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SUMMARY

With the introduction of the BS115, successor of the Blackshape Prime, a new opportunity for military
training is presented. In this thesis the training effectiveness of the BS115 was investigated to identify
how the training potential could be increased.

During the investigation of the available training effectiveness evaluation methods in literature it
was found that the effect of handling qualities on the training effectiveness is one of the most impor-
tant criteria. However, none of the available methods covered this topic to a satisfactory extend. As a
result, the objective of this thesis has been to find what handling qualities should be improved to maxi-
mize the training effectiveness of the BS115 with respect to developing flying skills.

The first task towards this objective was to establish proper evaluation criteria. Based on the aircraft
characteristics and United States Air Force training program the BS115 was identified to be suitable for
the introductory and primary phases of training. The evaluation criteria were then determined based
on the stability and control requirements from the military standard, as well as by using some typical
training missions.

To test the criteria established, data from a series of CS-VLA certification test flights for the BS115
was available. Additionally, stability and control derivatives of the aircraft, established using DATCOM,
were used to compute the aircraft characteristics that could not be determined from the flight test data.
The method was validated using the Cessna Citation as a reference. It was found that derivatives could
be obtained quickly, but accuracy was limited.

Based on the training effectiveness evaluation performed on the BS115, stability characteristics were
found to be adequate. Additionally, roll response and roll performance met the requirements posed.
Both longitudinal control and aileron control forces were found to be too low to achieve satisfactory
handling qualities. Finally, the training tasks showed that the avionics system needs some improvement
for optimum ground reference manoeuvring and that steep turn performance is reduced in turbulent
air.

To perform a complete training effectiveness evaluation, it is important to cover the entire spec-
trum of pilot skills and not only handling qualities. Therefore it is recommended for future research to
integrate the method presented here into a complete training effectiveness evaluation method.
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INTRODUCTION

1.1. MOTIVATION

During a six month internship period I have spent at Blackshape I have been involved in the design
of a new aircraft. I was asked to continue my work after my internship ended, and for this reason I
decided to perform my thesis at Blackshape as well. Blackshape SpA is an Italian aircraft manufacturer
located in the southern part of Italy, specialized in high-performance composite aircraft for both leisure
and training. The company was founded in 2009 after acquiring the plans of the "Millenium Master"
aircraft. This two-seater aircraft was further developed by Blackshape and eventually became known as
the Blackshape Prime, which received the Flieger Magazine Award for best airplane in the world (ultra-
light category) in 2013.

The Blackshape Prime (Figure 1.12) is an ultra-light general aviation aircraft, featuring a full carbon
fibre airframe. Its design enables it to operate off an aircraft carrier and therefore the Prime offers an
opportunity for military aviation training. As a result, the Italian Navy is currently working with Black-
shape to develop a program using the Prime to train its pilots on carrier-borne operations [12]. One of
the important aspects considered by the company in this regard is the training effectiveness, which is
defined as "the efficiency and capability of military training aircraft" [13].

Presently the company is working on the successor of the Prime, which is called the BS115 (Figure
1.1b). This aircraft features a new wing design and an increase in power, allowing the maximum take-off
weight (MTOW) to increase to 750 kg. As mentioned in the previous paragraph, training effectiveness
is one of the important research topics at the company. Due to its increased performance the BS115
might offer new training opportunities as compared to the Blackshape Prime, which is why the assess-
ment of training effectiveness has become a topic of even greater importance. By analysing the training
effectiveness of the BS115 and identifying shortcomings in this perspective, the training potential of the
aircraft can be increased. Moreover, the obtained results could lead to a better understanding of the
evaluation of training effectiveness for a modern training aircraft. This has been the main focus of my
thesis work.

(a) The Blackshape Prime (b) The BS115

Figure 1.1: Blackshape - Prime and BS115 aircraft
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1.2. LITERATURE REVIEW

The first and one of the most important considerations on the topic of training effectiveness in litera-
ture is made by Ermanno Bazzocchi, the general manager of Aeronautica Macchi (now Alenia Aerma-
cchi) back in 1978. In his lecture he describes how the fundamental concepts for the development of
a second-generation jet trainer are defined, and how this effectively boils down to a cost-effectiveness
optimization [1, p.1]. His work is examined in subsection 1.2.1. Subsections 1.2.2 and 1.2.3 cover other
methods used to examine training effectiveness.

1.2.1. TRAINING EFFECTIVENESS: THE BAZZOCCHI METHOD

To determine training effectiveness, Bazzocchi uses an adapted operational analysis method, originally
developed by the Aerospace Technical Department of the Italian Ministry of Defense [1, p.9]. In the
operational analysis method, skill acquisition is assumed to follow the qualitative curve of Figure 1.2.
Initially the skill acquisition takes place at a slow rate, due to adaptation problems to the new learning
situation. This phase is followed by a period of time with a steady teaching rate. Finally, the student can
no longer gain any additional skills in the learning situation and saturation takes place. The gradient of
the linear part of the curve is called the teaching rate.

SKILL

SKILL CEILING

TIME (FLYING HOURS)

Figure 1.2: Relationship between skill and time [1, p.29]

Using the linear part of the skill curve in Figure 1.2, the operational analysis method allows to com-
pute the training effectiveness as the ratio of the teaching rate of the aircraft, compared to that of a refer-
ence aircraft. It is assumed that this teaching rate can be correlated to a number of quantifiable aircraft
characteristics like the maximum speed, take-off rapidity (inverse of the take-off time) and maximum
rate of climb [1, p.34].

The training program is then divided into typical missions, related to the pilot skills to be acquired.
For all typical missions, the relative importance of each aircraft characteristic described above is rated
by expert pilots and given a score between zero (not important) and three (essential). This weighting
coefficient is then multiplied by the aircraft characteristic, normalized with respect to the reference air-
craft. In the case of Bazzocchi this is the MB-326, which is shown in Figure 1.3. Addition of all these
scores for a given mission is assumed to be the teaching effectiveness of that aircraft for that type of
mission.
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Figure 1.3: The Aermacchi MB-326 Aircraft [2]

Next, the hours flown in each mission are determined using statistical data. Multiplication with the
aforementioned teaching effectiveness results in the equivalent time in the reference aircraft to obtain
the same skill level. Finally, the total teaching effectiveness is obtained by the ratio of the sum of the
equivalent training times to the actual training time.

The final topic treated by Bazzocchi is the cost-effectiveness of each aircraft. By determining the cost
per syllabus hour, which equals an hour within the training program, the teaching cost-effectiveness
can be computed as the ratio between teaching effectiveness and the relative cost of the syllabus hour.
The teaching cost-effectiveness therefore is a measure of skill increase per unit cost related to a refer-
ence aircraft.

The principles of the operational analysis method have been applied by Pilatus [14] to evaluate 18
training aircraft, using the T-37 aircraft and the USAF training syllabus as baseline. The T-37 is shown
in Figure 1.4. In addition, a more recent paper applies the method to optimize a fighter trainer aircraft
with a double-delta wing [15]. Using a first prototype as the reference aircraft, the wing planform was
altered in an optimization algorithm with the training effectiveness as objective function.

Figure 1.4: The Cessna T-37 Aircraft [3]
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1.2.2. EFFECTIVENESS OF MILITARY TRAINING AIRCRAFT

Based on the earlier work of Bazzocchi, Min et al. [13] have developed a software program that is able
to analyse and evaluate the effectiveness of military trainers. The evaluation is done using two steps:
single criterion scoring and comprehensive scoring. The mathematical formulation of single criterion
scoring is:

S=f(RT,X) (1.1

In equation 1.1, R represents the requirement matrix with the desired criteria values, T the sensitiv-
ity matrix with the upper and lower bounds, while X contains the actual values. Through the scoring
function f, S is calculated, which is the single criterion score matrix.

The mathematical formula for comprehensive scoring is as follows:

Ty =(SxW)xF (1.2)

Where Tgy is the training effectiveness value, and F is the task frequency in a certain training phase.
The weighting matrix W represents the relative importance of each criteria in different training tasks
and is determined by expert evaluation.

This program is used to compare the training effectiveness of three different aircraft: the HAWK, the
MB-339 and the FT-6 (Figures 1.5a to 1.5¢). With similar evaluation criteria used as in the Bazzocchi
method, the MB-339 is found to have the highest teaching effectiveness of the three.

(a) The CT-155 HAWK (b) The Airmacchi MB-339 (c) The FT-6

Figure 1.5: Training Effectiveness Comparison - Aircraft Used

1.2.3. MULTI-CRITERIA DECISION MAKING PROCESSES AND Fuzzy LOGIC

A slightly different approach to the evaluation of military training aircraft is offered by Sdnchez-Lozano
et al. [16]. In their paper, several alternatives for a training aircraft for the Spanish air force are consid-
ered. It is suggested to use Multi-Criteria Decision Making (MCDM) processes to cope with the large
amount of evaluation criteria involved in assessing trainer effectiveness. Moreover, due to the different
nature of these criteria (both qualitative and quantitative) the MCDM method should be combined with
fuzzy logic. In this study, the TOPSIS method [17] is used to select the preference order of the several
aircraft alternatives under investigation.

The principle of the evaluation method is still similar to the operational analysis method of subsec-
tion 1.2.1, although it is used in a different manner. First of all a set of evaluation criteria is established,
after which weighting values are assigned for each criterion. For the assessment criteria that cannot be
defined in a quantitative way, a linguistic variable is introduced to allow evaluation using fuzzy logic.
In this way, all criteria can be quantified. The weighing factors are determined based on expert opin-
ions. The fuzzy TOPSIS method that is used provides a ranking of the alternative options, based on the
relative proximity to the ideal solution. After defuzzification, where the fuzzy numbers are transformed
into crisp values, a ranking with real numbers is obtained that is in line with the results expected by the
experts.
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1.3. OBJECTIVE AND RESEARCH QUESTION
As seen in the previous section, the method to evaluate the training effectiveness of an aircraft generally
contains the same steps:

1. Establish a set of evaluation criteria for the trainer aircraft
2. Assign a weighting value to each of the criteria to reflect its importance
3. Obtain the characteristics of each aircraft to be evaluated

4. Compute the training effectiveness value for each aircraft based on its characteristics and the
weighting value

5. Compare the results to determine the best available option

One aspect that is not taken into consideration to a sufficient extent in the available methods is the
effect of handling qualities on training effectiveness. Even though this is identified by Sdnchez-Lozano
et al. [16, p.62] as one of the most important criteria, the topic is not covered extensively. Sdnchez-
Lozano et al. [16] assign only a single score to the handling quality characteristics based on expert opin-
ions, while the other methods devote even less attention to the topic.

To increase understanding about the influence of handling qualities, the objective of this master
thesis project is to assess the effect of handling qualities on the training effectiveness of the BS115 air-
craft using relevant evaluation criteria. Thereto a combination of theoretical computations and a series
of flight tests is performed with the purpose of examining the aircraft’s handling qualities in this per-
spective. The project’s research question is as follows:

Which handling qualities of the BS115 aircraft should be improved such that the training effectiveness
of the aircraft is maximized for the development of flying skills?
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1.4. RANGE AND SCOPE

As stated in Section 1.3, this thesis project focuses on the influence of handling quality characteristics
on training effectiveness. According to Cooper and Harper [4, p.2], handling qualities can be defined as
"those qualities or characteristics of an aircraft that govern the ease and precision with which a pilot is
able to perform the tasks required in support of an aircraft role". The factors that influence handling
qualities are shown in Figure 1.6:

. - Stability and .
Handling Qualities Task Pilot Cockpit Interface Control A|rcraft Task Performance
Factors L Environment
Characteristics
Visual info
External
Instruments
Motion cues
Disturbances
Task o
Pilot Control Control task . Principal Stability and Aircraft Task
o Pilot control
Loops Auxiliary controls characteristics |4 movement performance
tasks T T T
Stress Aircraft state Environmental
Distraction (Normal or state
Surprise from failure) Day/Night
disturbance or| | Selectors Configuration Weather
failures Weight Turbulence
Mass Wind shear
distribution Visibility
Crosswind etc.
Altitude/
speed, etc.
Change of state
Dynamics of [~
failure

Figure 1.6: Elements that influence handling qualities [4, p.3]

In addition to handling qualities, a term often encountered in literature is flying qualities. Although
Cooper and Harper make no distinction between the two, flying qualities are defined by Phillips as "the
stability and control characteristics that have an important bearing on the safety of flight and on the pi-
lot’s impressions of the ease of flying an airplane in steady flight and in manoeuvre" [18]. This definition
suggests a differentiation should be made between handling and flying qualities, which is supported by
Cook [5]. Handling qualities are defined as "the pilot’s qualitative description of the adequacy of the
short-term dynamic response to controls in the execution of the flight task", and flying qualities as "a
pilot’s qualitative description of how well the airplane carries out the commanded task". This is visual-
ized in Figure 1.7. This distinction between flying and handling qualities will also be used in this thesis.
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Handling qualities

Flight
control
system

Flying qualities

Figure 1.7: Definitions of handling and flying qualities [5, p.3]

It has been well established that the flying and handling qualities of an aircraft are intimately depen-
dent on stability and control characteristics, including the flight control system [5, p.4]. Since stability
and control characteristics are easily quantified, they can be used as a measure of handling qualities.
Therefore this research project will mostly focus on these characteristics. The relevant handling qual-
ity elements are indicated in Figure 1.8. It has to be noted that only the aircraft normal state will be
considered. The influence of any aircraft failure is beyond the scope of this thesis project.
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Figure 1.8: Focus area of thesis project [4]

1.5. PROJECT OUTLINE

The previous sections of this chapter have focused on explaining the research goals, scope, and motiva-
tion of this thesis project. Chapter 2 will in-depth discuss the training effectiveness evaluation criteria
required for the evaluation of the BS115 handling qualities. Once these criteria have been defined, they
have to be evaluated. To this purpose, several flight tests have been performed. Chapter 3 explains the
flight test procedure followed to obtain the flight test data. In addition to the flight test data, a model
representing the BS115 characteristics is constructed in Chapter 4. The results of the handling quality
criteria evaluation is presented in Chapter 5. Chapter 6 summarizes the work and discusses the impli-
cations of the obtained results. Finally, recommendations for future work are given in Chapter 7.






TRAINING EFFECTIVENESS EVALUATION
CRITERIA

In the previous chapter, the general thesis layout and the project goals have been discussed. The next
step is to examine how transfer of training in the aircraft can be assessed. As stated in Section 1.4, stabil-
ity and control characteristics can be used as an indication of handling qualities. Therefore, these will
serve as a basis for establishing assessment criteria. First of all, the relevant training profile is deducted
in Section 2.1. The evaluation criteria are set up in Sections 2.2 to 2.4.

2.1. TRAINING PROGRAM

To understand what role the BS115 can play in the training of military pilots, a general comprehension
about fighter pilot training programs is necessary. As seen in Section 1.2, the training missions and the
time spent on each of them have a big influence on the final training effectiveness value. This should
also be a major consideration in determining the handling quality evaluation criteria.

Although multiple pilot training programs exist, only the USAF program is discussed in this the-
sis. Not only is most literature devoted to this program, but it also serves as an example for training
programs of other countries such as Italy [19].

2.1.1. JOINT SPECIALIZED UNDERGRADUATE PILOT TRAINING

The USAF currently employs the Joint Specialized Undergraduate Pilot Training (JSUPT) program, orig-
inating from the 1990’s. The first step in this program is the Introductory Flight Training (IFT), also
known as Initial Flight Screening (IFS) [20]. During this phase, candidate pilots are screened, motivated
and prepared for entry in the undergraduate pilot training program. Since this is the absolute beginning
of flight training, skills learned in IFT are very similar to the skills required for obtaining a private pilot
license (PPL) [21]. The program is therefore performed at civilian flight schools as well, and is typically
executed in an aircraft like the Diamond Da-20 [22] (shown in Figure 2.1). JSUPT consists of three blocks
[23]:

1. Orientation: In this part of the program, basic aircraft control is practised together with some ba-
sic manoeuvres. Examples are cockpit organisation, departure and arrival, trim use and clearing.

2. Fundamental manoeuvres: The next step builds further on basic aircraft control and includes
some additional manoeuvres like traffic patterns, steep turns and ground reference manoeuvres.

3. Navigation fundamentals: In addition to the previously learned skills, situational awareness is
built and students learn the basics of navigation.
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Figure 2.1: The DA-20 [6]

After completion of the IFT, students move to the Joint Primary Pilot Training (JPPT). In this part
of the program students learn several basic manoeuvres, patterns, and arrivals/departures [20] while
flying the T-6B aircraft (Figure 2.2). During the primary training students should develop towards a
specified skill level, in order to qualify for follow-on advanced jet training. The current curriculum for
the primary pilot training on the T-6B consists of several distinct training stages, each covering a specific
flight training regime [24]:

* Ground training
» Contact training
* Instrument training
* Navigation training

¢ Formation training

Figure 2.2: The T-6B [7]

The first part of the primary pilot training, the ground training, aims to familiarize the student with
the aircraft systems and procedures. In this part of the training no flight sorties are made and learning
takes place in a class environment.

