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F-28 FLIGHT DYNAMICS
SECTION 1

OVERVIEW AND GENERAL INTRODUCTION

INTRODUCTIO N

In March 1989 a Fokker F-28 Mk1000, C-FONF, operated by Air Ontario crashed
while attempting a take-off at Dryden, Ontario, under adverse weather conditions . The
accident investigation is taking the form of a Judicial Enquiry and as such persons not
normally a part of the Canadian aviation accident investigative group are assisting or
participating in the enquiry . A sub committee of the full fact gathering team has been
designated the Performance Sub Committee or the Performance Steering Group and has
been charged with investigating the take off performance of the F-28 aircraft and the effects
thereon of the environmental conditions existing at the time of the accident . This paper
is a distillation of the work of three members of this Steering Group, namely :

J .M.Morgan National Aeronautical Establishment
G.A.Wagner Air Canada and CALPA
R.H.Wickens National Aeronautical Establishmen t

The three authors represent considerable expertise in a variety of appropriate
disciplines . Mr Wickens is a specialist in low speed aerodynamics, Mr Wagner is a
practising airline pilot who is also a qualified aeronautical engineer and assistant university
professor, while Mr Morgan is a physics graduate and an engineering test pilot with
extensive experience in real-time software and mathematical modelling techniques .

DOCUMENT ORGANISATIO N

The document has been divided up into Sections describing the-various aspects of
the work conducted, namely :

Section 1 . This section is a general introduction and gives a brief overview of
information available to the group and the kinds of investigations carried out in
support of the enquiry .

Section 2 . This section provides in depth background information into the

aerodynamics of lift and drag, the effects of surface roughness (contamination) on
the performance of an aerofoil and some detailed analysis of the F-28 wing .

Section 3 . In Section 3 dynamic man-in-the-loop simulations carried out during a visit

to the Fokker plant are described together with tentative conclusion drawn from
them .

Section 4 . Here analytical mathematical modelling of the F-28 is described in detail
and sample trajectories for a F-28 aircraft attempting take off in the presence of
flying surface and runway contamination are presented . The results are interpreted
and conclusions based on the off-line modelling are discussed .
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Section 5 . This section deals with validation of the mathematical models described
in Section 4 .

Section 6. This section completes the document with a brief discussion of the results
and offers conclusions as to the engineering reasons for the trajectory observed at
the Dryden accident .

OBJECTIVE S

The objective of the simulation work was to develop a range of possible flight path
scenarios which were similar to that flown by the crew of the F28-MK1000 in the Dryden
accident and from that determine a range of conditions which could have caused such a
trajectory. The aerodynamic analyses were performed to support the simulation efforts and
to provide enhanced background for the accident analysis and investigation.

THE INVESTIGATIVE PROCES S

For some decades now, civil transport aircraft have been required to carry Flight Data
Recorders (FDR) and Cockpit Voice Recorders (CVR), devices that record a variety of
aircraft state, configuration, power plant and crew activity parameters . These devices are
built to withstand high levels of impact and certain exposure to fire while retaining their
data in a recoverable fashion . When these recorders are recovered intact and useable after
a crash, flight path re-construction is usually possible with a high level of confidence and
such re-constructions can be invaluable in determining possible or probable causes of the
accident .

Unfortunately the FDR aboard the Dryden aircraft did not survive in a readable state due
to an intense post-crash fire . This meant that the group had only the accounts of eye
witnesses on which to base any assumptions as to the aircraft's pre-crash behaviour . Luckily
there were a comparatively large number of witnesses, including survivors and amongst the
latter were several professional pilots, whose recollections have proved very valuable . There
was also reasonable agreement among the witness reports as to the trajectory of the aircraft
prior to crash, while analysis of tree impacts conducted by personnel of the Canadian
Aviation Safety Board (CASB) shed some light on the flight path just prior to the final
impact .

GENERAL CONDITIONS OF ACCIDENT

From witness's statements or interviews and the impact swath through the trees,
there are some general prima facie conclusions which can be drawn, these are :

The aircraft's wing was, to some extent or other contaminated with snow and or
slush at the start of the take-off run, and was at least partially contaminated up to
the point of rotation .
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The wing trailing-edge flaps were set to 18 degrees at the start of the take-off run
and were at or neat 25 degrees at the point of impact .

The engines functioned normally throughout the take-off attempt .

The aircraft rotated for the first time rather later than normal, either became briefly
airborne or partially so, un-rotated temporarily, re-rotated and became airborne at
very low level at or close to the end of the runway . It remained at very low level
(failed to climb) until impact .

There is a very high probability that the runway was contaminated with snow or
slush at the time of the take off attempt.

ASSUMPTION S

In this case due to the lack of factual numerical data, the only way to attempt to re-create
the flight path was by assuming certain details about the aircraft's mechanical and
operational status, and then using a mathematical simulation and varying parameters which
were possibly related to the reason the aircraft failed to fly .

The resulting flight paths were then compared with witness reports and other analyses
of the aircraft's trajectory . These simulator studies were set up to produce the same
forms of numerical and graphical output as would be obtained from a FDR analysis .
Simulator studies were conducted both in a real-time dynamic engineering simulator at
Fokker in Holland and by the use of mathematical flight path simulations based on
aircraft performance data supplied by the manufacturer . The off-line simulations were
written and developed by members of the sub-committee on performance .

These studies assume, based on information provided to us by other groups involved in this
investigation, that :

o The aircraft powerplants generated normal thrust throughout the takeoff
( although we do consider a single powerplant failure for completeness) .

o There were no structural failures prior to impact .

o There were no brake failures or seizures, or tire failures which would
have extended the ground roll portion of the takeoff or rendered the aircraft
incapable of achieving Vus (unstick speed) .

o There were no flight control system failures .

o There was no interference in the flight control systein from any source.

o The flight crew handled the aircraft with normal handling techniques.
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o There were no system /instrument failures such that the flight crew was
unable to fly the aircraft with the precision required for instrument
flight. (An example would be failure of pitot heat so that the pilots would not
have airspeed . information available) .

o There were no adverse wind conditions which would have affected the
aircraft's performance .

Based on the above assumptions, these simulations attempt to recreate the flight
profile of the aircraft by assuming a range of wing snow/ice contamination levels and
runway water/slush/wet snow contamination . These simulations and the results should
NOT be interpreted as defining what actually happened to the accident aircraft . Rather, the
material presented in this study should be interpreted as follows :

If the aircraft suffered no other operational or technical problems other than wing
contamination combined with a certain degree of rolling resistance contamination on the
runway, then the results of this simulation are possibly representative of the Dryden accident
flight profile. In effect, this simulation and analysis is examining a subset (primarily aerodynam-
ic and handling parameters) of all possible factors which may have been related to this
accident.

CONTAMINATED WING TAKE OFF S

There is a long history of aircraft accidents related to flight in icing conditions .
Specifically, there have been a number of accidents of aircraft which took off with
ice/snow contaminants adhering to the wings and other parts of the aircraft. In these
cases, either the aircraft were not de-iced prior to takeoff or the time between de-icing
and departure was so long that the aircraft wings were again contaminated at takeoff
time .

Additionally, there have been a number of events with F28-1000 aircraft which indicated
that this aircraft was no different than others of similar configuration ; it is sensitive to ice

and snow contaminants on the wing, especially on the first 15% of chord . Experience with

the F28 indicated that early flow separation and stalling was a characteristic effect of

ice and snow contaminants on the wings. Furthermore, the premature separation on F28

aircraft typically caused wing drop as a result of outer panel flow separation and wing

tip stall prior to inboard wing stall . (See Section 2 for details on this characteristic) . There

were two F28 accidents a number of years ago, one in Turkey and the other in Hanover,

Germany, which are similar in a number of characteristics to the Dryden accident .

In the Dryden accident, the witness reports of contaminant on the wings of the aircraft
during the takeoff roll, combined with descriptions of the aircraft's flight characteris-
tics during takeoff roll, rotation, liftoff, and the short airborne segment were, in general
terms, similar to reports of other ice/snow related accidents . This is true of events
involving both the F28 and other aircraft .



Flight Dynamics of Fokker F28, Mk 1000, Dryden, March 1989 14 1

F-28 FLIGHT DYNAMICS Section 1 - General Page 5

These facts, combined with the lack of FDR data, provided the rationale for a requirement
to simulate the flight path of the F28-MK1000 while considering significant amounts of
wing contaminant and runway contamination . The engine failure case considered in this
section was studied not because we had any indication to date that one of the powerplants
had failed, but rather for completeness .

GENERAL APPLICABILITY

In this study, great care has been

taken to model specifically the
performance of the Fokker F-28
in the presence of contamination
of both the flying surfaces and

the runway. The results obtain-
ed, though, should never be in-
terpreted in any way as indicat-

ing that this specific aircraft has
shortcomings in this respect to

any greater or lesser extent than
any other aircraft in this class .
Such sensitivity to contamination

as has been demonstrated in this
exercise might reasonably be

expected to pertain in any air-
craft of this class (ie, swept wing,
jet propelled) in far greater

measure than is seen in other
classes of aeroplane . This is

vividly portrayed in Figure 1,
taken directly from a Fokker

publication [1], which shows the

markedly more severe penalties
paid for contamination by a jet

as opposed to a propeller power-
ed aircraft . Not only does the

shallower lift curve slope and
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reduced CL,nax of the swept wing make the performance more readily degradable, but the
jet powered machine does not have the advantage of a relatively large area of its wing being
immersed in high velocity air from the propeller slipstream, its only lift producing capability
being a result of its motion relative to the air.



142 Appendix 4

F-28 FLIGHT DYNAMICS
SECTION 2

AERODYNAMIC NOTES AND A DISCUSSION
OF THE STALL AND POST STALL BEHAVIOU R

INTRODUCTION

This section of the report on flight dynamics presents a brief survey of the aerodynamic
principles which are relevant to the Fokker F-28 transport aircraft, during ground roll and
initial climb phase, and to degrees of wing contamination which affect that portion of the
flight envelope .

Icing contamination of the lifting and control surfaces is not specifically addressed in this
discussion, except in the context of roughness-induced changes to the wing characteristics,
including stall and trim changes .

LIFT

The production of lift and drag on a conventional wing is a consequence of the streamline
flow around the aerofoil and its smooth departure from the trailing edge . The lift force
originates from the circulation and curvature of the flow over the profile and drag is a
result of fluid viscosity and span loading.

The flow accelerates over the top and bottom of the aerofoil, especially near the leading
edge . The pressures on both surfaces fall below ambient static pressure and the differential
between these values, taken over the entire wing surface, results in a net lifting force .

The lift force is the product of flow dynamic pressure, wing area and lift coefficient, it
expressed as follows :

L = ('spV2) x (S) x.(CL) (1)

The lift coefficient, C L depends on the angle of attack of the wing or aerofoil, where angle
of attack is defined as the inclination of the aerofoil chord line to the oncoming flow . A
similar expression for drag is :

D = (kpV2) x (S) x(Cp) (2)

Lift is always at right angles to the direction of flight and drag is directed rearwards along
the direction of flight . Figure 1 shows the forces on an aerofoil section in conditions of
attached flow and also for separated flow, or stall . For normal attached flow the lift force
can be decomposed into two components : a normal force and a force in the plane of the
chord line, directed upwind . This latter force is known as leading edge suction and is
caused by the curvature and acceleration of the flow around the leading edge . Achieving
the full value of leading edge suction is crucial to the efficient operation of the aerofoil .
If the value of the leading edge suction is reduced, or lost completely (as may be the case
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when the wing is stalled) then the main force on the aerofoil, in addition to friction drag,
is the normal force, whose components are a reduced lift and a significant drag component
(Figure lb) .

The basic characteristics of an aerofoil can be altered by the use of camber and high lift
devices .The effect of camber is to change the relationship between lift coefficient, CL, and
angle of attack (a), see Figure 2 . With a cambered aerofoil, CL has a finite value when a
is zero ; however, the slope of the lift curve remains unchanged . High lift devices consist
of trailing edge flaps, which extend rearwards and downwards and may have complex
geometries, and leading edge slats, which extend forwards and downwards and enable the
flow at the leading edge to remain attached at higher angles of attack than would otherwise
be the case .

The main effect of flaps is to displace the lift curve upwards by an amount which depends
on flap angle and geometry (Figure 3a) . Maximum C , is increased but still occurs at an
angle of attack similar to that of the unflapped wing . Flap deflection also results in a
sizeable drag increment (Figure 3b).

The increment in lift achieved by flap defection results in increased flow acceleration and
suction on the nose of the aerofoil . To avoid leading edge separation and to achieve the
potential gains in maximum lift, special attention must be paid to the leading edge design .
This is done by the use of a generous nose radius (as in the case of the F-28 wing) or by
the use of a leading edge slat . Figure 3a shows the effect of the extension of leading edge
devices on the lift characteristics of the basic and flapped wing . Maximum C , is increased
significantly and occurs at a greater angle of attack than with the device retracted . Drag
also increases as a result of slat extension but not as much as for the extension of flaps .

The pitching moment on the aerofoil is also affected by camber and the deflection of flaps .
As angle of attack increases the aerofoil pitching moment is approximately constant until
the stall . After the stall the tendency is to pitch nose down . Flap extension produces a
further nose down increment in the pitching moment . Pitching moment is expressed as :

M = ('spV2) x (S) x (c) x (CM) (3)

where ( c) is the characteristic length, ( ie the chord length for an aerofoil) and CM the
pitching moment coefficient .

The foregoing discussion relates to the origins of lift on the wing section, or aerofoil . The
lift of the complete wing is more complex, and depends upon the shape of the planform,
principally the aspect ratio, (span squared/area) . The vortex flow that is a fundamental
characteristic of the aerofoil section, extends along the span, and leaves the wing tips in the
form of wing tip vortices which stream downwind . Actually, vorticity is shed along the entire
wing span in the form of a vortex sheet that subsequently rolls up at the side edges into
concentrated free vortices .
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For the purpose of analysis the wing can be replaced by a vortex system consisting of a bou-
nd vortex travelling with the wing, and free vortices that emanate from the wing tips and
stream down wind . A schematic representation of this flow model is shown in Figure (4) .

This simple concept has allowed all conventional lifting surfaces to be compared on the
same basis ; aerodynamic theory shows that aspect ratio is the governing physical parameter
that determines lifting performance and induced drag . The slope of the lift curve is linear
over the operating range of the wing, and decreases as wing aspect ratio decreases. The
upper bound of the relationship is the lift curve slope of the airfoil section, corresponding
to an infinite aspect ratio and it is evident from Figure 4b that a high aspect ratio is
desirable for efficient flight . Conversely, a disturbance in the distribution of spanwise load,
such as that caused by the deflection of trailing edge controls, or a partial stall, corresponds

to a lower equivalent aspect ratio, lower lifting effectiveness and higher induced drag as
compared to the undisturbed span loading .

The free vortex system behind the wing gives rise to an induced flow, the vertical
component of which is termed "downwash" . The momentum of this flow is imparted to the
undisturbed air per unit time as the wing advances, and is directly related to lift . The
energy of the complete downwash field represents the price to be paid for the generation
of lift. The downwash flow in the region immediately behind the wing is important for the
operation of the tail plane, and the longitudinal stability of the aircraft . Thus if aspect ratio
changes, or if a local disturbance occurs on the wing surface, the downwash will be altered ,

the load on the tail plane will change, and the aircraft trim equilibrium will be disturbed .

DRAG

Drag forces acting on an aircraft consist of two components : pressure drag and friction
drag. Pressure drag, which is parallel to the direction of motion, results from the pressure
forces acting on the body . Friction drag is the sum of all the tangential forces taken in the
same direction, and is the viscous component .

Pressure drag has two components : induced drag, which is dependent upon lift and wing
aspect ratio ; and wake or form drag, which is dependent upon the shape of the wing
section, and the growth of the unseparated boundary layer . Form drag originates from a
balance of the pressures over the front and rear portions of the airfoil section, and can be
thought of as a buoyancy force directed rearwards .

Form or wake drag is zero if the flow is frictionless, and the external flow closes around the
wing (ie . no separation) . This is known as D'Alembert's paradox . In a real flow, however,
where viscosity consumes the momentum next to the wing surface, the pressure over the
rear portion of the airfoil is altered, and therefore no longer balances the forward pressure
force . The resulting imbalance is a pressure drag and depends upon the form or profile of
the airfoil . If separation, or any other disturbance occurs on the rear portion of the airfoil,
this imbalance becomes very large and constitutes a significant increase in drag . Form drag
and friction drag, taken together, are called profile drag, and depend on the local cross-
section or profile of the wing .
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The induced drag of the lifting system arises from the bound and streamwise arrangement
of vorticity. In its simplest form, the wing can be thought of as a device which advances
into still air, and continuously deflects downwards, a finite mass of air in the wake . This
idealization, known as the streamtube concept, suggests that the trailing wake and its
circulating flows are contained within a circular tube spanning the wing tips, that contains
all of the momentum associated with the production of lift.

Similarly, the work done in producing this deflected streamtube, its internal flows and its
downward motion, results in a drag which is dependent upon lift, and is termed induced
drag.

A simple formula for total drag is as follows :

CD = Coo + CL 2/7r(Ae) (4)

C oo is the viscous drag coefficient, and (Ae) is the effective aspect ratio . Lift/drag ratio,
a measure of wing performance, depends upon effective aspect ratio, and profile drag .

A secondary, but important parameter in the relationship between lift and induced drag,
is the distribution of aerodynamic load along the span of the wing . Induced drag is a
minimum when the distribution of lift over the span is elliptic in shape and the value of the
wing efficiency factor e is 1 .0. Any departure from this shape, due to local separation, or
deflection of controls, results in a non-optimum load distribution, a value of e less than 1 .0,
and higher induced drag for the same lift .

SKIN FRICTION AND THE BOUNDARY LAYE R

Viscous drag resulting from the frictional force on the wing arises from the loss of
momentum of the fluid that has passed over the surface . This phenomenon is confined to
a thin layer adjacent to the surface, in which intense shearing takes place . The shearing
stress, or frictional force per unit area, is measured by the product of the coefficient of
viscosity and the velocity gradient next to the surface . Thus a gas of low viscosity can
produce significant frictional drag on a smooth surface . The boundary layer, as this thin
region is called, may be composed of either laminar or turbulent flow and its behaviour
determines the limits of efficiency and stability of the airflow over the range of operation
of the aircraft .

The initial flow in the boundary layer on a smooth surface will be smooth and orderly (ie .
laminar), and the velocity increases from zero to its full value across the thin layer of the
viscous region . This layer, in which momentum loss occurs, increases in thickness with
distance from the leading edge ; the frictional force, which depends upon the velocity
gradient, diminishes in the same distance . Figure 5 shows, schematically, the main elements
of the laminar and turbulent boundary layer.
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Viscous drag is the sum of the frictional force over the length of the surface . Thickening
of the laminar boundary layer with distance implies a continuous loss of kinetic energy
dissipated by viscosity, and at some point separation will occur when the kinetic energy of
the flow is sufficiently reduced . This will occur more rapidly if the flow is advancing into
an adverse (positive) pressure gradient .

Transition from laminar to turbulent flow in the natural boundary layer is inevitable, and
has both beneficial and adverse effects . As is known for the dimpled golf ball, a turbulent
flow resists the tendency to separate with a corresponding reduction of form drag . The
same observation can be made for the airfoil in which the boundary layer flow is turbulent .
The tendency to separate is resisted, and the maximum lift coefficient at which the airfoil
will stall is increased . The negative effect is that as far as viscous forces are concerned, the
turbulent boundary layer will have a higher skin friction, and hence a higher drag than the
laminar layer, even on a smooth surface .

The main criterion which determines whether or not the boundary layer is turbulent is a
parameter which expresses the ratio of fluid inertial and friction forces . The parameter is
the Reynold's Numberl and it determines the relationship between the flows on similar
bodies, such as the wing boundary layer flow on a full size aircraft, and its scaled-down
model counterpart . Reynold's Number also determines, in both cases, when the boundary
layer makes the transition from laminar to turbulent flow . Research has shown that for
flow on a smooth flat plate, transition to turbulence will occur at a Reynold's number of
about one million . This is well below the value for typical transport aircraft on take off,
so unless the aircraft wing is designed specifically to have extensive laminar flow, it will be
fully turbulent over most of its length, and therefore its flight envelope .

The turbulent boundary layer is characterized by a thick layer of turbulent mixing and
dissipation . Embedded below the turbulent region is a thin laminar layer next to the
surface, called the laminar sub-layer . It is in this sub-layer where the velocity gradients are
high, and the frictional drag originates (Figure 5b) . The flow on the airfoil at full scale
Reynold's numbers is turbulent except at the nose, near the leading edge attachment point,
where the boundary layer is initially laminar. Transition to turbulence occurs within a
short distance, however, due to local pressure gradients and the condition of the surface .

The laminar sub-layer over the forward portion of the aerofoil chord has high levels of
frictional drag, but its thickness is gradually reduced by the turbulent region adjacent to it,
as the flow progresses along the chord . The initial thickness of the sub-layer is important
in determining whether or not the surface can be considered aerodynamically "smooth", or
"rough" . This is especially critical near the nose of the airfoil, where any protuberances or
roughness elements will have a serious effect further downstream : further aft on the chor d

~ Reynold's Number is defined as :
R . = (velocity)x(chord)/(kinematic viscosity)
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the rising turbulence intrudes into the sub-layer, the surface is always considered "rough",
and the energy loss is due mainly to turbulent dissipation .

Because the flow at the trailing edge is theoretically a stagnation point, the external flow
must decelerate before coming to rest, resulting in an adverse pressure gradient . If
upstream roughness or excessive turbulent dissipation has consumed momentum in the
boundary layer, it may separate, and the stall begins . As the wing incidence increases,
separation becomes more wide spread until the wing is said to have stalled .

If the surface contamination elements (rivet heads, frost etc .) lie within the laminar sublayer
they have virtually no effect on the total resistance . If, however, the roughness elements
protrude beyond the laminar sublayer, the result is a noticeable increase in skin friction,
and production of more turbulence . An increase of Reynold's number aggravates this
problem since the laminar sub-layer becomes thinner at high Reynold's numbers . If the
roughness height is large in comparison with the laminar sub-layer, then the frontal drag
of these elements determines the average skin friction, and their shape, orientation and
distribution become important . The increased turbulence and dissipation in the roughened
boundary layer also leads to a premature flow separation and stall for Reynold's numbers
above one million. At high Reynold's numbers nearly all of the loss of energy is due to
wake formation ; the resistance is independent of viscosity, and proportional to the square
of the velocity. Figure 5c shows the effect of Reynold's number on drag coefficient in
laminar and turbulent flow . If the surface is rough, the curve representing turbulent flow
indicates an increase in skin friction drag .

