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Preliminary Results of BE-1900D Operational
Flight Loads Data Evaluation
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and
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The preliminary results of a statistical analysis of flight loads datafrom BE-1900D twin-engine turboprop aircraft
in normal commuter transport operations are presented. Some details of data-reduction procedures are discussed,
and flight loads data are presented in statistical formats and discussed. Although these data are preliminary, they
suggest that loading spectra typically used in design are generally more severe than those derived from the present
data. An exception to this general result is at the lower levels of incremental maneuver load factor. Some results also
suggest that there are circamstances in which aircraft are being flown at speeds in excess of required limits. Some
issues related to quality and completeness of recorded data are discussed. Recommendations for improvement of

future data gathering activities are made.

Nomenclature
= aspectratio b?/S
speed of sound, ft/s
speed of sound at sea level, ft/s
wing span, ft
aircraft discrete gust response factor
wing lift curve slope per radian
wing mean geometric chord, ft
distance
gravity constant, 32.17 ft/s?
pressure altitude, ft
gust alleviation constant
discrete gust alleviation factor, 0.88 /(5.3 + 1)
Mach number
lift curve slope per radian
load factor, g
normal load factor, g
dynamic pressure, Ib/ft*
wing area, ft*
derived gust velocity, ft/s
equivalent airspeed
true airspeed
gross weight, 1b
aircraft mass ratio, 2W /pgcC, S
air density, slug/ft*, at pressure altitude (H,), from
Eq. 3)
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Introduction

URING the decade of the 1990s, there was a strong interest
worldwide in characterizing the actual loading environment
experienced by aircraft in typical operations.!~® Most attention to
date has been given to large transport aircraft,**~8 though there has
been some data collected for special situations’ and general aviation
aircraft?® Until recently’ there has been little loads data collected for
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arapidly growing segment of operational flight operations, namely,
commuter operations. Commuter carriers have been in operation
for a long time. However, it is only recently that the market share
of these operations has begun to grow substantially as air carriers
centralizelarge transportoperationsat hub airports, relying on com-
muter operations to “feed” passengers from outlying areas to these
central operations hubs. Thus it is important that the Federal Avi-
ation Administration (FAA), and the aviation community at large,
have a picture of the loads environment encountered in commuter
operations.

This paper summarizes the preliminary statistical loads data for
commuter operations presented in Ref. 9. The data were collected
from digital flight data recorders (DFDRs) on 28 Beech BE-1900D
turboprop aircraft, a Part 23 aircraft (Fig. 1 and Table 1),'° rep-
resenting 903 flights and approximately 585 hours of operation.
Flight and ground loads data, aircraft usage data, and engine data
were collected and analyzed (Table 2), but only the flight loads data
are presented in this paper. Because of the relatively small number
of aircraftand flight hours and the fact that the operations were over
a limited region of the United States, the load statistics may not be
stabilized. However, it is the first such data collected for commuter
operationsin the United States. Efforts at acquiring more flight data
are continuing.

Data Reduction
Data Collection and Editing

A solicitation by the FAA for participation in operational loads
monitoring of BE-1900D aircraft was answered by an operator who
was downloading DFDR data for its own purposes, but needed help
in statistically collating and analyzing the data being obtained. An
agreement was made wherein the DFDR data would be analyzed
under an existing FAA grant and small recording devices would
be installed on several of the aircraft to obtain selected data over
a longer term than the DFDR data represented. The airline ground
data editing station performed a number of functions during the
process of transferring the raw flight data into DOS file formats and
onto hard disks. The two most important functions were an integrity
check of the data and removal of flight sensitive information. The
aircraft operator removed all sensitive information and forwarded
the desensitized data for processing and analysis.