During contact training, the student flies the aircraft together with an instructor. The aim is to teach
the fundamental flight skills required to safely solo in the T-6B, as well as to successfully complete JPPT.
This training phase consists of a variety of procedural tasks, basic flying skills and manoeuvres.
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The next two stages, navigation training and formation training, focus mostly on teaching cockpit
procedures. Instrument training is broken down into two parts: basic instruments and radio instru-
ments. The basic instrument skills are taught completely in a simulator, while radio instrument skills
are practised during actual flights as well. Navigation training covers the topics of VFR flying and low-
level navigation and planning. It includes both day and night navigation. Similar to radio instrument
skills practice, simulator training as well as flight training is used.

In the final stage of the JPPT, students develop formation flying skills. It serves as the last step in
preparation for the advanced training phase and contains basic formations, formation procedures and
three-dimensional manoeuvring skills.

In the advanced training program, the T-38C is flown (Figure 2.3). Four phases can be recognized;
transition, instruments/navigation, formation and low-level navigation. In the transition phase, stu-
dents can adapt to the different characteristics of the T-38C as compared to the T-6B and perform mostly
similar tasks as in the JPPT. This is also the case for the instrument/navigation phase. In the formation
phase, more complex manoeuvres are introduced as part of a two or four-ship aircraft formation. Fi-
nally, navigation and procedures for low-level flights down to 500 feet are taught.

Figure 2.3: The Northrop T-38C Talon [8]

2.1.2. NEXT GENERATION FIGHTER PILOT TRAINING

With the introduction of the Specialized Undergraduate Pilot Training (SUPT) program in the 90’s, stu-
dents were able to receive specialized training at an earlier stage, leading to better prepared pilots as
compared with the previous training program. However, the next generation of fighter aircraft, like the
F/A-22 and F-35, puts even higher demands on pilot capabilities. As a result several investigations were
performed to identify the challenges for next generation training, leading to the following observations
and recommendations [25, 26]:

* The "collection, synthesis and prioritization of information" in the cockpit will become increas-
ingly difficult.

e Flying the aircraft should remain to be second nature for the pilot. Therefore teaching the funda-
mentals of flying should continue to be the focus of the SUPT program.

A training shortfall is present in the development of fighter pilot skills and crew resource man-
agement skills. A possible solution to this problem is to shift part of the advanced training to an
earlier stage and increase the number of solo sorties. Additionally, certain tasks can be shifted
from aircraft sorties to training device sorties, which take part in a simulator.
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(a) The F/A-22

(b) The F-35

Figure 2.4: Next Generation Aircraft Fighters

2.1.3. TRAINING ROLE OF THE BS115

As seen in the previous subsections, a different aircraft is used in various stages of the training pro-
gram. While students build up their skill level, the aircraft used becomes more advanced. To determine
in which part of the training program the BS115 can best be used, and hence identify the applicable
handling quality requirements, a comparison of basic aircraft characteristics is made with the afore-
mentioned DA-20, T-6B and T-38C.

BS115 DA-20 T-6B T-38C
Maximum take-off weight [kg] 750 800 3130 5485
Maximum Speed [kts] 180 164 270 706
Maximum rate of climb [ft/min] 1827 930 4500 33000
Service ceiling [ft] 15000 17600 35000 55000
Load factor limits [g] +5.0/-2.5 | +4.4/-2.2 | +7/-3.5 | +7.33/-3
Power loading [kg/kW] 6.3 12.0 3.8 3.3

Table 2.1: Comparison of Training Aircraft Characteristics

As seen in Table 2.1 the BS115 aircraft has characteristics most similar to the DA-20 used in intro-
ductory flight training. However, in subsection 2.1.2 it is also suggested to shift part of the training
to earlier stages. Therefore the BS115 is assumed to play a role in both the introductory and primary
phases of training. The primary phase of training will become even more relevant for the follow-on up-
rated versions of the BS115 aircraft, that will be certified for aerobatics and have an even larger increase
in engine power.

2.2. MILITARY STANDARD CRITERIA

As stated in Section 1.4, handling qualities are intimately dependent on stability and control charac-
teristics. To determine what criteria should be applied in the training effectiveness evaluation of the
BS115, first the available regulation documentation is consulted. This documentation can be split into
two categories; non-military requirements posed by airworthiness authorities like the FAA and EASA,
and the requirements for military aircraft issued by organizations like the US Department of Defense.

Certification requirements issued by airworthiness authorities have the purpose of specifying a min-
imum acceptable standard and are primarily concerned with safety [5, p.268]. However, this does not
guarantee that an aircraft meeting the requirements is easy to fly or suitable for its designed mission. On
the other hand, military requirements are constructed to assure both adequate mission performance
and safety. As a result, they are specified in much more detail. This makes them highly suitable as a
basis for evaluation criteria. The remainder of this section is therefore concerned with identifying the
appropriate criteria using the military standard.
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2.2.1. MIL-F-8785C

The latest military standard available is MIL-STD-1797A, which focuses mostly on handling and flying
quality requirements applicable to highly augmented aircraft. Since the BS115 has no control augmen-
tation, it suffices to follow the original handling quality requirements as stated in MIL-F-8785C and
hence the latter is discussed here. To cope with the distinctive characteristics of various categories of
aircraft, MIL-F-8785C has specified different requirements for each of the following aircraft classes:

* Class I: Small, light airplanes

Class II: Medium weight, low-to-medium manoeuvrability airplanes

Class III: Large, heavy, low-to-medium manoeuvrability airplanes

Class IV: High-manoeuvrability airplanes

In addition, a distinction is made between different flight phases. Category A flight phases relate to
rapid manoeuvring, precision tracking and precise flight-path control. Category B comprises gradual
manoeuvres not requiring precision tracking, while terminal flight phases are collected in Category C
[27, p.2]. To evaluate the aircraft performance, handling qualities are reviewed based on three levels of
acceptability:

* Level 1: Handling qualities clearly adequate for the mission Flight Phase

* Level 2: Handling qualities adequate to accomplish the mission Flight Phase, but some increase
in pilot workload or degradation in mission effectiveness, or both, exists

 Level 3: Handling qualities such that the airplane can be controlled safely, but pilot workload is
excessive or mission effectiveness is inadequate, or both. Category A Flight Phases can be termi-
nated safely, and Category B and C Flight Phases can be completed

With the training goals as identified in Section 2.1, the BS115 can be regarded as a Class I aircraft.
The goal should be to achieve level 1 handling qualities in both Category B and C manoeuvres, since
these mission phases are the most common in the initial stages of flight training.

Although the MIL-F-8785-C has a wide range of specifications on handling qualities, not all of them
have to be considered for training effectiveness evaluation, as many criteria will already need to be met
in a normal certification process. Therefore, only the criteria considered most critical are evaluated. A
summary of these criteria is given in subsections 2.2.2 and 2.2.3.

2.2.2. LONGITUDINAL HANDLING QUALITIES CRITERIA

Handling quality criteria can be divided between longitudinal qualities and lateral-directional qualities.
In this subsection, the longitudinal flying characteristics are examined. MIL-F-8785C has the following
longitudinal flying characteristics considered important for training effectiveness evaluation [27, p.11]:

LONGITUDINAL STABILITY WITH RESPECT TO SPEED
To obtain level 1 handling qualities, there should be no tendency for airspeed to diverge aperiodically
when the airplane is disturbed from trim with cockpit controls fixed and free.

PHUGOID STABILITY

The long-period oscillations which occur when the airplane seeks a stabilized airspeed following a dis-
turbance shall meet the following requirements:

{p atleast 0.04
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SHORT-PERIOD RESPONSE
The equivalent short-period damping ratio, {sp, shall be within the following limits to achieve level 1
handling qualities:

0.35 < {sp < 1.30 for category C flight phases
0.30 < {sp < 2.00 for category B flight phases
Since the category C flight phase requirements are most critical, these will be considered.

PITCH MANOEUVRING FORCE GRADIENT LIMITS
The maximum gradient of the stick force per g shall be within the limits of Table 2.2:

Level Maximum gradient, (Fs/ 1) max Minimum gradient, (Fs/n)m,in
1 %, but no more than 28.0 nor less than % The higher of % and 3.0
2 %, but no more than 28.0 nor less than % The higher of nfil and 3.0
3 56.0 The higher of % and 2.0

Table 2.2: Control forces for centre stick controllers

2.2.3. LATERAL-DIRECTIONAL HANDLING QUALITIES CRITERIA
The lateral-directional handling qualities considered are as follows [27, p.22]:

DuTCH ROLL
The Dutch roll frequency, w,4, and damping ratio, {4, of the lateral-directional oscillations following a
yaw disturbance shall exceed the following values:

° {4>0.08
° (g wyqg>0.15Hz

° wuq>1.0Hz

ROLL MODE
The roll-mode time constant, 7, shall be no greater than 1.0 s.

SPIRAL STABILITY

The combined effects of spiral stability, flight-control-system characteristics and rolling moment change
with speed shall be such that following a disturbance in bank, the time for the bank angle to double shall
be greater than 12 seconds.

ROLL PERFORMANCE
It shall be possible for the aircraft to achieve a 30° bank angle within 1.3 seconds. Additionally, a 60°
bank angle should be reached within 1.7 seconds.



2.3. CLOSED-LOOP HANDLING QUALITY CRITERIA

15

2.2.4. MAXIMUM ROLL CONTROL FORCE

The stick force required to obtain the rolling performance shall be neither greater than 20 lbs, nor less
than the breakout force plus 5 lbs for level 1 handling qualities. The breakout force equals the initial
force required to move the control surface. Level 2 handling qualities are achieved when the required
stick force is neither greater than 20 Ibs, nor less than 2.5 Ibs and level 3 handling qualities are achieved
when the required stick force is neither greater than 20 lbs, nor smaller than 0 lbs.

2.3. CLOSED-LOOP HANDLING QUALITY CRITERIA

Up to this point, the criteria considered are related to the open-loop handling qualities of the aircraft.
In open-loop handling quality evaluation, pilot inputs are made without the consideration of the air-
craft response. However, the ultimate goal of any aircraft should be to have good closed loop handling
qualities (CLHQ) for its mission [9]. Therefore this section establishes the criteria that will be used to
evaluate the closed-loop performance of the BS115.

2.3.1. COOPER-HARPER RATING

CLHQ testing qualitatively evaluates an aircraft in the performance of a certain mission and is heavily
dependent on pilot opinion. Therefore specific tasks and performance criteria for the task need to be
established. Because of this difference with the specific requirements posed in the previous section,
an alternative approach is necessary. The most common closed-loop handling qualities assessment
method is the Cooper Harper rating method (CHR) [4], which evaluates the aircraft’s suitability for the
intended mission by appointing a score based on the rating system of Figure 2.5.

For the purpose of assessing the training effectiveness criteria of the BS115, a modified version of
the Cooper-Harper scale is used. The original Cooper-Harper rating scale aims to rate aircraft handling
qualities, which relate to the open-loop aircraft response. However, to evaluate the closed-loop perfor-
mance of the BS115, the aircraft mission performance has to be evaluated. As seen previously in Figure
1.7 of Section 1.4, thereto the performance of the mission task has to be evaluated. To accommodate
this evaluation, the approach suggested by Casali and Wierwille [28, p.626] is followed.

The obtained task rating will be converted to a level of flying qualities, which is done to achieve
consistency throughout the evaluation. Table 2.3 shows the equivalance between the two, which is in
agreement with Cook [5, p.275].

Level of Flying Qualities | Level 1 | Level 2 | Level 3 | Below Level 3
Cooper-Harper Rating 1-3 <6 <8 >8

Table 2.3: Cooper-Harper Rating Equivalence With Flying Quality Level

2.3.2. BS115 TRAINING MISSIONS

To accommodate the evaluation of closed loop handling qualities, several distinctive training tasks will
be examined that are common in the training curriculum. For each of these tasks, requirements are
posed in agreement with the curriculum performance standards [29, 30]. This results in the following
training tasks:

* Normal approach and landing

* S-turn ground reference manoeuvre
* Steep turn performance manoeuvre
* Recovery from unusual attitudes

A summary of the performance evaluation criteria related to these training tasks is given in Tables
2.41t02.7.
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Handling Qualities Rating Scale

Is it
satisfactory without
improvement?

No

Is adequate
performance
attainable with a
tolerable pilot
workload?

No

Is it
controllable?

~
Adequacy for Selected Task Aircraft Demands on the Pilot in Selected Pilot
or Required Operation Characteristics Task or Required Operation* Rating
Excellent Pilot compensation not a factor for
Highly desirable desired performance
4 Good Pilot compensation not a factor for
Negligible deficiencies desired performance

Fair - Some mildly
unpleasant deficiencies

Minimal pilot compensation required for
desired performance

Minor but annoying
deficiencies

Desired performance requires moderate
pilot compensation

| Deficiencies

warrant Moderately objectionable

deficiencies

4

Adequate performance requires
considerable pilot compensation

| improvement

Very objectionable but
tolerable deficiencies

Adequate performance requires extensive
pilot compensation

Major deficiencies

Adequate performance not attainable with
maximum tolerable pilot compensation

Deficiencies
= warrant
improvement

Major deficiencies

Considerable pilot compensation is
required for control

Major deficiencies

—

Intense pilot compensation is required
to retain control

improvement -4 Major deficiencies

Control will be lost during some portion
of required operation

I mandatory
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L

* Definition of required operation involves designation of flight
phase and/or subphases with accompanying conditions.

Figure 2.5: Cooper-Harper Rating Scale [4, p.12]
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Rating 1-3

Rating 4-6

Rating 7-9

Approach speed +10/ — 0 KIAS

Touch down within 1000 ft and
+ 15 ft from centreline

Approach speed +20/ — 0 KIAS

Touch down within 1000 ft and
+ 15 ft from centreline

A safe approach and landing is
possible

Table 2.4: Normal Approach and Landing Evaluation Criteria

Rating 1-3

Rating 4-6

Rating 7-9

Altitude within + 100 ft
Airspeed within + 10 KIAS

Altitude within + 150 ft
Airspeed within + 15 KIAS

Altitude within + 250 ft
Airspeed within + 20 KIAS

Table 2.5: S-turn Evaluation Criteria

Rating 1-3 Rating 4-6 Rating 7-9
Bank angle within + 10° Bank angle within + 15° Bank angle within + 20°
Airspeed within + 10 KIAS Airspeed within + 15 KIAS Airspeed within + 20 KIAS
Roll-out heading within + 15° Roll-out heading within + 20° Roll-out heading within + 30°

Table 2.6: Steep turn Evaluation Criteria

Rating 1-3 Rating 4-6 Rating 7-9
Recovery with minimum loss Recovery with marginal loss of | Recovery with acceptable loss
of altitude/speed altitude/speed of altitude/speed

Table 2.7: Unusual Attitude Recovery Evaluation Criteria

2.4. CONCLUSION

In the previous sections, the criteria for handling quality evaluation of the BS115 for the training of
flying skills have been determined. Summarizing, the following steps will be taken:

* Firstly, the stability characteristics of the BS115 are examined both in longitudinal manoeuvring
and lateral-directional manoeuvring.

* Secondly, the control forces will be checked for adequate performance.

* Finally, several typical training manoeuvres are examined using feedback from the test pilot.






FLIGHT TESTING

With the training effectiveness evaluation criteria determined in Chapter 2, the next step in the evalua-
tion procedure is to identify the relevant aircraft properties. To this purpose a series of CS-VLA certifi-
cation test flights is available. However, it was stated in the introduction of Section 2.2 that certification
flying requirements are less demanding than the military standards. As a result not all evaluation cri-
teria determined in the previous chapter are covered in the flight test campaign and additional data is
required. This is further discussed in Chapter 4. In this chapter, the test equipment and procedures
used to obtain the flight test data are described. First of all, Section 3.1 describes the flight test instru-
mentation. With the test equipment defined, the test procedures are explained in Section 3.2.

3.1. FLIGHT TEST INSTRUMENTATION

The flight test instrumentation system for the BS115 aircraft consists of a customized configuration of
the Dynon Skyview SV-D700, as displayed in Figure 3.1a.

(a) BS115 FTI Harness (b) BS115 Air Data Boom

Figure 3.1: BS115 - FTI System
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AoA (deg)

Altitude (ft) [from Air Data Boom|]

[from Air Data Boom)]

FTI Light

Airspeed (kts
o ) FTI Switch

[from Air Data Boom]

Sideslip (deg)
[from Air Data Boom|

Figure 3.2: BS115 Instrument Panel

The FTI consists of the following components:

e FTITharness (3.1a) containing:

- G-meter
— Airspeed indicator

— Altitude indicator

Angle of attack indicator

Sideslip indicator

* Mini air data boom (3.1b)
e FTIinstrument panel (3.2)
e Linear transducers
 Strain gauges

* Potentiometers

* Antenna

In addition, a ground station is present equipped with the following instrumentation, as seen in
Figure 3.3:

* Computer

* Speakers

COM/NAV radio
¢ Radio module for data transmission
¢ Weather station

° Microphone and headsets
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Speakers

b

— — MIC and
GNC 255A HEADSET
radio | receptacles

Figure 3.3: Ground station layout

The ground station decodes the received flight test data using software developed by Blackshape, in
order to allow real-time flight monitoring. All data are stored in the FIT’s internal memory with a 4 Hz
data rate, while the ground station keeps a log file with a rate of 1 Hz, allowing to verify each recorded
parameter by comparison of the two data sets. After the flight, all test data is downloaded from the FTT’s
internal memory, as well as from the EDM. A complete list of the recorded parameters is available in
Appendix C.