Figure 6a shows the critical roughness size (in terms of percent chord) below which there
is no increase in drag on a flat surface. The working range of Reynold's number for the
F-28 is also indicated in this Figure . For distributed roughness greater than the critical size,
Figure 6b shows the drag increase experienced by both wings and bodies, for a range of
Reynold's numbers .

CHARACTERISTICS OF THE STALL OF AEROFOIL S

Separation of the turbulent boundary layer is followed by partial or complete detachment
of flow over the airfoil, a dramatic,decrease in lift, and an increase in drag . The trailing

edge no longer completely governs the strength of the circulation and vorticity is shed
downwind as a turbulent wake . The chordwise distribution of pressure is greatly altered,

and the resulting change in airfoil pitching moment will disturb the aircraft trim conditions .
Since the pressure distribution of the stalled airfoil no longer conforms to that of attached

flow, form drag will increase . Friction drag is indeterminate over the separated region, but

will be active on the lower surface of the airfoil . For the complete wing, induced or vortex

drag will be less, since lift is lower .

There are basically three types of aerofoil stall (illustrated in Figure B-1), and the
characteristics of each are governed mainly by airfoil geometry and Reynold's number .
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Type 1: Trailing Edge Stal l

The trailing edge stall is the most common and desirable type of stall for
airfoils with thickness/chord ratios 15% and above . At high angles of attack,
flow on the upper surface is characterized by a thickening of the turbulent
boundary layer, followed by an initial separation at the trailing edge. The
separation gradually moves forward, with a corresponding decrease in lift .
Maximum lift occurs when the separation reaches mid-chord . The resulting
collapse of lift is gradual, drag continues to rise rapidly, and pitching moment
becomes less nose down. Flow at the leading edge remains attached, and the
leading edge suction force is active to a high angle of attack .

Type II : Leading Edge Stal l

As thickness/chord ratio decreases below about 10%, the airfoil experiences
an abrupt separation of flow near the leading edge . Separation of the laminar
portion of the boundary layer occurs well before maximum lift, and transition
to turbulent flow will occur in the separated shear layer. The flow will
reattach in the form of a small bubble just aft of the airfoil nose . At
moderate angles of attack, the pressure distribution is not seriously altered,
and the lift, drag and moment characteristics of the airfoil are not greatly
changed .

As angle of attack increases, however, the bubble enlarges and moves aft until
reattachment of the turbulent shear layer is no longer possible .The flow then
separates over the entire airfoil surface, the leading edge suction collapses,
and the pressure distribution along the chord remains nearly constant with
low negative values . Lift drops abruptly with no gradual transition ; pitching
moment becomes significantly less nose down .

Type III : Thin Aerofoil Stal l

Separation and stall on very thin sections (<6% t/c) consists mainly of the
gradual lengthening and ultimate breakdown of the upper surface short
bubble. The breakdown of the bubble with resulting flow separation occurs
at moderate angles of attack . The lift curve is characterized by a gradual
reduction in lift slope, and a stall which occurs at a low maximum lift
coefficient, but with a gradual decline . Pitching moment undergoes a large
but gradual negative change . The pressure distribution exhibits negative
values, which extend over the length of the bubble, as long as it is attached
to the surface . When flow breakdown occurs the long bubble detaches from
the trailing edge, and a trailing wake is shed from the leading edge .
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In general, modern airfoils do not conform precisely to these three distinct categories of
stalling behaviour ; rather, combinations of the different stall characteristics may be
exhibited, and may be sensitive to minor variations of shape, Reynold's number, leading and
trailing edge devices etc . For Reynold's numbers appropriate to the operation of typical
transport aircraft, a large nose radius is desirable to delay the breakdown of leading edge
suction and to achieve the trailing edge separation (type I) and high maximum lift.
Conversely, as Reynold's number diminishes, all airfoils tend to stall from the leading edge
(type III) . Obse rvations from both wind tunnel and flight test indicate that the aerofoil
section of the F-28 wing lies well within the region for TYPE I (Trailing Edge) stalls and,
as such, may be considered a conse rvative design . The reason for this may be attributed
mainly to the generous nose radius of the aerofoil .

STALLING CHARACTERISTICS OF ROUGHENED AIRFOILS

The previous remarks regarding airfoil stall relate to flow over a smooth surface . When
the airfoil has a roughened surface, transition to turbulence occurs earlier, friction drag
increases, and flow separates prematurely from the upper surface .

The effect of distributed roughness on the premature stall of airfoils is shown in Figures 7
and 8 which are from Reference [2] . The roughness was distributed uniformly over part or
all of the airfoil, and Reynold's number was varied from about 105 to 10 7 . Maximum lift
coefficient is considerably reduced by roughness for the two airfoils which were tested, and
the critical Reynold's number at which this occurs decreases as the magnitude of the
roughness increases . The results of Reference [1], for the higher Reynold's numbers,
indicate that roughening of the entire wing upper surface results in a•loss of maximum lift
of as much as 50%. Drag under conditions of premature stall would be due mainly to form
drag, and would be high . The size of the distributed roughness in these experiments
corresponded to 0.01 in . and 0 .004 in . on a wing the size of that of the F-28 . Most studies
of the effect of roughness on the performance of airfoils deal with the uniform distribution
of contamination over the entire upper surface . The importance of preserving smooth
attached flow around the nose is important ; if the nose contamination is removed, the wing
is restored to its original unstalled state . Conversely, the contamination may take the form
of a single roughness element, or ridge which extends across the span on the upper surface .
The drag of such a protuberance depends upon the degree to which it extends above the
sub-layer, and the sharpness of its edges . Maximum lift will be reduced and if the flow
over the nose is critical, separation will occur abruptly from the leading edge . Figure 7b
shows a comparison of the loss of lift due to uniformly distributed roughness to that due
to a single, spanwise ridge extending along the wing upper surface .

STALLING OF COMPLETE NVIN G

Stall characteristics of the complete wing depend upon which portion stalls first, and how
the separation spreads along the span . Initial stalling at the wing tip is undesirable since
it may induce a violent roll, and a loss-of aileron control .
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If the boundary layer is encouraged to stall first at the wing root, then the tendency to wing
drop is lessened, but the turbulence and low total pressure which results from the
separation may result in buffeting of the tailplane and poor quality flow in the engine
intakes for fuselage-mounted fan engines . Stall management on wings of current transport
aircraft is usually achieved by precipitating the separation at a particular spanwise location .
This may be accomplished by the use of various devices at the leading edge, eg ; kinks in
the leading edge, notches, fences or vortilons . These devices not only result in stall at a
particular lift coefficient, but ensure a symmetric stall .

GROUND EFFECT

Ground effect is perceived as a cushioning of the aircraft when landing with a resulting
tendency to "float" before touchdown . Ground effect also has a significant effect during
take-off, although the physical sensation may not be as obvious .

The phenomenon originates from the interaction of the wing and fuselage with the ground
plane and is composed of three different phenomena, which affect both lift and drag . They
are usually applied as corrections to design and performance data .

The first effect is due to the volume or displacement of the airplane and the low pressures
that will be induced between it and its image . These negative pressures act to suck the
aircraft on to the ground, and therefore constitute an effective loss of lift .

The second effect occurs only when the wing is lifting and the resulting interaction results
in an increase in lift per unit angle of attack . The sensation experienced on landing is due
to this increase of lifting effectiveness . This increase is, in some cases, cancelled or reduced
by the displacement effect of the aircraft volume, already described .

The third ground effect results from the interaction of the trailing wake behind the wing
with the ground plane. The most important result of this is that the upwash at the wing
diminishes, so that the effective angle of attack is lower . This causes a significant reduction
of induced drag, thereby lengthening the final flight path before touch down .

The beneficial value of ground effect during take-off is reduced drag and increased lift,
however these benefits diminish rapidly as the aircraft climbs . At approximately one wing
span above the ground, the ground effect has essentially vanished .

AERODYNAMIC CHARACTERISTICS OF
THE FOKKER F-28, MK . - 1000

FOKKER F-28 MK . - 1000 - SPECIFICATION S

The Fokker F-28 (Mk.1000) is a twin-turbofan short range airliner. It is a swept, low-wing
configuration, with a T-tail, and rear mounted engines . The version of the present
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investigation seats 65 passengers, and cruises at a maximum speed of 455 kt at 23000 ft (a
Mach number of 0.75) .

A full technical specification of the Fokker F-28, (MK .-1000) can be had from Reference [3 ]
and is presented in Appendix A . Some of the geometric, weight and performance
parameters relevant to the present investigation are listed as follows . A general arrange-
ment of the aircraft is shown in Appendix A .

TABLE I

Wing Span 77'-4 1/2"
Wing Area 822 ft2
Aspect Ratio 7.27
Mean Aerodynamic Chord (MAC) 11 .5 ft.
Engine Thrust2 9850 lb .
Max. take-off weight 65000 lb.
Operating weight empty 35,464 lb.
Max cruise speed (23000') 455 kt .

Rotation speed for the F-28 ranges from 100 to 130 kt . depending on weight and
environmental factors.

The flow on the wing changes from a high lift condition at lift off using slotted Fowler
flaps, to low transonic flow at cruise . The lift coefficients of the mean chord section based,
on maximum weight and the above speeds are 1 .38 and 0.24 at lift-off and cruise
respectively. The maximum lift coefficient for the F-28 wing is about 2.1 . The wing is not
equipped with leading edge devices (Slats, Kreuger Flaps etc . )

The Reynold's number of the flow at the mean chord ranges from 12 million at sea level
(lift off at 130 kt) to 29 million at 23000 ft . (455 kt .) . The boundary layer flow is turbulent
over the main wing component under normal operating conditions .

AERODYNAMIC DATA FOR THE FOKKER F-28, MK: 100 0

Relevant aerodynamic data which was made available by Fokker comes from several
sources :

2 Sea Level Static, ICAO Standard Day
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1) Results of a wind tunnel test at the NLR3 in which the effects of
simulated ice contamination of the wing were measured .

2) A description of the aerodynamics of wing stall, including flight experience
with the airplane .

3) Computed values of pressure distribution, skin friction and displacement
thickness of the boundary layer, for the F-28 airfoil section .

4) An official database from which the F-28 simulator model was assembled .

F-28 WIND TUNNEL TEST DATA

Figure 9 shows the results of wind tunnel tests on a complete model of the Fokker F-28 .
The test Reynold's number of the Mean Aerodynamic Chord (MAC) was 2 .85 million, and
the wing flaps were set at 30 degrees. The model angle of attack range was from -2 to +20
degrees . The test was conducted in the NLR wind tunnel and the model was positioned on
a mounting which allowed a range of pitch angles to be used .

Data are also shown in which the upper surface of the main wing component is treated
uniformly distributed carborundum roughness elements . The wing roughness was intended
to simulate ice deposits of 1 and 2 mm thickness full scale, uniformly distributed on the
upper wing surface at one element per sq cm . Tests were also done with the first 15% of
the wing component cleaned off. Figure 9 presents C L and CM plotted against angle of
attack, and also C L against Co .

The lift slope in the linear part of the lift curve is 0 .100. For angles above about 8 degrees,
the lift curve becomes non-linear, due to a thickening and deceleration of the trailing edge
boundary layer . Maximum lift occurs at 14 degrees, and has a value of CL = 2 .13. The top
of the stall is rounded, but lift falls rapidly to a value of 1 .55 as the wing pitches to 16 .5
degrees . Lift continues to diminish to a value of CL = 1 .46 at 20 degrees angle of attack.

The wing exhibits a characteristic hysteresis in lift, as the angle of attack reverses.
Maximum lift is not achieved, and the data returns to the linear part of the lift curve at an
angle of attack of 7 .5 degrees and at a lift coefficient of 1 .75. Hysteresis is an entirely
viscous phenomenon, and is a common occurrence on wings and airfoils . It is associated
with flow fluctuations, particulary during reattachment at the stall . Hysteresis does not occur
when the wing upper surface is roughened ; the maximum lift coefficient under these
conditions is 1 .6 .

3 Nationaal Lucht- en Ruimsevaartlaboratorium, the Dutch National Aerospace
Laboratory .
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Pitching moment CM, is nose down relative to the quarter chord of the MAC, for values of
lift before and after the stall . There is little hysteresis .

Drag rises slowly with lift until maximum lift is reached, as is shown in the drag polar
Figure 9 . Drag at CLMax is about triple the drag for small values of lift, and is attributed to
induced or vortex drag .

As lift falls, after flow separation, the drag rise is due mainly to form drag from the altered
wing pressure distributions. Hysteresis also occurs in drag, since the pressure distribution
is also affected by the flow separations . As with the lift curve, roughness reduces the
hysteresis effect .

The effect of roughness on the wing upper surface is dramatic . Maximum lift occurs some
7 degrees earlier at an angle of attack of 7 .5 degrees, and reaches a value of 1 .6 . At higher
angles lift diminishes to CL = 1 .4, and thereafter remains constant .

With roughness applied, pitching moment begins to decrease rapidly beyond 8 .5 degrees,
and thereafter becomes strongly nose down at maximum lift .

Drag at maximum lift for the roughened wing is less than that for the clean wing, but lift
is also less : the drag continues to rise rapidly as lift falls . At angles of attack above 11
degrees, there is a rapid rise in drag, to a value of CD = 0.6, with essentially no change in
lift .

With the entire wing upper surface roughened, the levels of turbulence in the boundary
layer that is developing on the nose are higher than normal and kinetic energy is being
exchanged for pressure at a higher rate than for the clean surface. If the roughness
elements are large enough the result is higher local drag and turbulence ; the sublayer itself
is annihilated by the wake turbulence of the roughness elements . This factor and also the
fact that the flow is subjected to a rising pressure aft of the nose suction peak, provide the
potential for early boundary layer separation and wing stall .

Conversely, if the wing nose is clean over the first 15% of chord, the boundary layer, and
particularly the laminar sublayer, develops naturally and is able to negotiate the adverse
pressure gradient on the rear half of the wing successfully. If roughness is present on the
rear portion of the wing surface only, the potential for flow separation is modified by a
weakening of the adverse pressure gradient and the additional roughness-induced
turbulence plays a more active role in resisting the tendency to separation . Friction drag,
however, will be higher, due mainly to the drag of the roughness elements themselves .

EFFECT OF ROUGHNESS ON DRAG IN UNSEPARATED FLOW

Roughness elements on a smooth surface will affect skin friction drag and if the local flow
is still laminar, roughness will cause an immediate transition to turbulent flow . The
resistance formulae of Reference [4] can be used to estimate drag theoretically, resulting
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from simulated roughness contamination, assuming separation does not occur . For a chord
Reynold's number of 12 million, and a smooth surface of the same length as the F-28 mean
chord, the total skin friction drag coefficient is estimated to be 0 .0029. When roughened,

the drag coefficient rises to 0.0065 and 0 .0079 for roughness heights of 1 mm and 2 mm

respectively . The wind tunnel results obtained by Fokker indicate that, for angles of attack
below the stall, roughness causes a drag rise of about 6% in the complete airframe model
compared to the smooth wing configuration .

The wind tunnel data for the F-28 model show very clearly the effects of wing contamin-

ation on aerodynamic characteristics . They do not, however, conform precisely to the
airplane configuration in the present investigation, since the flap setting on the model was

30 degrees, compared to the 18 to 25 degree settings which the actual aeroplane was
thought to have had during the takeoff run . The test Reynold's number was 2 .85 x 106, .

compared with 12 x 106 for the aircraft at take-off. The main effect of these differences
will be on maximum lift . The lift curve to CLMaz for attached flow for a flap angle of 18
degrees is available from the Fokker data base, and it can be assumed that appropriate

Reynold's number corrections have been made . Similar information is available for CD and
CM beyond stall ; the correction process is more uncertain, but it is assumed that the

incremental changes in the aerodynamic characteristics due to both stall and contamination
can be applied from the wind tunnel data directly to the data base .

STALLING CHARACTERISTICS OF TIIE F-28 WIN G

The Fokker F-28 has a wing of aspect ratio 7 .27, swept 16 degrees at the quarter-chord line .
The leading edge profile has a kink at wing station 4700 (40.7% semi-wing span), and a
leading edge fence at station 3784 (32 .8% semi-wing span) . The mean aerodynamic chord,
to which Reynold's numbers are referred, is at wing station 4940 (43 .8% of wing semi-
span) . Investigations by Fokker of the maximum lift, and wing stall aerodynamic
characteristics using wind tunnel investigations and flight test, are presented in Reference
[5] .

An important design objective for the F-28 was the achievement of a high maximum lift
coefficient, and satisfactory stall characteristics . The wing sections are characterized by a
large nose radius in order to improve maximum lift capabilities . Further improvements were
achieved by the use of Fowler flaps, which are single slotted at the 18 degree take off
position, and double slotted at higher extensions .

In addition to attaining high values of CLMax, it was desirable to produce airplane stall
characteristics that resulted in definite nose down pitching . This avoids large attitude
changes, high drag levels and losses in height when the aircraft stalls . The pitching moment
curve in Figure 9 for the clean wing attests to the fact that this goal was achieved .

Initial wind tunnel testing of the F-28 prototype was performed on both full and half
models at Reynold's number 3 and 5 million respectively . Wing stall was characterized by
a rapid spanwise spread of the separation . Initiation of the stall at a particular point along
the wing was done using a small leading edge fence . The stall progresses in a wedge-
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shaped configuration in both outboard and inboard directions . The outer portions of the
wing, and the wing root junction stall last, thus enabling full retention of lateral control, and
avoidance of flow distortion into the engine intakes until after maximum lift has been
achieved . Flight test observations confirmed the wind tunnel test results with regard to stall
progression and maximum lift, but also disclosed an initial, strong buffeting which preceded
the fully stalled condition. Figure B-2 shows the main features of the stall patterns and
vortex wake of the F-28 wing, inferred from wind tunnel and flight test data .

Observations were also made, during flight test of the F-28, of differences in the stall in
free air (at altitude) and in ground effect . It was observed that in free air the stall
progresses along the wing in the manner already described, while in ground effect however
and with the mainwheels in contact with the surface, it was noted that separation occurred
on the inboard wing panels only (Reference [3]) : the outer wing panels did not stall .
Maximum lift was essentially unchanged, but occurred at an angle of attack some 4 degrees
lower than in free air . These observations conform to the results of other research into
ground effect (Reference [6]) : Similar observations are not available for the effect of
ground proximity on the stall characteristics of a roughened wing .

The rate and progression of the stall over the artificially roughened wing surface is not
precisely known, although the measured lift and drag coefficients supplied by Fokker
indicate a complete breakdown of the flow . Since the entire upper wing upper surface of
the wind tunnel model, including the leading edge, was roughened, and recalling the basic
research on the effects of roughness on lift (Reference [1]), it is likely that separation
occurs simultaneously along the entire span. In this situation, the leading edge fences may
be less effective in fixing the initial spanwise location of the stall, and also in ensuring a
symmetrical stall across the span . Even when complete stall has not occurred on the outer
wing panels, the aileron effectiveness may be adversely affected by roughness . No data were
available on this point . Figure B-3 shows a representation of the stall pattern and wake on
a contaminated wing .

COMPUTED DATA FOR FOKKER F-28 AIRFOI L

The airfoil section of the Fokker F-28 is a modified NACA 4-digit profile, with a large nose
radius . The design cruise Mach number of the Mean Aerodynamic Chord is 0 .75, and the
dive Mach number is 0.83 . Airfoil thickness at the M .A.C. is 14%. The generous nose
radius, although a limiting factor in high sub-sonic flight, enables flow around the leading
edge to remain attached, and the suction force to reach its full value when trailing edge
flaps are used during take-off and landing . The graphs shown in Figure 10 give the top and
bottom surface pressures, and boundary layer parameters for a flap angle of 18 degrees,
and angles of attack of -2 degrees and 5 degrees . The computation method included viscous
effects, and used the code VSWAKE .
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The maximum nose suction peak at these angles is about -1 .2 for a=-2 degrees ; and -5.34
at a=+5 degrees . Reynold's number in both cases was 15 million. The lift coefficients
were 0.6515 and 1 .5100 respectively, and the moment is nose-down .

Calculations include local values of skin friction Cr and boundary layer displacement
thickness d' . The displacement thickness represents the distance by which the outer
streamlines have been displaced by viscous retardation of the fluid in the inner streamlines .
It is a measure of viscous drag.

AERODYNAMIC DATA BAS E

The performance group was supplied with a complete data base of aerodynamic, stability
and control information . This data base was originally used by Fokker to construct their F-
28 dynamic simulator . It is corrected for the variable effects of Reynold's number, Mach
number and altitude ; so that the data, when applied to the complete equations of motion,
produces the real airplane performance in the simulator . The utility of these data in the
context of the present investigation is that it is standardized and credible, and can be used
to create a realistic scenario for take off and initial climb .

The data which are of initial interest are lift, drag and moment for the aircraft in free flight
and also in ground effect . The data do not go beyond CLMa,, into the post-stall regime . The
effects of wing contamination are presented in the form of incremental changes of lift, and
it is believed that these are derived from the single wind tunnel test which has already been
described Figure 9 for uniform roughness heights of 1 and 2 mm . Incremental corrections
for roughness heights smaller than these values were not available in experimental form,
although arbitrary factors could be applied to the data (Figure 14) .

The aerodynamic effect of the ground cushion during take off and climb, particularly at
high lift coefficients, acts to change the angle of attack necessary to produce a certain lift
coefficient . With flaps extended, below a lift coefficient of about 1 .5, ground proximity
increases lift ; particularly when the trailing edge approaches the ground . This is particularly
relevant to swept-wing aircraft, where the tips may come close to the ground during
rotation. An additional phenomenon, which reduces lift and induced drag, arises from a
reduction of the wing upwash and induced angle of attack . This is due to the presence of
the ground plane, which does not allow vertical velocities .

The F-28 data base also includes the effects of ice accretion on the leading edges of the

wings, tailplane and fin, to a thickness of 2 in . Graphs in Figure (12) show the incremental

changes in lift, drag and pitching moment which would occur during flight operations in
icing conditions.

In the context of the present investigation, these data may not represent precisely the type
of uniform contamination which was simulated in the NLR wind tunnel, nor ice that is
deposited by freezing rain or snow.
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CONCLUSION S

The following conclusions are based on the various F-28 aerodynamic data which were
given by Fokker to the performance group . They do not specifically address or explain the
circumstances of the Dryden accident at this time .

The F-28 wing section is designed for a cruise mach number of 0 .75, and a
high maximum lift coefficient at low speeds. A generous nose radius
minimizes the likelihood of separation under high lift conditions and promotes
stall from the trailing edge.

Stalling of the basic smooth wing is from the trailing edge . It then spreads
outward from the leading edge fence location in a fan-shaped manner toward
the tip and wing root regions . These regions separate last, allowing lateral
control and engine intake flow to remain effective to high angles of attack .

In ground effect, with the main wheels on the ground, stalling occurs 4
degrees earlier, but only the inner portion of the wing stalls. CLMaz is
unchanged .