All of the parameters listed in Table 2 except pitch control were
used for statistical analysis and data presentation. Pitch control is
the measure of the control yoke in the fore and aft direction and
indicates the amount of elevator deflection being input by the pilot.
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Table1 BE-1900D aircraft characteristics'

Parameter Value

Maximum taxi weight 17,0601b
Maximum takeoff weight 16,9501b
Maximum landing weight 16,6001b
Zero-fuel weight 15,000 1b*

Fuel capacity
2 P&W PT6A-67D turboprops

668 U.S. gallons
@ 1,279 shp each

Wing span 57 ft 11.251in.
Wing reference area 310 ft
Wing MAC 5.32ft
Length 57 ft 10 in.
Height 15ft 6 in.
Tread 17 ft 2 in.
Wheel base 23 ft 9.5 in.

* Operator provided an “empty weight” of 10,3501bs.

Table2 Recorded flight and loads parameters

Sample
rate per
Parameter second

Normal acceleration, g
Longitudinal acceleration, g
Flap position (L&R), discrete
Pitch control, deg

RPM L, rpm

RPMR, rpm

Prop. reverse (L&R), discrete
Indicated airspeed, kn
Pressure altitude, ft

Bank angle, deg

Pitch angle, deg

Magnetic heading, deg
Torque L, ft-1b

Torque R, ft-1b
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Fig. 1 BE-1900D three view.!

Measurements of pilot input to cable driven systems do not accu-
rately relate to the actual position of the elevator during flight as a
result of cable stretch. Thus, because of the questionable accuracy
these data were not processed.

All data files were initially screened for missing or incomplete
data before being accepted for statistical analysis. Individual flights
were edited to remove erroneous or meaningless data such as dis-
continuous elapsed time data, evidence of nonfunctional channels
or sensors, multiple flights on one file, and incomplete flight phases.
Flight files with missing or incomplete data were rejected.

Derived and Extracted Parameters

Certain information and parameters needed in the data reduction
were not recorded and needed to be either extracted or derived from
the available time history data. Some of these parameters had to be

Table 3 Phase of flight starting criteria

Phase of flight Conditions at start of phase

Taxi out Initial condition

Takeoff roll Computed airspeed >45 kns or n, >0.15 g

Departure Time at liftoff; flaps extended

Climb Flaps retracted; rate of climb > 750 ft/min
for at least 20 s

Cruise Flaps retracted; rate of climb < 750 ft/min
for at least 20 s

Descent Flaps retracted; rate of descent > 750 ft/min
for at least 20 s

Approach Flaps extended

Landing roll Touchdown

Taxi in Magnetic heading change greater

than 13.5 deg after touchdown

calculated.For example, the lift curve slopes were not available from
the aircraft manufacturer. Because gross weight was not a recorded
parameter, a 45-day average takeoff weight of 14,500 Ib provided
by the aircraft operator or the maximum gross weight of 16,950 1b
was used in calculations that required weight.

Each flight was divided into nine phases: four ground phases
(taxi out, takeoff roll, landing roll, and taxi in) and five airborne
phases (departure, climb, cruise, descent, and approach). Table 3
lists the conditionsfor determining the starting times for each phase.
An airborne phase can occur several times per flight because it is
determined by the rate of climb and the position of the flaps. When
this occurs, the flight loads data are combined and presented in a
single flight phase.

In the absence of a squat switch, the approximate time of liftoff
and touchdown was determined by an algorithm that used time his-
tory information of pitch angle, vertical and longitudinal acceler-
ations, and changes in altitude and indicated airspeed. The actual
time at liftoff is determined by calculating the average pitch angle
while the aircraftis on the ground. Then, the point in time when the
pitch angle changes by more than 2 deg from this average is defined
as the time of liftoff. The time of touchdown was selected by using
the best combination of when the pitch angle, vertical and longi-
tudinal accelerations, airspeed, and altitude indicated that contact
with the runway had occurred. The flight duration is defined as the
time from aircraftliftoff to touchdown. The criterionfor defining the
start of the takeoffroll is the earlier of 1) the time that the indicated
speed exceeds 45 kn or 2) the time that the longitudinalacceleration
exceeds 0.15 g prior to liftoff.