3.2. FLIGHT TEST PROCEDURE

In order to obtain the flight test data required, several test flights have to be executed. These are de-
scribed in this section. First of all the configuration requirements are discussed, after which the detailed
flight test manoeuvres are given.

3.2.1. CONFIGURATION REQUIREMENTS

Due to the effect of the centre of gravity on the pitching moment, test flights are executed with a varying
CG position. Two of the test points will be taken at the aircraft MTOW, while the final test point is taken
at a forward CG position with a lower weight. In order to change the weight of the BS115, tabs oflead are
either added or removed from the passenger seat. For the first test point a CG position of 23.6% MAC
is selected. The second set of test flights is executed with a CG position of 31% MAC, which is the most
aft CG position possible. Finally, the most forward CG postion used is 17.3% MAC. The defined test
flight points are visualized in the CG envelope of Figure 3.4. A detailed weight breakdown is provided in
Appendix B.
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Figure 3.4: BS115 CG Envelope

3.2.2. LONGITUDINAL STABILITY WITH RESPECT TO SPEED

The first criteria to be tested is the overall longitudinal stability with respect to speed. The procedure
followed is to initially trim the aircraft at the desired altitude and airspeed, after which a pull force is
applied to reduce the airspeed. The pull force is then gradually relaxed to allow the airplane to slowly
return toward trim speed and zero stick force; the speed at which the airplane stabilizes with zero stick
force is observed. Starting again at the trim speed, a push force is applied to increase the airspeed. The
control is then gradually relaxed in the same manner as previously described. This test method is called
the Stabilized Long-Stat Stability Method, as covered in Roberts et al. [9, p.12.1].

To analyse the longitudinal stability the airspeed, stick force and elevator deflection time histories
will be used. Points of interest are the speed at which the manoeuvre is initiated, the maximum devia-
tion obtained and the final stabilized aircraft condition.

3.2.3. PHUGOID STABILITY

To test the phugoid stability of the BS115, the aircraft is stabilised and trimmed in the specified flight
condition and configuration. The longitudinal control is then moved forward in order to increase the
airspeed. Once an airspeed increment of 10% of the trim speed has been reached, the control is moved
back to the trim position and released. The resulting oscillations in airspeed, rate of climb, altitude and
pitch attitude are allowed as long as airspeed, load factor and other limitations are not exceeded.
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Figure 3.5: Phugoid time history example [9, p.8.37]

The frequency and damping characteristics of the phugoid motion are evaluated using the time
histories of the significant parameters. For the phugoid, this can be the angle of attack, airspeed or
pitch angle. In addition, the pitch rate can be retrieved by calculating the pitch angle derivative. An
example response of the phugoid can be seen in Figure 3.5.

3.2.4. SHORT-PERIOD OSCILLATION

Just as for the phugoid, the aircraft is stabilised and trimmed in the specified flight condition and con-
figuration applicable to the test point. After a qualitative investigation of the longitudinal response by
the pilot, a doublet input is applied to excite the aircraft motion as seen in Figure 3.6. The duration
of the complete input application is chosen such that a good excitation of the short period mode is
obtained.

1 At
ZZ
ER=
5 2
57% A
g€
7 2 Doublet
R Amplitude
L.

Time

Elevator Deflection
(Aircrft Nose Up)

Figure 3.6: Elevator doublet input

The pilot applies the doublet starting with a forward motion of the stick, followed by an aft move-
ment. When the pitch angle has returned to the trim value, the longitudinal control is brought back to
its initial position. At this point, the control is restrained or released to obtain either the stick fixed or
stick free response characteristics. To obtain the motion characteristics, the same steps are taken as for
the phugoid motion.



24

3. FLIGHT TESTING

3.2.5. PITCH MANOEUVRING FORCE

Starting from trimmed level flight at the test altitude and maintaining power setting and trim, the al-
titude is increased. During the descent back to the test altitude, a turn is performed to achieve the
normal accelerations necessary for control force evaluation. In this way normal accelerations up to 3.5
g are evaluated. Additionally a pull-up manoeuvre is used to evaluate the stick force up to 5 g.

During the data analysis, variations of elevator and pitch trim deflections and longitudinal control
force corresponding to the load factor variations will be evaluated. The resulting plot, similar to Figure
3.7, can be used to identify the maximum stick force gradient dF;/dn,.

Fs &

L J

Figure 3.7: Example of stick force per g plot [10]

3.2.6. DUTCH ROLL

To excite the Dutch roll motion of the BS115, a lateral manoeuvre is performed. This lateral manoeu-
vre is executed by first stabilizing and trimming the aircraft in the previously specified flight condition
and configuration, just as for the longitudinal manoeuvres discussed before. Then a rudder frequency
sweep is performed to determine the Dutch roll natural frequency. The cyclic rudder push is continued
until oscillations of sufficient magnitude are caused, after which the rudder pedals are brought back to
the trim condition and restrained (stick fixed) or released (stick free).

Using the bank angle time history, the Dutch roll frequency and damping characteristics will be
obtained in a similar way as for the short-period and phugoid modes.

3.2.7. ROLL MODE

As seen in Figure 3.8, the roll mode is examined using an aileron step input. First the aircraft is rolled
towards a 30- or 60-degree bank angle and stabilized. Then a step lateral control input is applied, which
is held until the roll rate stabilizes. When the roll rate has stabilized the controls are returned to the
initial position and held fixed.
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Figure 3.8: Roll rate response for an aileron step input [9, p.8.42]

After obtaining the roll rate, the roll mode time constant 7, can be determined from the time history
of this parameter. It is defined as reaching 63% of the maximum steady-state value, as seen in Figure
3.8.
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In addition to the flight test data available, additional data is required to evaluate all training effec-
tiveness criteria. To this purpose, a Digital DATCOM model of the BS115 is made. Digital Datcom is a
computer program that is used to calculate static stability, high lift and control, and dynamic deriva-
tive characteristics using the USAF Stability and Control DATCOM methods [31]. These methods are a
collection of best knowledge and judgement in the area of stability and control prediction methods, al-
lowing the computation of a complete set of stability and control derivatives for given flight conditions.
Since it provides a fast and efficient way of estimating these derivatives, it is suitable to compute the
aircraft characteristics for the other evaluation criteria and additionally perform a check on the BS115
flight test results. In this chapter the DATCOM model and its verification and validation is described.
Section 4.1 explains the various inputs required for the DATCOM analysis. The verification procedure
of the Digital DATCOM model is described in Sections 4.2 and 4.3. Model validation and the final values
for the BS115 stability derivatives are given in Sections 4.4 and 4.5 respectively.

Verification is done using a two-step procedure, using both code verification (Section 4.2) and cal-
culation verification (Section 4.3). Code verification ensures that the model is working correctly, out-
put is generated and that no programming errors are made. To check if the numerical model contains
any errors, the obtained DATCOM results are compared with analytical approximations of the stability
derivatives. Additionally, a check is made by generating DATCOM models of several comparable aircraft
and comparing their results to the ones obtained from the BS115 model. This procedure is called the
calculation verification. The results used for verification are the ones obtained from test point 2 condi-
tions, of which the input file can be found in Appendix D. The results are given in Appendix D as well.
Model validation is done by comparing the results of a DATCOM analysis to actual stability derivative
values.

4.1. BS115 DATCOM INPUT

The digital DATCOM makes use of an input file, defining the characteristics of the aircraft under inves-
tigation. In this section the various aspects of the input file are described. The actual input file can be
found in Appendix D.

4.1.1. FLIGHT CONDITIONS

Defining a run case for digital DATCOM requires the set-up of related flight conditions, which are three-
fold. First of all the flight speed(s) should be given, which is done by providing the Mach number. Sec-
ondly, the altitude should be provided and finally the sequence of angles of attack is required.

4.1.2. REFERENCE POINTS
DATCOM requires all surface and body locations to be specified from a reference point. The origin of
this reference location lies at the fuselage nose, in the same plane as the general reference location used

27
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by Blackshape (Appendix B) and in the symmetry plane of the aircraft. The x-coordinate representing
the CG position is determined in accordance with test point 2, as stated before. To obtain the model
data for the other two test points, this x-coordinate is the only parameter that needs to be adapted.

4.1.3. FUSELAGE

The fuselage of the BS115 is modelled in DATCOM by defining cross-sectional properties at various lo-
cations along the length. In this case the cross-sectional area, upper z-coordinate and lower z-coordinate
are determined for twelve sections using the CAD model of the aircraft.

4.1.4. WING

The wing planform is modelled according to the layout and dimensions presented in Appendix A. As
can be seen, the BS115 wing planform contains a kink at a distance of 1.36 m from the centreline of the
fuselage and is therefore effectively divided into two sections.

In order to determine the properties of these sections, some assumptions are made. As seen in the
same Appendix, the BS115 wing consists of three different airfoils at the root, kink, and tip. Since the
variation between these airfoils is linear, the average airfoil for each section can be determined. The lift
and moment characteristics of these sections are determined using XFOIL.

4.1.5. EMPENNAGE

Both the horizontal and vertical tail surfaces have a symmetrical NACA-63A010 airfoil applied. All other
properties are taken from Appendix A.

4.1.6. POWER PLANT

The constant speed, variable pitch propeller implemented on the BS115 is modelled with the geometri-
cal characteristics listed in Appendix A. To determine the blade angle at 75% of the propeller radius, the
propeller data charts provided by the manufacturer are used. First of all, the advance ratio / and power
coefficient C,, are calculated. Together with the previously determined Mach number for the run case,
an interpolation can be made.

4.2, CODE VERIFICATION

To examine whether or not the input file functions correctly, several checks are made. First of all, the
output file generated by DATCOM is compared with the expected output parameters as defined in the
Digital DATCOM manual [32]. The output parameters generated for the test point are shown in Table
4.1:

Force and Moment Coefficients | Cp, Cr, Cin, Cn, Ca
Static Stability Derivatives Cry» Cing» Cyﬂ, Cp 5 C; 5
Dynamic Stability Derivatives Cry Cmy» Cra» Cmg» Ciyy Cy,y, Cayy Cny, Gy,

Table 4.1: Output Parameters for the BS115 DATCOM Model

Secondly, the BS115 configuration is plotted using the drawDATCOMaircraft function in MATLAB,
which visualizes the model components defined in the DATCOM input file. The resulting configuration
plots are given in Figures 4.1 to 4.3. Unfortunately the function only takes the inboard panel sweep
angle to draw the wing and is therefore incapable of addressing the wing kink. As a result, the leading
edge sweep angle displayed in the plots is the average leading edge sweep angle over the wing span.
This has no consequences for the DATCOM calculations, but is merely a limitation of the plotting tool
used.
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Figure 4.2: Side View of the BS115 DATCOM Model
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Figure 4.3: Front View of the BS115 DATCOM Model

Since the actual computed output parameters (as can be seen in Appendix D) match the expected
output parameters given in Table 4.1 and the DATCOM model represents the actual aircraft as seen in
Figures 4.1 to 4.3, the code seems to be working properly.
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4.3. CALCULATION VERIFICATION

The first step in the calculation verification procedure is to visually check the obtained results and see
if any problems occur. For this purpose, Figure 4.4 is created. In this figure the angle of attack referred

to is that of the complete aircraft.

2 T
I
— Wing
156 Fusglage '
Horizontal Tail
No Propeller
Complete Model

0.5

« [deg]

Figure 4.4: Lift coefficient as a function of the angle of attack for different DATCOM model configurations

Figure 4.4 shows that an irregularity occurs in the results as soon as all aircraft components are com-
bined. After analysis of the output file, it is found that these miscalculations originate from ill-calculated
downwash properties. To correct the model, a linear downwash model obtained from experimental
data of the BS115 is used [33]. The model assumes the following relationship:

= — 4.1
€ €0+da 4.1)

With ¢y = -0.25 and de/da = 0.3 [33].

The resulting lift curve slope is plotted together with the lift curve slope before the correction in
Figure 4.5.
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Figure 4.5: Lift coefficient as a function of the angle of attack before and after downwash correction

4.3.1. LONGITUDINAL STABILITY DERIVATIVES VERIFICATION

To verify the longitudinal stability results, the first step is to run a DATCOM analysis for several compa-
rable aircraft and see if the outcomes match. As seen in Table 4.2, the BS115 analysis and the reference
aircraft computations show comparable results, except for Cz,. The BS115 seems to have a very high
lift curve slope when compared to the other reference aircraft. Analysis shows that the lift curve slope
value is increased significantly as soon as the fuselage is added into the DATCOM input file, which is not
the case for the other two aircraft considered. In this case it seems the interference effects between the
wing and fuselage are overestimated. Without fuselage, a lift curve slope of 0.0829 [1/deg] is found for
the BS115. This value is also close to the lift curve slope value of solely the wing found using AVL [34].

BS115 | Cessna 172 | Diamond DA-20
Cr, [1/deg] | 0.01085 0.0877 0.0842
Cimn, [1/deg] | -0.0168 -0.0184 -0.0223
Ci, [1/deg] 0.0611 0.0605 0.060
Crm, [1/deg] -0.123 -0.124 -0.116
Cr, [1/deg] 0.0126 0.0187 0.0141
Cm, [1/deg] | -0.0372 -0.0556 -0.0516

Table 4.2: DATCOM Comparison for Different Aircraft

To correct the value for the lift curve slope to a more realistic value, C;, is adapted by using the result
without fuselage, and add the fuselage contribution to the lift curve slope separately. This results in a
value for Cr, of 0.0857, which is also closer to the other reference aircraft.

Secondly, a comparison is made with analytical approximations of the stability derivatives. The
aircraft characteristics necessary to use these equations are given in Appendix A, while the flight con-
ditions are assumed to be equal to the second test flight point. The first derivative to be checked is the
lift curve slope Cr,,. An analytical approximation for this derivative is derived from the theoretical max-
imum lift curve slope value for a rectangular flat plate wing of infinite span and in incompressible flow,
as given in Equation 4.2:

CL

. =2mcosA (4.2)

a
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With A, the leading edge sweep of the equivalent wing planform. The lift curve slope is further
reduced due to the finite span of an actual wing, which is expressed by:

Clq,,
Cro= — (4.3)
(1 4 Lo )
When the horizontal tail contribution is also considered, the equation changes as follows:
CL=C +(1 de)(v”)zshc (4.4)
La = “Law da)\V ] s tem '

The contribution of the fuselage is not taken into account in the above expression for the lift curve
slope, since its influence is expected to be small.

The remaining longitudinal stability coefficients are evaluated using the approximation expressions
given in Mulder et al. [11, p.187]. The moment curve slope can than be expressed as follows:

Xeg — Xw

Cing = Chyy — =~ Cni, (1 - 4.5)

da)\ V] sc
When considering small angles of attack, Cy is approximately equal to C;, which allows Equation
4.6 to be rewritten as:

de)(Vh)z Sl

da)\V Sc

This approximation is also made for the Cr, 2 Cmg» CLy and Cy,, derivatives:

Xeg — X d Vi\? Sl
Cimg = CLyy ————Cl, (1——6)(—”) Lk (4.6)

Ci, =2(Cr,), =2Cu, (%)2 S;—ih @.7)
Cimy==(111012)(Cn, ), = -1 00120 C, (%)2 sgégz 4.8
Cr, = CLha (%)2 5—;83—? (4.9)

Cmg = —C1,, (%)Z %Sg—é’;z (4.10)

In order to compare the longitudinal stability derivatives with the approximations, the DATCOM
results have to be modified to match the analytical expressions. Due to the fact that Equations 4.6 to
4.10 relate the stability derivatives to q—VC and % respectively, while the Digital DATCOM relates them to

g—‘i and % respectively, they cannot be compared directly. As a result, the DATCOM outcomes for these

stability derivatives are divided by a factor of 2, to relate them to % and % as well. This is shown in

Table 4.3.
DATCOM Result | DATCOM Result Modified
Cr, [1/deg] 0.0857 0.0857
Cing [1/deg] -0.0168 -0.0168
Cr, [1/deg] 0.122 0.0611
Cm, [1/deg] -0.246 -0.123
Cr, [1/deg] 0.0251 0.0126
Cpm, [1/deg] -0.0743 -0.0372

Table 4.3: Conversion of DATCOM Results
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Using Equations 4.2 to 4.10 combined with the DATCOM output of Table 4.3, Table 4.4 is generated:

Analytical | Modified DATCOM Result | Difference [%]
Cr, [1/deg] 0.0948 0.0857 -9.6
Cpm, [1/deg] -0.0337 -0.0168 -50.2
CLq [1/deg] 0.0815 0.0611 -25.0
Cmq [1/deg] -0.146 -0.123 -15.8
Cr, [1/deg] 0.0122 0.0126 +3.3
Cpm, [1/deg] -0.0364 -0.0372 +2.2

Table 4.4: Results with equal definition

As can be seen, most results show a difference less than 25%. The largest difference occurs in the
Cm, derivative, which can be explained by the destabilizing effect of the fuselage. This contribution is
not considered in the approximation expression, resulting in a significant difference. The differences
in Cr, and Cy,,, can be explained by taking a look at the approximation expressions, which only give a
very rough estimate of the derivatives based on their most dominant contributions. As a result, some
difference between DATCOM and the analytical expressions is expected.