Artificial roughness on the upper surface of the wing of a wind tunnel model caused
a premature stall in which boundary layer separation may have occurred all along
the leading edge . The roughness corresponded to an element size of about 1 to 2
mm on the full scale F-28 wing while the distribution corresponded to approximately
one element per square centimetre on the same wing . With flaps set to 30 degrees
on the model the wing stalled at an angle of attack 7 degrees lower than for the
clean wing . There was a 33% loss of maximum lift compared to the clean wing .

Research on wing sections at Reynold's numbers ranging from 100,000 to 10,000,000
shows that roughness not only increases drag below the stall but also increases the
likelihood of a premature stall, particularly if the nose is roughened . • As Reynold's
number increases towards the values experienced by the F-28 wing during take-off
( greater than 10,000,000) the loss in maximum lift can be as high as 50% compared
to a clean surface (Reference 1 1]) .

In some cases the aerofoil is sensitive to the size of the roughness elements ; the loss
of maximum lift being less for very small roughness heig}its . Most aerofoil sections,
however, respond to roughness of any scale by stalling prematurely and incurring the
maximum loss of lift . Removal of roughness on the nose and over the first 15% of
chord restores the aerofoil close to its original performance .
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LIST OF SYMBOL S

A Aspect Ratio
b Wing Span
c Wing Chord
c (MAC) Mean Aerodynamic Chord
D Drag
e Wing Efficiency Factor
L Lift
M Moment
Re Reynold's Number (Vc/v)
S Wing Area
V Flight Velocity
a Angle of Attack
p Air Density
V Kinematic Viscosity
C, Lift Coefficien t

CD Drag Coefficient
CM Moment Coefficien t
CP Wing Surface Pressure Coefficient
CF Boundary Layer Friction Coefficien t
6' Boundary Layer Displacement Thicknes s

SLS Sea Level Standard Conditions
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AERODYNAMIC FORCES ACTING ON A WING SECTIO N
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b) STALLED FLOW
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CHARACTERISTICS OF BOUNDARY LAYER FLO W

A SKETCH (not to scale) ILLUSTRATING THE NATURE OF THE FLOW OF A UNIFORM
STREAM PAST AN AEROFOIL WHEN SEPARATION OCCURS NEAR THE TRAILING EDGE .
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NETHERLANDS AIRCRAFT FACTORIES FOKKER-VF W

FOKKER-VFW B.V. RAPPORT NR.+ REPORT NR .

L-28-26 9

e~~o .vwcr ~0,~

F-28 .•!k .1000 Basic low sl , eed drag polars ( Fp-EE Alp-

Flap angle Drag p9lar
(deg . )

0

6

1 1

1 8

2 5

42

CD = 0 .0195 + 0 .0535 CL
2

CO = 0 .0270 + 0 .0515 CL
2

CO = 0 .0325 + 0 .0486 CL
2

Cp = 0 .0405 + 0 .0470 CL
2

CD = 0 .0600 + 0 .0470 CL
2

CO = 0 .1340 + 0 .0400 ' CL
2

Section 2-°IGORE. 13 Low Speed Drag Polars, Free Air
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in
tn lhre. ae<tiona : e<enlennr.room

aith ert r ith a
and d{vzo

and
• leonge witb four

:I
u .

7wlet, gslley, verdrohe, begge go epecen d
est for sttaod .nt in forvard loeulego . Seeond

Ioilet
and

bsggego rpece st rear .
At'cottuoo .noN (!Ik 400 Combiplsne) : Principel

feuure of his -ion ve w Izrge c.,go loedi n
doorferwerdofthe .ing .ent e {w rt .iae.wirF
ths aill at wckbed he.gbt, utd . rainforced
nrgo Boor u'ith lieaown ringe . Typicol

L .rouu {nclude 10 poarengen four obrooat ut
355 in ( 00 cm) a<se plteh, plw 21B eu R(617
nfl of coq. epoee ; 28 psatengen at ,amu aoat
I:it<h in rrur ofcshin . plua 58tl no R ( IGOS nt)
rnrpo epece ; or el .corgo von o wNb L727
no ft 119.9 n11 of cergo apoco~ Alternotive
I:.youu far up

to
18 peaaengere.

Acc0uuoo.tnoN ( 11k 10o51) : Fuld ing <onvu
with

safety
hernnzn, along csbin aid.ara

. f.•ruq . 43 pnrulruup.. 'f.ulet ud pr .
n t.r~ medinl supply boo er pe~nry nnit

Arnbulnnce vanion -, zccommodete
mi i=eS~F .type atret<hnn, in eight acn of thnn.
sith u at fnnt and rrsr or u< to n'
.. d icsl stuodsnu

or '
tting ual tias~

Al1urQo v o Bttalwith ak:d atrip, tie-
end hingeddurn bttu .gaiop

ro

uction

".ma

hetrecks. Unpatch door o _g aid. of
f..relsge et resr for dropping uppliee end
pen nel.

An•onauuarlaN JIM 500) : Main csbin h :u
u.dnrd srsting for 6_,iouaeugen four ebrceet

rt J525 in (88 -6 -1 ret jute' ; .Iturnotiva
1`youte rnsble up to 58 poearngrn tu bo -6,d
as iv ( :R cml P~tch .

gr,rzr, : Preuuriutlon snd s onditioning
ryatem uUliaer two Roola-type engine. driven
bin-en. Choke heabting and eirto-sir hos t

z<h .nger ; optional oou[rep
too If

ayrtem.
Pre.aun difierentiel J - Ig Ibjeq m (0 -29 lylc :d )
in llka 400, 600 and 600 ; 55 R/aq in (0J0
LC/-f) in All, 200. No hyJrsulic ayrt.vn.
1'nnumotic a yatem, proaeuro 3 .400 Ibl .q u, (23 0
!rl<rn'I. for Ixnding ge:w retrection, uo .uwhaul

rrrug snd bnkcr, limergancy pnaumntic
lorlanding

I'll
cxtena,on end brnkre .

1'rimery 28V eh•ctncul eyatnm zupplicd by
t•'o 375A 2 8V DC ongino .Jri n gen nrtora .
Jroondury, xyaum euppliud is l- 116V ~JOOIIt
AC ronrunt .frrqu^ncy ir verlon . \'nriohlo .
lrrqurncy AC puwrr .upply, from 120120dV
ISk\'A engmu.driven shrrnuton . for nut:

.
icing

and hoat,ng. Two 21V 40Ah :,ickcl- lmiu:n
b.tterica . 304 no R ( 1

.
1't r & ) ozygan rya-

for pilou .
e srrnnNrr, .Nn EcnrrnrNr : Slnnaerd

n.fercNF .nauFt .virio al
.alcm (includin8rglidc.lupal . A1 w,

ii.i n•

.

krr bre<nn . dust gyrn.y,. <o:npw,e
sna intorcom ry:rtcm . 1'roviuon for

~.tber ndsr sumpilot ut< .
D tr ,, ezrzaNa6 :

\VUtg e p~o 96 R 2 is (29-00 no
\l'iog obord st root

I
(J'a6 m)

\t'iog ohord st tip J R T in (1 -10 m)
ll'iug upeat rztlo 12
~ oeb oeerJ :

pt kIk 600l 77 ft
A f
( (4360 m)

61k 600 BY R 2( m(2606 m1
io (270 m)Fwelag : kl .z vidth

So "M.z betgb t
H

0 R 1 m(270 m)
eigbt nverzll0, aoderd I.odi o
arrpt blk 60u 271~

f .- ;( 8G6 ml
M k

GOO

2 g R 71 io (a 71 m)
Ifeigba ovnnll, nogb .geld lauding ge.r :

ac pa bfk 600 Yg R Y in I
6

~6 0 ml
TWplsna ep .0 22 R 0 m(9•76 m)
l\'heel usclt (o(I hock awu)

23 It 71 in (7^0 m)
110.0/b ... r

zc p[31k600 28ft1 8 io(8 .74m)
1 1+

in
(974 m)]ik 600 31 1 ,

Propellar disrneter 11 0 B in (3•60 m l
PreprHer gr nnd rlnerenn :

sncard lending 6ozr :
Pt !Ik 600 3

It
1 in (0 -04 m)

11
1,
600 3 R 31n (099 m)

oui b-finkl I.nding gcor:
oPt Ilk 600 3 0 11 in ( 1 -02 m)

1'urenger door ( .R, port):
Height 6ft6in(1•85m)
Width 1 1.
De :ght to e ill 1It 0k:u22nq

6wvioalamergeecy door (,ft . atbdl :
N.igh1 ]08in110~ 172m)
\t'i .lah Y n 6 k. ( 1 :n)
I l- ht

to
eill 2 R J u . ( OpU u, )

tlrnwlzrJ cugo door (Ilk 200 unly) :
Ile .~t ht 2 M1 II m(IID :nl
\1'idth 3 66in(104m)
Height to aill 3 R 31n 10 Up ,u l

Lugs ezrgo door (alka 400 600 .u,1 8001 :
Daibt aftlgm11~7ero1
\ei~tb 7 it 7+ in l

2
a2 rn)

3RIlin(1•19m)
IROis (1-22m )

t7 ft 6m(1a- 10m)
62 It 4 in (16-90 m)
81t 4 (2~66 m)
eR7 e(202n)

2,13D en rt (6o-6 nrl
2aoo 6n rt (a6~e nr)

109 to R (4-78 of)
107 uu P. (668 m')

100en ft (2 -83n+)

Brrvice coiling, mm engine out, nt AIIIV of
3 8,0001b ( 17,237 ke) :

n<i .•n rxniona 11 .7og 1 ( 3,c65 ml

both
military v 13,300 R(1,035 ml

Runvay LCN no m-a T-O wcight, tend
lendrn g

Rey i ed T.O Bold langth ( ICAO-PA6IC) at
AU W of 40,0001b ( 18,1 J3 ke), ell <ivil voraicna :
BIL, ISA 3,260 ft (991 m)
Bp., ISA +la•c 5,6tl0 R(1,085 m)

' 3. 000 ft (0 1I ml. ISA 3,ggg R(L213 m1
Roq ' d 7' .O Bald length ImBitnry) ot AU t\' of

400001b ( Itl .IJJ k8), both military v<niona :
gIL. ISA 2,310 R(704 m)
Bit', ISA +13•C 2,510 It 705 m)
5000 R ( 914 mL ISA 2,750 ft 1 838 m )

R . bonding field Iength (ICAO-PA51C) at
WW of 37,600m (17,010 1A), nll vil-r.irn. :
OIL 3 .160 ft (963 ml
3 .000 R ( 014 ml 3,390 R(1,033 m )

Re u:roJlundin8fi,d,llnngth ( oilitory)otAUtV
737,60016 ( 17,11101j), bulb n,ilitury veniuu^ :
8jL 1,000 R (670 ml
3

.000 ft (914 m ) s,0m
it

(g22 m)
Ronge ( ISA, aero wind eonaitiuua) with F',tlt

121 .645 roeervw for divenidn, 30 mIn holrl et
10,000 R ( 3.050 m) and to-/ Right fuel :
Ali. 200 end 000, 44 ponrengen

1,020 nm (1,197 mihca ; 1,9 20 km)
Ilk 400, 40 poueger a

1,0267n. (1,203 milm ; 1,033 km)
Ilk 600, 62 peeeenge n

g36 nm (1,082 milae ; 1 .741 km)
alilinnep no rsngs ( ISA, tero winJ cun-d tnry t

iticnel at msz T.O weighL r<r ez for JO
in hold It OIL and 5% initial luul :;in

40051 and 60051, .•,II-esrgo, mn, standard
fuel 1,1D5 nm i1,376 milm ; 2,213 kml

bllu 400)( and 600M, .Il.eergo, mux youibl u
Cool 2,370 non (2,727 n,iltw ; 4,780 km)

Military <umbet radius, conditions as bv. ;
Dlke 40051 und 50051, ell.cargo, mez aundord
fuel 62 5 nm ( 719 miln ; 1,168 Lm)

Ilk. 4003( and 6 00b1, zlleorgo, moz p nihlo
fool 1,230 nm (I,41 6 mrlun ; 2, 2 78 km )

atne enanre:.<e at 20,000 R ( G,loo ml :
Ilk 40obL maz alnndsrd funl 7 hr 23 min
bt40001, moz pomibb fuel 12 hr 47 n :inIlk

60051, max standard fool 7 hr la minM
It

6005I, mee pneeible NO 12 hr 26 ..in
Ornn .rtoN .t. Nor,s Cn.ta .tcremxncr (FAR 1't

36) :
TO nolre 1ove1 80 EPY,II)
Approech noieo level 0 0 F:PYJII
9idoline nuiaa

I"

92! 6 EPN,IU

FOKKER-VFW F2S FELLOWSHIP
Announc<d in April 1662, tho F'28 F':-Ilowahip

twin .tnrberan ahort-henl trenep<rt we, de .•xlnprd
in oolleborstion Ith thar Europeen irc^ft

nnre<tnrer. ena .itri lh. Bnen<,el no pe of
in. N,lhedenaa go.emment. On, helF f

n
lhe

Dut<h ahsre of the dev<lopmont ooeL wu aupplieJ
throu h th . Netherlen de Air<reft Developmeo t
Desr~ th, other half throngb 1 lotn gnennt<rd
by the govoemnrent.

Undo, g ro omonu signed In tho Summor of
IU04,~roduction ia under-.ken by b'ukknr.VF\V

,ti,, with blltU and VF\V .F'okker in
Curmany end Short Rroe .nd I

lle
ferlw .d in the UK .

Fokker-VFW i, reepeoaibor the front
fu,eIsge, to e point just oft at the Bight deek, th e
antra fwolege And wrng.root fciringe . 61RU

huild, tho fuwIege, from tho wing trnaing.cdgu
tn tho rezr pn:aauro bulkhuzJ, nd thu ungiuu-11

.. zad up port a be. VF\V .1'okker i
ap ruible for th reer tfuaelege znd twil u'

wrd for the oY lindricel fuaelega •oeti<n betwacn
t1:u wing loading-odgo and fight dock. Short ,

rnporuiblo for the winga (inaludiug tho rlc W nl
w ngs for th0 Ilk. 6000 .nd 80001 , ond olhur
on including the mm . -whc<I end.h _l

do u
yint IligbL of t ho Bnt protutypu F•2B 1 PILJII :: )

Ilright to rill :
ecept Mk 600 3 ft 3 in (099 m)

Ilk 600 J ft 416 (1 03 :n)
Iln .p^t-h doon (All, 40051 only. at L . port ouJ
•rb,L ewrh) :
Ile,ght 6R6in11 - 06m)

Width
Iloight to eill

Drr
ban.xal 8i ght~deok :C lf,h

:
pt

AB,

600

All, 60

U
)Isz width
At,, hoigh t
~nlnme :

-,pt M k tooIlk ao
o

Ilk 600, 62- 60 eoou 23,6781b 1 10,80 5 kg)
51k 60051 2L3R6Ib ( 11,03L kd )

Frofght hold (fwd) mez r
blk 200
Ali, 4 00, 600, 000

Freight hold (sft) mss :
sll v wna

An e
\\ ingr, groa 763~6 eq R(700 e/)
Aileroru ( tutzl) 37•80 aq ft(3~61 m11
TrsUin - ed eBs

r
altotsl) 13a~90aqft(12 -721nr )f .nro (t<t,r11163 .qft ( 14.20m, )

Hurt
xent•1

tail
audecn (tul.l )

172 q ft (1600 mr)
Wnours .n'o Lonnrooa :

Dlsnofocturor e weighL empty:
61k 200, 41 scou 23,4301b ( 10,177 Yj)
blk 100. 40 emte 23 ,200I6 1 10,684 kfl
21k IOU6l ^3,J001b ( 10,6pU L()

blk 6
0
0, 11 eontx 22,7BO Ib (10,33g 411

O parnting wuighL umpty :
.\Ik 2

0
I1

1
IJ euuu 24 .6121b ( 11,IOJ kg)

61k JUO, 10 aoou 24,873 lb ( 11,28J kY)
blk JOUJI, oll-cnrgo 2],0471b ( 10,862 k8)All,

Jawl . m<dirw
_

n<nntie n
2J,BBOIb IIf,2g0 bf)

All, 100 31, pnrntruopnr ^_J,J3glb ( 11,030 k81
blk aUO, 52-GU z,•uu 23,0131b (11,766 kfl
All, S0g\I, oll-corgo 24,912 lb ( 11,3001f)
All, 500l: medirol ovocuotion

2 6.023 Ib I I I,BOJ 4{)
blk SnnSL pnnlroopur 26,3321b ( ILIDI kf)
AIk .. JI uoou 24,0021b (11 .323 111

blex pnylunJ (wuight limitod) :
Ali. 200 , 14 aeou 12.888Ib (6,810 kt)
Ilk 4

0
n, 40 :u<u 12.g2316 ( 3,7R7 Ytl

Ilk 4UI1]I, ullcurgo 1J,35316 (O,IIB 181
blk JU04, meJieol uvo<uotio n

12.612 Ib (6,T21 k/)
bIk 100\L pomtruopor IJ,1041b (6,g71 k8)
Ilk 500, i-21-66 .auu :3,585 lb (6,102 It)
61k6U0 l : "

600
.' llcurgo IJ,SBeIb(0,0171f )

bIk mrdirel nvn<nntie n
13,4771b (6,113111

Ilk GUnM, porotroopur 14 .108 lb ( 0,427 kg)

bi
Mk-yllo. JJ

igh
[a<nte 12 .338 lb (5 .687 kg)

nx'F.O wc :
.n rnnixn. JS,noo m (20,4 10 ka)

btnr lundhig waipbt :
61k . 200, /VV, IUU)1 uuJ GO U

4 1 .000 l b
61ka 600 and G00J( I2,OOO Ib 110,060 kt)

blex e<ro .mnl wnipht:
Ilk. 200, 400, 40UhI and 60

J7,0001b (170 8)
61k, G00 and G0011 JU,6U0I6 ( I7,,0 1ODU kLY)

Mex wiNK louding :
all van.una G0] Ibfnq R (201 -6 lyjnl)

al~x powor landing :all
v<niune 105 lb/ .h ( 4 '70 4(enP )

renmatr.N<e rot w<ignt. ir:airntrS):
Nor:nnl eruiaing .prod at 20.UOO Ik (0,100 m) enJ

AIIIV
of

J8,0un Ib (17, 237 tt) r
oll vorriwu 21,0 knub, ( 29 8 mph ;

4
80

km/h )Ilntn ur climb at Sll .. ALJ\V or 40,UVU lb (18,14 3

civil vrnion 1, 480 (L (461 m)Imin
4 0: mili4vy voniona I .020 It, (404 ml/rnfn

Servicu coili :,g at AUIV uf 38.000 16 (17 .237 6{) :
nll civil vrniunx 20,500 ft ( 0,D00 m)
both militnry vuniona 30,000 R (9,115 m)

JI(_-L `+- J2-

F6kku-VFW P28 F 111 0rrthlp Mk 80001w1n-IULbel.n Ihart-nng„IrOn,r IP:fM l'ru.l
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Fokk•r-VFW F23 fellowship Mk 2 000 short-haul transport . in the inaillia 01 Air Gabo n

- r Jn --- 0\Iny I007, .,,d tho serond prolo-
tylr, 1'11-1\'N\', IL•uon 3 Aug net I967 . This
Ilurrl 1~P8 (I'll .\Itl•I Ilnw for tl:o fl- tirnu o
2U Ilclabcr Illf: nrul wm brought up to pra~
dnraian etmrJurd in ftm call Srm,rn,r or luuN .

In, Ihrlrh It1 .1) pmutcd n C of A to tho F28
n RI }•,.bnmry I1169, ,,it On Ilnt drlivrry (of,1,
. (-Ili nircrn(1, to LTI:) w m do on it,,

a doy . It,. nirrrnft wecd FAA Type
.Approvol on 21 >lurch 1000 and Cermnn ecrtifice-
tion on 30 Slvrnh 1000 . IILU eartilicetion (or
opnrztion frum upnrrd runvnya woa granted in
mid-11172 . "IT,

.
.NN 1000 wna grurwd FAA.

op~rovrd noiar rortilirotion on 31 Ileermber 1071 .
rtnl o! IU7 I~rlluwanilw (85 rlk IUU0, 7 Slk

IOUOC, 10 \Ik 2000 nnd 5 Ilk 4000) had barn
n JrrrJ by 5 .luno 1073, m InllOwa :
MY 100011000 C

AerOlin n .\rg~atrunn 3
Acrul•rru 3
Airrl,h,m (I Slk lunnl'fl', I Slk IUnOC) 2
Air \n,vu 2
An,,.lt'1'rnnp,nrt fndualrirn (Airlim . o f

\l1\' n,l \I,v:Iluha•rt+nu-Slilh-r) 6
Arg-•r ir n AurLCU er 1)Ik IUUUI.') 6
Argvr ir o g . r ner L I
At .+ rnlin : U--pt of'frnuxport (Air) I
.\vininn (I :vnunnyl 3
Ilrenth .•r,v I4ur.vnyl 6
Colnmbinrr Air }'Orro
Congo (13ruxxnvilla•1
}:ent, ..(Uti.t)
F'oirenibllmlu.alrirr
( :unrdu IuJourninn Airwaya ' IB
( :rmnnair

4

Iburie 3
Itovia lftoly) 3
Ivory Couat (1 Slk 1000, 1 Slk 1000C) 2
I .in'ellyg (Swrdrn) 3
I-T~ 1(Irrnron.. I •
.Alolnraron gu r an[ 2
Slaninnirllulloudn
YrtherlunJegovunrrnrnt
vigrrin Airwaya 2
Kig govornm<nt 1
Pol,m/Portaminn 2
Pcruvion goven :mcnt
TIIY (Turkay) 6
Togn yovnrnmm,l
Tounma Ail '1'run.lwrt
rturuir IConu,ln) 2

Mk 2000
Air ';.,Ian
Chen. .t invuyn 2
NiR'•ri,. .urwnyn n

1111140 0
Crnl :ealn.rJ
Sin vrnim . Irn r Iw:c n uncool ,u
M

Wllownr
c 1U0v0 .t Ini inl aen n, in pr due and

h' e tinrc lor up ce OS pu•ongon .
Fint ah'2B commr iel eer we• 6own by
Bluth- an 2 8 Slorch 1080.r Aveileble option-
elly, for olM.rcer po or ' .. d p•a:ngorfceron
oparotrnna, th Inrge frei ght door as front
purt aide, a

n
al' any« our . in which form it

dmifmatrd Mk 10000 .
it 2 000. gimilar to Mk 1000 eteept for

I~nPotrhnned fuwlege, permitting en inereeee
in

todetion !or up to 78 puwngen ''II.
tourist layout . F28 ora pmtoUp a modiccd to
Ilk 2000 standard .,,it flown fint time on
28 April 1071 . Dutch certi8mtion everdod on
30 Aug- 1972. In prmluction and aervim .

