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ABSTRACT

A technical approach to efficiently integrating ground test data
into the flight test investigations for the evaluation of aircraft per-
formance and flying qualities is presented. This method relies on the
coordinated efforts of an integrated test team representing the various
ground and flight test organizations. Also, this approach involves
taking maximum advantage of mathematical models to simulate and verify
the system's operating characteristics. Although most of the modeling
methods discussed are currently in use at Air Force flight test instal-
lations, the need to optimize their use by integrating the ground test
predictions and techniques in an iterative manner is discussed. The
evaluation of this process shows that the integrated test team approach
to testing for aircraft performance and flying qualities is feasible,
and offers distinct advantages over the segmented approach currently

employed by the Air Force.
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CHAPTER I
INTRODUCTION

A.  Purpose of the Investigation

Ground testing and flight testing continue to be the only viable
methods for a thorough Development, Test and Evaluation (DT&E) program
for current aircraft weapons systems. With the advent of super-
computers and techniques such as Computational Fluid Dynamics (CFD),
simulations of the flight environment are emerging as methods of
streamlining the DT&E process. However, for the foreseeable future
these computational techniques are relied upon primarily to iterate on
the baseline test results, or evaluate the effect of some incremental
change to the baseline. This approach inevitably leads again to the
reliance upon the ground and flight test results for the absolute proof
of acceptability for mission performance. The disparity arises when it
is realized that these ground and flight test programs are typically
accomplished independently from one another. The ground test phase
serving more as a necessary milestone to proceed to the flight test
portion, rather than an integral information source, which can be used
throughout the fiight program. Due to budget and scheduling con-
straints, this type of independent evaluation can no longer continue.

In this report, the potential benefits of integrating ground test
data into the flight test investigations for aircraft performance and
flying qualities will be presented. Basic parameters common to both

the ground and flight test processes, and invaluable in identifying




system characteristics, will be defined to demonstrate how readily the
two communities can exchange and compare similar information. In
addition, the tools which the flight testers take advantage of during
these investigations will be presented to provide the ground test
community insight into how their data gets integrated into the flight
test program. Most importantly, a technical management plan using the
previously discussed analysis tools to integrate the two types of test
data into comprehensive system simulations will be presented. This
technical approach presented in Figure 1,1 will serve as an outline

throughout this report.

B. Statement of the Problem

During the course of any DT&E cycle, thorough testing, whether it
be ground or flight testing, obviously plays an integral role in the
maturation of the system. Recognition of this point is evident in Air

Force Regulation (AFR) 80-14 [28]2:

1) DT&E is initiated as early as possible and includes tests of
subsystems as well as the total weapon system.

2) DT&E addresses specification requirements as well as expecta-
tions that are derived from experience and operational

inputs.

1Figures are presented in Appendix A.

ZNumbers in brackets refer to similarly numbered references in the
Bibliography.



3) A1l systems are evaluated for functional characteristics,
integration capability, and simulated failure modes when

feasible.

In their article, "The Impact of Concurrent Flight Test and Integrated
Ground Testing," Scanlan and Wiles indicated that the cost, schedule
and resources required by conventional, independent ground and flight
testing programs was becoming too significant to continue [18]. As a
result, they recommended a collabcration between the flight test and
ground test communities, taking maximum advantage of engineering models
to simulate the system. Their basic philosophy involves the generation
of a system model, validation of this model by flight test, correlation
of discrepancies to improve the model, and finally emulate the flight
test cases and extend the flight test results to generate complete
handbook information. In their view, the goal of testing in the inte-

grated scenario is to do the following [18]:

1) [Provide] feedback to the development engineering.

2) Provide decision support and contract compliance information
to the program manager.

3) Provide capabilities and handbook data to the logistics and

operations communities.

These stated goals are essentially rewordings of AFR 80-14, while the
method of using engineering models provides an efficient direction with

which to proceed.



C. Approach to the Investigation

As presented in Table 13, there are a myriad of technical
disciplines and resulting interfaces which could potentially be eval-
uated during the course of the DT&E test program for a typical military
aircraft weapon system. The Air Force Flight Test Center (AFFTC),
Edwards Air Force Base (AFB) California, is the primary organization in
the Air Force responsible for the flight testing of those areas listed
in Table 1. Arnold Engineering Development Center (AEDC), Arnold AFB
Tennessee, the largest complex of aerospace flight simulation test
facilities in the free world, provides the Air Force with the capa-
bility to predict the operational characteristics of aircraft systems
prior to first flight [29]. Throughout this report there will be con-
tinual reference to both the AFFTC and AEDC. The goal to illustrate how
efficient integration of information between these two facilities
serves to improve the overall DT&E process.

To appreciate this effective integration of information, a small
portion of the DT&E process will be analyzed for a typical aircraft
weapon system. The two specific areas of the flight vehicle which will
be explored are the performance and flying qualities disciplines.
Obviously, a thorough understanding of these areas would be a consider-
able undertaking. As a result, this discussion will be limited to

three areas:

3Tables are presented in Appendix B.




1) A description of the requirements and results the flight test
investigations for performance and flying qualities must meet
and provide.

2) The various tools used in the analysis of the flight data for
these studies.

3) How these tools can be optimized by relying on the effective

integration of the ground and flight test communities.

Subsystems such as stability and control augmentation systems,
terrain following systems, weapons separation systems, or engine com-
ponent improvement programs all would potentially add to the complexity
and duration of any test effort. In addition, these highly complex and
augmented systems lead naturally into the use of subsystem modeling
methods and system simulation techniques, which in themselves add
complexity. The basic premise however, is that no matter how complex
the system is, an orderly and consistent progression of events must
occur for system evaluation. From ground testing of the system, to
flight testing, eventual data analysis, and ultimately the simulation
updates and application, certain tasks must be accomplished to ensure a
thorough evaluation of the system. Also, minimum standards of perfor-
mance must be satisfied to meet the basic levels of acceptability to
the users.

In summary, AFR 80-14 and the Scanlan and Wiles article provide
the motivation and direction for the integrated testing approach of

this study. Obviously, the need is clear for Military Specification




(Mi1 Spec) compiiance evaluations as well as some type of model gen-

eration or system simulation to predict specific performance character-
istics. An examination of the tools used to evaluate system perfor-
mance will concentrate on the methods of evaluation used at the AFFTC.
By taking maximum advantage of the system modeling approach, these
tools also assist in effectively integrating the ground and flight test
data into a single data base or model. Figure 1 presentshow this inte-
gration might be accomplished for the performance and flying quality
evaluations of this study. This representation will serve as the basis
for discussion throughout this report. The purpose of each of the
major divisions of Figure 1 will be described, as well as their reli-

ance on both the ground and flight data for effectiveness.

D. Organization of Thesis

Chapter II will present the requirements and analysis methods
taken into consideration during the integrated ground and flight test
performance investigation. The methods used during flight testing at
the AFFTC will be discussed to provide an introduction to the ground
test community regarding the tools that are used during flight test.
In addition, the basic equations which are used for this type of
investigation will be discussed as well as how the ground and flight
test datashould be factored into them.

Chapter III will describe the similar requirements and analysis
techniques associated with the integrated flying qualities investiga-
tion. For the purposes of this discussion, the flying qualities char-

acteristics of the weapon system can be considered the combination of




the stability and control properties of the aircraft, coupled with the
hand1ling qualities of the aircraft.

Chapter IV will provide the results of combining the ground and
flight data into optimal models of the previously described aircraft
characteristics. Errors between the types of data will be evaluated in
terms of the impact to the overall mission scenario, and the impact to
the operational users.

Chapter V contains the conclusions drawn from the investigation
‘and provides recommendations for ways to improve the integration of the
flight and ground test data into an optimal method of evaluating the

system.



CHAPTER II

PERFORMANCE REQUIREMENTS AND ANALYSIS METHODS

A. General

As presented in Figure 1, a realistic operational mission simu-
lation should be a major objective of a comprehensive flight test pro-
gram. In the case of a performance model, the goal is to be able to
generate flight manual and/or flight simulator software, which will be
representative of the aircraft performance anywhere within the aircraft
envelope [16]. This model should be accurate at heavy or light weight,
various aircraft configurations or flight conditions. This generalized
performance model should be capable of computing performance for any
reasonable set of flight conditions, even areas of the envelope where
flight test data may not have been obtained. Although great caution
would have to be exercised when extrapolation of the model takes place
beyond the flight data, good results should be expected when flight
test increments are appropriately applied to the predicted data. These
types of ground to flight test data comparisons will be made in a
subsequent section of this report.

Because of the expense of a comprehensive flight test program,
flight test data can usually only cover a sample of the total flight
envelope of the aircraft. Therefore, a model which can add flight test
increments to the predicted data, serves as an economic way to provide
a comprehensive description of the system. As a result, using the

predicted data as a baseline for the final model is the primary reason




for generating a predicted performance simulation. In addition to this,
three other advantages of generating the predicted model are described
below. First, it provides engineers with valuable experience in con-
structing the specific model for the system being investigated. Such
front end analysis directly decreases the time required to build the
final version after the testing is complete, and time constraints are
usually imposed. Time is also saved since the final model usually
looks very much like the predicted one. Second, the preliminary mode}
provides an early approximation of the estimated performance char-
acteristics of the system. Once the predicted model is operational, it
can provide a guideline for mission planners to prepare for the test
program, or even plan each mission. Specific test requirements such as
refueling requirements, test point sequence and mission duration can
be effectively estimated using a fairly good prediction of aircraft
performance. Preliminary safety of flight considerations can also be
evaluated using the model. Mission planners and program managers can
get a realistic idea of how efficient, productive and safe the test
program should be. Finally, the predicted model would allows fast and
easy comparisons betweenthe performance of the actual aircraft and the
predictions during the test program.

In addition to a realistic operational mission simulation, all
military aircraft require a specific performance flight manual. Even
prior to any flight testing for a particular aircraft, an interim
flight manual must exist which provides a baseline estimate of per-

formance. Since initial mission planning will have to be based on an




interim manual, the ground test predictions of the performance of the
aircraft must be as representative as possible to the actual aircraft.
The Air Force recognizes the fact that predictions are very good
estimates at best, but cannot represent the true performance until
supplemented with actual flight test results. As a result, according
to Air Force Mil Spec standard procedure, when performance data are
estimated, fuel flows are increased by five percent. Then when the
performance data have been verified by flight test, a conservative
factor is not added unless directed by the procuring organization.

Since this conservative approach effects only the prediction for
fuel flow, the most direct impact it has is on cruise performance. The
Fl1ight Manual presents cruise data in the form of Range Factor versus

Mach number. Range Factor (RF) is defined by the following equations

(13];
ALY
wf
Since; Vi = 661.48xMxel/2
Wt = (Wt/8)*8,
and WF = (We/(8%81/2))s8401/2
then,

661.48*M*(Wt/8)
RF =

W /(6+0 12y




Ignoring Reynolds number effects (i.e., const Rn) and since (W¢/8)/

(FN/8) = CL/Cp then;

661.48*M*C,/C

RF =
(TSFC/8Y?)

where TSFC = We/FN.

From this series of equations, it is evident that an error in fuel
flow of 5 to 10% would induce errors of from 100 to 500 NAM (Nautical
Air Miles), for typical RF values of 2000 to 5000 NAM for a fighter
type aircraft. When such errors are introduced into mission planning,
obvious fuel shortage implications are apparent.

Although adjustments to the flight manual are applied for fuel
flow, other inaccurately predicted parameters may also have significant
effects in establishing a performance flight manual. There are a mini-
mum of nine parts to the military performance flight manual. With the
exception of only the Introduction (Part 1 of the flight manual),
errors in the predicted data will impact every section. The sections
are as follows:

Part 1 - Introduction
Part 2 - Engine Data
Part 3 - Takeoff

Part 4 - Climb

Part 5 - Cruise

Part 6 - Endurance

Part 7 - Descent




Part 8 - Approach and Landing

Part 9 - Mission Planning

A brief description of a few of these sections will provide information
as to which parameters are most important, and would cause the most
problems for the initial flight tests if erroneously predicted data are
relied upon.

Part 2 - Engine Data

In the Engine Data Section, the primary information provided in

the flight manual is as follows:

a) Maximum thrust available for takeoff,

b) Thrust available in-flight,

c) Fuel Flow and other various engine operating parameters
(i.e., Engine Pressure Ratio (EPR), fan speed (Nl) and core

speed (N2)).

For the performance analysis method presented in this report, the
thrust available and fuel flow data act as the primary analysis param-
eters, since their impact is directly observable in the characteristics
being calculated (i.e., range factors and takeoff distances). However,
thrust and fuel flow values do rely on parameters such as EPR, N1 and
N2. As a result, the effects of these parameters are accounted for in
the contractor supplied thrust estimation programs which are an inte-
gral part of the flight test data processing.

As discussed, the mandatory fuel flow correction hopefully adds a

degree of conservatism to any characteristic which relies on this

12



parameter. However, as presented in the following sections, erroneous
thrust terms as well as others will propagate into virtually every area
of aircraft performance.
Part 3 - Takeoff
For the Takeoff Section, the most obvious areas of concern are:
a) Takeoff ground run
b) Obstacle clearance distance
c) Takeoff speeds
d) Takeoff gross weight limits
e) Critical field length

f) Takeoff cross wind limits

The remaining seventeen sections of the Takeoff portion either supple-
ment these primary areas or are emergency cases which are variations to
these basic cases. The basic takeoff analysis can be divided into two
phases, the ground phase and the air phase. The air phase is
essentially an accelerating climb to some minimum clearance altitude
(50 ft for military aircraft). Since the equations for this phase will
be very similar to the nominal climb description in the next section,
only the ground phase will be discussed here.