4.3.2. LATERAL-DIRECTIONAL STABILITY DERIVATIVES VERIFICATION

As stated by [5, p.384], it is much more difficult to estimate the lateral-directional stability derivatives
using analytical methods. This is due to the aerodynamic interferences between all aircraft compo-
nents, making it difficult to identify the dominant contributions to the stability derivatives. Therefore, a
different approach is needed. First of all a sign check is made, which is done in Table 4.5. Secondly the
BS115 results are compared with a DATCOM analysis of the reference aircraft, similar to Table 4.2. This
is done in Table 4.6.

Expected Sign | BS115 DATCOM Result
Clﬁ [1/deg] - -0.000537
CYﬁ [1/deg] - -0.00825
Cnﬁ [1/deg] + 0.000438
Cl,, [1/deg] - -0.00840
Cyp [1/deg] - -0.00230
Cnp [1/deg] - -0.000485
Cy, [1/deg] + 0.00118
Cy, [1/deg] - -0.00197
Table 4.5: Lateral Derivative Sign Comparison
BS115 Cessna 172 | Diamond DA-20
Clli [1/deg] -0.000537 -0.00154 -0.00138
Cyﬁ [1/deg] -0.00825 -0.00425 -0.00354
Cnﬁ [1/deg] 0.000438 0.00051 -0.000505
Clp [1/deg] -0.00840 -0.00781 0.00928
Cyp [1/deg] -0.00230 -0.00070 -0.00091
Cn,, [1/deg] | -0.000485 0.00015 0.00847
C;, [1/deg] 0.00118 0.00036 0.00442
Cp, [1/deg] -0.00197 -0.0010 -0.00105

Table 4.6: Lateral Derivative Comparison - Reference Aircraft
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As can be seen in Table 4.5, the results of the BS115 analysis show the expected sign for the lateral-
directional stability derivatives. Table 4.6 shows that there exists some variation between the different
aircraft in the lateral-directional stability derivatives. The relatively large tail volume coefficient of the
BS115 when compared to the other aircraft results in larger values for Cy, and Cj,,, as well as a more pos-
itive value for Cy,;. Other factors that cause differences between the lateral-directional stability deriva-
tives are the relative positions of the wing and tail with respect to the reference point, as well as the wing
dihedral for Clﬁ.

4.4. MODEL VALIDATION

To make sure the results from the DATCOM analysis are reliable, it is important to perform a validation
using a reference aircraft. To this purpose an aircraft with known stability derivatives is evaluated using
DATCOM, which is the Cessna 172 ’Skyhawk’ (Figure 4.6). Both the longitudinal and lateral-directional
stability derivatives of this aircraft are evaluated in this section.

Figure 4.6: Cessna 172 ’Skyhawk’

4.4.1. LONGITUDINAL STABILITY DERIVATIVES VALIDATION
The longitudinal stability derivatives calculated using the analytical method of Section 4.3 as well as
DATCOM are shown in Table 4.7 below:

Actual | Analytical Approximation DATCOM
Cr, [1/deg] | 0.081 0.0942 (+16.5%) 0.088 (+8.5%)
Cp, [1/deg] | -0.016 -0.019 (+22.3%) -0.018 (+18.3%)
Cr, [1/deg] | 0.034 0.077 (+125%) 0.061 (+77.8%)
Cm, [1/deg] | -0.108 -0.1205 (+11.4%) -0.124 (+14.2%)
Cr, [1/deg] | 0.015 0.0162 (+9.2%) 0.019 (+26.3%)
Cp,; [1/deg] | -0.045 -0.046 (+2.3%) -0.056 (+22.5%)

Table 4.7: Cessna 172 - Longitudinal Stability Derivatives Comparison

The first observation to be made is that the analytical approximation shows small errors (within
23%) for Cr,, Cpn, as well as for the derivatives with respect to acceleration, Cr, and C,,. In addition,
Cm, 1s within 10% error. The error is largest for the pitch rate derivative Cr,. This might be due to
the simplifications made in the formula, where a rough estimate is made by taking twice the value of
the estimated horizontal tail contribution. When considering the DATCOM output, the lift curve slope
is predicted with 8.5% error, while the stability derivative C,,, shows an error of 18.3%. For the rate of
angle of attack derivatives, Cr, and Cyy,, the error is 26.3% and 22.5% respectively. The largest deviation
occurs in the estimate of the pitch rate derivative Cr, as was the case for the analytical approximation.
In this case the value is overestimated by 77.8 %.
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4.4.2. LATERAL-DIRECTIONAL STABILITY DERIVATIVES VALIDATION

The lateral-directional stability derivatives calculated by DATCOM are compared with actual values in
Table 4.8:

Actual DATCOM | Error (%)

Clﬁ [1/deg] | -0.00161 | -0.00154 -4.4

Cy, [1/deg] | -0.00686 | -0.00425 -38.0
Cnﬁ [1/deg] 0.00103 0.00051 -50.2
Cy, [1/deg] | -0.00845 | -0.00781 -7.5

Cy, [1/deg] | -0.00131 -0.0007 -46.5
Cp, [1/deg] | -0.00049 | 0.00015 -130.9
C;, [1/deg] 0.00139 0.00036 -74.2
Cp, [1/deg] | -0.00164 -0.0010 -38.9

Table 4.8: Cessna 172 - Lateral Directional Stability Derivatives Comparison

As can be seen, the overall error percentage is higher for the lateral-directional derivatives than
for the longitudinal derivatives. It was stated before that it is much more difficult to estimate lateral-
directional stability derivatives due to the aerodynamic interferences between all aircraft components,
and therefore this difference makes sense. The highest error percentages are found for Cp, and Cj,,
where Cp, is even positive. An attempt to improve the estimation for C,, is made by recalculating
the derivative using ESDU data items [35]. Using this method a value of -0.00029 is found, which is an
improvement with respect to the initial DATCOM estimate. For C;, a similar procedure is followed using
ESDU data item 85010 [36], resulting in a value of 0.00063 and thereby reducing the error to 55%.

4.5. BS115 STABILITY DERIVATIVES

The BS115 DATCOM model has been verified and validated in Sections 4.2 to 4.4. Since the geometry
and properties of the BS115 aircraft are known in more detail than the Cessna 172 used for validation,
where some of the properties had to be estimated from drawings, it is expected that the error percent-
age for the BS115 stability derivatives is reduced in comparison with the Cessna.

Based on the comparison with the analytical approximations and the validation results, the longi-
tudinal stability derivatives obtained from the BS115 DATCOM model will be used. The final values are
given in Table 4.9. For the lateral-directional stability derivatives it was found that C;,, and C;, showed
an improved accuracy when calculated using the ESDU data items. Therefore this procedure is also
applied to the BS115. All other lateral-directional derivatives are still obtained from DATCOM. The re-
sulting final set of stability derivatives is given in Table 4.10.

BS115 Derivatives
Cr, [1/deg] 0.0857
Cm, [1/deg] -0.0168
Cr, [1/deg] 0.0611
Crmy [1/deg] -0.123
Cr, [1/deg] 0.0126
Crn, (1/deg] -0.0372

Table 4.9: BS115 Longitudinal Stability Derivatives
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BS115 Derivatives
Clﬁ [1/deg] -0.000537
Cyﬁ [1/deg] -0.00825
C”ﬁ [1/deg] 0.000438
Clp [1/deg] -0.00840
Cyp [1/deg] -0.00230
Cnp [1/deg] -0.000254
C,, [1/deg] 0.000759
Cn, [1/deg] -0.00197

Table 4.10: BS115 Lateral-Directional Stability Derivatives



BS115 HANDLING QUALITY EVALUATION

Using the test set-up and procedures described in Chapter 3 together with the DATCOM results from
Chapter 4, the BS115 handling qualities are evaluated. As stated in Section 2.4, three categories of cri-
teria can be distinguished: longitudinal stability and control characteristics, lateral-directional stability
and control characteristics, and pilot feedback. Sections 5.1 to 5.4 cover the longitudinal characteristics.
Lateral-directional characteristics are discussed in Sections 5.5 to 5.7 and the pilot feedback is covered
in Section 5.8. Finally a discussion on the obtained results is presented in Section 5.9.

For clarity, the three test points as defined in Chapter 3 are repeated here. Test point 1 is taken at a
CG position of 23.6% MAC, test point 2 is at the most aft CG position of 31.0% MAC, and test point 3 is
at the most forward CG position of 17.3% MAC. This is seen in Figure 5.1 as well.
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Figure 5.1: BS115 CG Envelope - repeated
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5.1. LONGITUDINAL STABILITY WITH RESPECT TO SPEED

As stated in subsection 2.2.2, there shall be no tendency for airspeed to diverge aperiodically when the
aircraft is disturbed from trim. To test this criteria, the Stabilized Long-Stat Stability Method will be used
[9, p.12.1], as discussed in Chapter 3.

As an example, Figure 5.2 shows how this test is executed at a speed of 85 kts for test point 1. The
results of the other tests are given in Tables 5.1 and 5.2. Airspeed, altitude, stick force and elevator de-
flection are plotted against time. After initialization, a pull force is exerted leading to a maximum stick
force of 10.8 N at £ = 985.3 s. After reaching this maximum, controls are released and the return speed
is observed. The same procedure is applied with a push force, leading to a maximum stick force of 5.69
Natt=1097s.

To better present the data collected in the test flight manoeuvre, Figure 5.3 has been created. The
black dot resembles the starting point of the manoeuvre, after which a pull or push force is applied on
the stick. This causes a change in speed, shown by the arrow. After reaching maximum deviation, the
aircraft is allowed to return towards trim condition. This is visualized by the dotted line.
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Figure 5.2: Longitudinal Stability wrt Speed (detailed) - 85 kts - Test point 1



5.1. LONGITUDINAL STABILITY WITH RESPECT TO SPEED

39

z
@ 4 A
2
=}
[
s 2r i
(2]

or yl 4

/<
s
s
2r ' i
4 ® starting point
—>» pull/push
4+ — — refurn fowards trim -
O final speed
6 L L I L
70 75 80 85 90 95 100

Flight Speed [kis]

Figure 5.3: Longitudinal Stability wrt Speed - 85 kts - Test point 1

Figure 5.3 shows there is quite a large variation between the initial speed and the return speed (AV
=5 kts and AV = 8.5 kts for the push and pull respectively), indicating the aircraft was most likely not
adequately trimmed.

5.1.1. LONGITUDINAL STABILITY AT TEST POINT 1

In a similar way as shown in Figures 5.2 and 5.3, the longitudinal stability is examined for other speeds.
Results are shown in Figure 5.4 and 5.5.
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70 80 90 100 110 120 130 140
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Figure 5.4: Longitudinal Stability wrt Speed - Cruise - Test point 1
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Stick Force (kg
.

Stick Force [N]
&

50 55 60 85 70 75 80 85 7 75 80 % 9% 100
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(a) Approach and Landing (b) Climb

Figure 5.5: Longitudinal Stability wrt Speed - Manoeuvres - Test point 1

5.1.2. LONGITUDINAL STABILITY AT TEST POINT 2

The same procedure is applied for test point 2. Results are shown in Figures 5.6 and 5.7.
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Figure 5.6: Longitudinal Stability wrt Speed - Cruise - Test point 2



5.1. LONGITUDINAL STABILITY WITH RESPECT TO SPEED

41

Stick Force [N]

Stick Force [N]

50 55 60

(a) Approach and Landing

65

75

Flight Speed [Kis]

(b) Climb

Figure 5.7: Longitudinal Stability wrt Speed - Manoeuvres - Test point 2

5.1.3. LONGITUDINAL STABILITY - SUMMARY

As seen in the previous subsections, the longitudinal stability with respect to speed has been evaluated
for test point 1 and 2. To summarize, the trim speed, maximum deviation speed and return speed are
given in Tables 5.1 and 5.2 for all test points. In all situations, the BS115 returns towards the initial con-
ditions and hence no objectionable airspeed divergence is present. Therefore the first stability criteria

has been met.

20
Flight Speed [kis]

o5

105

Table 5.1: Longitudinal stability with respect to speed - Test Point 1 Summary

Cruise
Vikts] | AV[%] | VIkts] | AV [%] | VIkts] | AV [%] | V[kts] | AV [%]
Trim speed 85 102 106 121
96.5 +6 % 114 -1% 127 +3 % 140 +2 %
Return Speed 90 101 109 123
Trim speed 86 100 110 120
71 -11 % 86 -4 % 92 -4 % 99 +3 %
Return Speed | 77.5 96 106 123
Cruise Appr & land Climb
Vikts] | AV[%] | V[kts] | AV [%] | V[kts] | AV [%]
Trim speed 138 62 86
118 1% 83 +5% 100 +3 %
Return Speed 136 65 89
Trim speed 66 89
- - 54 -9 % 72 2%
Return Speed 60 87
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Cruise
Vikts] | AV[%] | V[kts] | AV [%] | V[kts] | AV [%]
Trim speed 86 119 138
104 +6 % 139 +1% 160 +1%
Return Speed 91 120 140
Trim speed 91 119 140
78 -5% 100 -3% 120 -2%
Return Speed 86 115 137
Approach & landing Climb
Vikts] | AV[%] | V[kts] | AV [%] | V [kts] | AV [%]
Trim speed 60 72 90
75 +8 % 90 +0 % 104 +2 %
Return Speed 65 72 92
Trim speed 65 78 90
55 -8 % 65 -8 % 75 +0 %
Return Speed 60 72 90

Table 5.2: Longitudinal stability with respect to speed - Test Point 2 Summary

5.2. PHUGOID MOTION

The phugoid motion of the BS115 is evaluated at both test point 1 and test point 2, using the procedure
described in section 3.2. The obtained results are discussed here. After analysis of the test flight data, it
is found that the angle of attack vane has not captured the phugoid motion accurately and therefore a
measurements are not included in the results.

To evaluate phugoid characteristics, first of all the peak values have to be determined. This is done
graphically and the results for both test points at a speed of 120 kts are in indicated in the plots of Figure
5.9 and 5.10. Using the time between two successive peaks, the phugoid period can be determined as
follows (Using the definitions of Figure 5.8):

Tp =h—-Nh (5.1
The next step is to determine the motions damped frequency from the period:

_271

Wg=—
TP

(5.2)

Since the phugoid is a relatively slow motion, the damping ratio can be determined using the tran-
sient peak ratio (TPR) method [37, p.212]. When the steady state system response is determined, Figure
5.8 can be used. Then the TPR can be found using equation 5.3. This is done for as many peaks as can
be identified, after which an average is taken to account for the irregularity in flight testing.

Axy Axo Axs
TPR=—=—F=——==_. (5.3)
Axg Ax; Axp

Figure 5.8: Transient Peak Ratio - Definitions
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With the TPR determined, the damping ratio is found by using Vitsas Modified Transient Peak Ratio
Method [38]:

1
(p=——— (5.4)

2
1+ (1og(¥PR))
Finally, the natural frequency is obtained:

Wq

- (5.5)
1-¢3

Wp

5.2.1. PHUGOID MOTION AT TEST POINT 1

For the first test point (CG at mid-range), results are shown in Figure 5.9 for a speed of 120 kts. Cali-
brated airspeed, altitude, pitch angle and pitch rate are plotted against time. The latter is not recorded
directly during the test flight and is therefore derived from the pitch angle. The airspeed plot also shows
the pilot markers used to indicate events in the test flight, which are helpful for identifying the motion
characteristics.

Since the motion is best visible in the third plot, the pitch angle has been used to determine the
motion characteristics. The steady state system response is found to be at -1.02°. Using the method
described previously, the following results are obtained:

° Tp=19.3]s]

* wy=0.273 [rad/s]
e TPR=0.54[-]

* {p=0.195[-]

° w;, =0.284 [rad/s]
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Figure 5.9: Phugoid Oscillation - Test Point 1 - 120 kts
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5.2.2. PHUGOID MOTION AT TEST POINT 2

For the second test point, the calibrated airspeed can be used to evaluate the motion. CAS is plotted
together with altitude, pitch angle and pitch rate in Figure 5.10. Again, pilot markers are displayed in
the top plot.
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Figure 5.10: Phugoid Oscillation - Test Point 2 - 120 kts

In a similar way as for test point 1, with a steady state system response equal to 115.4 kts, the fol-
lowing characteristics are found for test point 2:

° Tp=311s]

° wyz=0.196 [rad/s]

TPR=0.59 [-]
* {p=0.168 [-]
* wy,=0.202 [rad/s]
5.2.3. PHUGOID MOTION - SUMMARY OF RESULTS
In a similar way as for the above worked out test results, the phugoid motion is examined at several

other speeds for the aft CG. The results are summarized in Table 5.3. The accompanying motion plots
are given in Appendix F.

Test Point | Speed [kts] | T [s] | wqg [rad/s] | TPR[-] | { [rad/s] | w, [rad/s]
2A 85 29.2 0.215 0.449 0.247 0.229
2B 90 27.3 0.239 0.421 0.266 0.257
2C 120 31.0 0.203 0.609 0.156 0.208
2D 140 39.7 0.158 0.489 0.222 0.166

Table 5.3: Phugoid Motion - Test point 2 - Complete Results
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To better understand the accuracy of the obtained results, the 90% confidence interval is plotted in
Figure 5.11. As can be seen, there is a relatively large spread in the obtained results with an outlier at
measurement point 3. However, since this outlier is towards the critical boundary regarding the training
effectiveness evaluation criteria, it will not be disregarded.