Mk 30 00 . for Ad,la•nJe.
MY 1 000. Higlr-Jovity venion, ennouneerl
carly 1075. to a cat up to 85 puaengrre at 20'm

(71 <m) pitch . Airfreme burcelly 5hot of Mk
OOUO, ozcept for omruian of laeding .rdge eletr ;

tcd 1`on Mk 6-16H ia neJ
p1u,t. tu o JrJ fur e over ~tnge 1 n~lra of
nlvmt N00 nrn 1 . .1121 mile . ; 1,850 kml . inl( e
'r.t) it lenyth ol 6,7~0 n( 1, :50 m)• Iwo
,ulJiti.urnl n, .•n,inR ornnrecric o Im^ki,r R
n tolnl nr rnnrl . ur.ign `ran„ I, .,

gnnlincd by April 1975 . inr.ludc is mnc'r .0 wciht
of 70,000I6 (32 .62D 0 tf), moz Inmling wrightgof
G :1,02'u lb (29,OOlgl uJ mnz --rum wright
of 57,6401b (2g .100 tg).

MY 6000 . Sirnilor to Ilk 1000 ozc pt for
eluttcd . Iong .a,nn winge and irnprovrd Spey
enginc• . Avoiloblo with Inrgo eorgu rloor.

Mk 0000 . Bimilor lo Dlk 2000 o cept for
•1n1!ed, long-•pnn wimgoa and improvoA Sp
o gine.. Prototypo, difird from F2g fini
tio I e (proviouely uacd for 61k 2000 crrtifico-

yrng) mrd fitted with modinvd wiugn from
ebe .2 .111 FO'* typ odu it. fint fliI,•ht on 27
Snptamber B73. Cenifientiun rxp•ctrJ by mid .
1076.

' ecepi whero e ipeeiSo . .do( is indi-
catea~
Trrcr Twimtorbofon ahort~renge .irlinor.
Wrxoe : Cen[ilovnr lov/mid-ving monoplsno .

W ing•«tion NACA 0000-X e01' aerim wilh cnm•
va.

uPrlo 11%onlin~ur
area.

0?o on tip/a1iD hedrnl
2 30'. 8vmpbeok qu.rt<rmhard 10•.
8in81e-oe 11 tw- per light Allay tonion-boe
amrtnre. aompn.ing aentre .•euion, integrnl
witlt fuaalege, end two outar wingr . Fi~.eele

narnatian . Lower .Yin mede afihree pldnke .
Teper-rolled top •Yin . Forged rib• in entre•
.Action, buil[•up rib . in outer pmal . . Double-
kIn IeWing .edga with dunt. for bo[•eir d. -icing .

Inevenible hydreuliceIly-operettd .ilerona.
Emergmay

m __I F .""

l0o of ' lemna,
thmugh tabs .

ouble
HydrwWi .llyb nted Fawler

it •alntted Bepmm 70°e oeh helfapen
vitb el«trioel ergenay temion. Flve•

lion bydreulioslly-opentedzlift dumpen I
front of 9ep h win g Trim tell m ench
eilomn. 6flo'6000 -it 9000 have e tended-
•peo ing• wish full .apen hydraulically .
oparetad loeding-edge elet~ .

Voeaua . : Cimuler.eotlao •aml-monoooqne 11g ht
shop feil .ule •trveture, made up

or kin
penah with Reduz•bondod 2-A triowon. Donded
doubler pletm et door .ad window out•
nut~ . pwckly•det«hebls asuadwich ( tell
nod grain beh ) floor Feneb . Hydreulnodlyo-

par•ted petJ ' brokm form
e
ft d of

T.t~Uerrrr CQnlilover light alloy lruetum, -h
hydrnulieell y .eatue[eJ le-incidenco T
Nrlplene. EI«trical e v g ncy ectuoti0n of
toil (an .. Ifydroulicully~boontM Iovnton.
Ily~reWicelly-oquataJ ruddor with duplicot~l
00tu^to on ond omnrc on nn roI op~ro[

rnn y, b •nnJwi hzkiu mpnnnl+ ; nz
to ' 1. anjr :na~ian wi'n nWtlldn par . .
Uaublo• 4in luui ng. Igre fo hetoir do-icing.

L.aNO;rro Os .R : Iletreatnble trioyela type of

I1
ovt

Y,
Roto1 me oufeelura, wish twin whml•

o h
-it. Hydroulio r

rhml.
_

h f.-sod. main ni . inwerdinto fuse-
Inge. Oleo.pnoumetio -ban. Coo,l-
y wheel., tyrm and ol«tmnicelly .eonlralluJ
bmking •ytom . Stoornble norawhoel . Slnin-

hml tyroa •ito 50 X 13, I6-ply reting, prenura
100Ib fail in (7 -0 kg/ens) an 61k 1000, 1021h)aq in
(7•I ktlc

".r60'0`0"
Dfk 2000, 1101b/• q m (77 Yf/ertt)

on 6tknnd 0000. xa•awherl tyrm .ixe
2•6 x 8-6, 10-ply mting, prmaure Ba lb/•q in
(808 LFlcrrtl on 111k 1000, 78Ib/aq in (6

.
6 Yrlem' )

on Mk Y000, g016fa y (6•0 kg/crt/1
end 76I6/•q in (63 y(crd) on Mk 6000on All, 6000. Lov .
pnaaure tyroa oI ,tionel an ell unita.

I'avza. Pt..nr mu 1000 and 20001 : Two non. .
Roye . RH .IB7 .

2
Spey 81k 666-I6 turbo-.

•nginm vith blede.eoolrng ( eeeh 0,83016 ; •,•OB
~ pod on eeah eido of iner•t) . arounad inare

.fwelsge .e No weter rnj«tioe or thruat reven-
Th rm I .n[ii<inR far air inmkn . For

811u 6000 end 0000 .1111 666-16 11 vnnion of [ha
nMy engine I. under development. Thie will

the eziatinN nominel lhruat raling of this
Dlk 666-16. but e nrnbinnt tomprrnnrrea up to

RB•C, and will be fitted with . gt•e-ehute .flenr-
mg noxxlo . Integrnl fuel tank in each ouler

-;.p-
pa" .,

with total ue ble enpteity of 2,1~3
lgnllona(0,7 40 litrea) in 61b 100012000 ; y .11U

1 np golloru (9,082 li[n•) in )Ikz 6000)6000.
Optionnl even bloddrn[ype tenk U. in v i` og

with total osablo ep•city (
7R0Imp g ellonz13,3001itretl . Binglereluellin g

untsrboud a ing, n
`
., coal .

Aecon uoO der
•

. tor : Crow of two 'do by•ido a

"'g"
d«k, with jump-te•t for third crew

ber. E «triIeelly-hret,d wi dearren . Pen-
trylbeggoge •peee immrdistely If' 1111,gh[ Jrrk
on starboard aido, followad by entnnce l

''with ~ydrnWii.uy~-o:nr. m door a

° o boera'aiaa . and erot far
.
:̀:w:da~ `

on

Tfk. 1000 and 5000, on optianel upwerd-open-
irrg mrgo door,

to
prrmit .,,.,ergo or nll•

prwrngar nporution, n be Mdnl oft of thn

iu~r1g"r nchni i
do fr ^Additinnel r rrFvr -S

' -bin. o~rr
6lnin euldn Inyoutoof All:a IOOOISIXIO ren le•

ird to ea•commo,lnro 55, 60 ur US pnnv„g,•n
fivo abreast At 37 . 32132 or 31 in (gJ. 811NI or71 cm) ,at pitch rnp«livrly. In Slka 2tN10

;aooo . Inyaat re ; bn edrd m erremmod„tr
79 f n'en at 3ldmbe 0 em)

"'t Pit"' Al
lo

~oo I v~~ (port), bnggoge co-
pertment (pall) and toilet comp ertment
bo rd). Underfloor cargo mpnnmenu (orn
.ad it of wing, with single door on atarboerd
•ide of forword hold, mtb one door an
hold of eoch vonion. n•nr

8varere : AiReaeerch •ir-eonditioning yztrm.
mng engino blood air . 6fez prruure drfferrntiel

7
"

3 lb/,
'

In (062 Yg(cn'1 . Two ' dependent
hydnWia yteme, p reuun 3,000 W

i

cR10 kf/ero'1Prim•ry erm forrl &gh [
a[rola, lending geu, vheel teenng

u:A bnkm, .«andery •y.temfar dnp hE ettion ar
tin -.1i.) fl lght rnntml .. Flytng conlrol

Ad

byyA r•nlie n4 eappli [rry
Hydr.ahc..~A1PAC .lertriul .y.tem yiam
[ero 20kVA We•tinghoow inigill-drilan

thrm-pbue cautmt-goner•ton

to

u P ply
1' equenoy 1151200V •OOHa power. One
20Ah bettery for atnning APU end for emar-
Qency power . r. AiRmeerch GTCP 26.4 A APU,

unted•tulin roe ormaun bulkhe .d, for
eng:ne g, Sr und

sn
. onditioning

and ;.unit el«rriee power, d to drive n
thlnl ACor ,• rotor for standby uw on eaat•r inl

' i
slight.

rt
Exeornonrc. .NO Equtrtre .vr: St.nderd equip-

rat inNudrw VIIh' t,uvicein VII Pg rnri

boe i0n
.,stern (with glidrdape ). USIE, merk,•r

on, weethar rader, A OF . ATC trnondrr ,duet .-P- -Yet . .. rn rphone
nap

puFlic
JJrmray• , Smith•StPOeutopilot,l'oll,na

FU IOg aiqht d'veetor, Oight guidsnro ceono n
.yatam, ni ght detn reearder end toice -1-
Thcrmel blred *111ytem for wing lesding.ed r•, rn
W .. to Mr

.
SOOOf0000L teilplene leeding•e,lgr

engine ei rntekm . Stiek puahrr zyte mon 611a 60001 6 000. Opt(onnl equlpment t
wto ei requiramentwefincluding equipment

for op ntion in Cat. 2 •tber minime.
Dtrexa;oae . e rener.t .
1Ving [Pon :

1000 .2000
6000 . 0000

N'ing chord at mot :

77 it et to (e_358 ml
82 it ]In123 -07m 1

u .•enia:u IS it o as (4-90 m)
Wing ehold at tip : . ~

1000, 2000 3 091io(1T : m)
\Ving snp«t ratio ;
1000, 2000 7.27

Length over .ll ;
1000, 6000 89 n I0j in 1^- :

T 0 1
i0 ~1

2000, e0U0 07 it 1 j in (2 1
Inngth of luzringe :

1000 . no
2n On, 6600

9 0 n gt to (2 4 33 ml
B : 111 91 in (2N:4 ml
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_ . . .- . ._ . .. .__1 . . . . . ~ .r . .r,, . :. . nlnt.nnrl -rciKKhR-VFW/AEROSPAC E
!'u .,•L.pe : Slux wiJ :h 10 G. 10 u . (330 m)
Iinighl ovur.ll 27 R 01 in (8-17 m)
'\I'\n'i1lJV.o .1.nn 28 g 41 4 . (801 m)

Iml tnc (<ll 0rthock .trut.)
laIt 0yfu(60+m)

\Vheolbue :
IuOU, 5000 29 0 RI in ( 8- g0 m)
2000, 0000 37 R 11( in (10,75 m)

ruvt<ngrr Joor (fwd , Fort) :
Ih•n ;ht 0 ft 4 in (1~93 m)
\\",.Itl. 2 It 10 u. (0~80 m)

S.,rv.cu'umergum•y duor (fwd, ,tbd( :
11 .•ifl~t a lt 2 m 1127 m1
\\'iJLh 2 R Olu ( 0

:
61 m)

}:mvrganry a,iu Irentre, oarhl :
Il .vfht 3 n 0 in ( 0 0 1 ml
\\i,l:l . 1 n 8 in (051 m)
n•i,,ht huld doon ( e.eh):
Ilr,ght (f. d. usch) 2 n 11( n ( 0~D0 m)
llriFhL Inft) 2 n] ( 0~60 m)
\\'i,hh (fud . euh) 3 11 1~ in 10~93 ,n:
1% O,rrl 2 It u u; w~tl0 nq
u,~,pl,t to .,u (rwd .rnrh) a n 10 ill U47 nQ
n.iFhl to .ill (n(q 6 n 9) u. ([-SO

II .,ap.:~n .fuur (n•ur, P.". opliumJl :
11: ,Rbt 1 R 11) in (000 .)
\I'uhh 1 R 8 io ( 0- 31 m)

Oluionol corgo door (fwd, port) :
tl .•igh UR1iu(187m)
1\'iAth 8 g- in (249 ml
NeipnL tn .iR 7 ft 41 in ( ^- .2+m)

uwt:..,lnr.,, t
r,J .:n, .•.<I nigh, a,,k :

L<uptA :
IOW 5000 4 3 g 0 n 112•IO m)
20J0, , g0U0 60 R 3 o (I5~71 m)

It . . ]-,(h of re.ting emo :
1000, SUJ0 35 R YI in (107{ m)
20110, 6000 4. It of in ( 1295 m)

)loa width 1 0 R 2 in (2~10 m)
>laa hcight 6 M1]} in (2~02
1'lou
IDOO, saJO 417a ,q rt(38~ 1 nn
2tNU, 6000

.
tl22 ,q R ( It~B rn')

\'ulu .no :
I:xxl, SUUO 2,525 <u R(71•6 n/)

. GMq ^ :171 cu It (tl7O n1)
!'n•i¢Iht LuIJ Iun.lcr0our. (u'JI :

Im:U, 60n0 '•JS eu IL (000 m')
2uon

. 6000 306 c" ft to 70!'n,ipht hulJ (unJerfloor, mor):
lUU0, 6000 175 no R(3-g0 nr)
2uuU, GUUD 1 W<u n(4'go :d)

Daggugu IwLI (ofl of enbin). mu e
tlU cu ft (= 2 65 ml)

.{e
proar

IUnq JOOU ; 822 eq n(7a40 nt)
30u0, 6000 Melt n( :897 n )

Ailrrona Itotel) 28~74 •q R(2 -U7 u2)
Truili :,g.rdgn lup, ( .1 .1) 15P7 .q 11 (1400 n11
1'u,.vluge urbruk .r Ilotvl) 3897 rq M1(302 n1)
Fin linel dunullin) 1324 q It (1270 ml)
ItuJJ<r "178 rq g (230 nr1
Tudplnno 20D9 eq (t (10~50 n11
Eluvawn (to .,) e1r73 eq R(784 nt)

\131w ufuc U Lu . we ght empty :
IuUO . US Lmta 31,054 Ib (I4,192 !e)
1U OUC 31,U51 Ib (14,1921R)
2UU0, TO ,evn 3"- .'l291b(11,978481
LOUO, 05 resta 77,601 Ib 116,198 t81
6000. 7U rr0u 3

.
,,77 Ib 115,63g t8)

Olvrnting wri~Lt empty :
IOUO, GS .ceta 35.104 Ib (10,084 IB)
IuUUI ; 35.953 It, ((0 .20 :I It)

. ;0u•nn 1U,:U516(IU,GUUtt )
UIU,US .w,tn ]7,01~ItrIIU,iUnIFI

UUUU . ]D .rnu 78,3+51b ((7,393161
>l- r,ight .limitcd pnyluad :
ImW 19,03016 (8,a30 tS)
nxNl; Itl,Un
2U.x1 11, In, (8

.437 t a
7n5 b (B.VJU 15I

,uu0 n.tie n, I ;,u7u Ip
GODU 1:,G55 1b (8,007 Itl

Two of three F23 Frllowthlp Mk 10001w1n•Iureofan .Irllnert ordered by A,rollne.t Argenllnat
1-11975

h[nz TO wuight :
IOJO, 2000
3000,000 0

.I.. --- -ght :
10u11, 2000, 5000
GOOD

hluz lu, :diug wuigLt :

05,00016 (20,185 !e)
70,8001b 432,116 It )

61,600Ib (24,720 k8)
60,0001b ( 25, 40 0 t8 )

10UU, 21100 69,0001b (20,760 k8)
60UU, 6000 04.000 1b 429,070 18)

Dln. winglouding :
1000, xODU 7u~1 lbl,q n(760 kelr:t)
6000, OU00 83~7Ih(,q R(t06 Ialydl

bina -bin fl0urlonding :
oll pnuongar vanioue 7616/tq ft (380 keJrd)
1UU0, 50ug, with lurgo urg0 door

125 (b(eq n (010 kg(f)

m00, 2000 3-3 lb(Ib rt (3 -7 tgh'8 rt)
6UU0,ODU0 7016(Ib,t136k1/t8• 4

7'nuvonvnnc. (19A, oveepL whore fndi<nwJ) :
Blnv

_d .1' ..d
(ell vanionr)

70U knol. (44e mph ; 7 23 kmfh) HAS
or bfech 0,13

It,, pormiuiblo aparoting pood (oll venio :v )
33U knnle (380 mph ; Ull km(h) LAS

or Monk 0~76
Blnm rr eing peedt 23,000 R(7,000 m) (nn

'"I"T u
:nl i56 knole (623843 km/h) 7'A9

Econ crui.inR .pued no 30,U00 fl (9,150 ml, AU %V
or 50,000 m (20,7G0 18) :
1U00,2000

31 2 knota (410 mph ; 070 km)h) TAS
WV0, 0000

300 knute (4 21 mph; 078 kmJk) TAS
TI-bold .pwd ut mna louding wuight :

1U0U, 211U U
119 knote ( 1 37 mph; 220 km(h) HAS

6000,G00
0 110 knot . ( 127 mph; 20e km(h) HAS

Bln. aruiring oltitudu :
ell vunione 35,000 it (10,076 m)

blin ground turning ra :li:u :
1000 . GUUU 31 R g io (0-00 m)
2000, 0000 33 R D in ( IPDO m)

Runwny LCN ot moo T.O wmight (hord run
w'nY) :
I00U, nlundurd tynv 20 -5
I00U, low-pnuuro tyror 22
2000, ,.n .ndurd tYrc,: 27
20U0, luw.pr,•uuru Lyra 226
GUOU, wt .nJ,nJ tyrua 31
40UU. luw.prrrnuru tyrw 27
6 000,ntundord lyru, 30
U0n,ylu

Lw
.prrvvuru tyrm 2 6

n,uU0,wCN nt r .,na •r .o wnigl,t (RoriLlu

1000~vi',ndnrJ tyrw 21
200U, xtnudunl tyrua 21 5
6UU0, u4uulurd tyru. 25

6000,1ov.pnaeum tyrot
B00U, etondnrd tyrn 21
60o0.1nu..pr ro tyrm 2u

FAR T-ll RuW Io :,eLh :t mnx TO wcigba
(1000,2000) :
SIL 6,400 ft ( 1 .673 m)
8(L, 11A } 10'C 5,820 R (1,771 ml
S(L, 1SA + 15°C 0,1G0 g(1 .678 ml
2,000ft10I0m1 S,U7UR(1 .8_Uml
3,O00M1IOISm) O,72Un(I,U2Um )

FAIt T.(1 Odd Icngth et mex TA wuight
(6000,6000) :
SIL s,ebo R (L;6g m)
SIL, 19A + 10°C 0,01U rt I I,BJ3 m)
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APPENDIX B TO SECTION 2

ILLUSTRATIONS OF STALL TYPES AND
VORTEX FLOW ABOUT A WING
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I

TYPE I -TRAILING EDGE STALL
GRADUAL FLOW BREAKDOWN - HIGH CL

MAX

TYPE II - LEADING EDGE STALL
ABRUPT FLOW BREAKDOWN - HIGH CLMA

X
LEADING EDGE

BUBBL E

LONG BUBBLE

TYPE III - THIN AIRFOIL STALL
GRADUAL FLOW BREAKDOWN - LOW CL MA

X

STALLING CHARACTERISTICS OF AIRFOILS
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NORMAL FLOW AND WAKE FROM CLEAN WING
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F-28 FLIGHT DYNAMICS
SECTION 3

REAL-TIME SIMULATION STUDIES AND ANALYSE S

INTRODUCTIO N

As noted in the introductory section, the destruction of the FDR tape in this
accident meant that there were no numerical data on which to . base any analysis of the
aircraft's trajectory at any point during the attempted take-off: the only guidance available
to the investigators was embodied in various witness reports . This meant that simulation,
either analytical or real-time, man-in-the-loop, was the only tool available to assist the per-
formance steering group in studying the circumstances of the Dryden accident . Both forms
of simulation were used : a visit by the group to the manufacturer's facility in Amsterdam,
Netherlands, yielded the opportunity to use the company's engineering dynamic simulator,

while extensive mathematical modelling (analytical simulation) was conducted to check and
validate the observations made at Fokker Aircraft . This section describes and comments
on the results of the dynamic simulations .

DYNAMIC SIMULATION IN THE FOKKER ENGINEERING SIMULATO R

At the time that these dynamic simulations were conducted in the Fokker engineering
simulator4 ,

it was configured as a Fokker F100 aircraft, a somewhat larger derivative of
the F-28 with appreciable aerodynamic differences . This aircraft is a new Fokker aircraft
and the F28 is no longer produced . Since there was insufficient time to reprogram the
engineering simulator with F28 data, it was decided to use the simulator in its existing form,
approximating the F28 aircraft by selecting thrust/weight values so that the performance
of the machine would be similar to that of the F28 . The simulator is a single seat
development simulator equipped with a full set of electronic flight instruments at the
captain's station, full engine instruments and standard flight controls . It was also equipped
with a visual system which provided a night runway scene .

The mathematical model of the F100 used in the engineering simulator included icing
performance characteristics for a variety of levels of wing ice . Also, the ground model
included the capability to introduce various levels of slush on the runway to provide rolling
resistance contamination for the simulation. It was decided to fly the dynamic
simulations using a variety of different wing and runway contaminant levels . The data
from these simulations were saved and plotted to present pictorially and numerically
the flight profiles and changes in the aircraft performance which would be experienced .

° An engineering simulation is one of great technical detail often used by aircraft
designers as a development and research tool .
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SIMULATOR APPROXIMATIONS FOR F28-1000 REPRESENTATION

Scaling the Fokker 100 to an F28 MK1000

The objective of the dynamic simulation was to obtain flight profiles which would have
been achieved by an F28 MK1000 for various sets of conditions . To accomplish this task,
it was necessary to choose a number of parameters carefully .

A weight was selected for the F100 so that the stall speeds and other reference speeds (VJ,
VR and V2) were the same as those of a F-28 at 63,500 lb weight . This would provide for
the same rotation and V2 speeds and allow for take off roll comparisons to be made for dry
and contaminated runways,with the thrust level appropriately selected . Also, use of the
same speeds resulted in achieving roughly the same wing Reynold's number (a non
dimensional ratio of dynamic to viscous forces used in aerodynamics) at rotation. This
would ensure that the aerodynamic characteristics of the wing would simulate as closely as
possible to those of the F28 in the same conditions .