The forces acting on the aircraft during the ground phase are
presented in Figure 2 [31]. The equations which describe this situa-

tion are presented below:

1) ax = (g/Wt)ITT - pWt - (Cp - pCL)qS - Wising] (For average

values of T1, Wt, Cp, CL, p and ¢ at .707 V10)




2) Sg = .0444WtLn[ (A-BVw2)/(A-BVT0?)] - 1.69Vut

where;
t = ,026Wt Ln (1+(B/A)1/2+v1n) (1-(B/A)1/24vy)
(A/8)1/2 (1-(8/a) 1/ 2u10)  (1+(B/A)1/2V)
A = (TT-pWt-sind)
B = .003390S(Cp-pCL)

With basic assumptions (i.e.: no runway gradient or wind velocity)
these equations simplify drastically; however, our goal is to
understand which parameters are the primary variables for takeoff per-
formance. As presented, thrust, 1ift, drag and tire friction are all
parameters which could potentially induce error for the ground roll
phase of the takeoff. Of these four, three (thrust, 1ift and drag) are
direct outputs of any thorough ground test program. As will be pre-
sented in Chapter IV of this report, errors in these parameters may
combine to produce errors of from 20 to 200ft (.5% to 10%) in ground
roll distance, or from 20 to 900ft (.5% to 34%) in distance to 50-ft
clearance altitude for a representative fighter-type vehicle.

Part 4 - Climb

For the Climb section of the flight manual, the following areas

are of paramount concern:

a) Time, Distance and Fuel to climb
b) Combat, Cruise and Service ceiling altitudes

c) Optimum speed to climb

14



An understanding of the equations describing these properties will also
provide information as to the critical parameters for the prediction of
climb performance.

The forces acting on the aircraft during the climb are presented
in Figure 3 [31]. Summing forces along the thrust line and rearranging

terms, yields the following equations:

V(FN—D) . vdv
———— = Vsini+ — W
di

Since

dH )

— = Vsint

dt
then,

VEN =D _an vav
w Codt dt -’
Defining the term
V(FA_—D)

W

as "Specific Excess Power", Pg, then;

VFy =D g vav
p =N — _et iV
s W dt dt

This relationship is used extensively during flight tests to define
either level flight (dH/dt = 0) acceleration potential, or constant
velocity (VdV/dt = 0) climb potential. An important aspect of this
relationship is that it takes into account both the potential energy

(dH/dt) and kinetic energy (VdV/dt) contributions to the overall energy

15




state of the aircraft. By performing level accelerations this rela-
tionship can be used to define a VdV/dt versus velocity curve. Such a
curve will define a maximum Pg point at a specific velocity, and in
turn define a maximum rate of climb (dH/dt) at that given altitude. A
series of accelerations at different altitudes will then define the
optimum schedule (i.e., velocity for maximum climb rate) for that
specific power setting. Figure 4 presents such a curve. Using Pg as a
climb potential (dH/dt) descriptor will also serve to provide the
appropriate ceiling information for a particular aircraft. Combat,
cruise and service ceilings are defined as the altitudes at which the
rate of climb for a specified weight, power and speed are exactly 500
ft/min, 300 ft/min, and 100 ft/min, respectively.

As described, Pg is primarily dependent on knowing the net thrust
and drag of the aircraft for the specific flight conditions. It is
obvious then, that any predictions of climb performance during the
early stages of flight testing, is totally dependent on accurately pre-
dicting the thrust and drag levels during ground testing.

From these discussions, it is evident that the basic properties of
Lift (CL), Drag (Cp), Thrust (FN) and Fuel flow (Wf) are also the crit-
ical parameters for the construction of the Performance Flight Manual.
This approach tends to simplify the situation, since it does not
directly address the various factors which influence the attainment of
these specific parameters. For example, thorough studies have been
conducted on how to arrive at the installed net thrust (FN) value, when

the value obtained from ground testing is typically closer to the gross
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thrust (FG) and measuring FN directly in-flight is impossible. Also,
significant errors to both the ground and flight test calculated
results may be introduced because of faulty instrumentation, calibra-
tion errors or the myriad of corrections applied to the raw data [35].
As a result, keeping track of the instrumentation status, calibrations
and corrections becomes difficult, but essential, bookkeeping exercise
for the typical flight test program. Once these potential error
sources are eliminated as much as feasible, it is then possible to
begin calculating the important performance characteristics such as
Specific Range, Max velocity and takeoff ground roll, which is required

for operational use.

B. Preflight

As described above, a comprehensive performance simulation
requires the integration of both predicted as well as actual test data
to arrive at an optimum model. Flight test performance analysis should
optimally begin with compiling the predicted data and generating a
predicted performance simulation. Although these predicted data are
usually generated at facilities such as AEDC, the current practice is
for the AFFTC engineers to acquire the data from the primary operating
contractor, after obtaining permission from the System Program Office
(SP0).  This procedure obviously prevents the efficient integration
between the ground and flight test communities, since the information
is filtered through an extra step of bureaucracy. This situation
arises as a direct result of how the USAF acquisition process has

evolved. Since the SPO's are responsible for the overall DT&E effort,
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and AEDC and the AFFTC perform different functions, their support is
obtained separately. As a result, the only common technical 1link
between the USAF ground and flight test centers is the primary operat-
ing contractor. Ideally, the ground test and flight test information
exchanges would be facilitated if AEDC and the AFFTC had the means, and
more importantly the permission from the SPO's, to communicate directly
with each other regarding their respective results. A means of
exchanging information directly between the USAF ground test and flight
test organizations at AEDC and the AFFTC should be established to
facilitate the overall DT&E effort of the SPQ's.

Regardless of how the predicted information is obtained, a predic-
tive model of the performance of the aircraft is the next step in the
preflight activities, as presented in Figure 1. The performance model
used at the AFFTC for the simulation of in-flight performance is called
the Digital Performance Simulation (DPS) [15]. The two basic com-
ponents of the DPS are the operating characteristics of the engine or
propulsion model, and the aerodynamic characteristics of the airframe
or aerodynamic model. The propulsion model, at a minimum, consists of
a thrust available model and a thrust-fuel flow relationship. The
thrust available model is net thrust (FN) versus flight conditions for
the fixed power settings (MIL, MAX, IDLE). The thrust-fuel flow
relationship is simply FN versus fuel flow (Wf) at specific flight
conditions. The flight conditions are defined by altitude, ambient
temperature and Mach number. The second aspect of the simulation would

be the aerodynamic model. This model will at least consist of a drag
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polar, or drag coefficient (Cp) versus 1ift coefficient (CL) at
specific Mach numbers. Secondary variables such as Reynolds number
(Rn) and center of gravity (CG) position may also be described. The
aerodynamic model must also take into account variables such as
configuration changes (flaps and gear) and external stores loadings.
This model might also include a 1ift curve, or angle of attack (AOA)
versus the same parameters as the drag polar (Cp, CL, Mach number, Rn
and CG). The DPS can easily run specific flight test maneuvers at
flight test conditions, such as cruise legs, climbs, accelerations and
turns. In addition, some of these maneuvers may be combined to simu-
late an entire mission profile. The output from the DPS is in the form
of the specific performance parameters required in the flight manual,
such as range factor, rate of climb, acceleration potential or maximum
attainable load factor. These predicted results can then be used to
provide preliminary flight manual data, or directly compare to the
flight test results for prediction verification. Since the DPS for the
predicted data and flight test data are developed in the same manner,
the specifics of generating the predicted simulation will be described
when the actual flight test generated model is discussed.

As shown in Figure 1, another aspect of the preflight planning is
the actual mission planning. To do this efficiently some type of
Management Information System (MIS) must be used to lay out the
required test points and track their status throughout the program. As
specific points are completed, each mission can be planned to accom-

plish those points which remain. As previously stated, this is one




reason the predicted simulation, derived from the ground test data,
becomes important. As the specific points are put together to create a
mission, the performance characteristics of the aircraft must be under-
stood well enough to know in which order to accomplish the test points;
specifically, to take into account requirements such as in-flight
refueling and mission duration. With the conservative approach to mis-
sion planning which is typically used, a simulation which can predict
performance to #5 to +10 percent would certainly be sufficient. As
will be shown, the estimates which are developed from wind tunnel data
are usually at least this good.

Although the Realistic Operational Mission Simulation is presented
as a preflight item in Figure 1, at this point it is only as good as
the predictions, since the flight testing has not occurred. Based on
these predictions however, both the engineering personnel and flight
crews should have a very good estimate of aircraft performance. During
the Mission Planning stage, the predictions of expected aircraft per-
formance will then be thoroughly discussed as part of any preflight

briefing.

C. Flight Test

As presented 1in Figure 1, two parallel efforts are occurring
during the actual flight testing. First, the flight crew is performing
the specific set of maneuvers detailed in the approved flight cards.
Concurrently, the ground based, or in some cases airborne engineers,
are confirming that the maneuvers performed are of acceptable quality

to obtain the required data for the specific event. Data displays
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assist the engineers in assessing the quality of the test points, as
well as instrumentation status and safety of flight information.
Ensuring stable parameters exist during cruise points, or that the
engines are operating as expected during accelerations is essential for
accurate results when the data analysis ultimately occurs. Similarly,
the flight crew is relied upon to comment on factors affecting each
test point, such as aircraft operation or environmental effects such as
turbulence. Any event which could potentially effect the results of
the test point, must be identified by either the flight crew or the
control room team in order to avoid posttest data quality concerns.
During a thorough postflight debriefing, crew comments and
engineering observations are consolidated into an accurate Maneuver
Event Log so that a point-by-point event log can be constructed which
documents the day's testing. In the event log, technical areas of con-
cern as well as qualitative remarks about test point progression are
documented. Ideally, when the engineers analyze the data, any
inconsistencies between the predictions and the flight data can be
resolved on the spot. Conversely, any disagreement between "good"
flight test results and the predictions will cast doubt on one or the
~ other sets of data, and more thorough evaluations will be required to
resolve the differences. Obviously this situation is an example where

an integrated ground and flight test information exchange would pay

off.




D. First Generation Data Reduction

The basic data reduction process starts by obtaining time history
data of all of the required performance parameters. A sample 1list is
presented in Table 2. To obtain these data, the aircraft is equipped
with some type of Integrated Data System (IDS). The IDS provides on-
board recording of the measured parameters to an analog tape, while
also transmitting real-time telemetry of selected parameters for
ground-station monitoring. Upon completion of the flight, the analog
tape is converted to digital format using the Standard Analog-to-
Digital System (SANDS) processing. The SANDS processing generates out-
put tapes of the Engineering Units (EU) data which are available for
the second generation data processing. It also provides a tabular
listing of the raw EU data. As presented earlier, a major portion of
this step is ensuring data quality by confirming that all of the
required instrumentation are accurately calibrated, and that all of the
calibrations are correctly applied.

Another aspect of the first generation data reduction phase of the
evaluation is to obtain the data required for the takeoff and landing
investigation. As presented in Figure 1, a portion of these data are
acquired by the Askania phototheodolite cameras located on the Edwards
AFB runway. These cameras photograph the aircraft from various angles.
A triangulation technique is then used to accurately calculate char-
acteristics such as velocity, acceleration and ground roll distance
from brake release. These externally measured parameters are event-

ually integrated with the onboard aircraft measurements of fuel
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flow, Power Lever Angle (PLA), elevator position etc., for the complete
evaluation [32].

The final item listed as a requirement for the 1lst Generation Data
Reduction in Figure 1, is the data for the Handling Qualities During
Tracking (HQDT) investigation. Since this is a requirement for a Fly-

ing qualities evaluation, this topic will be discussed in Chapter III.

E. Second Generation Data Reduction

As presented in Figure 1, The Uniform Flight Test Analysis System
(UFTAS) plays an integral role in the data reduction cycle. The UFTAS
consists of general purpose software and standard data structures for
processing time history data [8]. The standard UFTAS time history data
file format is common to the input and output of the various sub-
routines to allow for standardized handling. Standard software pack-
ages exist for time history data reading, smoothing or wild point
editing, differentiating and graphical presentation. Project specific
packages are developed as required to satisfy the unique requirements
of each specific test program. These packages also have the standard
time history data format for effective integration into subsequent
routines.

In the performance evaluation for a fighter aircraft, the project
specific UFTAS will usually contain subroutines to calculate the fol-
lowing:

Pitot-Static Corrections
Test Gross Weight and Center of Gravity (CG)
In-Flight Thrust
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Acceleration and Turning Performance
Climb Performance

Cruise Performance

Pitot-Static Corrections

Portions of the first few flights during any DT&E test program are
generally devoted to obtaining airspeed calibration data. These data
permit making the required pitot-static position error corrections to
the airspeed/altitude measuring system of the aircraft. The position
error or airspeed system installation error of any test airplane must
be determined by flight test for each test aircraft [3]. The static
pressure measurement is the primary source of error in this system,
since static pressure varies along the fuselage and may not equal free-
stream static conditions. As a result, all calculations for airspeed
and altitude must be corrected for this instrumentation. Reference [3]
explains that four possible sources of the calibration data are
currently being used at the AFFTC; Ground Speed Course Method, Tower
Fly-by Method, Stabilized Pace Method and Radar Acceleration Method.
Other methods used to obtain the correct freestream static pressure are
the Trailing Bomb and Trailing Cone. Whichever method is employed, the
desired outputs are position error corrections for velocity (Vpc), Mach
number (Mpc), and altitude (Hpc). These corrections are applied to the
indicated values for velocity, Mach number and altitude and the
resulting calibrated values are calculated. Standard atmosphere cor-
rections for compressibility and temperature effects are then applied

resulting in the equivalent and true values for these parameters. Once
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the aircraft specific instrument and position error corrections are

identified and input to UFTAS, these same corrections can be applied
throughout the fiight test program. The procedure for calculating
gross weight and CG is similar as far as identifying the baseline
parameters at the beginning of the test program and using UFTAS to make
these calculations for the remainder of the data reduction.