The criterion for defining the start of taxi in is the time when
the aircraft turns off the active runway. The method for detecting
turn off is to monitor magnetic heading for a change greater than
13.5 deg from the landing magnetic heading. The time when the
headingstarts to change in the turn off directionis then identified as
the start of the turn or the beginningof the taxiin phase. This method
can, however, fail to detect a shallow turn off onto a parallel taxiway.
In this case an average landing roll of 32 s duration is assumed and
the turn off is marked as 32 s after touchdown.

The peak-between-meansmethod'! was used to select the peaks
and valleys in the acceleration data. This method is consistent with
past practices and pertains to all accelerations (n,, An,, An,

An.,,). This method counts upward events as positive and down-
ward events as negative. Only one peak or one valley is counted
between two successive crossings of the mean. A threshold zone
(dead band) is used in the data reduction to ignore small variations
aboutthe mean. For the normal accelerations Az, the thresholdzone
is £0.05 g; for longitudinal accelerations n, the threshold zone is
+0.005 g.

The incremental acceleration measured near the c.g. of the air-
craft may be the result of either maneuvers or gusts. The accelerom-
eters used by the flight data recorder are near the true c.g of the
vehicle. Though the true c.g. actually moves from one loading con-
dition to another and as fuel is consumed the variationis sufficiently
small, as is the error in accelerometer position, only unreasonably
high angularaccelerations would be needed to introduce significant
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Table4 Absolute pressure
altitude bands

Band Distance, ft

1 <500

2 501-1,500
3 1,501-4,500
4 4,501-9,500
5
6
7

9,501-14,500
14,501-19,500
19,501-24,500

error between the recorded accelerations and the actual c.g. ac-
celerations. To derive gust and maneuver statistics, the maneuver-
induced acceleration and gust-response accelerations must be sepa-
rated from the total accelerationhistory. As aresultof Ref. 12, it was
recommended and accepted by the FAA that a cycle-durationrule
be used to separate gusts and maneuvers. A cycle duration of 2.0 s
was recommended for use with B-737 and MD-82/83 aircraft. Re-
view of the BE-1900D response characteristics has shown that this
cycle duration can also be used with the BE-1900D data. To avoid
the inclusion of peaks and valleys associated with very small load
variations that are insignificant to the aircraft structure, a threshold
zone of An,==£0.05 g was established. An algorithm was then
developed to extract the acceleration peaks and valleys. As a re-
sult of the threshold zone, only accelerations greater than £0.05 g
(measured from a 1.0-g base) are counted for data presentation. For
a flight any bias occurring in the vertical (i.e., normal) accelera-
tion measurement is removed by adjusting the difference between
a known 1-g level and the actual acceleration recorded value. This
difference is the correctionbias that will be added/subtracted from
all measured load factor values for the flight.

In Ref. 6 some data for the departure and approach phases of
flight were sorted accordingto altitude above the departureor arrival
airports, respectively. For the data presented in this paper, only the
absolute pressure altitude (a recorded parameter) is pertinent. The
pressure altitude bands shown in Table 4 were used.

The flight distance D is obtained by numerically integrating true
velocity V; from the time of liftoff #, to the time of touchdown ¢,.
If V; is the average true airspeed during the time increment Af¢,
then

D=Zm-v7- 1)

This computation does not give actual geometric distance, but rather
the amount of air that the vehicleis flown through (e.g., “air miles”).
For a perfect speed indicator the indicated airspeed equals the cal-
ibrated airspeed. In this report the indicated airspeed is assumed to
equal the calibrated airspeed. Assuming incompressible flow and
neglecting the small effects at low Mach numbers, the true airspeed
can be found as

Ve & Ve/oo/p )

where py is air density at sea level (0.0023769 slugs/ft*). For al-
titudes below 36,089 ft the density is expressed as a function of
altitude based on the International Standard Atmosphere by

p = po(1 —6.876 x 107° x H,)**° 3)