With the weight so selected, it was necessary to select a thrust level less than full takeoff
thrust for the F100 so that the thrust to weight (T/W) ratio was equivalent to that of the
accident F28. The T/W ratios were matched for zero velocity . Fokker engineers indicated
that thrust decay with speed of the F100 engine was similar to that of the F-28 engine .
Thus, the acceleration of the dynamic model should have been similar to the F28 .

The aerodynamic drag profiles of the aircraft were similar enough that it was felt that the

data the dynamic simulation would provide would be representative since :

o Aerodynamic drag did not become a significant factor until roughly 80 knots
during the takeoff roll .

o The exact characteristics of the icing contaminant being modelled were
unknown but adjustment to the contaminant level would compensate for
minor differences in the drag profiles .

An obvious concern was the use of the F100 wing in icing studies where wing profile was
critical to the results . The Fokker F-100 wing has the same wing box section as the F-28
wing, however, the aerofoil section forward of the front spar has been redesigned . The wing
planform has been changed and the wing tips extended and redesigned . The trailing edge
flaps have a different camber to change the wing load distribution.

Although differences in wing section characteristics may have some effects as regards this
study, the magnitude and nature of the effects due to severe ice/frost contaminant does not
seem to be strongly dependent on the wing section in this class of jet transport aircraft .

(See Section 1 - Aerodynamics)
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The centre of gravity position of the F100 was set at 30% MAC to give the F100 the same
rotation response to control as the F28 at 22%, the setting for the Dryden takeoff .

The F28 involved in the Dryden accident took off at a weight of approximately 63,500 lb
plus the accumulated weight of the snow/ice . The aircraft had a static takeoff thrust level
of 19,700 lb . total, assuming that the engines were functioning normally . The T/W ratio
equalled 0.30 at this full takeoff thrust. The F100 in the simulation had a weight of 87,000
lb and a thrust level of 26,100 lb was selected so that the T/W ratio also equalled 0 .30 . The
F100 weight was selected so that the stall speeds for clean wings were the same in both
cases, 107 kt. In both cases, flap settings of 18 degrees were used .

Baseline Condition s

The baseline conditions for the dynamic simulation were established with clean wings and
a dry runway . Takeoffs were accomplished in these conditions and the rotation point
checked against witness reports of the accident to validate, roughly, the modelling of the
F28 .

The baseline simulation results correlated well, in general terms, with the F28 character-
istics . In addition, these baseline runs gave the simulation pilot time to develop a feel for
the simulator so that consistent rotation and handling techniques could be applied to all
takeoffs.

Slush Modelling

The slush model depth was varied to determine the level of slush contaminant required to
extend the takeoff roll to the distance reported by the witnesses .

Slush depth was varied from 0 to 0 .45 inches in small steps . The additional takeoff distance
was noted in each case and a slush depth of 0 .15 inches selected as a baseline value for the
simulation . This slush depth resulted in an increase in takeoff distance of approximately 500
feet, that is, of the same order as the excess take-off run reported by witnesses to the
Dryden accident . It should be noted, however, that there is an additional component of
extended takeoff roll which results from the icing contaminant on the wings requiring
rotation to a higher pitch attitude prior to liftoff. This factor was considered later in the
simulation .

Wing Contaminant Modellin g

The wing contaminant was modeled by using the Fokker rough ice/snow simulation for the
entire wing . The contaminant factor could be varied between 0 and 1 .0 . It should be
carefully noted, however, that this factor is not equivalent to contaminant depth although
it is so labelled on the plots provided by Fokker. The reason is that wing contaminants with
different characteristics will result in very different performance of the wing at the same
depth . In other words, a very thin layer of a very rough contaminant can result in a far
greater performance loss than a thick layer of very smooth contaminant which follows the
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wing contour. It is sufficiently important a point that despite repetition it must be restated
that the FORM and POSITION of a wing contaminant is much more important than its
thickness in considering wing performance.

Hence, a better description of the contaminant factor would be to say that at levels above
approximately 0 .8, the aircraft would not fly off the runway at the speeds and in the
conditions of the test . As a result, we worked with a variety of contaminant levels in the
range of 0 .5 to 0.80 which resulted in flight profiles which matched, in general terms, the
accident profile .

The runs which most closely matched the profile described by witnesses at Dryden were
achieved with a slush depth of 0 .15 inches and a contaminant level of about 0 .8 .

Fokker's description of the wing ice simulation is quoted from page 3 of Warrink[7] .

Ice on the winr is simulated as a change in lift-, drag- and pitching moment
coefficient . The magnitude of it has been determined in the wind tunnel, in which
one inch thick horn shaped ice on the leading edge was simulated. From tests
with different ice shapes and from literature it is known that these effects are also
valid for rime ice or frozen slush in the leading edge region . Through calculations
in which static equilibrium conditions are determined the effect of 1 inch ice (in
ground-effect) on lift, flight path angle and elevator deflection has been assessed.
See figures 1, 2 and 3. In the simulation the effect of ice on the wing could be
varied linearly between 0 and 1.0.

Engine Failure On Take-off

A few take offs were flown during which an engine was failed just after rotation . Regardless
of the contaminant level on the aircraft, directional control was not a problem. However,
the contaminant level at which the aircraft was still able to liftoff and climb was significant-
ly reduced . Successful takeoffs were accomplished at a contaminant factor of less than 0 .5,
and that level provided for minimal performance . It should be noted that the relationship
between contaminant level and contaminant thickness is highly nonlinear, so that this should
not be interpreted as meaning that the aircraft is able to carry half the contaminant load
with an engine failure .

However, it was clear that the reduced thrust at rotation severely reduced the available
performance margin and thus limited the aircraft's capability to carry any contaminant
through a successful takeoff.
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DYNAMIC SIMULATION HANDLING TECHNIQUES

Overview

A fundamental assumption made during the simulation exercise was that the pilots of the
accident aircraft would have -believed that their aircraft was flyable and would, therefore,
have employed normal handling techniques . Therefore, for'Dryden°'simulations no special

procedures or techniques were allowed wh i ch-would have provided a better flight profile
due to the simulator pilots' a priori knowledge of the external conditions being applied . Ad

hoc experiments with off nominal techniques, left no doubt that liai d, ng technique greatly

affects the resulting flight profile in the,presence of contamination . This observation was
later confirmed by (fie off-line numerical modelling.

Handling technique in the context of this exercise includes the following:

o Selection of rotation speed . A pilot who applied a speed increment above V,
prior to rotation would have a higher probability of a successful takeoff . The
converse is also true .

o Use of a lower rotation rate . A pilot who used a slower rotation rate would
also have a higher probability of a successful takeoff .

o Use of a partial rotation . A pilot who rotated the aircraft to the usual liftoff
attitude and held it there rather than rotating further would also have a
higher probability of a successful takeoff.

It is important to note that the above comments should not be interpreted as recommend-
ations for aircraft handling in adverse conditions . The reason is that there are many other

trade-off factors which are balanced out in any takeoff which these techniques may degrade .

The only parameter being examined in this case is the specific question of whether, for the

selected conditions at the planned speeds, this aircraft would fly.

The dynamic simulations were all flown by Mr . Wagner, a current B767 first officer with
Air Canada, to preserve consistency in the handling of the simulation . The simulator flying
was monitored by Mr. Morgan, an engineering test pilot with National Aeronautical
Establishment . Techniques for flight control handling during different phases of the
simulation were reviewed by the two pilots during the exercise to attempt to ensure that
reasonable procedures were used at all times .

Flying Techniques and Method s

Each takeoff run was started from the threshold of the runway at zero velocity with the
thrust already at planned takeoff power. The brakes were released and the takeoff roll .
commenced . No wind was simulated because in the Dryden accident, the wind was
effectively calm .
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The aircraft was accelerated to rotation speed with a very slight push force on the control
wheel to ensure positive nosewheel steering . As rotation speed was reached, the rotation
was initiated by use of nominal wheel pull force to achieve a rotation rate of approximately
3 degrees per second . The rotation attitude was limited to 18 degrees, somewhat higher
than that for the F28, but appropriate for the Fokker 100 aircraft .

After the aircraft became airborne, the aircraft was accelerated to the reference V2 speed
plus a speed increment, depending on the configuration and conditions for the test run . The
run was terminated at an altitude of about 400 feet above airport altitude or when the
aircraft impacted with the ground during unsuccessful takeoff runs . Some takeoffs were also
terminated after extended flight just above the terrain in ground effect where a successful
climb-out could not be achieved .

All the data from each run were recorded by the simulation computer .

Flying Techniques During Contaminated Runway Takeoffs

For the contaminated runway takeoffs, normal control wheel inputs were used except for
a few runs where the nose was raised about 2 to 3 degrees at about 80 knots to get the
nosewheel out of the slush . This is a procedure specified in the F28 manual and was flown
to determine what effect use of the technique could have had on the takeoff in this case .

The data from the runs were analyzed and it was found that raising the nosewheel to
reduce slush drag had a measurable, but rather small effect, on takeoff distance . The
difference was on the order of 100 feet.

Flying Techniques During Contaminated Wing Takeoff s

For contaminated wing takeoffs, normal control wheel rotation forces were used, even
though the rotation rate that resulted was somewhat slower than with the clean wing model .
This is because the contaminant had the effect of
increasing the nose down pitching moment of the wing therefore there was less excess nose
up moment from the elevator to cause rotation .

As the contaminant levels were increased, numerous takeoff runs were flown where the
stick shaker5 actuated immediately on or just after liftoff . This was due to the significantly
greater angles of attack achieved in these cases . It was judged that normal pilot technique
would be to attempt to reduce the angle of attack to stop the stick shaker and nose down
control wheel inputs were made accordingly. However, an attempt was made to maintai n

5 A 'stick shaker' is a warning device which vibrates the pilot's control column if the
wing reaches a pre-determined angle of attack . Under normal operations this device
warns against impending stall, and its onset is generally used to indicate the prudent limit
of useable lift .
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an aircraft attitude right at the edge of stick shaker activation . This is because it is believed
that most pilots, in view of current training with respect to wind shear escape manoeuvres
and ground school training, would expect to achieve close to maximum available lift at the
point of stick shaker, activation.

It should be noted that in cases of significant wing contamination, the wing can be well

beyond the stalling angle of attack by the time the stick shaker activates . In essence, the

stick shaker is responding to the normally expected maximum angle of attack of the clean
wing. The stall warning system is not actually measuring stall and flow separation from the

wing. Rather, it infers!the onset of stall from the known performance of the wing and is

programmed to activate at a fixed geometric angle of attack based on that knowledge .

Thus, the pilot flew many contaminated airfoil simulations in or near stick shaker . The

simulation pilot worked hard to try to keep the aircraft at the edge of stick shaker and that

is the reason that there is noticeable pitch oscillation on the recordings from those runs .

Flying Techniques During Engine Out Takeoffs

Normal pitch handling of the aircraft was used for the engine out takeoffs . In these cases,
an engine was failed just at Vr and appropriate rudder inputs made by the pilot to ensure
that the aircraft continued to track straight . Small roll inputs were required to correct any
incipient rolling tendency in the aircraft due to any remaining yaw from the engine failure .
The climb-out characteristics of the aircraft were conventional with the engine failure,
except that, as described, only a limited wing contaminant load could be carried in these
cases .

Summa ry of Dynamic Simulation Experienc e

The Dynamic Simulation data is presented in Fokker Report VS-28-25, Order Number
22192. This report summarizes the work done in the Fokker simulator between June 7th
and June 8th, 1989 .

The effect of varying runway slush depth was primarily reflected in increased takeoff run .
There were some additional effects seen related to the ability of the aircraft to accelerate
after rotation with the wing significantly contaminated . However, the slush effect was
limited in its effect, in general terms, to increasing the takeoff run .

The effect of the wing contamination was to degrade the performance of the wing, the
degree of degradation being a nonlinear function of the contaminant level .

A few principal effects were noted in this simulation .
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1 . As the wing contaminant level increased from zero, the aircraft's performance
immediately reflected the fact by a reduction in climb performance .

2 . At moderate levels of contaminant, the aircraft experienced stick shaker shortly
after unstick and the . profile after that point was related to the simulation pilot
attempting to keep the aircraft right at the edge of stick shaker, 13 degrees angle of
attack . It should be pointed out that for the contaminated wing, that angle of attack
was already post stall in most of those cases . Climbing out of ground effect became
impossible in many instances .

3 . At critical levels of wing contaminant between 0.75 and 0 .825, the aircraft was
able to unstick and sometimes fly. However, as the aircraft climbed out of ground
effect, the performance loss resulted in the aircraft descending, touching down again
or crashing off the end of the runway .

4 . In summary, as the contaminant level increased, the liftoff pitch attitude and
airspeed (not rotation airspeed) had to be increased to provide adequate lift to
unstick. Also, since increasing levels of contaminant decreased the stalling angle of

attack, liftoff occurred closer and then beyond the true stalling angle of attack .
Eventually, liftoff was occurring post stall (contaminated wing) or the aircraft stalled

shortly after liftoff as it climbed out of ground effect . Successful flight with the wing
contaminated at levels between 0 .7 and 0 .825 was effectively impossible using normal
techniques . The profiles resulting from flight at these contaminant levels were, in
general terms, close to the profile which is representative of the Dryden accident .
(See figures 17 to 19 in the Fokker Report)

5 . In cases where an engine was failed, the aircraft was not flyable with even
moderate levels of contaminant. The drag increase due to the contaminant is so
great that the thrust of only one powerplant is inadequate to carry even these
moderate ice levels . The reason is that the high angles of attack required to generate
adequate lift with the contaminated wing produces much higher drag levels . Post stall
drag also is extremely high. The only way to get the aircraft to fly with the
contaminant is to have enough thrust to accelerate to a high enough speed .
However, the thrust level with one engine is inadequate to provide that acceleration .
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F-28 FLIGHT DYNAMICS
SECTION 4

OFF-LINE MODELLING
INTRODUCTIO N

Subsequent to a visit to the manufacturer of the aircraft and man-in-the-loop ground
based simulations carried out there (Section 2), off line modelling of the F-28 during take
off was performed to examine both the normal take-off performance and the effects of
runway and flying surface contamination . The purpose of the numerical simulations was
to confirm observations made at the Fokker Establishment using a modified engineering
simulation of the Fokker 100, a similar but not identical vehicle. This report outlines the
methods used, approximations and extrapolations made and provides appropriate samples
of the model output . Two models were developed simultaneously by Wagner in Montreal
and Morgan in Ottawa. Their outputs were periodically checked one against the other and
where differences were found the source was isolated and either corrected or, if conceptual
or algorithmic, modified after consultation .

A secondary, but important, purpose of this section is to provide accounlability for the
theoretical engineering used in modelling the F-28 take-off . To that extent, the language used
is, at times, quite technical and there is an extensive use of descriptive mathematics . For this,
the author apologises to the lay reader, but it was felt to be imperative that the work which led
to the conclusions presented here should be available for scrutiny by his peers .

DATA SOURCE S

Three primary and two secondary data sources were used in building the off-line
simulation . Aerodynamic and performance data were taken from the F-28 simulation data
base provided by Fokker Aircraft[8] and from an internal Fokker wind tunnel study of the
F-28 lift and drag characteristics when the flying surfaces were contaminated with artificial
roughness . For cognitive pilot modelling through the rotation and immediately post lift-
off, flight data were extracted from time histories of 21 previous take-offs flown in the
actual aircraft involved in the Dryden accident (C-FONF), which were provided by the
Engineering Branch of the CASB. Runway contamination was modelled using information
published by NASA[9] and the Royal Aeronautical Establishment (UK)[10J .

SITUATION OVERVIEW

Fokker F-28 C-FONF crashed into a treed area some 750 or so meters from the end

of the runway at Dryden, immediately after a take-off attempt . The aircraft struck trees at
a height about one meter above the runway height at the lift-off end and subsequently cut

a swath through the trees for a further 240 meters before coming to rest . The flight data
recorder (FDR) suffered fire damage to the extent that no data were recoverable and eye
witness reports are the only available source of information regarding the trajectory of the
aircraft during the take-off run and prior to the crash . There was a general trend in the
witness reports suggesting that the aircraft's wings were at least partially contaminated with
slush or ice during the take-off attempt and there is additional information suggesting that
the runway was to some extent or other contaminated with slush or wet snow at the time
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of the accident. The general tenor of the witness reports, together with the absence of
ground markingsground markings between the runway end and the first point of impact
suggests a sequence of events approximately thus :

The aircraft, in an 18 degree flap configuration, commenced its take-off run
from a normal position on the runway, achieved rotation speed somewhat
further down than was normal and comtnenced a rotation . During the initial
rotation the machine either became briefly airborne, or simply extended the
oleos, and then settled back onto the runway, reducing its body angle
somewhat. A second rotation very close to the end of the runway .resulted
in the aircraft becoming airborne but maintaining a very low altitude until
striking the trees . Subsequent technical investigation has shown that at some
time during the take-off attempt the wing flaps were extended from 18 to 25
degrees and that at the time of impai!t the undercarriage was in transit
(neither fully down nor fully up) .

The above general concept has, for modelling purposes been termed the 'Dryden
Scenario' .

SCOPE OF MODELLIN G

Since it is clear that the aircraft did not gain significant altitude, the modelling task
was greatly simplified . The change of flap setting was accounted for after the first rotation,
while the change on overall drag coefficient due to in-transit undercarriage was so small
that it was ignored . The take-off was treated as a three phase task, ground run, rotation and
post lift-off, these being defined as follows :

a : Ground Run. This was taken to be the phase from the start of the take-off, with
the aircraft stationary at the end of the runway to the point at which the pilot
commenced rotation into the pre-planned take-off attitude . Pilot intervention at this
stage is not significant : with aircraft of this class it usually consists of maintaining a
continuous forward pressure on the control column to ensure good nosewheel
contact with the runway and hence good directional control by use of nosewheel
steering .

b : Rotation . This phase covers the time from the end of the ground run during
which the aircraft is rotated in pitch with the object of permitting the wing to
generate sufficient lift to raise the aircraft from the surface so that it becomes
completely airborne . While the technique may .vary somewhat between aircraft
types, it is usual to rotate to a pre-set attitude and at a given rate, the aircraft
generally becoming airborne as or shortly after the target attitude is achieved . Here
pilot technique becomes of significance if the best performance of the wing is to be
realised . The pitch rate used and the precision with which the target attitude is
achieved can both influence the realisation of the optimum performance of the wing .
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c : Post Lift-Off. This phase is here taken to mean the time between the aircraft
becoming completely airborne from rotation to its either climbing out of ground-
effect or settling back to the surface as the case may be . In developing the
numerical model it became apparent that pilot technique was a vital ingredient

during this phase of flight .

The aircraft has been continuously modelled through these three phases, however
the rudimentary pilot cognitive model changes in reaction to the phase condition .

PILOT MODELLING AND AIRCRAFT DYNAMIC S

Early experience during model development indicated that the results of the
simulations were likely to be critically dependent on pilot technique, which supported obser-
vations made during the dynamic simulations. It was also thought desirable to explore
alternate pilot control strategies in the case of badly contaminated flying surfaces. To these
ends a rudimentary pilot cognitive model was built . That is, no attempt was made to model
pilot compensatory or physiological characteristics, but provision was made for a variety of
pilot behaviours, each resulting in a commanded pitch rate for the aircraft . The output
from this section of the simulation was fed to a simple first order low-pass filter with a
break point set at 1 .5 radians/sec, roughly representative of the expected pitching response
of an aircraft of this class at typical take-off speeds .

Pilot behaviour was modelled during two of the take-off phases, the rotation and the

immediate post lift-off regime, as described below.

ROTATIO N

For the rotation, four representative behaviours were considered, these being :

a. Normal . A study of the time histories of 21 take-offs provided by the CASB
indicated that the 'normal' or customary take-off rotation consisted of a fairly rapid
rotation to about 10 degrees of pitch attitude, followed a short time later ( about 1 .5
seconds or so) by a further rotation to between 13 and 15 degrees of pitch . The
latter increment in pitch attitude appears to be 'open loop' in nature as on a
significant number of the take-offs recorded it was accompanied by a slight transient
reduction in airspeed. This procedure was taken as the initial model . The take-off
data available showed a mean pitch rate during the first stage of rotation of 3.81
deg/sec with a standard deviation of 0 .76 deg/sec, the maximum value noted was 5 .1
deg/sec and the minimum 2 .9 . The mean value was used in the model as a
commanded pitch rate limit .

b. Slow Rotation . The structure of the rotation manoeuvre here is exactly the same
as that described in paragraph a ., with the exception that the limit on commanded
pitch rate was set to 1.9 deg/sec, a half of the nominal value .
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c . Over-rotation. This strategy was based on a consideration of typical pilot response

when the aircraft unexpectedly fails to become airborne after the normal rotation

to 10 degrees of pitch attitude. After a slight delay (1 .5 seconds) the aircraft is

further rotated in pitch to 12 .0 degrees . Under normal circumstances, that is with an

uncontaminated aircraft such a failure to fly at the normal attitude might be
experienced if, say, the weight of the vehicle had been underestimated or an error

had developed in the airspeed measuring system . In this case an increment in

attitude could cause sufficient lift to be developed to achieve lift-off. In the case of

the uncontaminated F28 the wing would still be operating below the maximum CL
and the drag penalty for the additional rotation would be small .

d . The 'Dryden' Scenario. Eye witness reports generally agree that the aircraft at
Dryden was rotated twice, though whether or not it became temporarily airborne

after the first rotation is uncertain . A significant number of the passenger witnesses

remarked on a final power surge shortly before the machine became airborne close

to the end of the runway. A basic scenario which answers to the preponderance of

the witness reports was described on pages 1 and 2 . For modelling purposes this was

treated as a dynamic sequence with the aircraft being pitched nose down after the

initial rotation either at a fixed rate or to an arbitrary attitude . The further flap

extension to 25 degrees was modelled assuming that the crew selected the extension

after having failed to become fully airborne at the first rotation : the extension was

modelled at 1 degree per second with a linear interpolation of both lift and drag

between the 18 degree and 25 degree conditions . While this set of motions meets

the described aircraft motions and is, to an experienced pilot, a plausible set of pilot

actions under these circumstances, it can not be too strongly eniphasised that this is

conjecture, based, in the absence of factual knowledge, on an informed but judgemental

interpretation of witness descriptions.