Test Gross Weight and Center of Gravity

Aircraft empty weight and CG are measured at the AFFTC Weight and
Balance Facility at the outset of the flight program. The aircraft is
incrementally fueled to calibrate its onboard fuel measuring systems,
and new CGs are calculated. In-flight test gross weights are then
determined by adding these instrumented fuel quantity readings from
each tank to the empty aircraft weight. Empty aircraft moments of
inertia are typica]]y’supp1ied by the contractors and are calculated
for the in-flight case also using the Gross Weight and CG subroutine in
UFTAS.

In-Flight Thrust

Since in-flight thrust cannot actually be measured, it must be
calculated based on the measured flight conditions and the best
estimate of the operating characteristics of the engine at that flight
condition [35]. As a result, the In-flight Thrust Calculation Deck
(IFTD) supplied by the engine manufacturer plays an integral role. The
IFTD typically requires inputs for the measured test parameters of
flight condition (velocity, altitude and temperature), engine pres-

sures, temperatures, fuel flows, rotor speeds and nozzle areas. With
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these inputs the IFTD can predict gross thrust and ram drag for a
specific engine. Inputs from the airframe manufacturer for aircraft
specific drag contributors such as the inlet and nozzle are then com-
bined with the ram drag term for total drag. Net thrust along the
flight path is then given by the equation:

FN = Fgxcosa - (FR+Dp)
where:
FR = Ram Drag
Dp = Sum of Inlet, Nozzle and Environmental Control Sys-

tem (ECS) Drags

This approach relies on the engine and airframe contractor's
satisfactory model of the engine and airframe contributions to thrust.
As described by Kimzey, Wehofer and Covert in their article “Gas
Turbine Engine Performance Determination," this assumption should not
be made 1ightly [35]. As previously discussed, the calculation for F\
is vitally important since it is a critical input into virtually every
performance calculation throughout the performance evaluation. As a
result, one of the first tests in the flight test program, is the
static thrust calibration performed with the engine installed in the
aircraft and fixed to thrust cells. The contractor thrust decks can
then be verified for the Mach number equal to zero point, and a measure
of confidence can be gained. For an extended flight program, this
procedure is repeated periodically to evaluate any degradation in

engine performance from extended use.
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Acceleration and Turning Performance

As previously explained, the specific excess power of the aircraft
determines both the climb and acceleration potential ([32]. As a
result, for high performance aircraft, evaluating level acceleration
and climb characteristics go hand-in-hand. For Tlower performance
aircraft a technique called the Sawtooth Climb is employed to determine
the optimum climb speed. The name is derived from the barograph trace
resulting for a series of climbs through the same altitude. This
method is essentially a trial by error method where a series of climbs
at slightly different speeds are conducted through the altitude of
interest. The predicted optimum climb speed is bracketed and iden-
tified. This method is very inefficient for high performance aircraft
since many climbs must be performed at slightly different speeds, and
climbs at reciprocal headings are required to negate wind effects. The
other method of obtaining optimum climb information is the level flight
acceleration method. This method serves two purposes. First, it makes
available acceleration time and fuel consumption data in level flight
at a specific power setting and altitude. Secondly, and more import-
antly it defines the Specific Excess Power (Pg) characteristics of the
aircraft at any velocity throughout the acceleration at the given power
setting and altitude. The characteristic plot of Pg vs velocity for
various altitudes will then lead to defining the optimum climb schedule
for a given power setting [32]. Level accelerations from near min to

max-airspeed, performed at various altitudes, power settings (i.e., MIL




and MAX) and store loadings will adequately define the Pg characteris-
tics as functions of these variables.
In review, the acceleration method relies on the following

relationship for Specific Excess Power;

Ps = dH/dt + VdV/dt = V(FN - D)/W

Since net thrust (FN), drag (D) and weight (W) can all be predicted
from ground test data and the manufacturers information, this rela-
tionship can be used to predict climb and acceleration performance as a
function of velocity, prior to any flight testing. This type of analy-
sis 1is critical to paper studies of aircraft performance during the
design phase of the modern weapon system.

During the turning performance phase of testing, the thrust lim-
itation effects on turning is the primary area of investigation [32].
In stabilized level flight, thrust and drag considerations will be the
Timiting factors through a large portion of the flight envelope, and
for combat flying these parameters also 1imit turning ability while
attempting to maintain constant altitude. The turning performance
tests will serve to define the thrust limited turning characteristics
at specific power settings as well as Ps characteristics as a function
of altitude, Mach number and normal load factor. In addition, these

tests will provide the following data for use in the DPS model [13]:

a) FN/Wf characteristics

b) Cp as a function of CL and Mach number at relatively high CL

values




In @ stabilized level turn, airspeed and altitude remain constant

and therefore a review of the Pg equation shows that Ps must be equal
to 0 [3]. Since weight can be assumed to be constant over the short
period of the turn, the quantity (FN - D) must be zero in the turn.
Also, since high performance turns are performed at elevated power
settings (i.e., MIL or MAX power), getting Drag to equal FN is driven
by the increase in induced drag caused by turning at elevated angles of
attack. In essence then, any factors which effect Drag or FN will
effect turning performance. For the purpose of this discussion, this
means that the DPS model for turning performance will also be a strong
function of external store loadings which effect the total aircraft
drag. Since the DPS essentially relies on a variation of the basic
drag model for each aircraft configuration, it effectively accounts for
the addition of aircraft stores.

Climb Performance

Climb performance flight testing usually consists of a series of
check climbs to verify the model generated from the cruise and accele-
ration tests. As previously discussed, this method is used since
actually defining the optimum climb schedules by performing climbs is
very inefficient. Since climb performance characteristics are a
requirement of the Flight Manual, having a valid model verified by

actual climbs is a prudent approach.
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Cruise Performance

A major portion of any performance flight test program is commonly
dedicated to obtaining cruise performance data. These data are used to
define Specific Range or Range Factor characteristics as required by
the USAF Flight Manuals. Obviously defining range at specific flight
conditions and loading configurations is essential to predicting mis-
sion capabilities and objectives. This is why this phase of testing
has serious implications to contractors and mission planners as they
attempt to optimize the final design. The constant W/§ method of test-
ing is the most common technique used to determine the standard day
level flight performance of turbojet aircraft [32]. The following
parameters are required to make the cruise performance evaluation, and
logically become the primary parameters associated with the DPS for the

cruise situation:

1. Fuel flow characteristics for store loadings, speeds and
altitude conditions.

2. Drag characteristics for all store loadings, speeds and alti-
tude conditions.

3. Specific Range (SR) or Range Factor (RF) characteristics for

all aircraft configurations and flight conditions.

The AFFTC performance modeling procedure (using DPS) uses the prev-
fously defined equations for Range Factor (RF) to take into account the

CL, Cp, W/8, Wr and FN contributions to cruise performance. Once these




parameters are effectively modeled, the required flight manual char-
acteristics can be provided throughout the operational envelope.

As presented in Figure 1, after the test day performance
characteristics are calculated in UFTAS, these data may be required to
be standardized to provide representative values at standard con-
ditions. Standardized atmospheric conditions are used for altitude,
air temperature and pressure, while average conditions are frequently
used for the aircraft properties (i.e.: aircraft weight and CG corres-
ponding to 50% fuel loading). The following equations provide the test

to standard relationship which is used extensively [32]:

Xs = Xt + (X's - X't)
where; X = Any parameter being operated on (i.e.: Wf, Fn, RF
etc.)
s = Value at standard conditions
t = Value measured at test day conditions

' = Value obtained by modeling method (i.e.: Thrust

deck or DPS) rather than measured

This equation relies on the assumption that the model may not be an
exact simulation, only that the relative difference between the test
and standard values for the parameter are representative. This stand-
ardization procedure is used to provide the basis for the Flight
Manual, since all values presented there are at standard conditions.

The final aspect of the Second Generation Data Reduction, as pre-

sented in Figure 1, is the consolidation of the Takeoff and Landing
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data base. Range data from the Askania towers and corrected onboard
data from UFTAS, are consolidated to provide a comprehensive record.
Together, these data sources provide the required information to build
the Takeoff and Landing model [1]. For the takeoff and landing situ-
ation, a major problem with developing an accurate model is that pilot
technique is a significant factor contributing to data scatter [32].
The following factors will all significantly effect either the takeoff

or landing results:

1. Speed and sequence of brake and power application.
2. Control surface position throughout the maneuver.
3. Airspeed at rotation or during flare.

4, Pitch rate during rotation or flare.

5. Angle of attack during lift-off or flare.

6. Braking technique.

Since these variables may have significant impacts on the results from
point to point, large data scatter and low repeatability are common.
Indepth preflight briefings on standardized techniques, as well as a
large number of data points are common practice to accurately model
these terminal flight phases. Once pilot technique is minimized as
much as possible, through briefings on standardized techniques and
practice, the data can be gathered with better confidence. Data on
gross weight, ground roll distances, accelerations, velocities, temp-
eratures, winds, power setting, and engine characteristics are typical

information required for the model. The merging of the range and
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onboard data is essential to provide the total picture for the specific

test point.

F. First Generation Data Analysis

Early in the preparation phase of any test program, a decision is
made as to how indepth the data analysis is to be done. Depending on
the specific requirements of the program, a cursory verification of the
performance predictions may be performed, or a detailed evaluation and
characterization of the system may be required. The conventional
analysis methods represented in Figure 1, rely on basic performance
relationships and extensive plotting and crossplotting of the results
to obtain the desired outputs for RF, SR optimum cruise Mach number,
etc. The detailed method of this type of analysis as taught at the USAF
Test Pilot School, Edwards Air Force Base, California is presented in
Reference [32]. Becasue of the labor intensive nature of this tech-
nique, the results are typically so specific that they are of limited
use in developing the complete flight manual. These results are most
applicable to cursory checks of predictions, as well as Mil Spec com-
pliance analysis for very specific cases at specific flight conditions
(i.e.: max cruise range, max attainable velocity or min takeoff dis-
tances).

The technical merits of these classical techniques are obviously
sound, and provide the basis for understanding the theory and applic-
ability of any performance analysis. However, the generation of a per-
formance model results in the definition of baseline aircraft and

engine performance characteristics, allowing flexible application of
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the technique to a variety of situations [27]. Direct use of the model
for simulations of various flight maneuvers and conditions as well as
correlation of wind tunnel results can all be simple operations once an
accurate model exists. As a result, the standard method of performance
analysis at the AFFTC relies on creating a performance model of the
system [16]. The specific tool which is used for this purpose was
developed by Wayne M. Olson, and has evolved into the Digital Perfor-
mance Simulation (DPS) [15]. The basic premise is that any aircraft
performance capability (i.e., RF, max range etc.) can be determined by
reliance upon demonstrated performance characteristics. The DPS relies
on the characterization of aircraft 1ift, drag, thrust and fuel flow
obtained during various aircraft maneuvers or predictions to provide
the data base which is modeled. The standard procedure is to utilize a
nonlinear regression procedure as a mathematical tool to model the
1ift, drag and fuel flow characteristics [16]. As presented in Figure
1, the first step in developing the DPS is the modeling of the 1ift,
drag and fuel flow with the nonlinear regression.

References [14] and [16] contain descriptions of the DPS and pro-
vide the basic objectives and theory behind the procedure. Critical to
the model development is the use of a nonlinear regression analysis to
provide three subroutines which characterize the aircraft performance.
The first user developed subroutine is the drag and angle of attack
(ADA) routine which provides Cp and AOA from primarily CL, M, Ta and 8.
Other inputs such as gear and flap settings or store loading may

require separate models and are provided as required. The second sub-
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outine is a thrust and fuel flow characterization which provides Fe, FE
and Wf from power setting, AOA, M, 8, and 8. For the cruise condition,
FN is also an input since FN = Drag. The final user requirement is a
subroutine for maximum C_, which provides Clmax and NZmax from an input
of Mach number. Relying on only these three subroutines to character-
ize the performance of the system is consistent with Olson's philosophy
to keep the model as simple as possible [16]. It should be remembered
however, that secondary parameters such as EPR and compressor speeds
are important to the propulsion aspects of the system, and are included
in the model provided by the engine contractor in the IFTD, which is an
integral part of UFTAS.

Once the three aircraft specific subroutines have been developed
(i.e.: the parameters of primary importance have been modeled), the DPS
can be consolidated and implemented. References [15] and [7] provide
the detailed descriptions regarding the incorporation of the user
supplied subroutines, the specific capabilities of the model and
actually running the program. As presented in Figure 1, the DPS has
basically two modes, the Mission Simulation mode and the Maneuver (Non-
mission) Simulation. In the Mission mode, the DPS will compute time,
distance and fuel used to perform any combination of eleven specific
maneuvers. This tool is obviously handy for either mission planning or
predicting duration and fuel usage requirements for simulated missions.
As previously discussed, since the DPS relies on parameters available

from either the ground or flight test data, it can be generated prior




to flight. This fact provides significant capability to the acquisi-
tion community.