The spread in flight test measurements can have several causes. First of all, the test equipment may
not be sensitive enough to pick up the precise motion characteristics. This is most evident at test point 1
where it was difficult to use the airspeed recordings to analyse the phugoid, resulting in the pitch angle
to be used. Additionally, it is possible that the pilot has not properly executed the manoeuvres in all
cases, causing the results to vary. A final contributor to the varying results can be the meteorological
conditions at the flight altitude. Even though the test flights were executed during calm weather, local
variations might have an influence on the flight test result.
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Figure 5.11: Phugoid Confidence Interval (90%) - CG Aft

A final check on the results is made by comparing the obtained damping coefficient with the one
obtained from a DATCOM model of the BS115 and some reference aircraft. This is shown in Table 5.4:

BS115 - Flight test | BS115 - DATCOM | Cessna 172 | DA-20
{p [rad/s] 0.156 0.115 0.104 0.056

Table 5.4: Damping Coefficient Comparison for Various Aircraft

Table 5.4 shows that a higher damping coefficient is achieved in flight testing than the model pre-
dicted. According to Ward and Strganoc [37, p. 194] and Crawford [39, p. 7.4], the phugoid damping
ratio is significantly affected by the aircraft drag. This might indicate that the actual aircraft drag of
the BS115 is higher than predicted by the model. The Da-20 shows significantly less damping than the
Cessna and BS115, which is explained by its high L/D ratio compared to the other two aircraft.

As stated in subsection 2.2.2, the phugoid motion should have a damping coefficient {,, of at least
0.04 to achieve level 1 flight conditions. Based on the results presented above, a minimum damping
coefficient of 0.156 is found in flight testing, which satisfies the criteria. The damping coefficient cal-
culated using the BS115 model meets the criteria as well. Therefore the BS115 is shown to have level 1
handling qualities with respect to the phugoid motion.

5.3. SHORT PERIOD

To evaluate the short period characteristics of the BS115, test flights are performed at test point 1 and 2.
Just as for the phugoid motion, the criteria for the short period are related to the damping coefficient.
In this case:

0.35< {5y <1.30 (5.6)
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5.3.1. SHORT PERIOD MOTION AT TEST POINT 1

For the first test point (CG at mid-range), the manoeuvre has been executed twice at a speed of 108 kts.

The results are shown in Figures 5.12 and 5.13.

115 T T T
X: 1127
Lol - . Y:108.1 |
g [
g s ‘ ‘ - —
100 | 1 | [ | | 1 | | |
1120 1122 1124 1126 1128 1130 1132 1134 1136 1138 1140
Test time [s]
8
T T T
e T —
= —
he] [
=4 e ———— -
S N
gl B — | |~ | | 1 | | |
1120 1122 1124 1126 1128 1130 1132 1134 1136 1138 1140
Test time [s]
2 T T T T
@ S—
g I
= L [
o 0 - —— —
4 1 = | | | |
1120 1122 1124 1126 1128 1130 1132 1134 1136 1138 1140
Test time [s]
10 T
g s N ]
b= — — \ - — — _
= of / e
\
. 1 | | - | | 1 | | |
1120 1122 1124 1126 1128 1130 1132 1134 1136 1138 1140
Test time [s]
Figure 5.12: Short Period - Test Point 1 - 108 kts
115
=
e
- — [ — - B I
< 105 — — —
. L \ \ L \ \ ! \ \
1210 1212 1214 1216 1218 1220 1222 1224 1226 1228 1230
Test time [s]
6 T ———— T T
- - “‘\_\_\\\\ _
—_ _ —
5 . - — — S
=2 "~ \_\:
0 | | | | | | | | |
1210 1212 1214 1216 1218 1220 1222 1224 1226 1228 1230
Test time [s]
2 \
e 7 —
=) -
g — \.
b= S
ob—— — / -
= ~— S _
N - -
4 1 | | | | | 1 | |
1210 1212 1214 1216 1218 1220 1222 1224 1226 1228 1230
Test time [s]
10 i
T 51— —
g - VAN - - .
=N \/ i a
5 1 | | | | | 1 | |
1210 1212 1214 1216 1218 1220 1222 1224 1226 1228 1230
Test time [s]

Figure 5.13: Short Period - Test Point 1 - 108 kts

5.3.2. SHORT PERIOD MOTION AT TEST POINT 2

The second test point results are shown in Figure 5.14 for a speed of 110 k¢s. As can be seen in this case
not only an elevator doublet is used as input, but a series of sinusoidal inputs was made as well. This
was done by the pilot in order to try to excite the short period mode before the real doublet was applied

at the last peak.
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Figure 5.14: Short Period - Test Point 2 - 110 kts

SHORT PERIOD MOTION - RESULTS SUMMARY

Although the input as specified in the flight test procedure has been applied to the aircraft, there is no
recognizable clear motion resulting from this input. Some response can be identified, but the flight
test data provides insufficient detail and accuracy to determine the short period damping. As a conse-
quence, the short period characteristics of the BS115 can only be quantified using the DATCOM model
established in Chapter 4.

Using the procedure explained in Section E.4 of the Appendix for both the BS115 and the reference
aircraft, the following damping coefficients for the short period motion are found:

{sp [rad/s]
BS115 - DATCOM 0.574
Cessna 172 0.685
Diamond DA-20 0.559

Table 5.5: Short Period Damping Coefficients for Various Aircraft

As seen in the above results, all aircraft show comparable short period characteristics. Since the
BS115 short period damping coefficient lies between the limits posed in the introduction of this section,
the BS115 shows level 1 handling qualities in this respect.

5.4. BS115 LONGITUDINAL CONTROL CHARACTERISTICS

In order to evaluate the control forces on the BS115, the flight test manoeuvre described in subsection
3.2.5 is executed for all test points. As is done for the previous criteria, one of the test points is worked
out completely. The other graphs and plots can be found in Appendix F.

5.4.1. CONTROL FORCES AT TEST POINT 3

Shown in Figure 5.15 is the flight test manoeuvre executed for the CG position in accordance with test
point 3. After levelling and trimming the aircraft at an airspeed of 120 kts, the elevator is moved to
increase the load factor during a turning manoeuvre. Flight speed, load factor, stick force and elevator
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deflection are recorded during this process. The maximum values of load factor, stick force and elevator
deflection are indicated in the plot.
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Figure 5.15: Manoeuvring Control Forces - Test point 3 - 120 kts

The next step is to create a stick force per g plot. All tests performed at test point 3 are analysed in
the same manner as described above. The resulting stick force vs g points are gathered in Figure 5.16,
using steady conditions (F; =0, n, = 1) as initial point. As can be seen, one of the measurement points at
V =100 kts is disregarded since it lies too far away from the other measurements. Combining the results
and taking an average of the measurement points, a value for the stick force per g is found. In the case
of test point 3 (CG forward), % is found to be equal to 4.954 [kg/g]. Additionally, the 90% confidence
interval of the flight test measurements is determined. This interval is determined with all test points
included, as well as with excluding measurement point 3. The resulting boundaries are shown in Figure
5.17.
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The flight test evaluation of the elevator control forces is done using two techniques. As seen in
Figure 5.15 the maximum load factor is reached for just a small period of time, resulting in a peak stick
force per g measurement. This method is used for both test point 1 and test point 3. The main benefit of
this kind of test is that an estimate of the real life stick force per g in a normal manoeuvre is obtained [40].
However, the method also has its drawbacks. Due to the dynamic nature of such a motion, factors like
the aircraft pitch inertia influence the final result. In manoeuvring flight this pitch damping increases
the stick force required to displace the aircraft from its equilibrium position, causing the measured stick
force not to represent the minimum stick force required to apply a certain g to the aircraft.

5.4.2. CONTROL FORCES AT TEST POINT 2

The critical flight configuration for longitudinal control force evaluation is the one with the centre of
gravity at the most aft position (test point 2), since the control forces are lowest here. Too low control
forces can potentially be dangerous in controlling the aircraft, since the aircraft becomes too sensitive to
unintentional variations in control force. Moreover, there also exists a risk of overstressing the aircraft.
For this reason CS-VLA requirements dictate a minimum stick force required to achieve the positive
limit manoeuvring load. These effects are of even larger importance in pilot training since the pilot is
inexperienced in dealing with these situations.

Due to the requirements on minimum stick forces to reach the limit load factor, the method used to
determine the stick forces for test point 1 and 3 cannot be used for test point 2. To better identify the
minimum stick forces per g at test point 2, a different test manoeuvre is performed. In this case the load
factor is increased in a turning manoeuvre and held constant over a prolonged period of time, reducing
the dynamic effects. Figure 5.18 shows how the stick force per g varies for different load factors up to n,
= 3.9. The resulting stick force per g plot is shown in Figure 5.19.
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Figure 5.19: Stick force per g - Test point 2 - 120 kts

5.4.3. CONTROL FORCES - SUMMARY OF RESULTS
The resulting stick force gradients and their confidence intervals are given in Table 5.6.

Test Point 1 | Test Point2 | Test Point 3
IEs [bs/g] 5.106 4.116 10.92
Lower confidence boundary 4.478 2.026 10.40
Upper confidence boundary 5.736 6.206 11.13

Table 5.6: Stick Force per g - Summary

Additionally, a comparison is made with reference data. Using the procedure described in Section
E.5 of the Appendix, stick force gradients are obtained for the BS115 model representation as well as for
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the reference aircraft used in the previous analyses. For a mid-range reference CG location and similar
flight conditions, the following values are found:

dFs/dn [lbs/g]
BS115 - Flight Test 5.106
BS115 - Model 8.957
Cessna 172 25.68
Redbird 6.063

Table 5.7: Stick Force per g - Comparison with Reference Aircraft

As can be seen in Table 5.7 there exists quite some variation between the results. First of all the
difference between the BS115 test flights and the model has to be explained. In order to calculate the
stick force gradient , it is necessary to make simplifications to the actual system. For example, the
control system is assumed to behave according to a simple model [11, p.341] and the pull-up manoeuvre
is a perfect g-motion [11, p.413]. These simplifications introduce uncertainties in the final calculations.
Moreover, the necessary hinge moment coefficients and stability derivatives have been estimated using
the procedures described in Appendix E. As a result, the stick force per g calculations using the BS115
model are an approximation of the actual situation and therefore introduce uncertainty. Secondly, the
test equipment introduces errors as well. Although the test equipment has been calibrated, there is still
the possibility of measurement errors. Based on the above comparison the flight test results cannot be
guaranteed to be correct. However, no more accurate results are available and therefore the current
outcome will be accepted.

Considering the criteria determined in Section 2.2, there are limits posed on the maximum and
minimum stick force gradient. As seen in Table 5.6, the maximum stick force gradient is found at the
most forward CG (test point 3), while the minimum stick force gradient is found at the most aft CG (test
point 2) as expected. The BS115 stick force results in test point 2 give:

. (ars)
(4]~ =10.92 [Ibs/g)

* (%) =412 bs/g

For the maximum and minimum stick force gradients of the BS115, Level 3 handling qualities are
found for test point 2. Even though the maximum stick force gradient is on the low side already, the
main problem with the stick force gradient is the minimum stick force for pitch control. To achieve
better handling qualities, ideally a stick force gradient of 5.25 [Ibs/g] should be reached for this most aft
CG position. Since the maximum stick force gradient is also on the low side, the most obvious way to
reach better handling qualities is to increase the stick force gradient.

5.5.BS115 DuTCH ROLL CHARACTERISTICS

The first lateral-directional motion to be investigated is the Dutch Roll. Test flights are performed for
both test points 1 and 2. As stated in subsection 3.2.6, the damped frequency of the Dutch Roll mo-
tion is determined using a rudder frequency sweep. Additionally, the Dutch Roll damping coefficient
is determined from the time history traces of the performed manoeuvres. As indicated by the pilot the
Dutch Roll tests show more than two overshoots and hence the transient peak ratio method can best be
used, similar to the phugoid calculations of Section 5.2.

5.5.1. DUTCH ROLL AT TEST POINT 2

To analyse the Dutch Roll motion, a plot is made displaying the calibrated airspeed (CAS), rudder de-
flection (6,), roll angle (¢p) and heading angle (). This is done in Figure 5.20 for the second test point, at
atest speed of 120 kts. First of all, the damped frequency w is determined using the following formula
[9, p.8.35]:
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_ 2m[#cycles] 6.7
a= [totaltime] ’

As is best seen in the heading angle plot of Figure 5.20, a total of 6 cycles are identified in a time span
of 13.5 seconds resulting in a damped frequency w, 0f 2.793 Hz.
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Figure 5.20: Dutch Roll - Test Point 2 - 120 kts

Secondly, the damping coefficient is determined using the transient peak ratio method discussed
earlier. For the flight test results of Figure 5.20, a TPR of 0.555 is found using the heading angle. The
corresponding Dutch Roll damping ratio {; equals 0.184.

5.5.2. DUTCH ROLL MOTION - SUMMARY OF RESULTS

As is done for the other criteria investigated, a summary of the flight test results is given in this subsec-
tion. The corresponding motion plots can be found in Appendix F. In total five measurement points are
available, of which two are taken at test point 1 and three are taken at test point 2. The results are given
in Table 5.8.

Test Point | Measurement | Configuration | Speed [kts] | wgy [rad/s] | {4 [-] | wy [rad/s]
1 la take-off 90 2.578 0.198 2.683
1 1b clean 130 3.142 0.154 3.218
2 2a clean 120 2.793 0.184 2.891
2 2b clean 120 2.957 0.197 3.076
2 2c clean 140 3.491 0.125 3.546

Table 5.8: Dutch Roll Motion - Complete Results

In a similar way as for the other stability criteria, the Dutch roll characteristics of the BS115 are also
obtained using the equations of motion and the stability derivatives determined using DATCOM. Fol-
lowing the method described in Appendix E.4, the Dutch roll damping coefficient is found to be equal
to 0.29. The corresponding natural frequency, wy, is equal to 1.74 [rad/s]. When comparing this value
to the flight test results it seems the Dutch roll damping is overestimated by the model, which is most
likely a result of the inaccuracy in the stability derivatives estimation from DATCOM as seen in Section
4.4. Another possible cause for the differences between the flight test results and the DATCOM model
is the influence of the propeller slipstream. This effect may be considerable, but is not accounted for in
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the DATCOM calculations.

Besides the BS115, Dutch roll characteristics are determined for the Diamond Da-20 and Cessna
172. The resulting damping coefficients are 0.149 and 0.175 for the Da-20 and Cessna 172 respectively.
The Da-20 has a natural frequency of 2.17 rad/s, while the Cessna 172 has a natural frequency of 2.66
rad/s. Compared to the BS115, the Da-20 has a lower Dutch roll damping, while the Dutch roll damping
of the Cessna 172 is comparable. When looking at the lateral stability diagram (Figure 5.21), it is seen
the Dutch roll damping is heavily influenced by Cy,. Table 4.6 showed C;; was found to be -0.00054 for
the BS115, -0.0014 for the Da-20 and -0.0015 for the Cessna 172. These variations in Clﬁ mainly result
from differences in aircraft geometry. The most prominent difference is that the Cessna 172 has a high
wing configuration as opposed to the Da-20 and BS115, contributing to a more negative Cy,.

Cny T
E<0

Spiral instability

E>0,R>0

Spiral stability and

convergent Dutch Roll R=0

R<0

B \\"\i\&& Divergent Dutch Roll
SR .

N
Figure 5.21: Lateral Stability Diagram [11, p.156]
5.5.3. DUTCH ROLL EVALUATION CRITERIA

The evaluation criteria for the Dutch Roll properties are given previously in subsection 2.2.3 but are
repeated here:

* {4 should be larger than 0.08
e The product of {; and w,, should be larger than 0.15
* wy, should be larger than 1.0 rad/s

Based on the results in subsection 5.5.2, the following values are found for the flight test measure-
ments:

Measurement | {4 [-] | {qw, [rad/s] | w, [rad/s]
la 0.198 0.531 2.683
1b 0.154 0.496 3.218
2a 0.184 0.532 2.891
2b 0.197 0.606 3.076
2c 0.125 0.443 3.546

Table 5.9: Dutch Roll Criteria - Flight Test Comparison

The comparison with reference aircraft shows the following results:
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Cal-] | (qwy(rad/s] | w, [rad/s]
BS115 - DATCOM 0.29 0.50 1.74
Diamond Da-20 0.149 0.32 2.17
Cessna 172 0.1749 0.47 2.66

Table 5.10: Dutch Roll Criteria - Model Comparison

Asseenin Table 5.9 and 5.10 the criteria for the Dutch Roll motion are met in all measurement points
evaluated, as well as for the BS115 DATCOM model. Hence the BS115 shows level 1 handling qualities
for the Dutch Roll motion.

5.6.BS115 ROLL MODE
The next aircraft mode to be considered in the training effectiveness evaluation is the roll mode. For
this mode three evaluation criteria are to be considered, which are restated below:

* The roll-mode time constant, 7, shall be no greater than 1.0 s.

* A bank angle of 30° should be achieved within 1.3 seconds, while a 60° bank angle should be
reached within 1.7 seconds.

* The stick force required to obtain the roll performance should be smaller than 20 lbs and larger
than the breakout force plus 5 Ibs.

