

deciding factor.

B.4 A SUMMARY OF THE CONSIDERATIONS IN MODELING ATMOSPHERIC DISTURBANCES

The foregoing discussion of atmospheric disturbance modeling has in-
cluded a number of important ideas which will be briefly summarized below.
These ideas apply to flight in the low~altitude stages of the approach
and landing flight phase, which is considered the most critical part of all
terminal area operations. Further, these remarks apply to flight path
control aspects as opposed to attitude control aspects which occur in a higher

frequency range.

The most important feature overall is the horizontal

gust intensity, Oug*

The frequency band of importance is approximately bounded
on the low end by the airframe speed‘damping, 1/1@1, and on the
high end by heaving damping, 1/T62. Typically this is in the
range between 0.1 rad/sec and 0.5 rad/sec. The spectral form
need be valid only over the above range. Hence both the Dryden

and Von Karman forms are for all practical purposes equivalent.

The longitudinal scale length cah vary over a wide range
without significantly changing the net effects of atmospheric
disturbances. Therefore, it is difficult to distinguish between
various scale length variations with altitude or between large

differences in maognitudes.

Vertical gusts are of relatively minor importance because of
their characteristically lower magnitude and shorter scale length

compared to horizontal gusts.
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