In the Maneuver Simulation mode, ten of the same Mission maneuvers
and one additional can be run independently. This method provides data
appropriate for fairings through flight or ground test data bases as
opposed to the time-distance-fuel information provided by the Mission
simulation. An example is a constant altitude cruise maneuver both in
the Mission and Non-mission modes. The Non-mission option provides RF
vs Mach number data at a specified constant weight, while the Mission
option keeps Mach number constant and calculates distance, time and
fuel used throughout the maneuver until a specified end weight is
achieved [15].

The twelve maneuvers which are possible are as follows: Four
types of wing level c]imbs, three types of cruise maneuvers, two types
of turns, an acceleration, a terrain following sequence and a Ps
contour maneuver [14,15]. The four types of climbs are: 1) a constant
calibrated airspeed/Mach number climb, 2) a constant equivalent air-
speed/Mach number climb, 3) a constant normal load factor climb (pull-
up) and 4) a constant pitch attitude climb. The three types of cruise
legs are: 1) a constant altitude cruise, 2) a constant weight-pressure
ratio (W/8) cruise which not possible in the Non-mission mode, and 3) a
maximum speed cruise where Fex = 0. The turns are a constant specific
excess power (Ps) turn and a 1ift 1limited turn. Both turns are at
constant altitude. The acceleration assumes constant altitude and

constant normal load factor. Descents and decelerations are performed
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by specifying negative increments to altitude or Mach number during a
climb or acceleration. As a result, these maneuvers are not considered
unique. The terrain-following option is constant Mach number maneuver
assuming an x,y,z terrain history is available, as well as min and max
allowable values for normal load factor and power setting. The twelfth
maneuver 1is strictly a data plotting tool (Non-mission) to provide
contours of constant Pg as a function of Mach number and altitude.

A similar philosophy as applied to the in-flight performance
analysis, is applied to the takeoff and landing (T/0&L) data. As pre-
sented in Section A of this chapter, the governing equations for the
takeoff situation are relatively tedious, especially when the approp-
riate corrections are applied to obtain the sea-level standard con-
ditions required of the flight manual [32]. As a result, a T/0&L per-
formance model is desirable which provides the same flexibility as the
DPS for the in-flight analysis. The model which is used at the AFFTC
for this T/0&L analysis has been developed from computer programs
designed by NASA Ames Research Center [1]. These programs have been
converted to operate on the AFFTC computer system, and Reference [17]
provides the supplemental information for its use.

As discussed, this program has a similar role for T/0&L as the DPS
has for in-flight performance. Ideally, this model is also developed
from predicted data, then updated from flight test data to more
accurately reflect the actual T/0&L performance characteristics. Both
programs require user supplied thrust and drag subroutines, and can be

used to simulate test day or standard day maneuvers. In the T/0&L
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case, the thrust and drag subroutines are commonly derived from the in-

flight data, with corrections for ground effect, and the resulting
model is used to simulate the actual flight test results. If the
simulation for these cases 1is accurate, the model can be used to
estimate the standard day performance. Since the aircraft is treated
as a point mass confined to motion in the vertical plane, the program
is applicable to conventional, vectored 1ift and powered-1ift concept
aircraft [1].

The AMES documentation defines three standard, non-user supplied
subroutines as TAKEOFF, LANDING and ZERO [1]. These provide the
appropriate terminal flight phase equations, as well as the required
values of thrust and AOA for zero acceleration during the approach to
landing phase. As described earlier, the two user supplied subroutines
are similar to the thrust and drag subroutines required by DPS. 1In the
T/0&L model they are designated ARODYN and ENGINE [1].  Subroutine
ARODYN computes the total force coefficients along, and normal to the
flight path as functions of AOA, dynamic pressure, thrust, thrust
vector angle, aircraft configuration and atmospheric condition. Sub-
routine ENGINE provides the appropriate propulsion data as a function
of altitude, temperature, Mach number, power setting and fuel flow.

For calculation purposes, the takeoff maneuver is divided into
four basic segments: ground roll and rotation, lift-off and initial
segment climb, acceleration to final climb speed at a constant rate of
climb, and finally, the pullup maneuver to establish the final climb

speed [1]. Provisions in the program are made for the following:
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rotation limited by a specified tail scrape angle, gear retraction,
flap retraction, changing of vectored thrust angle and changes in power
setting. Specific details of each of the four segments and options
available for each are detailed in Reference [1]. It is important to
note however, that the final climb segment is a logical starting point
for the DPS to be used to initiate a complete mission simulation.

The landing maneuver is divided into three distinct phases: the
approach, the flare to touchdown, and the rollout [1]. The approach is
made at the thrust and AOA required for zero acceleration along and
normal to the flight path. These values of thrust and AOA for steady
state approach may either be input by the user or calculated in
subroutine ZERO. The flare is executed by increasing AOA at a speci-
fied rate to either a specified 1imit, or tail scrape angle whichever
is less. After touchdown, the rollout is then executed, with provis-
ions for any pilot reaction delay time in brake application, spoiler
deployment or thrust reversal. The landing run terminates when the
aircraft comes to rest.

Once this T/0&L model has been developed from either the predicted
or flight test data bases, it can provide the required takeoff
acceleration rate and distance versus speed and weight data required of
the flight manual. In addition, significant flexibility is available
with relatively 1little effort. The following two examples provide
actual circumstances where the flexibility of this type of model
demonstrated its potential. First, using purely predicted data, a

program office was able to evaluate the T/0&L performance increments
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available from re-engining an operational aircraft. Once the new engine
characteristics were predicted and input to the program, various
conditions of aircraft weight and atmospheric condition were evaluated
using the proposed engine-aircraft combination. As a result of the
significant improvement in takeoff performance, the USAF approved this
re-engine program for this model of aircraft. The second example
involves a safety of flight application where a variable sweep aircraft
was required to land with its wings fully swept aft. During a routine
training flight, a mechanical malfunction froze the wings of an air-
craft in the high speed, fully swept configuration. The aircraft
requested diversion to Edwards AFB for an emergency lakebed landing.
Since a T/0&L model had been developed for the standard landing config-
uration (i.e., wings swept forward), and the DPS model had aerodynamic
definitions for all in-flight cases, engineers elected to merge the
data bases to evaluate the emergency situation. Prior to the arrival
of the aircraft at Edwards, the model predicted that even with the
wings swept, it could safely land on the concrete runway. As a result,
a landing on the runway was attempted and safely executed. Both of
these examples demonstrate the flexibility in application of an
existing model. In both of these cases the flight manuals were of.
little value since these situations were so extremely nonstandard.
These cases demonstrate that the development of system models, first

based on predictions then updated by actual flight test data, should be

the standard analysis procedure for any evaluation.




G. Second Generation Data Analysis

Based on the results of the integration of the ground and flight
test data, it is now appropriate to recommend any required flight
manual revisions and verify Mil Spec compliance. As stated earlier,
depending on whether or not a model was developed, this process can be
either a limited point by point comparison against Mil Specs, or a
thorough, comprehensive redefinition of the initially predicted char-
acteristics. Basically, if the modeling philosophy was carried bn
throughout the evaluation, it is now possible to update the simulations
rather than simply identifying errors in specific regions. The updated
simulation should now be capable of providing the most realistic
simulation for any operational application. Figure 1 also demonstrates
an important iterative testing capability, assuming close coordination
is maintained between the ground and.flight test communities. If an
accurate model of the system exists, engineers can evaluate whether or
not the system performs in an environment of changing expectations or
requirements. Assuming some specific deficiency exists (i.e.: as in
the previous case of less than desired takeoff performance), then the
ground test team can evaluate an alternate subsystem, and incorporate
these characteristics into the system model. If .the new system model
demonstrates the desired capability, then a limited flight test program
may be undertaken to verify the predictions. Another case may be the
situation whereby the basic system simply cannot perform up to expec-
tations or changing requirements. After all variations to the baseline

model have been exhausted, a new concept may have to be explored and
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the iterative ground and flight testing process would have to start
again. In summary, the combination of the team approach to the ground
and flight test evaluations, along with reliance on a constantly
updated simulation, can provide program managers and engineers with the
most accurate information with regard to system performance and
capability. This team approach with the reliance upon system modeling
should be the standard operating philosophy whenever a major weapon

system is being developed.
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CHAPTER 111

FLYING QUALITIES REQUIREMENTS AND ANALYSIS METHODS

A. General

The Mil Spec for the flying qualities of piloted airplanes, is
intended to assure flying qualities that provide adequate operational
mission performance and flight safety. At this point it is appropriate
to define the various aspects of the term "flying qualities". The
flying qualities of the aircraft consist of the aircraft stability and
control characteristics, as well as the aircraft handling qualities
[30]. The stability and control characteristics may be defined as the
quantitative measurements which describe the flying qualities of the
aircraft. The handling qualities are described by the pilot's quali-
tative assessment of his ability to perform specific tasks in the air-
craft. Both the stability and control properties and handling quali-
ties must be combined to fully define the flying qualities of the
aircraft. The existence of the Mil Spec which defines levels of
acceptable flying qualities in terms of both quantitative and quali-
tative measures, is evidence of this combined approach. The specifi-
cation requires the evaluation versus specific standards, as well as
qualitative descriptions of the demonstrated flying qualities for all
aspects of the mission. The following is a partial list of the areas

requiring evaluation:

1. Longitudinal Flying Qualities

a. Stability with respect to speed
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b. Maneuvering stability characteristics
c. longitudinal control
2. Lateral-Directional Flying Qualities
a. Mode characteristics (i.e.. Dutch Roll, Spiral, etc.)
b. Dynamic response characteristics
Cc. Roll control effectiveness
3. Miscellaneous Flying Qualities
a. Flight at high ACA (i.e., Buffet, Stall, etc.)

b. Effects of releasing stores

Although this is not an all-inclusive list, an introduction to the
evaluation of the stability and control (S&C) characteristics in each
of these areas will provide insight into the applicability of a coordi-
nated ground and flight test effort. References [30] and [33], the
AFFTC reference document for flying qualities and the USAF Test Pilot
School text, both provide the indepth theory and step by step tech-
niques for evaluating these qualitative characteristics [30,33]. What
they do not emphasize is the importance of evaluating the combined
qualitative and quantitative performance of the system. A simulation
of the system serves as an ideal tool with which to perform this type
of evaluation. The Mil Spec recognizes this for certain cases by
requiring a piloted simulation before the first flight of a new air-
plane design to demonstrate the suitability of the handling qualities.
In addition, when a simulation is the ultimate method of demonstrating
compliance for a requirement, the simulation model shall be validated

with flight test data. In summary then, not only is it
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desirable, it is required for certain cases that the philosophy
discussed in Chapter II of this report be followed. That is, the
development of a predicted model of the system be generated from ground
test data, and eventually validated or updated with flight test data to
provide the most accurate representation possible. It is important to
realize that those cases which do not fall under these specified cases,
can also benefit from this emphasis on an accurate, continuously up-
dated simulation. A review of the basic aerodynamic principles and the
tools used for their application, will demonstrate the advantage that a
closely coordinated flight and ground test program can have on the
evaluation of the flying qualities of the aircraft.

In the performance analysis section of this report, parameters
such as 1ift, drag, thrust and fuel flow were shown to provide essential
information about the aircraft. When these parameters'were manipulated
with certain other basic data, they could define the aircraft per-
formance throughout the envelope. The definition of these basic param-
eters was convenient since they were attainable both during the ground
test and flight test phases, and direct comparisons and integration
into the simulation were possible. With the advent of highly automated
data acquisition systems, and large capacity, high speed digital. com-
puters to solve complicated algorithms, it was possible in the mid-
1960's to define these same type of parameters for the S&C application
[30]. The resulting stability coefficients and derivatives serve the
same function for the S&C analysis as the 1ift and drag data do for the

performance analysis. The following discussion describes how these
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parameters serve to define the S&C characteristics of the aircraft and

how they are used to evaluate the specification requirements.

As presented in Reference [30], the total aircraft motion can be
thought of as two independent motions, resulting in stability coeffi-
cients and derivatives defined as either longitudinal or lateral-direc-
tional. These derivatives and related parameters which serve to define

the basic coefficients are as follows:

Longitudinal;

Cp = Cpo + Cpy * u+Cp * a+ Cp; * G+ Cpy * g+ Cpge * Be
CL=Clg+CLy*u+ C|_Q * a+»CL& * Q + CLq * q + CLse * Be
Cm=Cmo+Cmu*U+Cmc'l*+cm(',*f1+cmq*Q*Cmse*ae

Lateral-Directional;
C_y=c_yB*B*’CyB*B‘FCyp*p+Cyr*T+CySa*aa+Cy5r*6T‘
Ch=Cip*P+Ciprp+Cip*p+Cip *r +Ciga *x 8a + Cigr * Or

Ch=Chg * B+ Cnp * p+ Cnp *p + Cnr * r + Cpnga * 8a + Cpgr * Or

For each type of motion, these derivatives may be divided into "sta-
bility" derivatives which describe the natural tendency to return to
trim when disturbed, force derivatives, control surface derivatives,

damping derivatives and lag or unsteady flow derivatives.

"Stability" Derivatives;
Longitudinal - Cmy, Cma

Lateral-Directional - C1gs Cnp
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Force Derivatives;

Longitudinal - Cpy, Cpas CLu» CLa

Lateral-Directional - Cyp
Control Surface Derivatives;

Longitudinal - Cpse, CLse, Cmse

Lateral-Directional - Cysa, Cysr, Clsas Cisrs Cnsas Cnor
Damping Derivatives;

Longitudinal - Cpg, CLq, Cmq

Lateral-Directional - Cyp, Cyr, C1p, Cir, Cnp, Cnr
Unsteady Flow Derivatives;

Longitudinal - Cpas CLas Cma

Lateral-Directional - Cyp, Cigs Cnp

The unsteady flow derivatives, which are functions of a and f, cannot
be distinguished from pitch rate or yaw rate (q and r) in either the
wind tunnel or in flight. Therefore, the damping derivatives which are
functions of q and r also contain the lag effects for a and f, respec-
tively [30]. In addition, any cross-sectional derivative effects are
neglected to simplify the two motion analysis approach.