The roll mode evaluation criteria are tested for test point 1 and 3.

5.6.1. ROLL-MODE TIME CONSTANT

The roll mode time constant is defined as the time needed to reach 63% of the maximum roll rate, as
was seen in Section 3.2. To test this criteria, an aileron input is given such that the roll rate of the aircraft
increases to a maximum, after which the aileron controls are returned to the neutral position. Figure
5.22 shows the time history of such an input for test point 1 at a speed of 130 kts. The roll rate is not
measured directly in flight but is determined from the roll angle derivative. The other time history plots
for the roll mode are given in Appendix F.
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Figure 5.22: Roll Mode - Test Point 1 - 130 kts
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As can be seen the time required to reach the maximum roll rate is 0.5 seconds. Additionally, the
63% value of the maximum roll rate is indicated, which is reached after 0.25 seconds. This value falls
well within the required 1.0 seconds. Since the other test points are evaluated in the same manner, the
test results are summarized by giving the obtained roll mode time constant t for these test points in
Tables 5.11 and 5.12. The accompanying time plots are given in Appendix F.

Configuration | Vikts] | 7
Take-off 65 0.5
Take-off 65 0.6
Landing 70 0.5
Landing 70 0.5

Clean 90 0.3
Clean 90 0.4
Clean 95 0.4
Clean 120 0.3
Clean 120 0.4
Clean 130 0.3
Clean 140 0.5

Table 5.11: Roll Mode Time Constant - Test Point 1 Summary

Configuration | Vkts] | 1
Take-off 70 0.3
Landing 70 0.3
Landing 70 0.4

Clean 80 0.3
Clean 100 0.3

Table 5.12: Roll Mode Time Constant - Test Point 3 Summary

Tables 5.11 and 5.12 show the roll mode time constant is never larger than 0.6 s. As a result, the
BS115 meets the roll mode criteria and shows level 1 handling qualities in this respect.

5.6.2. ROLL PERFORMANCE

To check whether or not the BS115 meets the roll performance criteria, the same flight tests as for the
determination of the roll-mode time constant are used. This allows the same example as in subsection
5.6.1 (Test Point 1 - 130 kts) to be used here.
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As can be seen in Figure 5.23, datapoints are given at the start of the manoeuvre, as well as the points
where a 30° and 60° change in bank angle has been achieved. It follows that a 30° bank angle change is
achieved within 0.5 seconds, while a 60° bank angle change is achieved within 0.9 seconds. Given the
performance criteria established before, the roll performance of the BS115 is more than adequate in

this test point.

The roll performance for the other test points evaluated is summarized in Tables 5.13 and 5.14.
These tables show the aircraft configuration, the airspeed at which the manoeuvre is performed, the
total bank angle change and the time required for that change, the time required for a 30° bank angle
change and the time required for a 60°bank angle change. The corresponding graphs can be found in

Appendix F.

Configuration | V [kts] | A® [deg] | At[s] | 30°Performance [s] | 60°Performance [s]
Take-off 65 133.6 2.8 0.6 1.3
Take-off 65 150.7 2.7 0.6 1.1
Landing 70 133.4 3.0 0.7 1.3
Landing 70 139 3.0 0.7 1.3

Clean 90 135.4 2.5 0.6 1.1
Clean 90 129.6 2.8 0.6 1.3
Clean 95 128.6 2.3 0.5 1.0
Clean 120 95.9 1.8 0.6 1.1
Clean 120 93.4 1.5 0.5 1.0
Clean 130 95.0 1.5 0.5 0.9
Clean 140 87.5 1.5 0.5 1.0

Table 5.13: Roll Performance - Test Point 1 Summary
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Configuration | V [kts] | A® [deg] | At[s] | 30°Performance [s] | 60°Performance [s]
Take-off 70 79.8 2.0 0.9 1.5
Landing 70 77.6 2.3 0.9 1.7
Landing 70 76.8 2.3 0.8 1.5

Clean 80 65.3 2.0 0.9 1.8
Clean 100 74.5 1.7 0.7 1.4

Table 5.14: Roll Performance - Test Point 3 Summary

The roll performance of the BS115 shown in Tables 5.13 and 5.14 indicates that a 30° bank angle
change is achieved in all cases within 0.9 seconds, which is within the 1.3 second requirement. For the
60° bank angle change, all measurements performed at test point 1 fall within the 1.7 seconds criteria,
with a maximum time required of 1.3 seconds. For test point 3, the measurement performed at 80 kts
in clean configuration shows a required time of 1.8 seconds. However, this is the only test point above
the limit. To check whether or not the measurement might be off, the 90% confidence interval for test
point 3 is plotted in Figure 5.24. The corresponding 90% confidence interval lower boundary is 1.42 s,
while the upper boundaryis 1.74 s.
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Figure 5.24: Roll Performance - Test Point 3 - Confidence Interval

Based on the test points available and the confidence interval plot shown above, it is suspected
the measurement at 80 kts in clean configuration is slightly off. One possible cause of this is that the
maximum aileron deflection is not reached instantly, as would be the case with a step input, but that the
pilot took a bit longer to reach the maximum aileron deflection. This is for example also seen in Figure
5.23 where it took 0.5 s to reach maximum aileron deflection. If the mean value of all measurements
is taken as representable for the roll performance at test point 3, a bank angle change of 60° can be
reached within 1.58 s. Therefore the BS115 shows level 1 handling qualities when considering the roll
performance.

5.6.3. ROLL CONTROL FORCE

The final criteria related to the roll mode of the BS115 is the control force required to reach the roll
performance evaluated in subsections 5.6.1 and 5.6.2. Unfortunately no strain gauges were attached to
the aileron controls during the test flights, so the aileron control forces have not been measured during
flight. As a result, these forces need to be calculated.

The force required to move the ailerons can be determined using equation 5.8 [11, p.449]:

da“’c +d5“’c L ves,c (5.8)
- —_— - c .
as, har as, hay 2‘0 ara

Fy=
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With Cp,,, the aileron hinge moment coefficient:

Ch, = Cpy + Cpya +Cp,6 (5.9

In equation 5.9, Cj, represents the breakout force component. Both Cj, and Cy,; are determined
using ESDU [41]. During the flight test manoeuvre the ailerons are at their maximum deflection angle,
15° for the upwards moving aileron and 11° for the downwards moving aileron. Assuming the hinge
moment coefficients and altitude are constant for all test points, the required force is only dependent
on airspeed. Using the BS115 data provided in Appendix A, Figure 5.25 is created:
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Figure 5.25: Aileron Control Forces - BS115

With a minimum speed of 65 ks and a maximum speed of 140 kts, the corresponding minimum
and maximum aileron control forces are 3.4 [bs and 12.3 Ibs respectively. The corresponding train-
ing effectiveness evaluation criteria states that the roll control force should be smaller than 20 [bs, but
larger than 5 Ibs plus the breakout force if one wants to achieve level 1 handling qualities. With the
breakout force at 1 Ibs, it can be seen that for low airspeeds the aileron control force does not meet
these requirements. Using the definitions of Section 2.2, it is seen the BS115 shows level 3 handling
qualities for airspeeds up to 65 kts and level 2 handling qualities for airspeeds between 70 and 95 kts.
In this low-speed region the aircraft may become over-sensitive to roll control. This is potentially dan-
gerous, as it makes it easy for student pilots to unintentionally apply a rolling motion to the aircraft. At
all speeds above 95 kts level 1 handling qualities are found.

A final check on the aileron force results is made by making a comparison with the Cessna 172 and
Diamond Da-20. The aileron control forces are determined without considering the breakout force.
Calculating the control forces using equation 5.8 and assuming the gearing ratio of the control system
is comparable, Figure 5.26 is created. The Cessna 172 shows much higher control forces than the other
two aircraft, which is caused by the larger hinge moments found in the control system. The Da-20 has
lower control forces than the BS115 due to the lower hinge moment coefficients, which can be seen in
Table 5.15.
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Figure 5.26: Aileron Control Forces - Reference Aircraft Comparison

Sa [m?] Cqlm] | Cy, [1/rad] | Cy, [1/rad]
BS115 0.315 0.225 -0.309 -0.706
Cessna 172 1.55 0.285 -0.164 -0.548
Da-20 0.55 0.168 -0.015 -0.483

Table 5.15: Aileron Control Surface Comparison

5.7. SPIRAL MODE

Since no test flights have been performed on quantifying the spiral mode characteristics of the BS115
aircraft, these characteristics can only be determined from the DATCOM model retrieved earlier in
Chapter 4. Using the asymmetric equations of motion [11, p.143] and the procedure described in Ap-
pendix E, Figure 5.27 is created. In this plot the eigenvalues for the asymmetric motions are shown for
the BS115. Three eigenmotions may be distinguished:

* Ahighly damped aperiodic motion which is most apparent in the rate of roll.

 Alightly damped aperiodic motion in which the aircraft sideslips, yaws and rolls. This eigenmo-
tion is called the spiral motion.

* A periodic mode in which the aircraft sideslips, yaws and rolls, better known as the Dutch roll
motion.
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Figure 5.27: Eigenvalue location for the asymmetric motions - BS115



60

5.BS115 HANDLING QUALITY EVALUATION

Corresponding to the spiral motion of the aircraft is A,, which is found to be equal to -0.0034 for the
BS115. The time to damp to half the amplitude is then equal to 27.3 seconds. Additionally, a comparison
is made with the Cessna 172 and Diamond Da-20. Using the same procedure, the following values are
found:

A2 Tis2

BS115 -0.0034 | 27.3
Cessna 172 | -0.0033 | 34.3
Da-20 -0.0008 | 140

Table 5.16: Spiral Mode - Comparison with Reference Aircraft

As can be seen, the Cessna 172 performs very similar to the BS115. When looking again at the lateral
stability diagram (Figure 5.21 of subsection 5.5.2, it can be seen spiral stability is improved either by
decreasing Cp, or increasing —C;,. However, the difference between the BS115 and the Da-20 cannot
be explained by comparing only Cp,; and C, since both are more favourable for the Da-20. In this case
also the yaw rate derivatives C,, and C;, play a role, as can be seen from the definition of E (Equation
5.10).

E=Cy,Cp, - CnyCy, (5.10)

The accompanying training effectiveness evaluation criteria was determined in subsection 2.2.3 and
stated that the time for the bank angle to double should be greater than 12 seconds to achieve level 1
handling qualities. Since the BS115 is found to have spiral stability and the bank angle actually de-
creases over time, the criteria for spiral stability is met.
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5.8. BS115 P1LOT FEEDBACK

As stated in Section 2.3.1, four training manoeuvres have been chosen to be evaluated using the modi-
fied Cooper-Harper scale by the test pilot. The obtained results are discussed below.

NORMAL APPROACH AND LANDING

The pilot has evaluated a normal approach and landing manoeuvre using the criteria in Figure 5.28. It
is found that for such a manoeuvre, the closed loop handling qualities fall between a rating of 2 and
3. A rating of 3 applies mainly when attempting the task with mechanical or thermal turbulence or

crosswind.

REQUIREMENTS FOR NORMAL
APPROACH AND LANDING

- APPROACH SPEED +10/-0
KIAS

- TOUCH DOWN WITHIN 1000
FT AND +15 FT FROM
CENTRELINE

- APPROACH SPEED +20/-0
KIAS

- TOUCH DOWN WITHIN 1000
FT AND +15 FT FROM
CENTRELINE

A SAFE APPROACH AND
LANDING IS POSSIBLE

DIFFICULTY LEVEL

OPERATOR DEMAND LEVEL

RATING

VERY EASY,
HIGHLY DESIRABLE

OPERATOR MENTAL EFFORT IS MINIMAL AND DESIRED
PERFORMANCE IS EASILY ATTAINABLE

h 4

EASY,
DESIRABLE

OPERATOR MENTAL EFFORT IS LOW AND
DESIRED PERFORMANCE IS ATTAINABLE

FAIR,
MILD DIFFICULTY

ACCEPTABLE OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

IS MENTAL
WORKLOAD

NO MENTAL WORKLOAD IS

HIGH AND SHOULD BE
REDUCED

MINOR BUT ANNOYING
DIFFICULTY

MODERATELY HIGH OPERATOR MENTAL EFFORT IS
REQUIRED TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MODERATELY OBJECTIONABLE
DIFFICULTY

HIGH OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

ERRORS ARE
SMALL AND
INCONSEQUENTIAL,

MAJOR DEFICIENCIES,
SYSTEM DESIGN
IS STRONGLY
RECOMMENDED

VERY OBJECTIONABLE BUT
TOLERABLE DIFFICULTY

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MAJOR DIFFICULTY

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO BRING ERRORS TO MODERATE LEVEL

MAJOR DIFFICULTY

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO AVOID LARGE OR NUMEROUS ERRORS

MAJOR DIFFICULTY

INTENSE OPERATOR MENTAL EFFORT IS REQUIRED
TO ACCOMPLISH TASK, BUT FREQUENT OR NUMEROUS
ERRORS PERSIST

THE INSTRUCTED
TASK CAN BE
ACCOMPLISHED MOST
OF THE TIME

MAJOR DEFICIENCIES,
SYSTEM REDESIGN
IS MANDATORY

IMPOSSIBLE

INSTRUCTED TASK CANNOT BE ACCOMPLISHED RELIABLY

Figure 5.28: Normal Approach and Landing - Cooper Harper Evaluation

S-TURN GROUND REFERENCE MANOEUVRE

The S-turn ground reference manoeuvre is given a rating between 4 and 5, when Figure 5.29 is used.
The execution of S-turn manoeuvres requires accurate and constant cross-checking of airspeed, alti-
tude, vertical speed and bank angle. The avionics system of the BS115 presents a lot of data on small
displays and additionally has split the VSI. Therefore it lacks intuitivity in capturing immediately the
trend, which makes the S turn manoeuvre cumbersome. This is especially the case for student pilots.




62

5.BS115 HANDLING QUALITY EVALUATION

REQUIREMENTS FOR
S-TURN MANOEUVRE

- ALTITUDE + 100 FT
- AIRSPEED # 10 KIAS

- ALTITUDE + 150 FT
- AIRSPEED # 15 KIAS

- ALTITUDE + 250 FT
- AIRSPEED + 20 KIAS

IS MENTAL
WORKLOAD

NO

ERRORS ARE

MALL Al
INCONSEQUENTIAL,

A 4

MENTAL WORKLOAD IS
HIGH AND SHOULD BE
REDUCED

MAJOR DEFICIENCIES,
SYSTEM DESIGN
IS STRONGLY
RECOMMENDED

THE INSTRUCTED
TASK CAN BE
ACCOMPLISHED MOST
OF THE TIME

MAJOR DEFICIENCIES,
SYSTEM REDESIGN
IS MANDATORY

DIFFICULTY LEVEL OPERATOR DEMAND LEVEL RATING
VERY EASY, OPERATOR MENTAL EFFORT IS MINIMAL AND DESIRED 1
HIGHLY DESIRABLE PERFORMANCE IS EASILY ATTAINABLE
EASY, OPERATOR MENTAL EFFORT IS LOW AND 2
DESIRABLE DESIRED PERFORMANCE IS ATTAINABLE
FAIR, ACCEPTABLE OPERATOR MENTAL EFFORT IS REQUIRED 3
MILD DIFFICULTY TO ATTAIN ADEQUATE SYSTEM PERFORMANCE
MINOR BUT ANNOYING MODERATELY HIGH OPERATOR MENTAL EFFORT IS 4
DIFFICULTY REQUIRED TO ATTAIN ADEQUATE SYSTEM PERFORMANCE
MODERATELY OBJECTIONABLE HIGH OPERATOR MENTAL EFFORT IS REQUIRED 5
DIFFICULTY TO ATTAIN ADEQUATE SYSTEM PERFORMANCE
VERY OBJECTIONABLE BUT MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED 6
TOLERABLE DIFFICULTY TO ATTAIN ADEQUATE SYSTEM PERFORMANCE
MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
MAJOR DIFFICULTY TO BRING ERRORS TO MODERATE LEVEL 7
MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
MAJOR DIFFICULTY TO AVOID LARGE OR NUMEROUS ERRORS 4
INTENSE OPERATOR MENTAL EFFORT IS REQUIRED
MAJOR DIFFICULTY TO ACCOMPLISH TASK, BUT FREQUENT OR NUMEROUS 9
ERRORS PERSIST
IMPOSSIBLE INSTRUCTED TASK CANNOT BE ACCOMPLISHED RELIABLY 10

Figure 5.29: S-turn ground reference Manoeuvre - Cooper Harper Evaluation

STEEP TURN PERFORMANCE MANOEUVRE

The steep turn manoeuvre is evaluated using the rating system of Figure 5.30. Depending on the level
of turbulence, the rating varies between 2 and 4. Level 4 occurs mainly when working in turbulent air,
due to the low wing loading and hence turbulence sensitivity of the BS115.
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DIFFICULTY LEVEL

OPERATOR DEMAND LEVEL

RATING

VERY EASY,
HIGHLY DESIRABLE

OPERATOR MENTAL EFFORT IS MINIMAL AND DESIRED
PERFORMANCE IS EASILY ATTAINABLE

REQUIREMENTS FOR STEEP TURN
MANOEUVRE

IS MENTAL
WORKLOAD
LEVEL

- BANK ANGLE + 10°
- AIRSPEED = 10 KIAS
- ROLL-OUT HEADING * 15°

- BANK ANGLE + 15°
- AIRSPEED * 15 KIAS
- ROLL-OUT HEADING # 20"