POST LIFT-OFF

Following lift-off, three piloting options are provided, these being :

a. Increment Pitch Attitude. This mode was derived from a study of the time-

histories of take-offs previously performed in the actual crash aircraft which suggest

that an increase in pitch attitude immediately after lift-off is usual . Whether or not

this is an habitual procedure or whether the pilot is at that time attempting to track

airspeed is uncertain . For the majority of samples the airspeed is stagnant during

this manoeuvre, but there were several cases where an airspeed loss was noted

during the secondary rotation . The increment in pitch attitude by 3 degrees is again

based on a survey of the data mentioned above . This procedure follows closely the

approved procedure contained in the Fokker flight manual for the F-28 .

b . Constant Airspeed. This is akin to a frequently used procedure for aircraft of this

class, wherein the pilot, during initial climb, attempts to maintain the speed at which
he broke ground plus a certain increment, the 10 knots used in the model being

typical .
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Figure 2 : C , and Co for Clean Wing

Page 70

c. Constant Angle of Attack. While not in the normal piloting repertoire, since the
required information is not generally available in the cockpit, this probably
represents the most efficient way of establishing an initial climb . It was included for
performance limit comparisons only and is not intended to represent real pilot
behaviour .

AERODYNAMIC MODELLIN G

Since, by its very nature, this investigation had to concentrate on stall and post-stall
behaviour of the aircraft, great care was taken to achieve good modelling of the aircraft's
characteristics in this region . Additionally it was necessary to model ground effect with
some precision and to derive an intelligent estimate of the effects on both lift and drag of
a wing contaminant. The model was developed using data from both Reference 1 and the
Fokker wind-tunnel experiments . The procedure used in determining the clean wing
characteristics in and out of ground effect was first to use curve fitting techniques to obtain
the C,/a curve for the 18 nap wing out of ground effect (OGE) and then to enter this
curve using not the reference angle of attack, but an effective angle of attack based on the
aircraft's height and a ground effect interpolation curve provided in Reference 1 . The
curve for angles lower than 13 degrees was taken directly from Reference 1, while the
extended range was derived by interpolation from the wind tunnel data, maintaining the



Flight Dynamics of Fokker F28, Mk 1000, Dryden, March 1989 205

F-28 FLIGHT DYNAMICS Section 4 - Mathematical Modell ing

Figure 3 : C, and Co for Contaminated Wing

Page 7 1

form of the curve while reducing its magnitude to that anticipated for . the 18 flap case .
The resulting curves for the uncontaminated wing are shown in Figure 1 . In modelling flap
extensions to 25 a simple increment, again based on the data in Reference 1 was used .

The contaminated wing curve was derived from three sources, the clean wing curve
for very low angles of attack, a plot of lift loss due to rime ice as given in Reference 1 and
the wind tunnel data, using the same techniques as described above . The final curves used
are at Figure 2 . While this may appear to be a rather sparse data set on which to model
a regime critical to the study, it has the merit of being fact based and applying specifically
to the F-28 wing. Additionally, there is ample theoretical support for the form of the curves
used and even their magnitude, particularly following Jones and Williams[11] and
Cebeci[12] . Additional information derived from both wind tunnel and flight test was
obtained from Zierten and Hill[13], although the research reported here referred to aircraft
with leading edge high lift devices, the general trend and the specific references to stick
shaker activation were of use .
Drag

An initial examination of the available F28 data indicated that drag would be critical
to these simulations . Provided the wing is producing a reasonable value of CL even when
contaminated, then if the aircraft accelerates to a sufficiently high speed it will fly . If,
however, the drag becomes so great that there is insufficient engine thrust to accelerate
the aircraft after rotation, then such an event becomes impossible . For the take-off to be
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successful it is also necessary for the aircraft to accelerate when airborne to compensate for
the reduction in CL at a given angle of attack as the machine climbs out of ground effect .
Drag curve estimates were again derived from a combination of data from the Fokker data
base and the company's wind tunnel data . The effects of wing contamination came from
the same sources . Figures 1 and 2 also show the drag polar plots used in the simulation and
their relationship to CL and a .

Degree of Wing Contamination

Since it is impossible to determine the exact form of the wing contamination present

during the D ryden accident, it is taken that the wing is either contaminated beyond the
critical condition or not. The evidence for this type of bina ry approach to critical

contamination is strong . It was implied by Jones[14] 53 years ago and is amply supported

by Abbott and Von Doenhoff[15] and Hoerner[16] . However, to permit gradations of

contamination, it may be considered that part of the wing was contaminated and part was

not . There is some witness support for this approach . This being accepted, the contamin-

ation coefficient used in the simulations simply interpolates the lifting capability of the wing
on a proportional basis between the clean and contaminated conditions . This approach

leads to a CL /a cu rv e with two distinct peaks for intermediate contamination conditions,
which may or may not occur in reality but does indicate a reduced performance capability

commensurate with that described by Wolters[17] and the previously cited works of Cebici

and Zierten and Hill : this is considered to provide an adequate and realistic representation
of performance degradation due to wing contamination .

Engine Failure

The Wagner model accounts for possible engine failure during the take off attempt,
this is done for the sake of completeness, not because there is any suspicion that the power
plants behaved abnormally during this accident . While there is a general agreement in the
witness reports that there was a power increase shortly before the final lift off, very few
suggest that a power reduction occurred during the take off . The professional pilot who was
seated adjacent to the engine intakes did not report any power reduction . Engine failure
was modelled by reducing the thrust instantly to approximately half of nominal, while
adding the drag term corresponding to the ram drag of the failed engine and the required
deflection of the rudder to maintain directional control .

MODEL RUN MATRI X

Once the modelling had been completed and validated (Section 5), a matrix of cases
to be run was determined empirically . For all cases, the baseline configuration was a
weight of 63,500 Ib, full rated thrust, 18 degrees of flap and a Vr of 122 .5 kt . The nominal
rotation was an initial pitch rate of 3 deg/sec towards a target attitude of 10 degrees
followed by a further rotation at 1 deg/sec to 13 degrees of pitch attitude after unstick, ie,
following the preferred Fokker procedure . Thereafter, three parameters were varied as
being of prime interest in this study, the depth of slush, the proportion of wing contamin-
ation and the selection of V, These runs were completed using both the nominal rotation
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technique described 'above and the 'Dryden Scenario' described at length earlier . Nominal

(3 deg/sec ) and a reduced (2 deg/sec) rotation rates were used for the initial rotation .

The full set of conditions tested was :

a . Slush Depth . 0,0:1,0.2,0 .3 and 0 .4 inches.

b. Contaminant Ratio. 0 and 50 to 100 % in steps of 1% . When this resolution
produced ambiguous results boundaries were defined by making special runs at finer
resolutio n

c. Rotate Speeds . 117 .5, 122.5 ( nominal) and 127 .5 kt .

d . Rotation Rates . 3 and 2 degrees/second .

PRESENTATION OF RESULTS

Initial plots, Figures 4 to 6 are presented to clarify some of the effects of flying
surface and runway contamination described earlier . Figure 4 shows the effect of runway
slush and wing contamination on the take-off distances to both rotation and lift-off. It can
be seen that while the presence of slush changes the distance required to reach V,
significantly, wing contamination has very little effect, almost all the traces for distance to
rotation overlay each other . This is definitely not so for the distance to lift off . As the
level of wing contamination increases, the distance penalty to unstick increases quite rapidly
due to the marked increase in drag produced by the contaminated wing at high angles of
attack . This characteristic represents a situation in which the full extent of performance
loss may not be apparent until the aircraft is rotated ; prior to this the reduction in

acceleration is little more than could be attributed to a slush layer . Figure 5 is presented
to indicate the reasons for this effect . It shows that as contamination level increases, even
in the absence of slush, the distance the aircraft has to travel between Vr and the unstick
point increases only slowly until a dramatic 'knee' is reached (numerically at just over 0 .6

contamination ratio) . This is coincident with the aircraft being at or beyond Ci,,,a,, for the
contaminated wing at its rotation angle of 10 degrees and having to generate the necessary
lift by increasing speed rather than C, The low acceleration rates available once the drag
rise caused by wing contamination has been encountered mean that excessive distance has
to be consumed for this to occur . A secondary effect can be seen in the same figure by
examining the trace of Theta (body angle) . At first moderate increases for Theta at lift off
are enough to compensate for the loss of C , due to contamination, but a point is reached,
at about 0.58 contamination ratio, when the rate of increase in theta steepens noticeably .
This is related to the reduced lifting capability of the wing as indicated earlier in Figure 2.

The next two plots in this section represent the crux of this investigation . They show
that it is possible to define two boundary conditions in terms of combinations of slush depth
and contamination factor which can both lead to catastrophic results of attempted take-
offs . A boundary condition here means a continuous relationship between level of
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contamination and runway slush depth
which represents the dividing line between
a successful take-off or not, as illustrated in
Figure 3 . In both Figures 6 and 7, several
boundaries are shown for va ry ing con-
ditions of V, and rotation rate, these should
be individually interpreted according to
Figure 3 .

Figure 6 indicates a boundaries for
a condition in which the aircraft will simply
fail, in the distance available, to leave the
ground and will run off the end of the

runway. It also shows that any reduction in
the rotation speed will have an adverse
effect on the available performance . At

Page 7 4

M'pasin,
Contamination

nCr 0 e8 1h0 Slush DBpl h

Figure 3 : A Boundary Condition Plo t

somewhat lesser levels of both factors, another bounda ry was found to exist, defining a
condition wherein the aircraft would at first leave the runway, but fail to climb out of
ground effect and settle back to the surface ( Figure 7) . This bounda ry existed for all
conditions of rotation speed and rotation rate tested, and is annotated to indicate the effects
of varying the various aircraft handling parameters on the placement of the boundary .
When this condition was met it was possible, by making subtle changes in the assumed pilot
control strategy after the initial lift off ( eg, rate of pitch, response to stick shaker) to cause
the model to fly for considerable distances at very low altitudes, but it was not possible to
make it fly except by assuming extremes in pilot behaviour .

The final sets of Figures provided with this section are intended to illustrate the
effects and observations made earlier in the text . Figure 8, a,b and c shows the overall
effects of increasing contamination factor in a gross way . The rotation speed here was 122 .5
kt and slush depth 0 .25 in. At 65% contamination the aircraft flies away normally, at 68%
the machine sinks following the initial lift off, due both to the loss of lift with height and
the pilot's reaction to stick shaker, but then climb away . Note that the scale of the height
trace is such that at 6500 feet (500 feet beyond the end of the runway) the aircraft is still
only at 10 feet . In 7c, contamination now being set at 69% the aircraft returns to the
runway and subsequently runs off the end . The series in Figure 9 a,b and c shows that fine
graduation of the contaminant level creates subtle differences in the aircraft responses .
This set of plots refers to a much shallower slush layer (0 .1 in) and an incremented rotation
speed of 127 .5 kt . Figure 9a indicates that at 82 .3% contamination the aircraft flies away
despite two bursts of stick shaker, while by the time contamination is at 82.4% the machine
never exceeds about 5 ft, eventually returning to the surface some 1100 feet beyond the end
of the runway . When there is 0.1% additional contamination the result is a short hop and
an over-run . Finally, Figure 10 a and b demonstrate the remarkable sensitivity to assumed
pilot behaviour noted earlier . The only difference in these two runs is that the angle to
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which the aircraft is un-rotated following the initial hop is two degrees lower in 9b than
9a, the latter strategy resulting in a second lift-off and climb out and this at a very high
level of contamination .

The implication of the results presented here, especially the two sets of boundary conditions,
is that there exist a combination of values of slush depth and wing contamination which can
cause aircraft trajectories of the type described by witnesses to the Dryden accident.
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APPENDIX A TO SECTION 4
NUMERICAL MODEL STATEMENTS

SYMBOL TABLE

CL Coefficient of Lift, complete aircraft, flap 18
CLC As above for fully contaminated wing
CLW Effective CL sample wing with contaminant
Cp Coefficient of drag uncontaminated wing
bCp Increment in Co due to wing contamination
Cow Effective Cp for sample wing with contaminant
c Wing contamination factor ( 0 to 1 .0 )
d Depth of runway contaminant (in)
D Drag (lb force )
e The Naperian constant
h height (feet )
K Ground effect interpolation parameter
L98 Lift (lb force )
m mass (lb )
qa dynamic pressure of atmosphere (~pV2 psf)
q5 dynamic pressure of slush (psf)
q body pitch rate (deg/sec)
s the Laplace operato r
t time
to reference tim e
T Engine thrust (lb force)
u velocity along body axis X
V total velocity ( ft/sec )
V, Planned rotation speed
W Weight (lb force)
bW Weight increase due to contaminant
w velocity along body axis Z
w width of wheel tyr e

a angle of attack (referenced to fuselage) degrees
a flight path angle (degrees)
d static depression of tires

f erro r

e pitch attitude (degrees)
p Air density.

Subscripts ,

a aerodynamic
b body
c commanded
e effective
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n iteration cycle
max maximum valu e
main pertaining to mainwheel
nose pertaining to nosewhee l
ref reference value at moment of lift-off
s slush
T true
tot total
0 reference value (in context)
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ADJUST WEIGHT FOR CONTAMINANT

(This assumes an even coating of contaminant of specific gravity 0 .85 covering the
contaminated proportion of all horizontal surfaces to a depth of 0 .3 in. Contaminant on the
fuselage is not considered)

6W = 1117c

W = W+6W

AERODYNAMIC COEFFICIENTS

Obtain C L and CD for pertaining condition s

Note: CL and CD are computed by curve fitting from data provided in the Fokker
simulation data base for the 18 degrees of flap Out of Ground Effect (OGE) case . The
curves for In Ground Effect are computed by calculating an ae (alpha effective) based on
the displacement of CLmax in and out of ground effect and noting that CLo for the F28 is at -
5 .3 degrees, ae is a function of the ground effect interpolation parameter thus :

K9e = e-0'11h (Approximation of Fokker parameter )

ae = (a + 5.3)(1 + 0 .27K9e) - 5 .3 1 ae < 19.9 (arbitrary limit )

Compute C L

1 .1 ae < 13 . 0

CL = 0.52508 + 0.10672ae - 0 .0003387a .2

1 .2 13 .0 < ae < 15 . 0

CL _ -235.18 + 50 .024a0 - 3 .4957a. Z + 0.08097ae3

1 .3 ae > 15 . 0

CL = 60.6598 - 9 .7969ae + 0 .53588 82 - 0 .0097648 83

1 .4 ae > 17 . 5

CL = 0.99
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For the fully contaminated wing, a parameter C L., is computed thus :

2.1 ae < 5.0

C, = CL

2.2 5.0 < ct8 < 9. 0

CU = 3.8156 - 1 .5516aB + 0.27697a 2

2 .3 9 .0 < ct8 < 15 .0

CLC = 5.5399 - 1 .0486«e + 0.079142ae2 - 0 .0019817 e3

2.4 ae > 15 .0

CLc = 0.9 9

Combining these two coefficients :

C"W = CL - C(CL - C U )

To evaluated Cp,,,, the procedure to compute CD is:

3.1 < 13 . 0

CD = 0.0405 + 0.0235 + (0.04760 - 0 .2K9 . )c LW 2

3 .2 13.0 < ae < 14.9

CD = 0.46097 - 0.072393ae + 0 .0042269a . 2

3 .3 % > 14. 9

Cp = -3.5630 + 0.42198a8 - 0.01086a . ?

For the contaminated wing a value for 6Co is computed by table look-up and linear
interpolation and the value

Cp,,, = Cp + cSCp

is evaluated
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FLUID DYNAMIC FORCES

L = CLWqaS

Da = Cp,,,,qaS

Dw = 0.2(L - W)

ifh>0.0Dw = 0 .0

Compute Slush Drag

Ds = C0sq5df(w)

f(w) = 2w✓I(3 + d)/w - ((b + d)/w)21

6nose = 2.1(W - L)/W

bmain = 2.4(W -. L)/W

DStot = 4DSmain + 2DSnose

if e>6o+ 1

Dslot = 4DSmaIn

Total dra g

Dtot = Da + Dw + Ds

Engine Thrus t

T = 19592. - 17.75(VT/1 .69 )

PILOT MODELLIN G

GROUND RUN

9y = qc = 0 . 0

eo = -2.0
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ROTATION (Commences when VT > V,)

Normal

e~ = 10. 0

Ee = ee - 9

qo = Ee ~ 3.81 >_ qe

Slow

Cie = ce 1 1 .9 >_ qc

Overrotate

if (e > 10 .0) .(qc = 0.0) to = t

rotate as normal

if (t - to) >_ 1 .5 ec = 12.0

POST UNSTICK

if (hr, > 0.0) .(hr,_ i = 0 .0 )

aref = a

Vref - VT

Constant alpha

Ee = aref -
a

qa Ee

Normal (increment Theta )

e c = 13. 0

qc = ec -e

Constant Spee d

Ee - VT - Vref
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qc = 0.5E e

RESPONSE TO STICK SHAKER

The stick shaker response assumes a 0 .8 second delay in reaction to onset ( assuming
0 .5 second recognition time and 0 .3 seconds neuromuscular delay) but only 0.4 seconds
delay to termination, assuming a 0 .1 second recognition delay for an alerted pilot .

if o> 11 .4 ssk TRUE

if (ssk„ = TRUE) .(sskr,_y = TRUE) q,, = -2 .0

if (sskr_5 = FALSE) q . = q r

ALL CASES (The aircraft is not permitted to decelerate without
pilot inte rv ention)

if (V '(n) < V~(r,_,)) • (q, > 0 .0) -0.5

ROTATIONAL EQUATIONS

qb 1.5

qc

e =

( s + 1 .5)

J qbdt + l3 0

A = Tan '(fi/fQ

a = 6- a

KINEMATIC EQUATIONS IN BODY AXES

m = W/32.18

8 = (T + LSin(a) - DCos(a) - WSin(6))/m - qw

~4 = (LCos(a) + Dsin(a) - WCos(6))/m + qu

u = J 8dt

w = f adt

VT = JJ (u2 + w2)

$ = uCos(e) + wSin(9)

d = f icdt

i _ .wCos(A) - uSin(A)
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h = 3

h = J h dt

Note: in all cases

f xdt is approximated as E(x(a_t) + )/2 bt

where btJ= 0.1 secs
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F-28 FLIGHT DYNAMICS
SECTION 5

FOKKER F-28 MODELLING VALIDATION

INTRODUCTIO N

As a part of the investigation into the accident involving Fokker F-28 C-FONF at
Dryden airport, an off-line computer model was constructed to investigate the effects of
aircraft and runway contaminants on the take-off performance of this aircraft . The model
was based on a simulation data base provided by the manufacturer . At the same time,
actual Flight Data Recorder (FDR) records were available covering some 21 take-offs of
this specific aircraft during the month of February 1989 (the accident occurred in March) .

Since the FDR was destroyed in the crash and there are, therefore no numerical
data available concerning the aircraft's trajectory prior to impact, it was felt to be of prime
importance that the model used in the investigation be validated as rigorously as possible .
To this end, the existing FDR records were analysed and compared with the model outputs
for the same sets of conditions. Generally there was very close agreement once one minor
adjustment to the model had been made ; this will be described in detail in a following
section .

FLIGHT DATA RECORDER DATA

To use the existing FDR data to validate the simulation, it was first necessary to
confirm the internal consistency of the FDR records and then to develop a sense of their
quality or accuracy . Four of the FDR parameters were of prime interest in determining the
runway performance of the aircraft, these being:

Indicated Airspeed (IAS) [kt]
Thrust [% ]
Pitch Attitude (e)[deg]
Longitudinal Acceleration ( A,, ) ['g' units ]

For each take-off, the aircraft weight, airport elevation, ambient temperature and
prevailing wind were known .

The Relationship s

The relationships among the above parameters can be quite complex if the aircraft
is permitted to enjoy all of its degrees of freedom so to simplify the analytical processes
only the take=off ground roll up to, but not including rotation, was used in this exercise .
This effectively constrains the aircraft in the pitch, roll and yaw rotational freedoms and
permits simpler linear
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comparisons to be used in testing for mutual consistency . In this condition, the relationships
may be expressed thus :

R = (Ax - Sin(9))g (1)

V = J 4 dt (2)

Vi = V4 o + VW (3)

V = (Vi - VH,)/4 a (4)

R ° Tnet/Weight (5)

Tnet ° Thrust - Drag (6)

Where $ is the acceleration along the runway, 'g' the acceleration due to gravity, V,

the equivalent airspeed (closely related to, but not identical with IAS), V is true inertial
speed relative to the earth, V,, the component of wind along the aircraft's longitudinal axis,
positive for a headwind, a the relative density of the atmosphere and Tnet the net thrust .

These equations offer sufficient redundancy to permit a recursive approach towards
validation to be effective . It is accepted that Equation (1) is an approximation, and should

read, in its full form

lt/g = (Ax - Sin(e)) • Cos(A) - (AZ + Cos(e)Cos(,D)) - Sin(e )

(where A. is the body axis vertical acceleration and 0 the angle of bank) the restricted
range of 6 while on the runway (from -2 to .5 degrees) makes the second term so small, and
Cos(e) so close to unity that the approximation is justified in the interests of simplicity .

Interpreting FDR Record s

The most difficult of the FDR parameters with which to deal was the one named
Thrust, which was expressed as a percentage, but for which we had no a priori relationship
to the thrust being developed by the engines . Since during normal take-offs the thrust was
applied slowly (up to 10 seconds at times) it was critical not only to understand the
relationship between the recorded parameter and actual thrust, but also to make the model
capable of accepting the same schedules of thrust application as the aircraft for each take-
off. It was also noted that the Thrust parameter reached different maximum values for
each take-off.

To obtain a relationship between the Thrust parameter and actual thrust, an
assumption was made that each take-off was performed using normal take-off thrust, ie,
19,500 lb force . The FDR print-outs were examined for maximum values of acceleration
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(using Eqn (1) to compute $) the value of Vi at this point was estimated by the use of
Equations (2) and (3) and the total aircraft drag estimated fro m

Drag = CdqS + (Weight - Lift)p

Where Cd, the coefficient of drag, was derived from the Fokker data base, (q) was the
dynamic pressure at V,, (S) the reference wing area and µ the assumed coefficient of
rolling friction for the aircraft. This permitted the use of Equations (5) and (6) to estimate
a value for thrust at that point. The value of Vi was also used to calculate the thrust
decrement due to speed (approximately 17 lb per knot) which was applied to the model
thrust output at the same point. Since the point of maximum acceleration was always met
at very low speeds, such that the aerodynamic drag was always low (of the order of 150 Ib,
compared to normal engine thrust of 19500 Ib), the sensitivity of this procedure to errors
in the aerodynamic model is very weak . Differences between the values for thrust
developed from the FDR data and the model could therefore be assumed to be dominated
by other factors, off-nominal engine performance in the aircraft, erroneous estimations of
p, discrepancies in the recorded values of A. or e or an incorrect initial assumption that
full rated power was being used . In fact, agreement was generally quite close, and a minor
adjustment to p from .02 to .0226 was sufficient to produce agreement within reasonable
scatter.