Assuming the total aircraft motion occurs as either a longitudinal
or lateral-directional motion, the overall S&C problem is reduced to
specific parameters in specific equations. As in the case of the per-
formance study, it is now possible to define the S&C characteristics
throughout the envelope using these defined parameters. Since however,

these derivatives are defined by linear relationships of one parameter
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to another, non-linear characteristics (i.e., departures from con-
trolled flight) will not be reflected by simply extrapolation of these
derivatives. This is consistent with the performance philosophy of
being extremely careful when attempting to predict the true character-
istics by extrapoiating beyond the data base.

It is now appropriate to discuss how these derivatives can be used
to evaluate the following areas of interest defined by the specifica-

tions:

Longitudinal Flying Qualities
Lateral-Directional Flying Qualities

Miscellaneous Flying Qualities

Longitudinal Flying Qualities

The initial requirement of 1longitudinal flying qualities accept-
ability is the need for stability with respect to speed. According to
the Mil Spec, this requires that the pitch controller deflection and
force increment required to maintain straight and level flight at a
different speed, are in the same direction as required to initiate the
speed change; that is airplane-nose-down control to fly at a faster
speed, airplane-nose-up control to fly at a slower speed. Other than
plotting stick force versus velocity, and identifying smooth gradients
on such plots, further quantification of these characteristics is not
required. The Tlongitudinal control requirements are developed in
essentially the same way. For 1lg (load factor or n equal to 1) and

maneuvering flight (load factor or n not equal to 1), speeds and load
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factors between Vg to Vmax and nmin to nmax respectively, must be
attainable with the available pitch control. By simply plotting the
exhibited values of Fg/n (Stick force/g) versus n/a the specification
can be verified. Obviously this approach applies equally well to
either the manned simulator or the flight test vehicle.

Although not specifically required by the Mil Spec, an under-
standing of the neutral point, static margin and maneuver point are all
helpful in characterizing the flying qualities of the aircraft. These
characteristics provide information about the 1longitudinal static and
maneuvering response to disturbances. The neutral point (hp) is
defined as the CG location where the aircraft displays neutral static
stability, or Cma/CLa = O [30]. Then hn = Xcg - Cma/CLa, where Xeg =

CG/c. The static margin (S.M.) is then defined as;
SM. = - Cma/C[_a = hn - Xcg.

If S.M. > 0 then the aircraft exhibits positive stability, whereas if
S.M. < 0 then negative stability exists. The maneuver point (hp) is
defined as the CG location where dFs/dn = d8e/dn = Cmg = 0. Reference
[30] describes the theoretical development of this characteristic, and
that the CG location may be different in low g turns vs low g pull ups
because of the aircraft orientation. As a result,

C_ *p*S*c*q

h =h - X
npull " 4*W
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C tptstctq .
_ myq 2
hnmm =h - W (1 + 1/n )

Whether the pullup or turn equation is applied, the important point is
that the definition of specific stability derivatives in the wind
tunnel or from flight, should play a crucial role in evaluating the
longitudinal static stability of the aircraft.

Another major area of investigation for the longitudinal case, is
the evaluation of the longitudinal maneuvering characteristics. This
evaluation provides an assessment of the short period response and con-
trol feel characteristics during maneuvers. The method for evaluating
the response characteristics involves defining the short-period un-
damped natural frequency, wnsp, and short-period damping ratio, Csp.
The wnsp properties are demonstrated by plotting wnsp versus the ratio
of n/a, and ensuring they fall within specified limits. The damping
ratio (Csp) s also required to fall between certain minimum and maxi-
mum allowable Tevels, depending on the specific flight phase (i.e.,
air-to-air combat, cruise, takeoff, etc.).

References [11], [19], and {30] present the theoretical deriva-
tions and at least five different methods of calculating the response
characteristics from the demonstrated response to standard control
inputs on the aircraft or simulator. Since it is important to recog-
nize a method consistent with both the ground and flight test derived

data, the following equations apply [19,30]:

Wnsp = [-(q*S*c/Iyy)*Cma]l/Z
n/a = (CLqa*q*S)/W




and,

24~
—g's 600, €+ Cp)!

b = 2*w U [2*] = m ]
nsp o ¥y
or
M +Z/U)
- 49 ¢ o
B 2*w
nsp
where,
q*S*02+Cn1q
¢~ o+ U
¥y 0
7 = q*S*q*CNu
a W'

In summary, a relatively detailed understanding of the longitud-
inal S&C characteristic§ is possible by simply defining in either
ground or flight test, the appropriate stability coefficients which act
as the primary drivers for the specific property being investigated
(i.e.. hn, S.M. or wnsp). The objective of this discussion has been
threefold: 1) to introduce stability coefficients as the basic
parameters describing longitudinal motion, 2) to provide the ground
work for describing how they are obtained and evaluated during the
flight test program, and 3) to demonstrate that assuming the most
accurate values of these parameters are achieved from the ground test

data, it is possible to compare these results with the flight test data

and generate an accurate model of the system.




Lateral-Directional Flying Qualities

Evaluation of the 1lateral-directional flying qualities is more
complicated than the longitudinal case, since a disturbance in either
the lateral or directional plane will result in a "cross-coupling"
effect which initiates motion in the other plane {30]. As a result, an
area of primary interest in the specification is the characterization
of how the different motions interact. The evaluation of Dutch Roll,
Pure Rol1l and Spiral Modes of the aircraft motion provides this
information.

Dutch Rol11 oscillations involve combined roll, yaw and sideslip
motion. The stability characteristics of these oscillations are
described by defining the frequency (wnd), damping ratio (£q), and bank
angle to sideslip angle ratio (¢/Bf). Obviously the frequency and
damping characteristics have a significant effect on the aircraft's
Dutch Roll response of the aircraft to small disturbances. Minimizing
this dynamic response to small disturbances is critical to improving
the ability of the aircraft to perform certain tasks, such as aiming
during bombing runs, gun or rocket firings and precise formation flying
such as in-flight refueling. Specifications identify specific criteria
for the frequency, damping ratio and ¢/f properties for the various
flight phases. As in the longitudinal case however, there are various
methods of deriving these properties for specification comparison. For
our purposes, using the stability coefficients available from the

ground and flight test evaluations offers the most compatibility with
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the integrated approach. The following approximating equations apply

[25,30]:

wn = [((q*$*b)/1z7)*Cnp]1/2

—p‘UU*S*bz'Cm_ —Cm |2tStb3ip 172
b = 4*] *w T8 1C
2z n zz nf
' ¢ Cip'l..
Bla ¢ *1 *a+1wi ¥
nf "xx nor

where tr is defined as the "roll mode time constant" whose equation is;

4*]
xx
 A—
"

v 2
C,,*0*U *S*

The Roll Mode represents the non-oscillatory response to the
pilot's Tlateral stick input which involves almost pure roll [30].
Identifying the characteristics of the roll mode is important in defin-
ing how maneuverable the aircraft is. The roll mode time constant (tyr)
is that time for which the aircraft has reached 63% of its maximum
steady state roll rate following a step input of lateral control. In
addition to the frequency, damping and ¢/f parameters, the roll mode
time constant must also meet certain specifications. The roll control
of the aircraft is directly related to tr since it is defined as the
amount of bank angle change possible in a given time [30}. This roll

performance must be demonstrated in-flight or by a manned simulator to

meet specified levels.




Miscellaneous Flying Qualities

In the evaluations of high AOA and flying qualities during the
release of stores, qualitative rather than gquantitative assessments are
performed. Phrases such as "adequate stall warning or buffet", "ade-
quate pitch control for recovery" and "no uncontrollable departures",
are all typically used during these evaluations. Because high AOQA
testing 1is inherently dangerous, it 1is important to maintain an
accurate simulator which can be used to introduce the pilot to the
expected characteristics.

In summary, similar to the performance analysis, once the basic
parameters which describe the S&C characteristics are defined, it is
possible to provide the necessary inputs to the flight manual or system
simulation. In the S&C case, it is evident that these basic parameters
are the stability derivatives which are used to develop a complete
analytical description of the system. Now it is possible to describe
how these derivatives are derived and applied throughout the flight

test program.

B. Preflight

As previously discussed and presented in Figure 1, an accurate
flying qualities simulation requires the integration of both predicted
as well as flight test data. Like the performance analysis therefore,
the flying qualities investigation should begin by generating a pre-

dicted model or simulation based on the ground test data. The pre-

dicted flying qualities simulation can take several forms. The two




primary tools available at the AFFTC are the real time simulator and
the Environmental Control Analysis System 5 (EASYS) computer simulation

program (20, 21]. The real time simulator, either man-in-the-loop or
programmed input, is developed from the stability equation relation-
ships. It has the capability for high speed, high volume time and
limited frequency domain analysis. This simulation may be used for the

following tasks [21}:

- Limit cycle studies (for new or modified control systems)
- High AOA studies

- Parametric studies

- Failure state studies

- Envelope expansion or critical maneuver identification

- Flight planning

- Pilot or engineer training and familiarization

- In-flight problem evaluation and solution verification

- Turbulence studies

- Standardization of flight test data

The EASY simulation is developed from detailed block diagrams of
the system and does require large amounts of computer time to run a
specific case. It is however, the primary tool for obtaining frequency'
domain information (i.e., transfer function relationships). In addi-

tion the following capabilities exist [21]:

- Time history information

- Direct model versus flight test response comparison




- Standardization of flight test data
- Characteristic equation pole and zero data for root locus a
analysis

The specific requirements for generating the simulators will be
discussed in a later section, however it is appropriate to identify the
real time simulator as the primary tool in the preflight stage of the
evaluation. This 1is because it satisfies most of the preflight
requirements, is relatively easy to develop, and is based on the pre-
dicted equations of motion and associated stability derivatives which
can be directly compared to the flight test results.

The development of a real time of simulator is critical for
certain types of flying qualities evaluations. High AOA studies or
testing aircraft with newly designed, highly automated flight control
systems (i.e., X-29 or AFTI F-16), are inherently dangerous and demand
such preflight studies. Because of the identified capabilities how-
ever, the development of such simulations should be the normal pro-
cedure for routine DT&E efforts rather than an afterthought. The capa-
bility to constantly update the fidelity of the simulation also needs
to be built into the process. This effort certainly requires close
coordination between the flight and ground test communities. For the
USAF application, this process would be improved if a means of exchang-
ing information directly between the USAF ground test and flight test
organizations at AEDC and the AFFTC were established. Although this

recommendation is restated from the performance section, it applies

equally well for the flying qualities analysis.




As presented in Figure 1, the remaining activities required for
the preflight test phase is the maintenance of some type of management
information system (MIS), and the mission planning functions. The MIS
functions are identical to those identified for the performance
investigations, that is to lay out all of the required test points for
the program, and track the status of these points throughout the
program.

Because of the pilot technique dependent nature of most flying
qualities maneuvers, as compared to performance maneuvers, the simu-
lator typically plays a vital role in the mission planning phase.
Maneuvers such as wind-up turns (WUTs), pitch and roll doublets, and
roll performance step inputs, are so pilot dependent that the ability
to practice these maneuvers in the simulator, has the potential to save
valuable time and material resources throughout the program. Although
these maneuvers are introduced at the USAF Test Pilot School, every
aircraft is unique and understanding the differences prior to flight
may be crucial. Familiarization of the pilot and engineers to the
expected handling characteristics of the specific aircraft, is also
critical in avoiding potentially dangerous flight conditions which
might otherwise be inadvertently encountered during the mission. The
degree to which the engineering team utilizes the simulator obviously
depends on the known aircraft characteristics and the expected flight
profile. In extreme cases, such as the Advanced Fighter Technology

Integration F-16 (AFTI F-16), with very unique flight control systems

and handling characteristics, virtually every test point for every




mission profile would be flown in the simulator prior to the actual
mission. The reliance on an accurate, high fidelity simulation for
these applications is obvious, as is the requirement for continual

ground and flight test data exchange throughout the program.

C. Flight Test

As in the performance study, parallel activities are occurring
during the actual flight testing. While the flight crew is performing
predetermined wmaneuvers, the engineering team 1is evaluating the
appropriate real-time data displays and approving the point-by-point
progression through the mission. As described, since the maneuvers
required for the data analysis in the flying qualities evaluation are
so pilot technique dependent, close coordination during this phase is
essential. The longitudinal and lateral-directional doublet maneuvers
required for accurate stability derivative extraction are so critical,
that the engineers must closely monitor the pilot's technique for con-
trol inputs during these tests [12]. In addition, smooth control stick
inputs during wind-up turns are required to accurately plot the Fs/g
data required of the Mil Specs. This sounds simple enough, but when
the pilot is required to smoothly increase load factor from 1g to 6 or
7gs, in clouds, turbulence or limited airspace, patience and coordina-
tion between the flight crew and ground team is essential. Any of the
of in-flight conditions which may effect data quality must be approp-
riately documented for evaluation during the post-test data analysis.