ERRORS ARE
SMALL AND
INCONSEQUENTIAL

THE INSTRUCTED
TASK CAN BE
ACCOMPLISHED MOST
OF THE TIME

- BANK ANGLE + 20°
- AIRSPEED = 20 KIAS
- ROLL-OUT HEADING * 30"

NO MENTAL WORKLOAD IS
HIGH AND SHOULD BE
REDUCED

4

EASY, OPERATOR MENTAL EFFORT IS LOW AND 9
DESIRABLE DESIRED PERFORMANCE IS ATTAINABLE
FAIR, ACCEPTABLE OPERATOR MENTAL EFFORT IS REQUIRED

MILDv DIFFICULTY

TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MINOR BUT ANNOYING
DIFFICULTY

MODERATELY HIGH OPERATOR MENTAL EFFORT IS
REQUIRED TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MAJOR DEFICIENCIES,
SYSTEM DESIGN
IS STRONGLY
RECOMMENDED

MODERATELY OBJECTIONABLE
DIFFICULTY

HIGH OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

VERY OBJECTIONABLE BUT
TOLERABLE DIFFICULTY

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MAJOR DIFFICULTY

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO BRING ERRORS TO MODERATE LEVEL

MAJOR DEFICIENCIES,
SYSTEM REDESIGN
IS MANDATORY

MAJOR DIFFICULTY

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO AVOID LARGE OR NUMEROUS ERRORS

MAJOR DIFFICULTY

INTENSE OPERATOR MENTAL EFFORT IS REQUIRED
TO ACCOMPLISH TASK, BUT FREQUENT OR NUMEROUS
ERRORS PERSIST

IMPOSSIBLE

INSTRUCTED TASK CANNOT BE ACCOMPLISHED RELIABLY

Figure 5.30: Steep Turn Peformance Manoeuvre - Cooper Harper Evaluation

UNUSUAL ATTITUDE RECOVERY

Figure 5.31 shows the rating system for unusual attitude recovery. It is found by the test pilot that the
BS115 achieves a rating of 2 or 3. Unusual attitude recovery characteristics are very well adapted for the
role of a basic trainer. Stalls are very benign and recovery from intentional or inadvertent departure is

intuitive.
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REQUIREMENTS FOR
UNUSUAL ATTITUDE RECOVERY

RECOVERY WITH MINIMUM
LOSS OF ALTITUDE/SPEED

4

DIFFICULTY LEVEL

OPERATOR DEMAND LEVEL

RATING

VERY EASY,
HIGHLY DESIRABLE

OPERATOR MENTAL EFFORT IS MINIMAL AND DESIRED
PERFORMANCE IS EASILY ATTAINABLE

IS MENTAL
WORKLOAD
LEVEL
ACCEPTABLE?

NO

MENTAL WORKLOAD IS
HIGH AND SHOULD BE
REDUCED

EASY,
DESIRABLE

OPERATOR MENTAL EFFORT IS LOW AND
DESIRED PERFORMANCE IS ATTAINABLE

FAIR,
MILD DIFFICULTY

ACCEPTABLE OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MINOR BUT ANNOYING
DIFFICULTY

MODERATELY HIGH OPERATOR MENTAL EFFORT IS
REQUIRED TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MODERATELY OBJECTIONABLE
DIFFICULTY

HIGH OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

VERY OBJECTIONABLE BUT
TOLERABLE DIFFICULTY

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO ATTAIN ADEQUATE SYSTEM PERFORMANCE

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED
TO BRING ERRORS TO MODERATE LEVEL

MAJOR DIFFICULTY

MAJOR DEFICIENCIES,
SYSTEM DESIGN
IS STRONGLY
RECOMMENDED

RECOVERY WITH MARGINAL ERRORS ARE SMALL

LOSS OF ALTITUDE/SPEED

MAXIMUM OPERATOR MENTAL EFFORT IS REQUIRED

MAJOR DIFFICULTY TO AVOID LARGE OR NUMEROUS ERRORS

AND
INCONSEQUENTIAL

INTENSE OPERATOR MENTAL EFFORT IS REQUIRED
TO ACCOMPLISH TASK, BUT FREQUENT OR NUMEROUS
ERRORS PERSIST

MAJOR DIFFICULTY

THE INSTRUCTED
TASK CAN BE
ACCOMPLISHED MOST
OF THE TIME

RECOVERY WITH
ACCEPTABLE LOSS OF
ALTITUDE/SPEED

MAJOR DEFICIENCIES,
SYSTEM REDESIGN
IS MANDATORY

IMPOSSIBLE INSTRUCTED TASK CANNOT BE ACCOMPLISHED RELIABLY

Figure 5.31: Recovery from Unusual Attitudes - Cooper Harper Evaluation

5.9. DISCUSSION OF RESULTS

The goal of the handling quality evaluation in this chapter is twofold: identify the handling quality char-
acteristics of the BS115 that need improvement and obtain accurate data on these characteristics. In the
previous sections of this chapter the handling quality criteria, as determined in Chapter 2, were evalu-
ated using a combination of flight test data and a DATCOM model. In this section the obtained results
are discussed.

One of the main issues that occurred during this investigation is the quality of the flight test data.
As mentioned in Chapter 3, the BS115 flight tests were executed as part of a CS-VLA certification for the
aircraft. In any flight test campaign, a trade-off has to be made between an increase in test points and
sample size (accuracy), and the time spent to execute these extra tests. In the case of the BS115, the
certification requirements were not very demanding in terms of data quality and as a result the choice
was made to limit the number of test points. The consequence of this decision can be seen in Section
5.3, where the data quality has been insufficient to identify the exact motion characteristics and had to
be reverted to the DATCOM model. For CS-VLA certification purposes the short period motion has to
be 'heavily damped’ [42], where no further specification on these characteristics is provided. Contrarily,
the military requirements posed in the MIL-STD accurately define the damping limits, specifying both
upper and lower boundaries. For the other test criteria there have been similar differences in require-
ments between CS-VLA and MIL-STD.

In addition to the aforementioned short period evaluation, two other criteria could not be inves-
tigated using the flight test data. These were the criteria related to roll control force, which could not
be measured due to the absence of strain gauges in the aileron control system, and the spiral mode of
the aircraft, for which no flight tests were executed. By means of the BS115 DATCOM model it was still
possible to perform an evaluation of these criteria, but as discussed in Section 4.4 this model still has
significant uncertainty in the stability and control derivatives, mainly because DATCOM is a tool that is
commonly used in preliminary design. Therefore the aircraft characteristics obtained from this model
should not be treated as highly accurate. To increase the accuracy of the estimations, other methods
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such as CFD have to be implemented.

Even though the other criteria could be evaluated using flight testing, these have some shortcom-
ings as well. Although the BS115 has been tested at three different CG positions, not all manoeuvres
have been flown at all test points. Additionally, the number of test points for each criteria are limited as
well. For example, the phugoid motion is only evaluated once at four measurement points at test point
2, all at different speeds. Moreover, at test point 1 only one measurement is performed. If the manoeu-
vre is not executed accurately at each of these measurement points, a large data scatter in the results
will be obtained. As was seen in Figure 5.11, this is the case with 90% confidence bounds for the damp-
ing coefficient at 0.166 and 0.279. The most efficient way to increase confidence in the obtained results,
and thereby accuracy, is by increasing the sampling size in the flight test data. Not only the phugoid,
but most other evaluation criteria suffer from the same lack of sampling size. This is most critical for
the longitudinal control, Dutch roll and aforementioned phugoid evaluation.

Due to these limitations, the current evaluation of handling quality criteria has some drawbacks.
While all aircraft properties have been determined using either flight test data or the DATCOM model,
there exists a high degree of uncertainty in the obtained results. Even though statements from the test
pilots support the conclusions drawn in this chapter, the results should be considered as indicative
only. Subsequently, the goal of the handling quality evaluation in this chapter has not been entirely
completed. Although the handling quality characteristics that need improvement have been identified,
it has not been possible to obtain accurate data on these characteristics. The only way to improve these
results is by improving the BS115 model or by performing more extensive flight testing on this topic.






CONCLUSIONS

As discussed in the introduction of this report, the objective of this thesis was to assess the effect of han-
dling qualities on the training effectiveness of the BS115 aircraft. The research question for this project
was defined as follows:

Which handling qualities of the BS115 should be improved such that the training effectiveness of the
aircraft is maximized for the development of flying skills?

To answer this question, training effectiveness evaluation criteria have been determined and tested.
After conducting a literature review, several criteria were established and a grading system was adapted
from the MIL-STD. These criteria were evaluated using flight testing and a computational model based
on Digital DATCOM.

Using the flight test results and the BS115 model, the following conclusions can be drawn related to
the BS115 training effectiveness:

The BS115 showed level 1 flying qualities for all longitudinal and lateral-directional stability cri-
teria. The phugoid, short period, Dutch roll and spiral mode all show the required stability.

Roll performance of the BS115 has been shown to be adequate in all test points and hence demon-
strates level 1 flying qualities.

* Both longitudinal control forces and roll control forces are too low to meet level 1 flying qualities.
Longitudinal control meets only level 3 flying qualities, while roll control achieves level 2 flying
qualities at speeds above 70 kts. At lower speeds, level 3 flying qualities are demonstrated for roll
control.

* When performing an S-turn ground reference manoeuvre, level 2 flying qualities are achieved.
This is mainly caused by the BS115 avionics system, which presents a lot of data on small displays.
Avionics of the BS115 are therefore not best adapted for IFR training. Steep turn performance re-
duces to level 2 flying qualities in turbulent air, while in calm conditions level 1 flying qualities are
demonstrated. Normal approach and landing, as well as unusual attitude recovery are possible
with level 1 flying qualities.

Therefore, longitudinal manoeuvrability and lateral-directional control should be improved to max-
imize the BS115 training effectiveness.
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RECOMMENDATIONS

Based on the research performed and the results that have been obtained, a number of recommenda-
tions for future research and improvements on the current work can be given.

Evaluating the training effectiveness criteria was done using both a DATCOM model of the BS115
aircraft and a series of flight tests available. Although the DATCOM model provides a relatively quick
way to evaluate the aircraft characteristics, its accuracy is limited and hence its applicability should be
mostly limited to the initial design stages. To obtain better results ideally a complete training effective-
ness evaluation is performed during the flight test campaign. Unfortunately the training effectiveness
assessment was performed only towards the end of the flight test campaign, meaning the test flights
were not optimized for training effectiveness evaluation. If the evaluation of training effectiveness is
taken into account early in the flight test planning of future projects, accuracy could be increased greatly
leading to a better design evaluation.

The training effectiveness evaluation performed in this thesis only focuses on the handling qualities
of an aircraft and hence does not cover the entire spectrum of skills relevant in pilot training. A next
step that should be taken is to integrate the handling quality evaluation into the general training effec-
tiveness method presented in the introduction. To this purpose a weighting value should be assigned
to each of the handling quality evaluation criteria, based on the input of expert pilots. Using the steps
mentioned in Section 1.3, a complete training effectiveness evaluation method can then be obtained.
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BS115 AIRCRAFT DATA

A.1.BS115 3-VIEwW

Figure A.1: BS115 - Front View
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Figure A.2: BS115 - Side View
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9000

[
[ 4I|
|" :'III
l'."l
S
Figure A.3: BS115 - Top View
A.2. GENERAL CHARACTERISTICS
Symbol | Value | Unit
Total Length Lot 7.44 [m]
Total Height H;or 2.46 (m]
Empty Weight EW 519.5 | [kg]
Maximum Take-Off Weight | MTOW 750 kgl
Maximum Engine Power Pax 160 [hp]
Propeller Radius Tprop 1.75 [m]

Table A.1: BS115 General Characteristics

3049




A.3. WING CHARACTERISTICS

A.3. WING CHARACTERISTICS

Symbol | Value | Unit
Wing Surface Area S 10.31 | [m?]
Wing Span b 9.00 [m]
Mean Aerodynamic Chord Cw 1.261 | [m]
Aspect Ratio A 6.98 [-]
Wing Incidence Angle iw 2.0 [°]
Wing Dihedral Angle Tw 4.6 [°]
Taper Ratio Aw 0.34 [-]
Root Chord Cry 1.845 [m]
Tip Chord Cr, 0.660 | [m]
Table A.2: BS115 Wing Characteristics
A.4. EMPENNAGE CHARACTERISTICS
Symbol | Value | Unit
HT Surface Area Sh 2.43 [m?]
HT Span by, 3.02 [m]
Mean Aerodynamic Chord ch 0.833 [m]
Aspect Ratio Ap 3.75 (-]
HT setting i -2.0 [°]
HT Taper Ratio An 0.60 [-]
Root Chord Cr, 1.02 [m]
Tip Chord Cy, 0.61 [m]
Tail Distance I 3.75 [m]
Tail Volume V=2 | 0701 | [
Table A.3: BS115 Horizontal Tail Characteristics
Symbol | Value | Unit
Elevator Surface Area Se 0.70 (m?]
Elevator Span be 1.51 [m]
Mean Aerodynamic Chord Ce 0.27 [m]
Root Chord Cr, 0.372 [m]
Tip Chord Cy, 0.217 | [m]

Table A.4: BS115 Elevator Characteristics







BS115 WEIGHT AND BALANCE

The BS115 aircraft weight can be divided into several components. Each of these components has an
influence on the total aircraft weight considered in the flight tests, as well as on the centre of gravity
position.

First of all, a reference location has to be de defined. For the BS115, this is the datum indicated in
Figure B.1. It is located 800 mm behind the bulkhead in X-direction, 165 mm above the BS115 body
centreline, and coincides with the aircraft line of symmetry.
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Figure B.1: BS115 reference point definition

For the three test points used in the flight test analysis, the weight breakdowns are provided in Tables
B.1 to B.3. The empty weight condition is the same for all test points and is given in Table B.4. Provided
are the weight contributions, the location of their centre of gravity with respect to the datum, and the
centre of gravity location specified in percentage of the mean aerodynamic chord for the complete lay-
out. The extra weight is provided by slabs of lead, placed on the passenger seat.
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B.BS115 WEIGHT AND BALANCE

Weight [kg] | Xcg [Imm] | Xcg [%MAC]
Empty Weight 520 19
Pilot 86 280
Fuel (full) 100 45
Baggage 33 1681
Extra Weight 5 1282
Total 745 23.6%

Table B.1: Weight Breakdown for Test Point 1

Weight [kg] | Xcg [mm] | Xcg [%MAC]
Empty Weight 520 19
Pilot 86 280
Fuel (allowable) 38 45
Baggage 20 1681
Extra Weight 86 1282
Total 750 31.0%

Table B.2: Weight Breakdown for Test Point 2

Weight [kg] | Xcg [Imm] | Xcg [%MAC]
Empty Weight 520 19
Pilot 86 280
Fuel (full) 100 45
Total 706 17.3%

Table B.3: Weight Breakdown for Test Point 3
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Weight [kg] | X¢g [mm]

Fuel Tank 10.8 45
Fuselage 75.5 1003
Tail Cover 2.5 4460
Horizontal Stabilizer 8.6 4030
Elevators 6.9 4313
Rudder 3.1 4528
Wing 47.8 553
Main Landing Gear 31.5 432
Nose Landing Gear 12.5 -752
Aileron Control 3.0 295
Rudder Control 11.9 417
Control Column 4.7 365
Elevator Control 2.0 2419
Flaps Control 2.9 743
Engine Mount 10.4 -1046
Propeller 24.1 -1920
Firewall 3.2 -1001
Engine 145.5 -1430
Oil Cooler 1.3 -909
Avionics 33.3 2122
Engine Cowling 5.0 -1300
Exhaust 4.2 -1350
Instrument Panel 12.7 -260
Fuel System 7.5 -450
Landing Gear Doors 1.3 150
Seat Upholstery Forward 2.5 507
Seat Upholstery Rearward 2.5 1282
Canopy 13.5 534
Miscellaneous 18.5 273
Unusable Fuel 11.0 45
| Total 520.0 19.0 %

Table B.4: Weight Breakdown for Empty Weight






DYNON FLIGHT TEST LOGGING

Time, £ [s]

Pitch angle, 0 [deg]

Roll angle, ¢ [deg]

Heading angle, v [deg]
Calibrated Airspeed, CAS [kts]
Altitude, h [ft]

Turn rate, r [deg/s]

Lateral acceleration, ay [m/ 2]

Vertical acceleration, a, [m/s?]
Vertical speed, w [ft/min]
Density altitude, hgep; [ft]
Elevator bar force, F,j., kgl

Elevator Stick force, Fs [kg]

Left hand pedal force, Fp,,, [kg]

Right hand pedal force, Fp,, [kg]

Aileron deflection, 6, [deg]
Rudder deflection, ¢, [deg]
Elevator deflection, d. [deg]
Trim tab deflection, §; [deg]
Angle of attack, a [deg]

Angle of sideslip, f [deg]

PARAMETERS

Several other parameters are recorded in the EDM logfile, which are listed below:
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C. DYNON FLIGHT TEST LOGGING PARAMETERS