Having gained some measure of confidence in the FDR recordings by this method,
the same technique was now used to compute actual thrust from the start of throttle
advance to maximum Thrust parameter value for a selection of take-offs chosen from the
full set. The selection criterion was that a time-history of airspeed (once the IAS sensor
had become fully functional) should show as little wind effect as possible, thereby reducing
errors in the application of Equations (3) and (4) due to indeterminate variations in V,.
The resulting data showed a remarkably good linear correlation between thrust and the
Thrust parameter, regression analysis yielding the relationship :

T - Tmax(-•55464 + 1 .56045Tir, )

Where Tmax is the full rated thrust and Ti,,,, is the ratio between the value of the recorded
Thrust parameter and its maximum value for that specific take-off. This value for thrust
(T) was used for the remaining validations .

Speed Profile Comparison s

Since the whole object of the modelling exercise was to examine the effects of
contamination on both the take-off run and post lift-off behaviour of the F-28, it was felt
that the final stage of validation of the model should be a full comparison of the spee d

6 The literature on rolling friction was very sparse, giving such generalities as "µ can
vary from .02 on a runway or deck to .05 on a well kept grass field", so this adjustment is
by no means excessive .
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profiles between the FDR data and the model . However, prior to this a final check on the
modelling was made by comparing model indicated airspeed with that of the FDR for a
variety of weights and ambient wind conditions . Two short segment plots, Figures 1 and
2, show the FDR IAS, and integrations of the corrected FDR longitudinal acceleration and
the model output of IAS. It can be seen from these that a very close match has been
achieved, and it should be noted that the model on which this is based did not vary in any
way from the data provided by the manufacturer, while model thrust was based on the
standard engine model . The extremely close agreement noted provides adequate confidence
to complete the final comparisons .

Figures 3,4,5 and 6 show the full airspeed correlations between FDR IAS, FDR
accelerations integrated and model output . It can be seen that the airspeed trace displays
considerable non-linearity below 100 kt, but that in all cases there is a terminal confluence
of all three parameters . Figure 6 is of considerable interest . This take-off case was
reported to have taken place in zero wind, yet the curves did not overlay but, as can be
seen from Figures 6,10 and 15, both the speed, thrust and acceleration traces diverged as
time increased . This indicated an error in some function of speed rather than in the thrust
estimation. The assumption of a rolling take off for this case produced curves which
overlay very closely as can be seen in Figures 6 (diamond symbol),11 and 15(Filled square
symbol) . The rolling take-off assumption is analytically attractive since it has exactly the
desired effect of removing the speed dependent divergence between FDR and model, since
it serves simply to displace the inertial velocity to time curve without changing its form,
while it changes the slope of the V2 to time relationship, as illustrated in Figure 16 .

Acceleration and Thrust Comparison s

Figures 12 to 15 for acceleration and 7 to 11 for thrust estimates also show
agreements which are probably as close as can be reasonably hoped for using data of this
kind .

SUMMARY

The plots provided with this document are sufficient to indicate that very close
agreement between the recorded performance of C-FONF and the math model has been
achieved . This being so, the author has very high confidence that the model outputs will
fairly and accurately represent the basic behaviour of the subject aircraft in its normal state .
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TO #12, IAS + 1/s(Ax)
zero net wind

Figure 1 Airspeed, FDR Ax and Model Correlatio n
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Figure 2 Airspeed, FDR Ax and Model Correlation
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Figure 4 FDR and Model Comparisons, Speeds
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Figure 7 FDR and Model Comparisons, Thrus t
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Figure 8 FDR and Model Comparisons, Thrust
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Figure 10 FDR and Model Thrusts, TO #13, Standing Start
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F-28 FLIGHT DYNAMICS
SECTION 6

DISCUSSION AND CONCLUSION S

DYNAMIC SIMULATIONS

The dynamic simulations demonstrated that the increased takeoff roll and short airborne
segment could have been the result of the conditions tested in these simulations .

An increase in takeoff run on the order of 500 to 700 feet will result from slush
accumulation on the takeoff runway on the order of 0 .15 inches for the F28-1000 aircraft
in those conditions, combined with the additional time to rotate the aircraft to the higher
required liftoff attitude .

The airborne segment is more difficult to clearly define because there is a lack of a clearly
defined flight path, nor do we have any knowledge of the pilot's control strategies as he
attempted to complete the take-off. However, witness reports indicate that airborne
segment was limited in absolute altitude to less than one wingspan, suggesting that the
aircraft never climbed out of ground effect. The horizontal trajectory is defined by tree cut
and wreckage location information after the first tree strike . Based on those data,
simulations with moderate wing contaminant factors resulted in airborne segments which,
in general terms, matched the witnesses' descriptions of the Dryden trajectory .

It is probably of significance that in those runs during which moderate to high levels of wing
contamination were represented, stick shaker activation was a constant feature . The onset
of this warning will usually trigger a highly trained response on the part of the pilot, who
has been taught to use this indication as a means of achieving close to the maximum lifting
performance of his wing when so needed. With the wing performance degraded by
roughness this device can be misleading if used in an attempt to optimise lift since at stick
shaker activation the wing may already be past the maximum C , achievable in the presence
of the contaminant. It should also be noted that the use of stick shaker triggering as an
indication of maximum lifting capability must be essentially a short term procedure, even
with the clean wing this operating point is well removed from the optimum lift/drag ratio
for the aircraft and is not, therefore, a suitable operating condition for sustained climb .
However, a pilot generally7' has no other indication available to him and it is only to be
expected that he would respond as trained .

NUMERICAL SIMULATION S

The numerical simulations described in detail in Section 4 supported very strongly the
observations made in the Fokker simulator . This indicates that the behaviour of that
simulation may be taken, with some confidence, to represent closely the behaviour to be
expected of an F-28 aircraft in actual flight.

7 Note, however, that unlike the majority of current transport aircraft, the Fokker F-
28 is equipped with an angle of attack indicator



242 Appendix 4

F-28 FLIGHT DYNAMICS Section 6 - Conclusions Page 108

Additionally, the off-line modelling complemented the dynamic simulations in that it
permitted the investigators to examine a wide range of conditions in a very clinical manner
and in a relatively short time. In particular it permitted the definition of two critical
boundary conditions for contaminated take-off attempts, either of which would result in a
catastrophic occurrence . Specifically, the region between the boundaries represents an entire
range of slush and wing contamination conditions which could give rise to a trajectory of
the kind described by witnesses to the Dryden accident .

A general observation based on the results of the numerical simulations is that the higher
the rotation speed and the slower the rotation rate, the greater was the probability that the
take off attempt would be successful . This is exactly what would be expected from an
engineering evaluation of the effects of contamination on the aircraft's characteristics.
Advice given in the F-28 handbook supports this observation .

GENERAL DISCUSSION

This statement immediately above raises two issues pertinent to this accident and worthy
of comment here inasmuch as they bear on the act of attempting a take-off under the
conditions pertaining at the time . It is not in the least likely that the average airline pilot
would have sufficient theoretical knowledge to be able to assess in detail the effect on his
aircraft's performance of these forms of contamination . Indeed, it is not possible to make
such an assessment on the spur of the moment while already in the cockpit . The second
issue concerns the pilot's awareness of his aircraft's external state under these kinds of
conditions . Again, in some ways this is a function of the size and shape of aircraft of this
class . By and large direct observation of the flying surfaces by the crew is either very
difficult or impossible, once strapped in for take-off. In the F-28 approximately 50% of the
wing can be viewed obliquely from the cockpit window with special effort, while by opening
the window and leaning out the entire wing can be viewed . The automatic ice detection
systems that presently exist are designed to detect and warn against the accretion of ice in
flight rather than that due to the exposure of the aircraft to precipitation or frost formation
while on the ground : the effects of the two types of airframe icing are quite different .

OTHER FACTORS

Wing Leading Edge Paint Deterioratio n

There have been reports that the wing leading edge of the F28 involved in this accident had
a significant degree of paint cracking and deterioration . The paint thickness on the aircraft
leading edge was measured at 0 .016 inches, consisting of 3 or 4 layers of paint. This issue
was brought up with Fokker's aerodynamics group who indicated that while the cracked
paint certainly did not enhance performance, its effect on the maximum lift coefficient and
stalling angle of attack was not judged to be significant .

There is a question of whether the deteriorated leading edge paint condition could have
contributed to the degree that any contaminant would adhere to the wing. To date, there
is no clear answer to that .
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CONCLUSIONS

It is difficult when writing a report of this nature to be adequately mindful of the semantics
or etymology of the words used. This is often the case when persons working in a specific
discipline assign to a common word a precise or special meaning more limiting than that
which applies in the vernacular . We have several times used the word 'cause' and phrases
such as 'the cause of the accident'. It must be remembered that we use that word in a very
technical sense to indicate a sequence of events which would or could give rise to a
flightpath similar to the one reported at Dryden . The 'cause' to which we refer means a set
of physical or engineering conditions which have a direct and predictable result (that is, we
are describing a causal relationship) . These are not of themselves the cause of the accident
in the general sense, simply the result of a pilot attempting to take-off in a significantly
contaminated aircraft .

It must be remembered that the conclusions of this subgroup report present possible causes of
the flight path for the Dryden accident. It is critically important to remember that the
assumptions listed in the beginning of this report must be clearly bome in mind in the final
analysis of this accident. This report treats on the aerodynamics and aircraft handling aspects
of this accident and assumes that there were NO other factors which could have been the
related to the accident. There is no doubt that major failures of aircraft systems or other factors
not mentioned in this report and not considered in this simulation could also have resulted in
the accident flight profile, alone or in conjunction with the known wing contaminant.

With these caveats in mind, we are prepared to state :

1 . The witness reported flight paths and "Dryden Scenario" which was based on those
reports is physically possible from an engineering viewpoint.

2. The aerodynamic performance of the F28 in the Dryden accident was definitely
degraded by the wing contamination which was reported by the witnesses on board
the aircraft. This conclusion is based on knowledge of the sensitivity of aircraft lifting
surfaces to contaminant and our analysis of the degree of contamination of the wings
described by the witnesses . The work done by Fokker in their wind tunnel, general
knowledge of aircraft aerodynamics and analyses of other accidents with F28's and
similar aircraft clearly support the conclusion that the contaminants on the wings
degraded the lifting capability and increased the drag on the accident aircraft .

3 . The increased ground distance to the reported liftoff point could have been due
to the following factors, individually or in combination :

a) Small slush accumulations on the runway

b) Selection of higher than normal rotation speed

4 . An additional contributing factor to the increased ground distance to liftoff was
the higher speed and/or pitch attitude required for liftoff as a result of wing
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contaminant . This would have increased the takeoff run to the liftoff point,
irrespective of any other factor. This was due to the additional time required to
reach the required speed and/or to rotate the aircraft to the higher liftoff attitude .
At the liftoff speed for the F28 in the Dryden case on the order of 130 knots, each
additional second during rotation increased the ground run by approximately 200
feet.

5 . The deteriorated condition of the paint on the wing leading edge probably did not
affect the aerodynamic characteristics of the aircraft directly . However, the effect of
the deteriorated paint on the adherence characteristics of contaminants at the
leading edge is unknown, but could potentially have been a minor factor in the
amount of contaminant that remained on the wing .

6. Simulation and analytical work done by this group has defined a range of
conditions in terms of wing and runway contaminant levels which, alone, could have
resulted in the accident profile .

7. Without FDR data, CVR data, the pilots themselves, and a mathematical
description of the wing and runway contaminant levels, it can NOT be conclusively
stated that wing or runway contamination alone caused the aircraft to crash.
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SUMMAR Y

A wind tunnel investigation has assessed the effects of distributed upper
surface roughness, and leading edge ice formation on a powered wing propeller
model .

In the unpowered state, it was found that roughness reduces the lift slope, and
maximum lift by 30 to 50 percent, depending upon particle size and Reynolds number .
The leading edge region is especially sensitive to these disturbances, however
removal of the roughness over a small portion of the nose restored the wing to close to
its original performance .

The application of power to the wing, with an increase of slipstream dynamic
pressure increases the lift slope and maximum lift ; however this benefit is lost if the
wing is roughened . Subtraction of the propeller reactions indicated that the slipstream
interaction accounted for half the lift increase, and also resulted in reduced drag for
the clean surface . This drag reduction was removed when the wing was roughened,
indicating that the degradation of wing performance due to roughening is relatively
greater when a slipstream is present, compared to the unpowered wing .

Leading edge ice accretion causes similar large losses in lift and increases of
form drag although a comparison of the two types of contamination showed that
leading edge ice produces a smaller reduction of lift slope prior to flow separation . In
both types of contamination, Reynolds number is important, and emphasizes the
necessity of testing under near full-scale conditions .
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List of Symbols

CL lift coefficient

CD Drag coefficien t

Cm moment coefficient

c wing chord

SW wing area

L

2 pV2Sw

D

2 pV2SW

M

2 pV2SW c

TP

CTp propeller thrust coefficient pN2D 4

CNP propeller normal force coefficient

NP

pN2D 4

MP

CmP propeller pitching moment coefficient pN2D 5

Cc wing chord force coefficient

Cc

2 pV2S W

Cpo parasite drag coefficient (unpowered )

CL„ Cps, Cms wing coefficients with the propeller reactions removed

Cs leading edge suction coefficien t

D propeller diamete r

N propeller rotation speed (RPS)

2
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V
J propeller advance ratio ND

k roughness particle siz e

INTRODUCTIO N

Recent flying accidents resulting from adverse weather conditions in the form of
freezing rain or snow, have focussed attention on the degradation of aerodynamic
surfaces . One of the most recent accidents, involving a Fokker F-28, mk 1000 jet
aircraft, and the subject of a Commission of Inquiry in Canada, dealt specifically with
the degradation of such surfaces due to ice and snow contaminants on the wings . The
information contained in this paper stems in part from the investigation conducted for
the Commission of Inquiry into the Air Ontario Crash at Dryden, Ontario, March 10,
1989. (Ref . 10) Investigations of the effects of uniform roughness on airfoils shows
clearly that stalling is premature, loss of maximum lift can be as high as 50%,
(depending on Reynolds Number) and form drag reaches very high levels at angles of
attack below normal clean wing stall .

The effect of upper surface roughness on complete aircraft configurations is less
well known ; however there is a long history of aircraft accidents related to flight in icing
conditions, and several recent accidents, including the Air Ontario F-28 accident,
involving swept-wing jet aircraft have highlighted the problem . In these situations it
was observed that early flow separation and stalling was a characteristic result of ice
and snow contaminants on the wing . Flow.breakdown was accompanied not only by a
loss of lift and an increase of drag, but also wing-dropping as a result of outer panel
flow separation and wing tip stall prior to inboard wing stall . Experimental data on
simulated upper surface contamination on a swept-wing model of a typical jet-
commuter aircraft have confirmed what was suspected from flight experience, and
have also demonstrated that large changes of trim will occur on the full-scale aircraft .

Figure (1a) from ref . (1) shows, for various two-dimensional airfoil
configurations, losses in maximum lift and reductions the angle of attack for maximum
lift that result from simulated hoar frost contamination . Large increases of drag also
occur, and are attributed to form•drag after separation and stall . Early wind tunnel tests
on the effects of upper surface roughness on maximum lift of airfoils is also reported in
reference (2), for conventional airfoils . This data shows that the loss of maximum lift is
critically dependent on Reynolds Number, and also roughness particle size . For
example at Reynolds Number greater than 10 million (typical for takeoff) the loss in
maximum lift approaches 50% of the clean airfoil value . In comparison, at the

3
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Reynolds number values typical of low speed wind tunnel testing the loss of maximum
lift is much lower, thus highlighting the dangers of assessing wing contamination
effects at other than full-scale conditions . There is little or no corresponding data for
modern, supercritical airfoil shapes.

Wing drag also increases as a result of surface roughness . This is due to an
increase in skin friction in unseparated flow, but mainly from increases in form drag
after premature separation has occurred . If the roughness elements protrude above
the laminar sublayer of the turbulent boundary layer in attached flow, the result is an
increase of skin friction and the production of more turbulence . Increasing the
Reynolds Number aggravates this effect and increases the probability of separation
particularly around the nose, since the sub-layer will be thinner . This would
presumably explain the higher losses in maximum lift incurred at high Reynolds
number .

If the roughness height is large in comparison to the laminar sub-layer (as
would be the case for freezing rain or ice accretion) then the frontal drag of these
elements determines the average tangential force, and their shape, orientation and
distribution become important, and increased turbulence and dissipation in the
thickened boundary layer will lead to premature flow separation and stall .

Propeller-driven aircraft, where the slipstream passes over the wing surface, are
thought to be less sensitive to the effects of upper surface contamination compared to
the typical swept-wing configuration . This is due in part to the effects of sweep, that
reduce the wing lift-slope, compared to a straight wing ; and the effects of slipstream
interaction, that augment span loading locally, increase wing lift slope, and also delay
flow separation at high angles of attack . Thus the rotation angle on takeoff of a straight
wing propeller-driven aircraft is likely to be less than that for an equivalent swept wing
aircraft, with no slipstream interaction, and the likelihood of a premature stall may not
arise .

Notwithstanding this apparent beneficial comparison, the propeller-driven
aircraft may still experience significant losses of lift and large increases of drag if
premature flow separation occurs when the wing upper surface is contaminated .
Figure lb from Ref . (1) for the Fokker F-27 turboprop transport wind tunnel model
indicates however, that smaller losses in maximum lift may be expected from a
contaminated wing, compared with the airfoil test results of Figure (1a) . The
corresponding reduction in critical angle of attack is also small and in some cases
positive, and was attributed to a significant change in the wing-slipstream stall pattern .
The extent to which the slipstream may remain attached to the wing surface is
unknown but its influence may affect the overall stall pattern even when roughened by
ice .

4
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In view of the unknown nature of the complex interactions of wing bounda ry
layer, propeller slipstream and distributed roughness, and the lack of experimental
data, it was decided to use the half-wing propeller model of reference ( 3) to obtain
some prelimina ry data on the effects of upper su rf ace roughness in a slipstream and
also the effects of typical in-flight ice accretion shapes on the leading edge . The utility
of the data to aircraft design or performance estimation will be limited ; the model
configuration is not typical of current propeller transpo rt configurations, and the test
Reynolds Number was low (Re = 1 .3 million) .

MODE L

The general arrangement of the rectangular, unswept half-wing model is shown
in figure 2 . The wing, having a NACA 4415 ai rf oil section, was untwisted and was
equipped with a 30 percent chord plain flap extending along the semi-span . The
aspect ratio was 4 .85 . A nacelle containing a 20 hp water-cooled induction motor was
underslung on the wing approximately one chord length above the floor . The four-
bladed propeller was located 70% chord in front on the leading edge and was
equipped with an adjustable pitch-setting mechanism . The two foot diameter propeller
was the same model used in the investigations repo rt ed in references ( 3) and (4) . In
these repo rt s full aerodynamic characteristics of the isolated propeller and also the
interference . effects of this wing model are repo rted . The relevant geometry of the
propeller is listed as follows :

Propelle r

Diameter 2.0 ft .
No. of blades 4
Solidity 0.127
Blade section at 0 .75R 65 Series ( design Cl = 0 .7)

The complete model installation Figure, (2a), (2b), was mounted on the wind
tunnel balance at the 30% chord location . The propeller motor was suppo rted in a
slender nacelle but did not have a separate thrust or normal force balance in this
experiment . The wind tunnel balance thus measured the combined effects of wing and
propeller reactions .

EXPERIMENTAL PROCEDUR E

The wing was pitched through an angle of attack range from 6 to 26 degrees . A
complete stall and flow breakdown was not achieved with this model due probably to
the effects of the low aspect ratio, Reynolds number and the half-model configuration .
Maximum lift was achieved however, and this was used as a basis of comparison for
the effects of roughness . Model lift, drag and pitching moment were measured on the
wind tunnel balance . Pitching moment was taken about the 30% chord location . Th e
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measured forces include the propeller reaction comprised of thrust, normal force and
pitching moment . The test Reynolds Number was 1 .3 million (2 .3 million for the
unpowered wing only) .

Propeller static thrust was measured on the wind tunnel balance under wind-off
conditions. At the desired test conditions thrust was varied by adjusting the blade pitch
settings to a value that corresponded approximately to the take off thrust coefficient of a
typical turbo-prop aircraft . Under wind-on conditions at a dynamic pressure of 25 psf,
and a propeller rotational speed of 3000 rpm, this thrust coefficient CTP was estimated
from the data of ref . (5) to have a value of 0 .115. Propeller thrust and normal force
change with incidence, and the variation of these quantities, used in other section of
this report, were also determined from the data of Ref . (5) .

SIMULATED ROUGHNES S

Roughness, in the form of a uniform distribution of carborundum grit was
applied over various portions of the chord . Three grades of standard grit were used :
150( .0041"), 80( .0083"), 46( .0165") . These correspond approximately to average
roughness heights of .03", .06", and .11" respectively on a full-scale wing of 10 ft .
chord . The roughness height/chord ratios for this test were 0 .000227, .000461 and
.000916 respectively . In addition a heavy grade (50 grit) of commercial sandpaper
was applied to the wing surface. The roughness height and concentration of this
application was considered to be significantly greater than the standard grit particles
applied manually to the wing surface .

The roughness was applied initially to the upper su rf ace from the leading edge
stagnation region to the flap hinge line . Since only the forward po rt ion of the chord
was found to be sensitive however, most of the investigation was pe rf ormed with only
the first 25-30% of the chord roughened and the results presented in this repo rt are for
30% coverage . The density of application was not varied or determined precisely .

In addition to distributed roughness application, shapes representing rime and glaze
ice accretions were applied to the wing leading edge . The shapes were similar to
those of ref . (6) and are shown in Figure (2c) .

PRESENTATION OF RESULT S

Unpowered Win g

The unpowered wing data presents the effects of various grit sizes (46, 80, 150)
deposited on the upper surface, and also a heavy grade of sandpaper attached to the
upper surface . The amount of coverage along the chord corresponded to about 30% .
Tests were also done at a higher Reynolds number (2 .3 million), for the unpowered
wing only.

6
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Figure 3 shows the behaviour of Cl, Cd, and Cm for the unpowered wing in the clean
and contaminated states for standard grit sizes at the test Reynolds number of 1 .3
million, and for heavy sandpaper at Re = 2 .3 million . The main effect of wing
contamination is a reduction of lift slope and maximum lift by amounts that range
between 20 - 25% for a Reynolds number of 1 .3 x 106, and larger losses for the higher
Reynolds number. The angle of attack for maximum lift (clean) was 20 degrees ; this
was reduced to about 15 degrees with contamination on the upper su rf ace .