Compilation of a complete and accurate post-test Maneuver Event

Log is crucial to the overall assessment of the data quality and demon-
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strated flight characteristics. Inconsistencies between predicted and
flight test data bases may be resolved based upon in-flight problems or
environmental effects. Conversely, if the flight test data is
considered accurate, further coordination and refinement of the
predictions may be warranted. As in the performance case, this is
facilitated with an open line of communication between the ground test
and flight test organizations. In addition to identifying factors
which may contaminate the data (i.e., sluggish control inputs or exces-
sive turbulence), the Maneuver Event Log documents those characteris-
tics which are only evaluated based on the qualitative assessment of
the test team. Flight manual descriptions of characteristics demon-
strated during maneuvers such as approach to stall (i.e., buffet or
wing rock), or precise tracking tasks (i.e., refueling or formation
flying) are totally dependent on the test team's qualitative assessment

and thorough documentation of these characteristics.

D. First Generation Data Reduction

The required flying qualities time history data are obtained in
the same manner as the performance data. Although certain parameter
sets may be selected for different mission phases, the onboard Inte-
grated Data System (IDS) is maintained to support all required instru-
mentation. A sample list of flying qualities instrumentation param-
eters is presented in Table 3. The procedure for converting the raw
IDS data tape into EU through the SANDS processing is identical for

both the performance and flying qualities efforts. A significant




amount of effort is again required for instrumentation calibration and
correctly applying these calibrations to the measured parameters.

As presented in Figure 1, Handling Qualities During Tracking
(HQDT) data are one source of information used to evaluate the overall
handling qualities of the aircraft. The following definitions serve to

illustrate the handling qualities problem [23]:

Pilot - A set of nonlinear, nonstationary dynamics we don't
fully understand.

Stability and Control - The static and dynamic characteris-
tics of the airplane.

Handling Qualities - Closed-loop interaction between the
dynamic characteristics of the airplane and the
dynamic characteristics of the pilot.

Stability and Control Testing - Tests which measure the sta-
tic and dynamic characteristics of the airplane
(i.e.: pulses, doublets, time to bank).

Hand1ling Qualities Testing - Pilot-in-the-loop tests to meas-
ure how well the pilot dynamics interact with the
airpliane dynamics (i.e.: HQDT, refueling, formation

flying and landing).

The ultimate goal of the handling qualities design, test and analysis
is to optimize the performance of the integrated pilot and airplane

system. The testing techniques which typically demonstrate the most

representative results consist of aggressive, precision and sustained




maneuvers, known as "high gain" pilot tasks. These high gain tasks
include precision air-to-air or air-to-ground tracking, close formation
flying, aerial refueling and glide slope tracking during 1landing
approaches [23].

In an attempt to quantify the ability of the pilot to accomplish
these tasks, two techniques are employed: 1) HQDT plot program [4], and
2) the Cooper-Harper Handling Qualities Rating Scale [2]. The HQDT
plotted results are based on analysis of gun camera film of tracking
maneuvers flown against specified targets during specified maneuvers.
The gun camera film is computer scored and processed to display
statistical summaries of pipper (target indicator on heads up display)
pitch and azimuth motions relative to the target. In addition to the
plotted results for the HQDT maneuvers, the Cooper-Harper rating scale
is routinely applied to all high gain tasks. This scale presented in
Figure 5, is used during the postfliight debriefing to evaluate the
pilot's perception of his ability to accomplish the specific task (2].
It is important to note that with the advent of simulators with
advanced video displays, these high gain maneuvers can be simulated and
analyzed on the ground in the same manner as flight data, with the

inherent advantages of the ground based system.

E. Second Generation Data Reduction

As in the performance data reduction, the UFTAS processing is
integral to the flying qualities investigation. In the flying quali-
ties situation however, the standard UFTAS function of data smoothing

and wild point editing can potentially contaminate the data for certain
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studies. These include investigations involving the frequency response

analysis (FRA) of the dynamic characteristics of the aircraft and its
flight control system. Under certain circumstances, attempting to
determine the transfer function relationship between various parameters
may be complicated by the UFTAS smoothing routines. This smoothing may
mask certain high frequency flight control anomalies or augmentation
system interactions which cause adverse control problems. Such a sit-
uation may be resolved by running the FRA prior to UFTAS processing as
identified in Figure 1. Since this type of analysis is not typically
required, the detailed FRA capabilities discussion will be reserved for
the post-UFTAS discussion.

For the flying qualities case, the UFTAS processing is relatively
limited when compared to the performance processing. Included are rou-

tines to calculate the fo]]owing:

1) Position error corrections for the pitot static system,
2) Upwash corrections (wind tunnel derived),

3) Rate corrections,

4) Aircraft gross weight, cg, and moments of inertia, and

5) Wild point editing and data smoothing.

The UFTAS outputs are simply time histories of the corrected values for
the parameters in Table 3. The data tape formats of these outputs are
configured to be the standard input format for any of the post-UFTAS
routines which will be discussed. The UFTAS could be set up to auto-

matically standardize the data, or even run the Modified Maximum
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Likelihood Estimator (MMLE) or FRA programs, but since these applica-
tions are so maneuver and data quality dependent, further analysis is

typically done on a case by case basis.

F. First Generation Data Analysis

As presented in Figure 1, and described in the performance sec-
tion, the conventional analysis methods consisting of extensive plot-
ting and cross-plotting of data may be utilized for a basic under-
standing of the flying quality characteristics of the system. Refer-
ences [33] and [30] provide the essential theoretical background
material for the classical flying qualities testing and analysis
methods. They do not however, describe the advanced tools available
for a more complete characterization of the system, and how these tools
can be integrated in the analysis process. As presented in Figure 1, a
mathematical model capable of simulating the flying qualities char-
acteristics of the aircraft throughout its envelope is the ultimate
goal. A high fidelity model of this type allows the analysis team to
do the following [30]:

1) Develop and verify flying quality criteria.

2) Extrapolate flight characteristics dependably.

3) Optimize the aircraft's flying quality performance effi-
ciently.

4) Give engineering and operational simulators more accur-

acy and high fidelity.




5) Reduce flight time required to assess aircraft flight

characteristics.
6) Provide a data base for improving analytical and pre-

dicted estimates.

During the flight test program, the three primary tools used in the
development of, and in conjunction with the flying qualities real time
simulator, are the Environmental Control Analysis System (EASY5), the
Frequency Response Analysis (FRA), and the Modified Maximum Likelihood
Estimator (MMLE) computer programs [12,20,24].

The EASY5 program, as developed by the Boeing Company, is designed
to provide a simplified way to describe and analyze linear and non-
linear dynamic systems [20]. The program consists of a Model Genera-
tion Program and an Analysis Program. The detailed descriptions of the
programs can be found in Reference [20]. Basically, the modeling is
accomplished by describing the aircraft flight control system (FCS) in
terms of standard components which are subroutines that model specific
hardware items, such as rate gyros, or perform certain tasks such as
wind gust generation. The EASY5 Model Generation Program generates the
required subroutines which represent the model in program form. One
capability which 1is worth mentioning, is that since the model is
essentially modular, a new FCS component can be added easily to
evaluate its effect on the performance of the system. Once the final
configuration is defined, the model is analyzed by any of the linear,

nonlinear, steady state or dynamic evaluation techniques available in




the EASY5 Analysis Program. Some of the capabilities of the program

are as follows [20]:

- Algebraic sensitivity

- Eigenvalue and Eigenvalue sensitivity determination
- Frequency response (Bode, Nyquist and Nicholes plots)
- Linear model generation

- Nonlinear simulation (Time histories)

- Root Tocus plot generation

- Stability margin determination

- Data standardization

The disadvantages of this program are that it is relatively complex,
requires a large effort to develop, and requires a significant amount
of computer resources to execute when compared to the other available
analysis tools. As a result, the FRA, MMLE and real time simulator are
commonly used, prior to developing the EASYS simulation.

Since the FRA program relies on the SANDS or UFTAS time history
data files as inputs, this program represents a simple and fast method
of performing frequency domain analysis of the aircraft system [24].
The FRA directive file provides the instructions as to which specific
analysis is performed. These directive files can be user generated or
specified from the file library. The following directive files are

available in the program library:

- One input, ensemble averaged or unaveraged, Power

Spectral Density (PSD) function estimation.
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- One, two or three input/one output transfer function
analysis.
- Analysis of aircraft response to turbulence.

- Analysis of the aircraft vibration environment.

The specific outputs of these directive files vary slightly, but essen-

tially they consist of the following:

- The estimated PSD of the input and output signals.

- Transfer functions between input(s) and output param-
eters in terms of Bode amplitude and phase angle plots.

- The ordinary (or multiple and partial) coherence func-
tion between the input(s) and output signals.

- The 95% confidence 1limits are computed and plotted for

each function.

Reference [24] provides additional information on potential error
sources (i.e., data aliasing, time phasing and noise) and methods to
improve the input data quality (i.e., parameter selection, averaging
and data point optimization). Since FRA is primarily used to identify
transfer function relationships between parameters such as stick force
and tail position, or yaw rate and rudder position, FRA can be used in
conjunction with MMLE in determining the FCS and individual surface
effectiveness.

The MMLE is the primary method of developing or updating the sta-
bility, control and damping derivative information required for the

flying qualities simulation. This program is a maximum 1ikelihood
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estimator, which uses a modified Newton-Raphson algorithm for conver-
gence [12]. It assumes a 1linear, time invariant, three-degree-of-
freedom model, and that the cases are either longitudinal or 1lateral-
directional. The MMLE derivative extraction is the result of the pro-
grams analysis of time history data from specific pilot maneuvers
(i.e., pitch or yaw/roll doublets). Once selected, the "best" aero-
dynamic math model can then be combined with the FCS math model to
develop the flying qualities simulation. As previously presented,
these aerodynamic derivatives are used to compute freguency, damping,
static margin and other Mil Spec parameters.

The six primary reasons to perform derivative analysis rather than

relying on the classical analysis techniques are [12]:

1) The added insight provided by derivatives to evaluate indiv-
jdual aspects of the aircraft control and response character-
jstics.

2) The ability to extrapolate data over angle of attack and Mach
number ranges more confidently than frequency and damping
extrapolations alone.

3) The ability to standardize more efficiently using derivative
relationships.

4) The set of flight derived derivatives allows FCS gain
schedules in the simulation to be adjusted and verified prior
to confirming in flight.

5) The ability to easily update the simulator with flight

derived data.




6) Overall more efficient use of flight test time since required
maneuvers are short duration doublet maneuvers and Mil Spec

requirements are accomplished as well.

Another advantage which plays an integral role in the integrated flight
and ground test effort, is that derivative identification allows for
feedback on specific areas of agreement or disagreement between the two
data sources.

Reference [12] provides detailed information on specific pilot
maneuvers required for optimum data analysis, preparing the time
history data for program execution, program equations, and the program
assumptions. This reference also provides important derivative accur-
acy information, assuming the suggested procedures are followed. The
expected derivative accuracies are presented in Table 4. The accuracy
estimates will provide important data quality gquidelines when direct
comparisons between the flight and ground test derived data are
performed in Chapter IV.

As presented in Figure 1, the refinement of an accurate, high
fidelity flying qualities simulation should rely heavily on the EASY5,
FRA and MMLE computer programs. While the predicted data base is
essential to establish the baseline model, the ease with which it can
be updated is critical. Since the FRA and MMLE programs are simple to
execute and provide a substantial amount of information, they are
optimal for the flight test scenario. In addition since they also pro-

vide data easily comparable to the ground test results, they serve as

powerful problem solving tools.




G. Second Generation Data Analysis

As in the performance analysis scenario, based upon the integrated
ground and flight test analysis results, it is now appropriate to
recommend any required flight manual revisions and verify Mil Spec com-
pliance. Whether or not an aircraft flying qualities model was
developed, at least a cursory assessment is possible. However, as pre-
sented in Figure 1, the availability of an accurate model puts the
integrated ground and flight test analysis team in a much better
position to investigate adverse characteristics, or evaluate alternate
designs. It is worth restating for the flying qualities case that the
team approach, with the reliance upon system modeling, should be the
standard operating philosophy whenever a major weapon system is being

~ developed.




CHAPTER IV

SIMULATION AND FLIGHT TEST DATA CORRELATIONS AND CONCERNS

A. General

A myriad of studies have been conducted to evaluate and assess the
correlation between ground test predictions and the flight test
results. References [9], [18], [26], and the author's own experience
indicate that three conclusions can be drawn from these studies, which

relate to the modeling philosophy presented in this report:

1) The data predictions are a significant function of the time
and care taken to include all of the details and the higher
order effects of the full scale vehicle.

2) The engineering emphasis and techniques used to improve the
relative agreement between the data sources must be applied
on a case by case basis.

3) The relative importance or concern expressed over the data
correlation is a direct function of either the expectations
of the analysis team, or what they are going to use the data

for.

With these factors in mind, the following discussion will present com-
parisons of data from the two sources, and how the integrated ground

and flight test team approach presented in Figure 1 might lead to a

better assessment of these comparisons.




B. Performance

The following observations by Wood in Reference [26] are applic-

able to the performance data correlation effort:

1)

2)

4)
5)

[While] correlations between performance estimates and flight
test is reasonably goaod ... our ability to predict old tech-
nology improves with hind sight, [but] our ability to predict
new technology does not necessarily improve with time.

fhe ability to determine the accuracy of the predictions is a
direct function of the accuracy of the flight test measure-
ments.

[Since] drag prediction accuracy is a direct function of
thrust accuracy ... and [in flight test] thrust is "calcu-
lated" from a computer deck ... flight test drag is dependent
on the estimated thrust.

Air frames can modeled [relatively] easily, pilots cannot ...
An airframe manufacturer's published estimates depend on who

he is negotiating with.

While these observations open up a fairly large can of worms, the inte-

grated approach presented in this report may help to contain them.