Flight Data

The gust loads data are presented as cumulative occurrences of
vertical gust load factor and as cumulative occurrences of derived
gust velocity. Gust load factor data are also compared with recorded
datafrom otheraircrafttypes and with other publisheddata. Figure 2
presents the cumulative occurrences of incremental vertical gust
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Fig. 2 Cumulative occurrences of incremental gust load factor per
1000 hours by pressure altitude (combined climb, cruise, and descent
phases).
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Fig. 3 Cumulative occurrences of incremental gust load factor per
1000 hours, present data, B-737-400, MD-82/83 (combined flight
phases).

load factor per 1000 hours by pressure altitude for the combined
climb, cruise, and descent phases of flight. Figure 3 shows the differ-
ence in severity of vertical load factor for gust between a commuter
aircraft, the BE-1900D, and two large transport aircraft, the B-737
and the MD82/83 during routine commercial operations, obtained
from Refs. 4, 6, and 7. The BE-1900D aircraft load factor response
to gustis more than twice the severity of the B-737. It was found that
the difference in responses is largely accounted for by an analysis
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Fig. 4 Cumulative occurrences of incremental gust load factor per
nautical mile, present data and AFS-120-73-2,(combined flight phases).

of the aircraft discrete gust response factor (see the following). The
wing loading of the BE-1900D is roughly twice that of the large
transports. Also, the BE-1900D operates at lower altitudes where
turbulence is more severe.

The gust and maneuver load spectra specified in Ref .13 are ex-
pressedin terms of the ratio of the incremental load factor at operat-
ing weight to the incremental design limit load factor at maximum
gross weight. Therefore,in order to compare the BE-1900D gustand
maneuver flight load factor spectra with the Ref. 13 flightload spec-
tra the aircraft design limit load factor for both gust and maneuver
had to be estimated. To compare gust spectra, the incremental gust
design limit load factor was calculated as specified in Ref. 13 using
the maximum gross weight of 16,950 Ib. Figure 4 shows that the
twin-engine general spectra for gust is more severe than the present
BE-1900D spectra.

The derived gust velocity, Uy was computed from the measured
gust acceleration data using

Ug = An,/C 4)

where An. is gust peak incremental normal acceleration and C is
the aircraft response factor considering the plunge-only degree of
freedom and is calculated from

£0 VeCL,, S K

W ®

C=

For this study the wing lift curve slope was obtained from the one-
dimensional approximation'* given by

2T A,
G, = (6)

oag [4+ A262(1 + tan? A//Sz)]%

where 8 = /(1 — M?) and A is the quarterchord sweep angle.Mach
number is derived from true airspeed and speed of sound a:

M=V;/a @)
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Fig. 5 Cumulative occurrences of derived gust velocity per nautical
mile for flap extended.

The speed of sound a is a function of pressure altitude H,, and the
speed of sound at sea level and is

a= ao\/(l —6.876 x 10°° x H,) (8)

thus

M = V; [ag/(1 — 6.876 x 10-6 x H,,)

where the speed of sound at sea level a; is 1116.4 fps or 661.5 kn.
Equation (6) provides an estimate of the wing lift curve slope. Air-
plane gust-responsecalculationsare based on the use of the airplane
lift curve slope. Reference 15 suggests using an average factor of
1.15 to represent the ratio between the airplane lift curve slope and
the wing lift curve slope. Therefore, the estimated wing lift curve
slope values were multiplied by 1.15.