Drag is also increased at angles of attack below stall, and large increases of form drag
occur when the flow separates . In general these losses, pa rticularly at maximum lift,
increase with pa rt icle size, with the highest loss occurring where sandpaper was
applied to the wing (Fig . 3a) . All reductions of lift increase with increasing Reynolds
number as Reference (2) points out, and this is also the case in this test . The effect of
roughness on pitching moment was small at angles of attack below stall ; there appears
to be a slight nose-up shift of the Cm versus a cu rve, and its magnitude increases
slightly with grit size . The application of rough sandpaper at the high reynolds number
increases this nose-up shift slightly .

The most significant parameters appear to be roughness size and Reynolds
number, however it was observed that when a small portion (15%) of the leading edge
was cleaned off, wing lift and drag was restored to close to its clean performance,
however moment was not fully restored .

Powered Win g

With the blades installed and set to the angle for take-off thrust, the propeller
was operated wind-on at an advance ratio of 1 .4 . This was much higher than a typical
takeoff advance ratio, however it was the only way a high thrust coefficient could be
achieved due to current and temperature limitations of the motor . As mentioned before
propeller forces were not measured separately, however both thrust and normal force
were inferred from the isolated propeller data of references (3) and (5) for further
analysis of these results .

Figure ( 4) shows the effects of propeller thrust on lift, drag and pitching moment
on the unpowered clean wing at a Reynolds number of 1 .3 million . A higher Reynolds
number test condition was not possible in the powered tests due to limitations of the
motor . The application of power with the resulting slipstream interaction results in an
increase of both the lift slope and the maximum lift by about 25%, and stalling angle is
increased by about 4 degrees . The drag polar is shifted by an amount that
corresponds to the thrust force plus a leading edge thrust on the wing due to increased
suction . The drag equivalent of the estimated propeller thrust has a value of about
0 .085, which, when subtracted from the total wing force at zero lift, apparently produce s
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a negative drag or thrust on the wing . This effect, known as the "Squire Effect", has
been alluded to before (Ref . 7), and is attributed to the effects of flow rotation in the
slipstream .

The pitching moment shown in figure (4c) exhibits an increased nose-up
tendency due to the effects of the propeller and slipstream flow . The slope of the
pitching moment curve vs a is increased with the application of power and beyond
maximum lift there is a large nose-down shift of the pitching moment . The large
change in moment is attributed mainly to the propeller normal force acting about the
wing centre of rotation (Figure 2) .

Effects of Roughness - Powered Win g

With roughness applied to the wing upper surface there appears to be a loss of lift
slope and maximum lift of about 25 to 35% depending upon roughness element size .
(Figure ( 5)) . In effect, the benefits of powered lift, resulting from slipstream interaction,
is lost . Drag also increases as the flow separates prematurely, and there also is an
increase in the parasite drag at zero lift due to roughness, and increased dynamic
pressure in the slipstream . The effect of roughness on wing pitching moment is small

at angles of attack below stall, ((x < 10 0) but the moment becomes more nose down as
roughness size increases .

The application of the heavy sandpaper roughness further deteriorated the wing
performance under power at the Reynolds number of 1 .3 million . Maximum lift
decreased slightly, as did the lift slope; although the stall was not sharply defined .
Drag also increased near zero lift but the pitching moment did not change significantly,
although the tendency continued to be nose-down .

A comparison was made between the powered and unpowered wing drag polars to
show the relative effects of roughness with and without power (Figure 6) . It is clear
from these graphs that roughness, especially when it reaches the heavy proportions of
sandpaper coverage, has a much more adverse effect on drag of the powered wing
than for the unpowered wing in uniform flow . The lift curves exhibit about the same
degree of degradation of performance between powered and unpowered
configurations. The pitching moment change appears to be smaller when the wing is
powered and is accompanied by an increase in slope (Cm vs alpha) and a small
displacement in the nose up direction .

In order to simulate the scrubbing action of the slipstream, a portion of the roughness
was removed at the propeller location . This resulted in a modest improvement of
performance .

8
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Wing-slipstream characteristics

In order to separate the propeller from the total wing forces, and to compare
unpowered wing characteristics with those with the wing immersed in a slipstream, the
isolated propeller data were estimated from Reference (5) and (Figure 7) and were
removed from the wind tunnel balance data as follows :

CL, = CL - (2/J2) ( D2/Sw) [CTP Sin a + CN, Cos a]

Co. = CD -(2/J2) (D2/Sw) [CTP COS a - CNP Sin a]

CMn = CM - ( 2/JZ ) (D2/Sw ) [CNa (
c ) + CTo Ic/ + CNb c

( 1 )

(2 )

(3)

No attempt was made to correct the propeller data for the blockage and upwash
effects of the wing ; however the comments of Ref (8) and the experimental data of Ref
(4) suggest that these interactions may be small.

The powered clean wing characteristics with the propeller reactions removed
are shown in Figure (8) . The lift curve lies between the powered and unpowered
curves, suggesting that the slipstream interaction contributes about half of the powered
lift increment to maximum lift, and lift-slope .

The drag polar (Figure 8) indicates significantly less drag due to the effects of
the slipstream flow, particularly at low values of C L (< 0 .4), and near zero lift the wing
actually produces`a thrust . This has been attributed to the effects of slipstream rotation
(Ref . 7), with the wing acting as a flow straightener . This result should probably be
taken with caution, however, since no direct measurement of propeller thrust or normal
force was available .

There appears to be a nose-down change in pitching moment when propeller
forces are removed, since neither thrust or normal force are contributing (Figure 8c) .
The slipstream interaction evidently produces a lesser slope of the Cm vs a curve, and
more nose-down moment, compared with the unpowered wing . A partial explanation
of this change is given in Reference 4, and is attributed to changes in chordwise
pressure distribution over the region of the wing covered by the slipstream .

Slipstream Interaction - Roughness

The loss of performance due to distributed roughness, for the wing-slipstream
interaction, appears to be somewhat larger than that for the unpowered wing in steady
uniform flow . This may be due to the high thrust coefficient of this test, and the resultin g
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augmentation of local pressures on the wing . Figure (9) shows lift drag and moment
for the unpowered wing and for the wing immersed in a slipstream . Also shown is a
shaded boundary that indicates the changes in drag due to increasing roughness in
each case . The shaded areas in both graphs represent the maximum loss incurred by
distributed roughness of varying grit size, including the heavy sand paper application .
The negative drag generated on the wing near zero lift (Figure 9b) is all but removed
by the action of the contamination on the nose and upper surface of the wing . In
contrast the unpowered wing incurs a slightly lower drag loss due to roughness . At a
lift coefficient Cis of about .36, the net drag is zero on the clean powered wing . For
values of lift greater than this, drag rises rapidly, and eventually exceeds that of the
unpowered wing since thrust is now no longer contributing a force in the streamwise
direction and lift is reduced by the amount of the propeller normal force contribution .
The effect of increasing roughness in both cases increases drag, particularly before
stall .

The propeller contribution to pitching moment is mostly unstable (i .e . nose up) .
Therefore, removal of the propeller forces makes Cm more negative, and decrease s

the slope of the Cm vs a curve . The changes to pitching moment are relatively smaller
when roughness is applied to the wing (Figure 9) compared to the clean condition .
The slipstream interaction on the clean wing results in a slightly more stable pitching

moment curve (Cms vs a) compared with the unpowered wing . The application of
roughness causes, in both cases, a loss of stability in the pitching moment curves .

Leading edge ice accretio n

In addition to uniform roughness on the wing upper su rface, tests were also
made with modifications to the leading edge that represented rime and glaze ice
accretion ( Figure 2) . The data shown in Figure ( 10) for the unpowered wing show that
such gross changes to the leading edge profile cause losses of maximum lift in the 30
to 50 percent range . Reynolds number is important and a fu rther reduction of
maximum lift of 15 to 20% will occur when reynolds number is increased to 2 .3 million .
Similar significant changes to pitching moment also arise from these leading edge
shapes, particularly at high Reynolds numbers .

With the application of power, lift slope and maximum lift are increased but the
wing performance is well below normal and the drag polars indicate high drag levels at
all lift coefficients . Figure (11) shows a comparison between uniform contamination
and leading edge accretion of heavy rime ice, for the drag polars and pitching
moments of the ice-contaminated wing for the powered configuration . Leading edge
ice results in less reduction of lift slope before stall, but a larger lift loss after stall .

Figure (11 d) shows the effect of a slipstream interaction on the wing lift and drag
for a medium and heavy leading edge rime accretion . As with distributed roughness ,
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leading edge ice contamination effectively removes the benefits of slipstream flow
rotation .

Chord force and leading edge suctio n

The effective performance of an airfoil or wing depends on the production of
negative pressures along the leading edge, and a leading edge suction force that
ensures that the aerodynamic force becomes normal to the relative wind . The
determination of the chord force coefficient Cc and the leading edge suction coefficient'
Cs indicate the degree to which lifting efficiency can be achieved .

Cc and Cs can be determined from experimental data as follows :

Cc = Co Cos a- CL Sin a (4)
and for small angles

C5 = Co. - Cc (5)

Cc and CD can also be determined from the parabolic drag polar relationship (Ref . 9) .
Figure 12a shows the relationship between unpowered wing drag Co and chord force
Cc, and the effects of distributed roughness on both parameters, for the unpowered
wing . It appears that roughness has a relatively larger effect on drag than on chord
force .

Corresponding values of leading edge suction coefficient for the unpowered
wing also show the effects of contamination . Below stall C. is not greatly diminished
by contamination around the nose, but drops suddenly beyond maximum lift .

Figure (12c) shows chord force vs . lift coefficient for the powered wing with
leading edge ice and roughness, and with the propeller forces removed . The accretion
of ice tends to lower the leading edge force at low values of C L5 , but distributed
roughness appears to have a more serious effect at higher lift coefficients .

CONCLUSION S

1) The main effect of distributed upper surface roughness on an unpowered wing is
to reduce lift slope and maximum lift by as much as 30 to 50 percent, depending upon
roughness size, Reynolds number, and to a lesser extent, coverage .

2) The magnitude of the loss of maximum lift increases with roughness size, and
also with Reynolds number and testing of roughened wings should be done at as high
a Reynolds number as possible .
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3) Roughness increases the parasite drag at zero lift and also results in a premature
stall with resulting large increases of form drag .

4) The leading edge region is especially sensitive to distributed roughness
regardless of part icle size ; there is a significant increase in drag and corresponding
decrease of leading edge suction at angles of attack below stall . Conversely, removal

of the roughness over a small po rtion of the nose restores the wing to almost clean
pe rformance .

5) If the wing is powered and clean, the slipstream interaction increases lift slope
and maximum lift by 25 percent, for thrust coefficients appropriate to the take-off
condition . If roughness is applied, maximum lift decreases by more than 25%, thus

producing a lifting pe rformance somewhat below the unpowered wing in the clean
state . This may have significance in the event of an engine failure ; the contaminated
wing will suffer a fu rt her loss in maximum lift in the unpowered state .

6) An attempt was made to isolate the slipstream interaction on the wing by
subtracting estimated propeller forces . When comparing the pe rf ormance of the
powered and unpowered wings, it was noted that roughness produced slightly higher
losses on the wing immersed in the slipstream .

7) Loss of lift due to an accretion of rime or glaze ice on the leading edge of the wing
may reach as high as 50 percent even when the wing is powered, and is sensitive to
Reynolds number . Loss of maximum lift is greater for heavy rime ice than for heavy

distributed roughness.

LIST OF REFERENCES

1 . Wing Tips - Fokker product support division, #14, December 1989 .

2. Jones, R ., Williams, D .H. - The effect of Surface Roughness on the

Characteristics of Airfoils . RAE R&M 1708, Feb . 1936 .

3. Nishimura, Y . - An Experimental Investigation by Force and Surface Pressure
Measurements on a Wing Immersed in a Propeller Slipstream . Part I : Force

and Moment Measurements . NRC-CR-501, March 1968.

4. Nishimura, Y. - Surface Pressure Measurements Part II, NRC LR-525, June
1969 .

5 . Wickens, R .H. - Aerodynamic Force and Moment Characteristics of a Four-
Bladed Propeller Yawed through 120 Degrees . NRC-LR-454 . May 1966 .

12



Wind Tunnel Investigation 26 1

6. Olson, W., Shaw, R ., Newton, J . - The Shapes and the Resulting Drag Increase
for a NACA 0012 Airfoil, NASA TM 83556, 1984 .

7 . Squire, H.B., Chester, W. - Calculation of the Effect of Slipstream on Lift and
Drag . ARC R&M 2368, 1950 .

8. Durand, Vol II . Aerodynamic Theory .

9. Schlichting, H ., Truckenbrodt, E . - Aerodynamics of the Airplane - McGraw-Hill
1979 .

10 . Morgan, J .M., Wagner, G .A ., Wickens, R .H. - A Report of the Flight Dynamics of
the Fokker F-28 mk 1000 as they pertain to the accident at Dryden, Ontario,
March 1989 . NRC/NAE misc. 64

13



262 Appendix 5

30

20

1 0

0
MAXIMUM UFT

.7

ea*nex
-6

-5

-0

.3

-2

. 1

0

ANGLE OF ATTACK FOR MAXIMUM LIF T

AIRFOIL
CONFIGURATION S

WING-ROUGHNESS-INDUCED LOSS OF MAXIMUM LIFT AND REDUCTION
IN ANGLE OF ATTACK FOR MAXIMUM LIFT (REF . 1)

FIGURE 1

% LIFT
LOSS

FLAP EXTENDED ( 16 .5°)

Aa °

% DRAG
INCREASE

FOKKER F-27
MODE L

42

FLAP RETRACTED

23

0

INCREASE IN DRAG AT CLIMB OUT

COMPARISON OF LIFT LOSS AND DRAG RISE FOR AIRFOIL
AND PROPELLER-SLIPSTREAM MODEL S

AIRFOIL
MODE L

LOSS OF MAXIMUM LIFT

-3•

INCREASE IN
ANGLE-OF-ATTACK
AT MAXIMUM LIFT

14



Wind Tunnel Investigation 26 3

m

15



264 Appendix 5

;;7:
. ~~•

. .•r--

)

0 CLE
+ 150
a 60

AN
GRIT
ORIT

0 46
X SAN
A LEA

ORIT
DPAPER (Re e 27 m)

DING EDGE- CL-EAN

1 1 2 2 3

•
I~~~e-

'

-~---Q---

~.

~~K ~•R
.

o CLEAN
+ 150 GRI T
A ac GRIT
O 45 GRIT
X SANDPAPER ( Re v
A LEADING EDGE CL

27 m )

EAN

DRAG COEFF, C D

> .\~ \

~\ .
S / .. . ._~~ . .

O CLE
150

AN
GRIT+

p to G M T
0 4 6

X SAN
G RIT
DPAPER (Re v 2.3 m)

A LEADING EDGE CLEAN '

1 1 2 2 3

FIGURE 3

16



Wind Tunnel Investigation 26 5

1 .

1 .

0 .

0 .

0 .

-0 .

1 .

1 .

1 . 0

0 .

0 .

0 . 2

-0 .

0 . 1

0 . 0

-o .oW,

-0 .1

/ ❑ UNP O

0 POWE

WERE D

RE D

E/ riI 1 2

0

3

ALPHA

-4 ~7

/d

/

~

~
❑ UNPOWERE D

0 POWERED

_n1 0_ 0 . 0 .0.1 0.

C o

0

/d a

Dl .

❑ UNPOWERE D

0 POWERE D

1 1 2 2

0

i
ALPHA

FIGURE 4

a) LIFT

b) DRAG

3

c) PITCHING MOMEN T

17



266 Appendix 5

1 .

1 .

/'✓/°- ~
ro

❑ CIPAN
~ 150 ORI T

Q 80 GRIT

0 46 GRIT

X SANDPAPER

0 .

0 .

6

A

0 . 2

-0 . 1 1
ALPHA

2 3

/ •' ~

xr'
❑ CLEAN

b) DRA G

/ + 150 GRI
Q 60 GRI
0 46GR

T

T
R

X SANDPAPER

!

. ~ ♦ ~ ~l o-'"~

i«~'~•- ~'..:»~.c. -.-«
o

❑

+

Q

CLEAN
15 0 GRIT

60 GRIT

c) PI T

0 <6 GRI T
X SANDPAPE R

- t 1 2 2 3

D :0

ALPHA

FIGURE 5

a) LIFT

18



POWERED

❑ CIFJW

O /6GRR

• OUPSTREAN SCRUBBING

UNPOWERED
. .fi

C CLEAN

+ IB GRIT
x SANUPAPER (Re . 27 m)

1 .

•
/ ~.

8) OFT

ALPHA

+ 46 GRIT
X SANDPAPER (Re . 27 m)

co

2

+ 45 GRIT
X SANDPAPER (A. . 2 .7 m)

•

~ y~✓ '
-e

. . /
~ ~ . ~^ . . ~

•C~

POWERED

b) DR A❑ ~

M DMT

~ • BUPSTREAY 6CqUBBINO

UNPOWERED

C1EV1

d
POWERE D

~

❑ CLEAN - ~ ~

O e6 GRI T

• SLIPSTREAM SCRUBBING c) PITCH1 1
UNPOWERE D

I ~
G CLFAN

1 1 20 2 3



268 Appendix 5

PROPELLER THRUST, NORMAL FORCE AND PITCHING MOMENT
(REF)

0 .20

0 .1 5

0.1 0

0.05

CTP

CNP
Tp

0.004

CMP

0.00 3

0.00 2

0.00 1

V-' I I I I I

0 5 10 15 20 25

ANGLE OF ATTACK-DEG .

PITCHING

CONVENTION OF FORCES . MOMENTS AND ANGLE

p -' \

0 U NPOWERED-

0 P OWERED

~ -- WINO/SLIPS TREAM

1 1 '(1 2 5 3

ALPH A

REMOVAL OF PROPELLER REACTIONS FROM THE CLEAN,
POWERED WING, CTP = 0.115, Re = 1 .3 m

FIGURE 7

FIGURE 8

a) LIFT

20



Wind Tunnel Investigation 26 9

6

41

d /
/

-
b) DRAI

~ /t
0 UNPOWERE D

/ 0 POWERE D

/ -- WINGISLIPSTREAM

eP

/ c) PITCHI N

-
-POWERE D

O POWEREO

-- WINO/SLIPSTREAM

. ~

1 1 2 2 3

ALPH A

COMPARISON OF LIFT LOSS DUE TO DISTRIBUTED ROUGHNESS,
OF AN UNPOWERED WING, AND A POWERED WING WITH PROPELLE R

REACTIONS REMOVED . CTP . 0.115, Re = 1 .3 x 106

FIGURE 9

21



270 Appendix 5

UNPOWERED WINO

0.04 0 .06 0.12 0.14 (Lfa

FIGURE 9

COMPARISON OF DRAG LOSSES DUE TO DISTRIBUTED
ROUGHNESS, OF AN UNPOWERED WING AND A POWERE D

WING WITH PROPELLER REACTIONS REMOVED .
CTpaO .115,Re =1 .3It 10e

1'J ta0
LIFT COEFFICIENT C L

CLEAN COMPARISON OF PITCHING MOMENi CHANGES DUE T O
ROUGH DISTRIBUTED ROUGHNESS, OF AN UNPOWERED WINO

AND A POWERED WINO WITH PROPELLER REACTIONS

POWEREDSLIPSTNEAM REMOVED
. CTp . 0.115, Re = 1 .3 x 100

INTERACTION

i

O CLEA
0 MEDI
C MEDI

N. POYIEHE D
UM RIME
UM GLAZE

+ HEA V
• MEDI
10 HEAV

Y HIME
UM RIME. P s
Y RIMI, 11,

. 2.3
11 1

1 1 20
1

2 3

FIGURE 1 0

a) LIFT

ALPHA

EFFECT OF LEADING EDGE ICE ON POWERED WING PERFORMANCE,
CTP = 0.115, Re = 1 .3 m

22



Wind Tunnel Investigation 27 1

.. -- -.--•-- --s-
~,~

ll' ,
O CLEAN, POWERED
0 MEDIUM RIM E
A MEDIUM GLAffi

b )

+ HEAVY RIME
• MEDIUM RIME!, 2.3 m
~ HEAVYFRMR R. .t7 m

co

'•~

tP~/

A11/
~

0 CLEAN, POWERED
W EO YEDI U

n MEDIU
M R
M GLAZE C) PITCHIN G

+ HEAVY RIME
• MEDIUM FUME Re m
6 HEAVY RIME•R. .7.] m

ALPHA

~d•/l ~`

40
mi o CL

0 HE
SA

EAN . POWER
AVY RIME
NDPAPER

ED

5

~

W
a
~
Z_

a EW
¢
W
3 n
Oa,
a¢

ZO ~
W o

It
W Fa

U
W~

FIGURE 1 1

8) LIF T

COMPARISON OF LEADING EDGE ICE AND UNIFORM ROUGHNESS,
CTP = 0.115, Re = 1 .3 m

FIGURE 10

w
C)

Q

¢
DRAG POLAR a

23



272 Appendix 5

f- .- -
, ~~ . ----- -<- „

0 CLEJW.VCWERE D
O HEAVY RME
Q SANDPAPER b) DRj

D D .

r

D CLEAN. POWE
EAVY RIME

RED

S0 H
ANDPAPER

c) PITCHIN C

0 .4

2.0

it
0

7 0.0

MEDIUM RIME _-CLEA N

ROUGH

HEAVY RIM E

i
0 .04 0.08 0 .12 0.16 0.20 0.2e

~ DRAG COEFFICIENT CD

-0.1

DRAG POL A
COMPARISON OF DISTRIBUTED ROUGHNESS (50 GRIT
SANDPAPER) AND LEADING EDGE ICE FOR POWERED

WINO-SLIPSTREAM INTERACTION (PROPELLER REACTION S
REMOVED) CTP = 0.115, Re = 1 .3 r 100

24



Wind Tunnel Investigation 273

CHORD FORCE CC

CLEAN
ti. .

ROUGH

i ~ i
-0 .20 -0.10 -0.12 -0.00 -0.04

DRAG CO

CALCULATED

COMPARISON OF DRAG AND CHORD FORCE FOR CLEAN AND ROUGHENED
UNPOWERED WING (50 GRIT SANDPAPER )

I I 1 I

0.4 0.0 1.2 1.8 2.0
LIFT COEFFICIENT C L

LEADING EDGE SUCTION FORCE COEFFICIENT
FOR CLEAN AND ROUGHENED UNPOWERED WIN G

020

0.0 5

-0.05

I, MEDIUM RIME

~% iFROUGHNESS

~ HEAVY RIME

.~:.,~ '~~ 1 ~~ ✓t
'
( I i I

0.4 0.8j 1 .2 1. 6 2 .0
~ LIFT COEFFICIENT C L

~

CHORD FORCE vS LIFT COEFFICIENT
COMPARISON AND LEADING EDGE ICE FOR POWERE D

WING-SLIPSTREAM INTERACTION (PROPELLER
REACTIONS REMOVED) CTp a 0.115, Re . 1 .3 x 100

FIGURE 1 2

25