With respect to the old versus new technology, the integrated team

approach can only help to improve the predictions of new technologies

by providing a pool of expertise applying what they collectively know

to the particular situation. The advances in modeling and test tech-

niques used by the ground testers, including high through-put, more




accurate measurement systems, user friendly, easily updatable predic-
tive models and CFD codes all potentially add to more accurate methods
for establishing baseline predictions. The key is getting the ground
testers talking to the flight testers to understand each others
particular problems, and integrate their technologies to solve them.

An example of the significant effect that the ground test predic-
tions have for the flight testers, is in the determination of aircraft
drag. Since aircraft drag is such a dominant parameter in all equa-
tions presented in Chapter II of this report, and in flight test, drag
accuracy is a direct result of an accurate thrust estimation deck,
accurate flight test drag determination is a major effort. If the
flight test drag does not agree with the prediction (specifically if it
is too high), then significant effort may be involved with determining
whether the actual aircraft drag is higher than expected, or the actual
aircraft thrust is Tower than the estimation deck indicates. In prac-
tice however, as far as the test pilot and flight test engineers are
concerned, the net effect is that the aircraft performance may be lower
than expected, and it is their responsibility to accurately document
that level for the operational community. The integrated ground and
flight test team on the other hand, would be able to apply their
expertise and investigate the areas of possible disagreement. Once the
most accurate values for thrust and drag are determined, the team is

then equipped to provide the operational users with the most accurate

handbook data possible.




A comparison of predicted versus flight test takeoff performance
will illustrate how well these data compare, as well as how pilot
technique (not a major issue in ground testing) can be minimized in the
final evaluation. As outlined in the takeoff and landing modeling
procedure presented in Chapter II, and detailed in Reference [1], the
T/0&L model is generated by using the flight results to select repre-
sentative values for thrust application rate, rotation speed, rotation
rate, etc. Since these parameters are very pilot dependent and have a
large effect on the final model performance, comparisons are made
between the observed takeoff distances and those calculated by the
model at the same conditions. Figure 6 presents such a comparison for
a representative twin engine fighter configuration. Once the model is
refined to reflect the actual takeoff performance, comparisons between
the flight test based model and the predictions (in this case the
preliminary flight manual) can be made. Table 5 presents such a com-
parison for the twin engine fighter case. For this situation the con-
clusion was drawn that the predicted flight manual needed to be modi-
fied to reflect those results presented in the final model.

The data presented in Table 5 also serves to illustrate how
important pilot technique is, and how it can be minimized in generating
an engineering model. At an estimated rotation speed of 140 KCAS, the
aircraft is rolling down the runway at approximately 236 ft/s. If the
pilot delays his rotation by one second, he could potentially delay his
ultimate 1lift-off by 236 ft (approximately 14%) since he would not

reach his lift-off 1ift coefficient until further down the runway [26].
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This example demonstrates why modeling the takeoff situation, and
establishing nominal values for parameters such as rotation speed and
rotation rate helps to normalize similar types of data for direct
comparison. The point needs to be made however, that since the pilot
will not perform the maneuver exactly the same every time, the model
serves more as a mission planning tool of what to generally expect,
rather than what will actually occur on a specific mission. When
developing the in-flight performance simulation, the components of the
DPS model (i.e., 1ift, drag, thrust and fuel flow) are first refined to
reflect the most accurate results based on the combination of the
flight test and ground test results. The DPS is then used to emulate
the flight test cases and generate the parameters presented in the
flight manual (i.e., range factor, optimum cruise Mach number, time to
accel, etc.).

With respect to evaluating the components of the model, represent-
ative 1ift and drag comparisons are presented in Table 6 and Figures 7a
and 7b [13]. Table 6 presents comparisons at specific conditions for a
variable wing sweep configuration, while Figures 7a and 7b present com-
parisons throughout the envelope for a single engine, delta wing
fighter configuration. Reference [9] also presents an extensive cor-
relation study of an air breathing missile configuration. The follow-
ing observations summarize those findings made during the investi-

gations for these various configurations [9,13]:

1)  Excellent agreement in 1ift versus angle of attack character-

istics [is] possible.
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2) Good agreement in minimum drag below drag divergence Mach
number.

3) Poor agreement is typical for minimum drag in the transonic
flight regime, probably caused by tunnel wall interference
effects, or shock interactions.

4) Overall scatter or bias in comparisons is commonly due to
inaccurate thrust estimation decks, or aircraft dinstrumen-
tation.

5) Environmental conditions such as wind or wind shears can also
contribute to data scatter, especially when relying on iner-
tial navigation system (INS) as a primary acceleration data

source.

These observations make a strong case for keeping the entire test team
informed regarding specific areas of concern for each phase of testing.

With respect to those performance parameters presented in the
flight manual, Table 7 presents a comparison of optimum range Mach num-
bers and corresponding Range Factors for the twin engine fighter con-
figuration. For this case, the differences of less than 15 percent
between the flight test results and the flight manual predictions are
considered small. As a result, modifications to the predicted flight
manual were not considered necessary.

For the typical configuration, similar comparisons between the
flight and ground test based DPS and the predicted flight manual are
also conducted for climb, turning and acceleration performance. When

these studies were performed for the fighter configuration, agreements
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of +5 percent were again observed, and no modifications to the manuals
were deemed necessary.

To complete the performance analysis, the takeoff and landing
(T/0&L) model based upon the integrated ground and flight test data
bases, is used to compare the flight test results to the flight manual
predictions. Table 8 presents these comparisons for the twin engine
fighter configuration. As presented, several of these comparisons show
differences of greater than +5 percent (specifically 5.3% and 6.4%).
However, since the landing maneuver is so dependent on such variable
factors as braking performance, environmental conditions or pilot tech-
nique, these differences were not considered large enough to require
revisions to the flight manual.

In summary, with respect to comparisons between performance flight
test results and predictions, it is reasonable to expect agreements on
the order of *5 percent. However, engineering judgement must play a
role 1in evaluating how well the predictions and test results can
realistically be expected to agree. Consistently high or low dif-
ferences between data sources should cast enough doubt that additional
emphasis should be placed on those areas of disagreement. Finally, the
use of modeling methods to compare the test results to the predictions
can be helpful in isolating the specific causes of disagreement. Since
the DPS and T/0&L models consist of component parts such as 1ift, drag,
thrust and braking effectiveness terms, these components can be inde-

pendently evaluated for accuracy, then integrated into the system

model.




C. Flying Qualities

As previously discussed, the aircraft flying qualities are defined
in terms of both quantitative measures of the stability and control
characteristics, as well as qualitative assessment of the aircraft's
handling qualities. Therefore, any assessment of the predicted char-
acteristics is not complete without both numerical comparisons to the
flight test results, along with the flight crew's appraisal of the
system's handling performance. Obviously the man-in-the-loop simulator
must play a key role in the latter comparison. Since the equations of
motion act as the driving force for the manned simulator, and the
stability and control derivatives are the keys to these equations, as
well as any further quantitative analysis, comparisons of these
parameters are crucial to any correlation study.

Figures 8 through 19 present a set of stability and control
derivatives for a single engine, fighter configuration [30]. These
derivatives were extracted as functions of angle of attack and Mach
number throughout most of the flight test envelope. The maneuvers
consisted of a wmatrix of pitch, rudder and aileron doublets
accomplished from 2 to 28 degrees angle of attack, and from 0.30 to
1.65 Mach number. The derivatives were extracted from the flight test
doublet maneuvers using the MMLE processing methods described in
Reference [32]. The following observations summarize this comparative

analysis as well as related studies presented in Reference [30]:




1)

2)

3)

4)

5)

Although some derivatives can be determined more accurately
than others (see Table 4), the most important derivatives can
be determined most accurately.

Analytical estimates which neglect aeroelastic effects can be
seriously in error. Also, due to the strong aeroelastic
effects on the flight test vehicle, the flight test derived
derivatives should be presented as functions of dynamic
pressure.

Monte Carlo simulations conducted on the MMLE process show
that the use of accurate constants in the MMLE program, such
as aircraft weight, CG and mass moment of inertia is
essential.

The combination of using the wind tunnel results to anchor
the initial estimates in the MMLE process, then using the
flight test results to refine the derivatives, is the most
accurate method of derivative determination currently avail-
able.

Knowing the limitations of the MMLE process used during the
flight testing, and the potential error sources from both the
wind tunnel and flight test data sources, gives the analysis
team important information in assessing the quality of the

results.

These figures also demonstrate that typically, the agreement

between the predictions and the flight test data is within the expected

accuracy ranges presented in Table 4. These results are comforting

78




since the required wind tunnel to flight test correction techniques for

interpolation, adjustment and extrapolation are typically as much a

part of the predictions of the full scale flight data as the pre-

dictions themselves. Ultimately, engineering judgement must be applied

on a case by case basis to evaluate how important these effects, as

well as the following sources of error are, in both the ground and

flight test data bases [12,26,33]:

1)

2)

3)

4)

5)

The lack of precise aeroelastic modeling capabiliti.e.s in
the wind tunnel, and the uncertainty of what the aircraft
actually does in flight at different Mach number, dynamic
pressure, load factor and angle of attack combinations.
Reynolds number effects due to model scaling, and especially
at elevated angles of attack due to separation character-
istics.

Inaccurate corrections of wind tunnel data due to wall and
power effects, protuberances, and aeroelasticity.

Inability to precisely define aircraft "constants", such as
weight, CG and mass moment of inertia due to adding flight
test hardware, fuel consumption and fuel distribution during
the course of the flight test program or even during a par-
ticular flight.

Instrumentation health and accuracy of both wind tunnel and

flight test measurement systems and analysis methods.




As in the performance situation, there will probably be as many
"good" ground test to flight test data correlations as there will be
"bad" [26]. However it is reasonable to expect that with the planning
and expertise the integrated team can provide, the relative agreement
between the two data sources should be no worse than presented in this
report. The important point is that the integrated ground and flight
test and analysis team, relying on easily refined system models to
simulate the actual vehicle, will have a larger, more accurate data
base with which to work with. In addition, since the pilot is most
familiar with, and must be satisfied with the aircraft's flying
qualities, his satisfaction with the manned simulation's fidelity
should provide the emphasis for the team to make it accurately simulate

the aircraft.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

A technical method of integrating ground test data into the flight
test investigations for the evaluation of aircraft performance and
flying qualities was presented. This method relies on the extensive
use of software models to simulate the aircraft's capabilities. The
modeling methods which were described are currently in use for the
flight test evaluation, however, descriptions were provided to
demonstrate how the ground test data results can be readily integrated
into them. Overall requirements for the flight test program are also
provided to demonstrate how effective use of modeling techniques can be
directly applied to the operational scenario.

The integrated approach which was presented, is applicable to any
aircraft system which requires ground testing for prediction
generation, and flight testing for prediction verification. For the
developmental test efforts of the United States Air Force (USAF) the
separate responsibilities of the System Program Offices (SPOs), Arnold
Engineering Development Center (AEDC), and the Air Force Flight Test
Center (AFFTC), serve to hinder the required information exchange of
the integrated test approach. Since all of these organizations are
involved with evaluating the same system, a means of continuous and
accurate information exchange directly between the USAF ground test and
flight test organizations at AEDC and the AFFTC should be established

to facilitate the overall Development, Test and Evaluation effort of
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the SPOs. Although a technical method of this integrated approach for
only the performance and flying qualities disciplines was outlined in
this report, any of the other areas of technical interest identified in
Table 1 should benefit from an integrated team effort. In fact, the
recent establishment of the USAF Seek Eagle Program Office at Eglin Air
Force Base, Florida, responsible for integrating the ground and flight
test efforts related to aircraft store compatibility issues, demon-
strates the importance of an agency to coordinate efforts of the
various test organizations.

Descriptions of the basic parameters required for the performance
and flying qualities studies were provided. It was also described how
these parameters are ultimately used in the presentation of flight
manual data or performance and flying qualities model simulations.
Since the same basic parameters arise from either the ground or flight
test data analysis, it was emphasized that the modeling techniques
discussed could be taken advantage of using either data source. In
fact, for data comparison purposes, flight manual generation and model
flexibility, it is recommended that the development of system models
first based on ground test predictions then updated by actual flight
test data, should be the standard procedure for the evaluation of any
system.

The combination of continuous information exchange between testing
organizations, and the reliance on system models to simulate the
vehicles operating characteristics, have potentially important appli-

cations for the various situations encountered in the development
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process. Problem areas identified in the simulator can be investigated
prior to flight and approached cautiously during test missions. Spec-
ific problems discovered during flight test can be thoroughly diagnosed
and proposed fixes evaluated in the simulator. In addition, serious
problems requiring new baseline configurations and data bases can be
ground tested, and these results quickly integrated into the system
model for flight test verification. In summary, the team approach to
ground and flight test evaluations, along with the reliance on con-
stantly updatable simulations, provides program managers and engineers
with the most accurate information with regards to their systems capa-
bilities. This team approach, with reliance upon system modeling,
should be the standard operating philosophy whenever a weapon system is
being developed.

The following related areas of concern, although not included in

this study, should be considered for future investigation:

1) Thorough error analysis of the individual modeling techniques
discussed, along with the combined effects on the final
model.

2) Descriptions of the specific methods used to obtain the
ground test results.