Figure 5 shows the cumulative occurrences of derived gust ve-
locity per nautical mile (flight distance) with the flaps extended.
The average takeoff gross weight of 14,500 Ib was used in these
calculations. Even with only 903 flight hours of data, the plot
shows there are a few occurrences of derived gust velocity that
exceed the FAR 23.345 requirement of 25 ft/s. Comparisons, not
shown in this paper, of the derived gust velocities for the com-
muter aircraft and the larger commercial aircraft show no major
differences’

Figures 6 and 7 show the coincident gust load factor and air-
speed during approach for half and full flaps along with gust V-n
diagrams. The V-n diagrams in Figs. 6 and 7 are for illustrationonly
and correspondto a gross weight of 14,5001b and sea level altitude.
The V-n diagrams are drawn using airspeed limits of 188 KIAS for
flap detent position 1 (half) and 154 KIAS for flap detent position 2
(full), which are the operational placard limits.'® Figures 6 and 7
indicate that the half-flap placard speed is only occasionally being
slightly exceeded during approach with the flaps at half positionand
that the full-flap placard speed is being exceeded with the flaps at
full a little more frequently. Similar data for half-flaps at departure
showed no exceedancesof the flap placard speeds. Operator practice
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Fig. 6 Coincident gust load factor and speed during approach and V-n diagram, half-flaps.
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Fig. 7 Coincident gust load factor and speed during approach and V-n diagram for full flaps.

is that full flaps are never used for departure, and there was evidence
that indications of full-flap usage during departure were the result
of instrument malfunctioning. Hence, there are no reliable data for
the use of full flaps at departure. Cases in which flap indicator mal-
functions were evident were also removed from consideration for
Figs. 6 and 7.

Figure 8 shows the maximum speed attained vs coincidentaltitude
sorted by altitude band. Each data point represents the maximum
airspeed attained within each 1000-ft band of altitude; therefore,
the actual point is plotted for the maximum speed and the corre-
sponding altitude where the maximum speed occurred. Also shown
is the aircraft design operational speed line obtained from Ref. 16.
This plot shows that this limit is occasionallybeing exceeded. These
exceedances were found to occur during the cruise and descent
phases of flight.

Figures 9 and 10 show the cumulative occurrences of maneuver
load factor per 1000 hours and per nautical mile by pressurealtitude
for the combined climb, cruise, and descent flight phases. Depar-
ture and approach phases are not included because altitude above
the airport is more pertinent than absolute altitude in these phases.

Generally, the curves in these figures show that the most severe ma-
neuvering occurs at lower altitudes, as might be expected. There is,
nonetheless, an anomalous bulge for the positive incremental load
factor for the highestaltitudeband. However, it must be remembered
that these statistics may not be stabilized as a result of the sample
size.

Earlierit was shown in Fig. 4 that the design gust spectrafor twin-
engineaircraftin generalusage givenin Ref. 13 are more severe than
what the present data indicate. Reference 13 does not specify the
method for determining the incremental maneuver design limit load
factor. Therefore, this load factor was calculatedin accordance with
the approach specified in FAR 23.337 using the maximum takeoff
gross weight of 16,950 1b. Figure 11 shows a similar comparison
for incremental maneuver load factor. These data show that there is
less difference between the maneuvering spectrain Ref. 13 and the
present data than there is for the gust spectra presented earlier in
Fig. 4. Though, the present data actually show a higher frequency
of occurrence at the lower load factors.

Comparisonsof usage were made between datarecorded on other
commuter aircraft and other published small aircraftdata. Figure 12
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provides a comparison of the relative severity of vertical load fac-
tor for gust and maneuver combined between five commuter-type
aircraft: the BE-1900D, the Canadair Challenger CL-601, and the
DeHavilland Dash-8 aircraft (Ref. 2), the Fokker F-27 (Ref. 5), and
the Fairchild/Dornier 328 (Ref. 8). The spectra from Ref. 2 are for
aircraft engaged in low-altitude operations and are similarly and
understandably more severe than the spectra from Refs. 5 and 8,
which are for general usage. It can be seen that the present spec-