* Engine speed, RPM [rev/min]
* Absolute manifold pressure, M AP [Hg]
* Qutside air temperature, Ty, [°C]
Finally, weight and balance parameters are recorded manually pre-flight:
* Aircraft weight, W [kg]

» Centre of gravity location, cg [%MAC]



DATCOM FILES

SFLTCON NMACH=1.0,MACH(1)=0.201$

SFLTCON NALT=1.0,ALT(1)=1981.2$

SFLTCON NALPHA=9.0,

ALSCHD(1)=2.0,4.0,6.0,8.0,10.0,12.0,14.0,16.0,18.0,
LOOP=1.0%
SOPTINS SREF=10.31,CBARR=1.261,BLREF=9.0$
SSYNTHS XCG=2.569,ZCG=-0.165,XW=1.943,ZW=-0.627,ALIW=2.0,
XH=5.956,ZH=-0.056,ALIH=-2.0,
XV=5.158,XVF=5.8425,7V=-0.105,ZVF=-0.358,VERTUP=.TRUE.$
$BODY NX=12.0,
X(1)=0.0,0.425,0.525,0.840,1.281,1.521,1.961,2.921,3.887,
6.483,7.203,7.337,
$(1)=0.0,0.096,0.210,0.464,0.526,0.542,0.590,0.905,0.578,
0.054,0.007,0.0,
ZU(1)=-0.157,0.009,0.032,0.080,0.119,0.140,0.195,0.546,
0.452,0.124,0.010,0.009,
ZL(1)=-0.157,-0.339,-0.400,-0.634,-0.650,-0.660,-0.670,-0.725,
-0.622,-0.228,-0.102,-0.009%

SWGPLNF CHRDTP=0.6603,SSPNOP=3.0359,SSPNE=4.107,SSPN=4.50,CHRDBP=1.3624,
CHRDR=1.845,5AVSI=5.6,SAVS0O=-1.2,CHSTAT=0.25,TWISTA=-3.0,SSPNDD=3.0359,
DHDADI=4.6,DHDADO=4.6,TYPE=1.0$

SWGSCHR TOVC=0.0844,DELTAY=3.688,X0VC=0.3417,CLI=0.2414,ALPHAI=1.175,
CLALPA=0.1084,CLMAX=1.6086,CM0=-0.0510,LERI=0.013,LERO=0.0155,
CAMBER=.TRUE., TOVC0=0.0788,XOVC0=0.4102,CMOT=-0.0738,YCM=0.0218$

SHTPLNF CHRDTP=0.613,SSPNE=1.424,SSPN=1.525,
CHRDR=1.023,SAVSI=9.6,CHSTAT=0.0,TWISTA=0.0,

DHDADI=0.0,TYPE=1.0$

NACA-H-6-63A010

SVTPLNF CHRDTP=0.694,SSPNE=0.995,SSPN=0.995,
CHRDR=1.745,SAVS|=58.0,CHSTAT=0.0,TYPE=1.0$

NACA-V-6-63A010

SVFPLNF CHRDTP=1.2424,SSPNE=0.112,SSPN=0.224,
CHRDR=1.2424,5AVSI=-26.0,CHSTAT=0.5,TYPE=1.0$

NACA-VF-6-63A010

SEXPRO1 DEODA(1)=0.3,0.3,0.3,0.3,0.3,0.3,0.3,0.3,0.3,
EPSLON(1)=0.35,0.95,1.55,2.15,2.75,3.35,3.95,4.55,5.15,
QOQINF(1)=0.903,0.903,0.903,0.903,0.903,0.903,0.903,0.903,0.903$

SPROPWR AIETLP=0.0,NENGSP=1.0,THSTCP=0.0620,PHALOC=0.364,PHVLOC=0.0,
PRPRAD=0.877,BWAPR3=0.113,BWAPR6=0.167,BWAPR9=0.127,NOPBPE=3.0,
BAPR75=20.84,YP=0.0,CROT=.FALSE.$

CASEID BS115 COMPLETE MODE

DAMP

DIM M

TRIM

NEXT CASE

Figure D.1: Digital DATCOM Input File for the BS115
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82 D. DATCOM FILES

AUTOMATED STABILITY AND CONTROL METHODS PER APRIL 1976 VERSION OF DATCOM
CHARACTERISTICS AT ANGLE OF ATTACK AND IN SIDESLIP
WING-BODY-HORIZONTAL TAIL-VERTICAL TAIL-VENTRAL FIN CONFIGURATION
PROPELLER POWER EFFECTS INCLUDED IN THE LONGITUDINAL STABILITY RESULTS
B5115 COMPLETE MODE

77777777777777777777777 FLIGHT CONDITIONS — - oo feee-———————— REFERENCE DIMENSIONS -----—--—-—-
MACH  ALTITUDE VELOCITY  PRESSURE  TEMPERATURE REYNOLDS REF. REFERENCE LENGTH  MOMENT REF. CENTER
NUMBER NUMBER AREA LONG. LAT. HORIZ VERT
M M/SEC N/ ME*2 DEG K 1/ M MEE2 M M M M
8.201  1981.20 66.85  7.9687E+04 275.276 3.8368E+06 10.310 1.261 9.000 2.569  -0.165
7777777777777777777 DERIVATIVE (PER DEGREE)- -~~~ -~~~ ~—————-—— -
ALPHA W} cL ™ N A Xce CLA A CYB CNB L8
2.0 0.024  0.346 -9.0295 ©.347  0.812 -9.085  1.084E-81 -1.645E-@2 -8.250E-03  4.376E-84  -5.368E-04
4.8 9.e34  @.572 -9.@623 0.573 -0.806 -0.109  1.121E-01  -1.983E-02 -5.595E-04
6.0 09.948  ©.806 -0.0924 ©.887 -0.836 -8.114  1.153E-01 -2.002E-02 -5.847E-04
8.0  ©.869  1.048 -0.1033 1.839 -0.876 -8.899  1.177E-81 -2.872E-82 -6.121E-84
10.6  ©0.896  1.280 -8.1263 1.277 -8.127 -8.899  1.888E-01 -2.193E-82 -6.408E-84
12.6  @.125  1.481 -8.1588 1.474 -0.186 -8.1082  9.156E-82 -2.258E-82 -6.619E-84
4.0 @.154  1.651 -8.1741 1.639 -0.250 -0.106  7.541E-82 -2.337E-82 -6.772E-04
16.0  0.184  1.786 -0.1995 1.767 -8.315 -0.113  4.831E-62 -2.503E-82 -6.814E-04
18.0  ©.208  1.846  ©.1613 1.820 -9.373  ©.889  1.129£-82 NA -6.648E-04
ALPHA Q/QINF  EPSLON D(EPSLOM)/D{ALPHA)
2.0 0.903 8.350 2.300
4.0 0.903 .950 2.300
6.0 a.903 1.550 a.300
8.0 0.903 2.150 0.300
10.0 0.903 2.750 0.300
12.0 0.903 3.350 2.300
14.0 0.903 3.950 2.300
16.0 a.903 4.558 a.300
18.0 a.903 5.150 a.300
AUTOMATED STABILITY AND CONTROL METHODS PER APRIL 1976 VERSION OF DATCOM
DYNAMIC DERIVATIVES
WING-BODY-HORIZONTAL TAIL-VERTICAL TAIL-VENTRAL FIN CONFIGURATION
BS115 COMPLETE MODE
77777777777777777777777 FLIGHT CONDITIONS -~~~ -~ Ceeo————————— REFERENCE DIMENSIONS -----—-————-
MACH  ALTITUDE VELOCITY  PRESSURE  TEMPERATURE REYNOLDS REF. REFERENCE LENGTH  MOMENT REF. CENTER
NUMBER NUMBER AREA LONG. LAT. HORIZ VERT
M M/SEC N/ ME=2 DEG K 1/ M ME#2 M M M M
9.201  1981.20 66.85  7.9687E+84 275.276 3.8863E+06 10.310 1.261 9.000 2.5690  -@.165
DYNAMIC DERIVATIVES (PER DEGREE)
------- PITCHING-------  -----ACCELERATIOM-----=  ==cecoeocoooocROLLING- === cocmocooe —oooooo cYAMING- - - - - -
ALPHA Lo g CLAD CMAD cLe cve e CHR CLR
2.0 1.209E-01  -2.428E-01 2.479E-02  -7.331E-82  -8.398€-83  -2.3@3E-93  -4.852E-04 -1.972£-83  1.183E-03
4.00 2.479E-82  -7.331E-82  -8.571E-83 -2.422E-83  -7.534E-04 -2.016E-83  1.841E-03
6.00 2.479E-82  -7.331E-02  -8.714E-83 -2.545E-83  -1.826E-03 -2.8576-83  2.512E-03
8.00 2.479E-02  -7.331E-82  -8.760E-83  -2.670E-83  -1.304E-03  -2.113E-63  3.190E-03
10.00 2.479E-02  -7.331E-82  -7.774E-83  -2.808E-83  -1.642E-03  -2.177€-83  3.863E-03
12.00 2.479E-02  -7.331E-82  -6.150E-83 -2.914E-93  -1.969E-03  -2.229-03  4.373E-03

Figure D.2: Digital DATCOM Output File for the BS115



CHARACTERISTICS OF REFERENCE
AIRCRAFT

In order to better understand the results obtained of the BS115, a comparison is made with several
reference aircraft as well as a model of the BS115. For these reference aircraft, the same calculations are
made as for the BS115. Sections E.1 to E.3 discuss the relevant stability and control derivatives and how
they have been obtained.

E.1.BS115 MODEL

As discussed in Chapter 4, the stability and control characteristics for the BS115 model are obtained
using DATCOM. However, this is not the only data needed to make a complete analysis. Several other
characteristics had to be calculated, such as the hinge moment coefficients. These calculations have
been reported in the BS115 aerodynamic data collection [34]. All final values used in the calculations
are reported in Appendix A. Sections E.4 and E.5 give the formulas used to compute the relevant aircraft
characteristics.

E.2. CESSNA 172 SKYHAWK

E.2.1. LONGITUDINAL STABILITY AND CONTROL DERIVATIVES

The longitudinal stability and control derivatives of the Cessna 172 are readily obtained from Mulder
etal [11,p. 544]:

Cx, = 0 Cz = -0310

Cx, = -0093 Cz, = -0620 Cp, = 0
Cx, = 018 Cz = -4631 Cp, = -0.890
Cx, = 0 Cz, = -0850 Cp, = -2.600
Cx, = 0 Cz, = -195 Cp, = -6.200
Cx;, = 0 Cz, = -0430 Cpn, = -128

Table E.1: Longitudinal Stability and Control Derivatives - Cessna 172

E.2.2. LATERAL-DIRECTIONAL STABILITY AND CONTROL DERIVATIVES

The lateral-directional stability and control derivatives of the Cessna 172 are readily obtained from
Roskam [43, p. 482]:

83
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E. CHARACTERISTICS OF REFERENCE AIRCRAFT

C, = -009238 C, = -0484 C, = 0.0798
Cy, = 0393 C,, = -0075 C, = 0214
Cny = 00587 C,, = -0.0278 C, = -0.0937

Table E.2: Lateral-directional Stability and Control Derivatives - Cessna 172

E.2.3. HINGE MOMENT COEFFICIENTS
To obtain the hinge moment coefficients necessary for stick force evaluation, the ESDU series on aero-
dynamics are used [41]. The resulting hinge moment coefficients for elevator control are as follows:

* Cp, =0.0283 [1/rad]

¢ Cp; =-0.274 [1/rad]

E.3. DIAMOND DA-20
Just as for the BS115 model, the DA-20 stability and control derivatives have been determined using
DATCOM.

DA-20 Derivatives
Cr, [1/deg] 0.0842
Cm, (1/deg] -0.0223
Cr, [1/deg] 0.060
Crm, [1/deg] -0.116
Cr, [1/deg] 0.0141
Cm, (1/deg] -0.0516

Table E.3: DA-20 Longitudinal Stability Derivatives

DA-20 Derivatives
Clﬁ [1/deg] -0.00138
Cyﬂ [1/deg] -0.00354
Cnﬁ [1/deg] -0.000505
Clp [1/deg] 0.00928
Cy, [1/deg] -0.00091
Chn, [1/deg] 0.000847
C;, [1/deg] 0.00442
Cp, [1/deg] -0.00105

Table E.4: DA-20 Lateral-Directional Stability Derivatives

E.4. STABILITY CHARACTERISTICS

In this section, the equations used to obtain the stability characteristics are given.

E.4.1. LONGITUDINAL STABILITY CHARACTERISTICS
To obtain the longitudinal stability characteristics from the derivatives determined in the previous sec-
tions, the characteristic equation (Equation E.1, [11, p.122]) is used:

AN+ BA3+ CA2+ DA+ E=0 (E.1)

In which:

A=442K% (Cz, —2p1c) (E.2)
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B =Cyp, 24 (Czq +2uc) —Cm,24c (Cz, —2pc) E3)
~2cKy (Cx, (Cz, —24c) ~211cCz,)
C =Cn,241c (Cz, +241c) = Cimg (21cCx, + Cx, (Cz, + 211
+Cimg (Cx,, (Czi —2u) =21 C2,) E4)
+24cK} (Cx,Cz, - Cz,Cx,)

D=Cpm, (Cx, (Cz, +28c) - C2 (Cz, - 211c))
= Cim, (21Cxy +Cx,, (Cz, + 211 (E.5)
+ Cimg (CxoCx, = C2,Cz,) + Cm, (Cx,Cz, = C2,Cx,)

E=-Cpy, (CXOCXa + CZOCZQ) +Cm, (CXOCXM + CZOCZu) (E.6)

As can be seen, these stability coefficients refer to Cx and Cz instead of C; and Cp. Therefore some
conversions have to be made. For this the assumption is made that the aircraft is in steady horizontal
flight with constant thrust setting. Using the definitions of Mulder ef al. [11, p.164], the final stability
derivative conversions are listed in Equations E.7 to E.12.

Cx, = —3Cp, (E.7)
CL

Cx, =Cr, [1-2—= E.8
X Lo ( ere) (E.8)
Cz, =-2Cy, (E.9)
Cz,=-Cr,—Cp, (E.10)
Cz,=-Ci, (E.11)

CZq = _CLq (E.12)

With the above input, calculating the roots of Equation E.1 results in two pairs of complex conjugate
eigenvalues resembling the phugoid and short period modes.

E.4.2, LATERAL-DIRECTIONAL STABILITY CHARACTERISTICS
Just as for the longitudinal stability characteristics, a quartic characteristic equation can be constructed
for the lateral-directional aircraft motions:

AL} +BA3+CA; + DAy +E=0 (E.13)

In Equation E.13, the coefficients A to E are defined as follows:

A=16y] (KK —K%,) (E.14)

B = -4 (2Cy, (K3KE — K% ;) + Cp, K} + C1, K3 + (Cy, + G, | Kz (E.15)



86 E. CHARACTERISTICS OF REFERENCE AIRCRAFT

c =2ub[ (Cyﬁ Cp, - Cy, Cnﬁ) K+ (Cyﬂ Ci, - C Cyp) K2
+{(CxsCny =y Cv, ) +(Cy €, — €y, )} Kz (E.16)

1
4ManﬁK)2( +4upCr Kxz + 3 (Cl,, Cn, —Chn, Clr) ]

D=-4u,Cy, (ClﬂKé + CnpKXZ) +2up (Clﬂcnp - Cnﬁclp) +
1 1
550 (C1,Cnp = Cn ) + 50, (C1yCnr = g1, ) + (E.17)

1
5Cv, (C1, Gy = G, Ci )

E=Cy(C1yCn, - CuyCy,) (E.18)

E.5. CONTROL FORCES IN MANOEUVRING FLIGHT

The stick force gradient for longitudinal control is approximated by the following formula [11, p.415]:

dF dé. W (V, 2 C Cm“ ree Cm ree
e_ e_(h) - h5( free My (E.19)

dn " dse S\V) %Cos \ Cne | 20



FLIGHT TEST RESULTS - ADDITIONAL
PLOTS

F.1. PHUGOID OSCILLATION

F.1.1. TEST POINT 1 ADDITIONAL RESULTS
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Figure E1: Phugoid Oscillation - Test Point 1 - 80 kts
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Figure E2: Phugoid Oscillation - Test Point 1 - 85 kts

2880

snE
|
|
/
|
|
I“"

CAS [mi]
2
[

2180 2200 2220 2240 2260 2280 2300 2320 2340 2360 2380

2400

q [deg/s]

Test time [s]

Figure E3: Phugoid Oscillation - Test Point 1 - 130 kts

2400



E1. PHUGOID OSCILLATION

89

F.1.2. TEST POINT 2 ADDITIONAL RESULTS
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Figure E6: Phugoid Oscillation - Test Point 2 - 140 kts

F.2. LONGITUDINAL CONTROL FORCES
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E3.DuTCH ROLL
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92

E FLIGHT TEST RESULTS - ADDITIONAL PLOTS
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Figure E18: Roll Mode - Test Point 1 - 140 kts

F.4.2. TEST POINT 3 ADDITIONAL RESULTS
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Figure E19: Roll Mode - Test Point 3 - 70 kts (Take-off)
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Figure E20: Roll Mode - Test Point 3 - 70 kts (Landing)
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E FLIGHT TEST RESULTS - ADDITIONAL PLOTS
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