3) The application of new or existing technologies to the inte-
grated testing approach, such as laser data acquisition sys-

tems, computational fluid dynamics methods and miniaturized

data acquisition systems.
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APPENDIX A

FIGURES

This appendix presents Figures 1 through 19 cited in the main

text.
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Figure 1. Proposed Integrated Testing and Analysis Flowchart
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Figure 2. Forces Acting on Aircraft During Takeoff Ground Roll [31]

Figure 3. Forces Acting on Aircraft During Climb [31]
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APPENDIX B

TABLES

This appendix presents Tables 1 through 8 cited in the main text.
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Table 2. Typical On-Board Performance Instrumentation Parameters

Sampie Rate

Parameter Range Resolution Units (Samples/Sec)
Noseboom (N/B) Airspeed O to 850 0.06 kts 10
N/B Altitude 0 to 80,000 1.3 ft 10
Longitudinal cg Accel. -2 to 4 0.006 g's 20
Lateral cg Acceleration #2 0.004 g's 20
Normal cg Acceleration -4 to 12 0.015 g's 20
ADC Total Temperature -15 to 250 0.1 deg C 10
N/B Sideslip Angle +25 0.003 deg 40
N/B Angle of Attack -10 to 40 0.005 deg 40
FPA Total Temperature -50 to 250 0.1 deg C 10
FPA Nx at N/B +2 0.001 g's 10
FPA Nz at N/B -3 to 8 0.003 g's 10
FPA Assembly Temp -50 to 250 0.1 deg C 10
Lateral Stick Position 4.5 0.01 in 40
Longitudinal Stick Pos. -3 to 6 0.01 in 40
L/H Stabilator Position -30 to 15 0.05 deg 10
R/H Stabilator Position -30 to 15 0.05 deg 10
Pitch Rate +30 0.07 deg/sec 10
Ro11 Rate +250 0.8 deg/sec 10
Yaw Rate +30 0.08 deg/sec 10
ADC True Airspeed 0 to 2500 0.1 kts 10
ADC Pressure Altitude 0 to 80,000 1.3 ft 10
ADC Calibrated Airspeed O to 1000 0.06 kts 10
Mach Number 0.1 to 3 0.0002 -- 10
ADC Angle of Attack -10 to 40 0.01 deg 10
INS Pitch Angle +180 0.02 deg 10
INS Rol11 Angle +180 0.02 deg 10
INS E/W Velocity +4000 0.1 ft/sec 10
INS N/S Velocity +4000 0.1 ft/sec 10
INS True Heading +180 0.02 deg 10
INS Altitude 0 to 80,000 1.3 ft 10
INS Rate of Climb +2000 0.13 ft/sec 10
INS E/W Acceleration +250 0.25 ft/sec2 10
INS N/S Acceleration +250 0.25 ft/sec2 10
INS Vertical Accel. +500 0.25 ft/sec2 10
Data Run Number 0 to 1000 - -~ 10
Pilot Voice -- -- -- 20,000
L/H PLA 0 to 130 0.05 deg 10
R/H PLA 0 to 130 0.05 deg 10
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Table 2.

Continued

Sample Rate

Parameter Range Resolution Units (Samples/Sec)
L/H Cowl Angle 1to 10 0.01 in 10
R/H Cowl Angle 1to1l0 0.01 in 10
L/H Nozzle Area (AJ) 2.5 to 6 0.01 ft2 10
R/H Nozzle Area (AJ) 2.5t0 6 0.01 ft2 10
L/H Fan Speed (N1) 5 to 120 0.15 pct 10
R/H Fan Speed (N1) 5 to 120 0.15 pct 10
L/H Comp. Speed (N2) 5 to 120 0.15 pct 10
R/H Comp. Speed (N2) 5 to 120 0.15 pct 10
L/H Fuel Flow 0 to 100,000 105.5 1b/hr 10
R/H Fuel Flow 0 to 100,000 105.5 1b/hr 10
Total Fuel Quantity 0 to 25,000 25.0 1b 10
L/H Fuel Temperature 0 to 300 0.1 deg F 10
R/H Fuel Temperature 0 to 300 0.1 deg F 10
L/H FTIT 0 to 1200 1.0 deg C 10
R/H FTIT 0 to 1200 1.0 deg C 10
L/H Burner Pressure (Pb) 0 to 50 0.03 psia 10
R/H Burner Pressure (Pb) 0 to 50 0.03 psia 10
L/H Pt6 0 to 50 0.03 psia 10
R/H Pt6 0 to 50 0.03 psia 10
L/H Tt2 0 to 500 0.5 deg F 10
R/H Tt2 0 to 500 0.5 deq F 10
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Table 3. Typical On-Board Flying Qualities Instrumentation Parameters

Sample Rate

Parameter Range Resolution Units (Samples/Sec)
Noseboom (N/B) Airspeed 0 to 850 0.06 kts 10
N/B Altitude 0 to 80,000 1.3 ft 10
Longitudinal cg Accel. -2 to 4 0.006 g's 20
Lateral cg Acceleration 2 0.004 g's 20
Normal cg Acceleration -4 to 12 0.015 g's 20
ADC Total Temperature -15 to 250 0.1 deg C 10
N/B Sideslip Angle 25 0.003 deg 40
N/B Angle of Attack -10 to 40 0.005 deg 40
L/H Brake Pedal Force 0 to 300 0.2 1bs 10
R/H Brake Pedal Force 0 to 300 0.2 1bs 10
L/H Rudder Pedal Force 0 to 150 0.4 1bs 40
R/H Rudder Pedal Force 0 to 150 0.4 1bs 40
L/H Rudder Pedal Pos. +5 0.01 in 40
R/H Rudder Pedal Pos. +5 0.01 in 40
Lateral Stick Position *4.5 0.01 in 40
Longitudinal Stick Pos. -3 to 6 0.01 in 40
L/H Stabilator Position -30 to 15 0.05 deg 10
R/H Stabilator Position -30 to 15 0.05 deg 10
L/H Rudder Position +30 0.05 deg 10
R/H Rudder Position +30 0.05 deg 10
L/H Aileron Position +20 0.04 deg 10
R/H Aileron Position +20 0.04 deg 10
Pitch Rate +30 0.07 deg/sec 10
Rol1l Rate +250 0.8 deg/sec 10
Yaw Rate +30 0.08 deg/sec 10
ADC True Airspeed 0 to 2500 0.1 kts 10
ADC Pressure Altitude 0 to 80,000 1.3 ft 10
ADC Calibrated Airspeed 0 to 1000 0.06 kts 10
Mach Number 0.1 to 3 0.0002 -- 10
ADC Angle of Attack -10 to 40 0.01 deg 10
INS Pitch Angle +180 0.02 deg 10
INS Ro11 Angle +180 0.02 deg 10
INS E/W Velocity +4000 0.1 ft/sec 10
INS N/S Velocity +4000 0.1 ft/sec 10
INS True Heading +180 0.02 deg 10
INS Altitude 0 to 80,000 1.3 ft 10
INS Rate of Climb +2000 0.13 ft/sec 10
INS E/W Acceleration +250 0.25 ft/sec? 10
INS N/S Acceleration +250 0.25 ft/sec? 10
INS Vertical Accel. +500 0.25 ft/sec? 10
Data Run Number 0 to 1000 -- -- 10
Pilot Voice - -- -- 20,000
Total Fuel Quantity 0 to 25,000 25.0 1b 10
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1

Table 4. Stability and Control Derivative Descriptions
and Expected Accuracies Using MMLE Method

Expected

Accuracy Contributing Sign for Stability;
Derivative Name (Pct) Factors(s) Comments
(Primary)
Cma Long Static +7.5 Wing, Horiz. (-); Most important

(Pitch) Stability Tail, cg long stability deriv
Cmse Elevator Power 7.5 Elevator, (+); Very Important
Wing, cg for long control
CNa Normal Force 7.5 Wing (+); Effects long
Slope short period damping
Cip Dihedral Effect 7.5 Wing, Tail (+); Very important
for lat stability
Cisa Lateral (Ro1l1) +7.5 Differential  (+); Most important

Control Power lat surfaces lat-dir control deriv

Cnp Directional 7.5 Vert Tail (+); Very important
Stability for lat-dir stability
Cnsr Rudder Power 7.5 Rudder (+); Very important
for dir control

(Secondary)
Cmq Pitch Damping +15 Wing, Horiz (-); Very important
Tail, cg for long stability
Cip Ro11 Damping +15 Wing, Tail (-); Important for
lat-dir stability
Cnsa Adverse (or t15 Differential (+); Causes A/C to

Proverse) Yaw lat surfaces yaw opposite turn

Side Force
Damping

Vert Tail,
Fueselage
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Table 4. Continued

Expected
Accuracy Contributing Sign for Stability;
Derivative Name (Pct) Factors(s) Comments

(Transitional - Aircraft Dependent)

CNse Normal Force 25 Horiz Tail, (-); For tail-to-rear
Change w/ Elev Canard A/C, negligable
Cisr Ro11 Due to +25 Rudder (-); Little effect on
Rudder lat-dir stability
Cnp Yawing Moment +50 Wing, Vert (+); Fairly important
Change w/ Rol1l Rate Tail in lat-dir dynamics
Chr Yaw Damping +50 Vert Tail, (-); Very important
Fues, Wing in lat-dir stability
Cysr Side Force +25 Rudder (-); Relatively
Change w/ Rudder unimportant
Cir Ro11ing Moment +200 Vert Tail, (+); Secondary impor-
Change w/ Yaw Rate Wing tance to lat-dir stab
Cysa Side Force +100 Differential  (+); May be important
Change w/ Aileron Lat surfaces for highly swept,

"rolling tail" A/C
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Table 5. Flight Test versus Flight Manual Takeoff Comparison
for Twin Engine Fighter Configuration

Sea Level - Standard Day - No Wind

Distance-to-Takeoff Distance-to-50 Ft AGL
Gross F1t Manual (ft) (ft)
Weight Takeoff Fit F1tb Diffc Fit F1tb  Diffc
(Lb)  Speed (KCAS) Manual Test (Pct) Manual Test (Pct)

40,000 146 800 1070 -12.6 1800 2750 -52.8
45,000 159 1270 1390 - 9.4 2230 3150 -41.3
50,000 172 1640 1810 -10.4 2760 3670 -33.0
53,300 181 1930 2160 -11.9 3180 4100 -28.9
56,000 183 2120 2290 - 8.0 3450 4240 -22.9
60,000 189 2490 2600 - 4.7 3920 4560 -16.3

a All tabular values are representative of actual results. Percent-
age differences are actual.

b Flight test data generated from takeoff performance model.

c Diff (Pct) = FltManual — Flt Test

00%.

FltManual




Table 6. Flight Test versus Predicted Drag Comparison Summary
for Variable Wing Sweep, Multi-Engine
Long Range Combat Aircraft Configuration

Wing Pressure cp®
Sweep Altitude Mach W/8 Flit Diffb
(deg) (ft) Number (b) CL2 Predicted Test (Pct)
25 30,500 .72 950,000 .59 .0313 .0328 - 4.8
23,500 12 950,000 .59 .0309 .0324 -4.9
25 21,600 .70 700,000 .46 .0244 .0278 -13.9
67 0 .85 300,000 .13 .0219 .0219 0.0
55 0 .55 240,000 .25 .0204 .0227 -11.3
20 PA 0 .40 220,000 .45 .1229 .1037 +15.6

a Tabulated values for C| and Cp are representative of actual results.
Percentage differences are actual.

C -C
b Diff ( PCt) = Dpredicted Dflt test
C
Dpredicted

*100%.
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Table 7.

for Twin Engine Fighter Configuration

Standard Day Conditions

Flight Test versus Flight Manual Range Factor Comparison

W/8 = 60,000 1b W/6 = 180,000 1b
Altitude = 10,000 ft Altitude = 35,000 ft
F/M Opt Range Mach No. = 0.50 F/M Opt. Range Mach No. = 0.76
Optimum Optimum
Range Optimum Range Range Optimum Range

Mach No. Factor (NAM) Mach No. Factor (NAM)
Loading F1tb F1t  F1tb piffc  Fitb F1t Fltp DiffcC
No. Test Diff Manual Test (Pct) Test Diff Manual Test (Pct)
1 .49 0.01 2575 2465 4.3 .80 -0.04 4505 4410 2.1
2 .49 0.01 2530 2420 4.3 .79 -0.03 4370 4285 2.0
3 .49 0.01 2465 2355 4.5 .79 -0.03 4230 4170 1.4
4 .49 0.01 2270 2175 4.2 .79 -0.03 3820 3835 -0.4
5 .48 0.02 2005 1925 4.0 .77 -0.01 3215 3335 -3.7
a A1l tabular values are representative of actual results. Percentage

differences are actual.

b Flight test data generated from the DPS.

Diff (PCt) = FltManual — Flt Test
Flt Manual

+ 100%.
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Table 8.

for Twin Engine Fighter Configuration

Sea Level - Standard Day - No Wind

Fiight Test versus F1ight Manual Landing Comparison

Landing Ground Rol1l

Landing Ground Roll
(ft) Full Anti-Skid

(ft) Aero-brakingb BrakingC
Touchdown

Gross Speed F1t F1td Diffe Flt Fi1td Diffe
Weight (1b) (KCAS) Manual Test (Pct) Manual Test (Pct)
30,000 122 3920 3810 2.8 2920 2740 6.2
35,000 135 4770 4740 0.6 3390 3210 5.3
40,000 147 5830 5660 2.9 3820 3700 3.1
45,000 158 6730 6590 2.1 4240 4190 1.2
50,000 169 7630 7700 -0.9 4770 4690 1.7

a A1l tabular values are representative of actual results.

differences are actual.

Percentage

b Aerodynamic braking down to 70 KCAS followed by full anti-skid brak-

ing.

c Full anti-skid braking applied after touchdown.

d Flight test data generated from landing performance model.

e Diff (Pct) =

Flt Manual — Fit Test

FltManual
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