101 PR R SRS RIS WO R E SO S ST S ST S S S S ST R R R RN
— <500 ft, 145.02 nm [—#—4,500-9,500 ft, 40835.47 nm|
9,500-19,500 ft,
i 500-1,500 ft, 1724.90 nm [—%— 62617 95 nm
1,500-4,500 ft 19,500-29,500 ft.
19990.35 nm 5357.60 nm
10°+
Fo
© L
E I fl
g 10 3
‘S e 7
[0} n ]
Z L
5 L
o . 4
3 %
g 10-2 =4
[} C
[ L ]
3 F ]
(57 |
le) [ i
[
=
g 10°k \
3 E
E L
3 L
Q L m/
1071 \
: /AN
L \ \

-1.5 -1 0.5 0 05 1 1.5
Incremental Load Factor, An, (@)
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tor per nautical mile by pressure altitude (combined climb, cruise, and
descent phases).
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Fig. 11 Comparison of cumulative occurrences of incremental maneu-
ver load factor per nautical mile, present data and AFS-120-73-2.

tra are most similar, and nearly identical, to the two general usage
spectra as would be expected.

In Fig. 13 is shown a comparison between the present BE-1900D
spectrum for combined maneuver and gust and similar spectra de-
veloped by the aircraft manufacturer.” The load spectrain Ref. 17
were developedbased on Refs. 13 and 18-20. These results show the
present total spectrum to be less severe than the two manufacturer-
developed total spectra.
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Conclusions, Recommendations, Further Work
Comparisons of the BE-1900D statistical data with their opera-
tional limits and with data from other aircraft and published data
revealed some interesting anomalies that require further study.
Maximum airspeed limits at various altitudes as defined in the
aircraft’s Type Certificate were being exceeded in some instances.
Also, there were a few indications that flaps were being lowered in

some instances at speeds in excess of the operational speed limits
(placard speeds) associated with flap deployment.

Large differences in measured gust load factors between the
commuter-type aircraft and the large transport aircraft were found
but were accountedfor by the differencesin the load factor response
of each aircraft.

The gust load factor spectra prescribed in AFS-120-73-2 for use
in the fatigue design of general usage, twin-engine aircraft were
considerably more severe than those indicated by the present data.
The maneuver spectrum obtained from the presentdatais less severe
than that prescribed by AFS-120-73-2 at the higherload factors, but
more severe at the lower load factors. The total spectrum (maneu-
ver and gust combined) developed by the aircraft manufacturer is
more severe than that suggested by the present data. The generally
more severe spectra used for design may explain why light aircraft
designed under FAR-23 requirements exhibit useful lives in excess
of those predicted using the AFS-120-73-2 design requirements.
These results suggest a need for reevaluation of the fatigue design
spectra.

Because calculatingthe derived gust velocity requires knowledge
of the aircraft’s gross weight and this information was not available
for the BE-1900D, the average takeoff gross weight of 14,500 Ib
was assumed in order to do the calculations. It is recommended that
future data include at least the aircraft takeoff and landing weight
for improved accuracy of the derived gust velocities.

Some of the flight files that were received contained “bad” data
that appeared to have resulted from the onboard instrumentation
system. For example, the flap position indicator signal on two air-
craft switchedrapidly back and forth between half and full positions
during the flight, the signal that indicted the direction of propeller
rotation was reversed on several of the aircraft. Also, negative rpm
values were measured on some flights. Although these problems can
usually be found during editing, they cause disruptionsto the normal
processing activity and take a considerable amount of time to deter-
mine the cause of the problem and what course of action needed to
be taken. Therefore, it is important that all onboard instrumentation
be checked for proper installation, calibration, and sign convention
prior to data recording during operational flights. This will ensure a
maximum of useable data and will help to expedite the data editing
and processing effort.

Additional instrumentation to record related parameters such as
gross weight, fuel weight, lateral acceleration, and Mach number
should be installed to provide more in-depth and accurate infor-
mation to the user of these data. Also, the lack of a squat switch
on the landing gear made establishing the exact moment of liftoff
and touchdown difficult. This can lead to inaccuraciesin the deter-
mination of the start of departure and landing phases and possibly
the misplacement of load factor occurrences associated with these
phases. Installationof a squat switch and these additional parameters
are highly recommended.
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