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EXECUTIVE SUMMARY

The response of a wind turbine when the blades travel through the
wake of its supporting tower is an important consideration in the
design of a wind energy conversion system. This tower induced flow
perturbation, commonly known as tower shadow, has the cyclic effect
of unloading a blade for a short period of time with each rotor revolu-
tion. A periodic force of this nature has the capability of exciting
vibratory responses and exhibiting a fatigue affect on the long range
operation of the turbine.

For this study, the response of the rotor to the unsteady loading is
examined using two analytical models that deal with an isolated turbine
blade. One.model assumes the blade to be rigid and hinged at the hub,
while the other model assumes a flexible blade cantilevered at the hub.
Two approaches were chosen because each has certain advantages. The
rigid model is simple and linearized yet offers insight into the problem,
while the flexible blade model includes many non-linear terms and provides
an in-depth analysis of the blade motion. Each model is solved to
identify general trends that occur under normal wind turbine operation.

The wake that perturbs the blade is quite complex because a wind
turbine pipe tower is a cylindrical bluff body that produces a wake with
features common to most bluff bodies. The wake is generally unstable
giving it a variable structure. Flow features change with windspeed, tower
diameter, turbulence, and a host of other physical parameters. It is not
feasible to account for all aspects of the complex wake flow; thus, a

simple wake model is used as an approximation. The main features of the



wake required to preserve the nature of the blade interaction are the
wake width and loss of wind speed. These features are approximated by
using a rectangular velocity decrement occuring behind the tower,
This tower shadow model is shown in Figure 1. The velocity decrement
has strength (wo), width (z) and it maintains the periodic frequency of
blade passage. A simple momentun analysis of the wake velocity yields
the result,

CD

\
W = — = ] - ——
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for estimating the velocity decrement. Since the Reynolds Number is usually
high, the largest velocity decrement permitted by this model is Wy = .5,
meaning the windspeed behind the tower is half the free stream velocity.

In modeling the turbine so that the tower shadow affect is clearly
portrayed, it is necessary to isolate the wake-blade interaction from the
many other unsteady variables. The variables that will be neglected in
the force system are changes in wind speed and rotational speed of the
rotor, wind shear, and gravity. This leaves a system that is periodically
perturbed by the tower wake.

One model used for the simplified analysis consists of a rigid slender
beam attached to the rotor hub by a hinge-spring. This model is known as
an off-set hinge model and has been used extensively for helocopter
studies as well as having been successfully adopted to wind turbines in
many recent studies [7]. The model is shown in Figure 2,

The governing equation of motion for the isolated blade represents

a periodically forced single degree of freedom system. The governing
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Filgure 4.3
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equation is given by the following expressionsﬁ
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An equivalent wake is determined by setting the shaded area behind

the tower equal to the area of a sector swept by the blade;

This definition for the wake assumes that the velocity change depends only
on the blade asimuth angle, so the wake acts instantaneously over the
entire blade when the shadow is encountered.
As an ekample of the blade response, a solution is determined for
the steady state operation of the WF-I is a 9 m/s (20 mph) wind. During
rotation, the tower shadow deficit occurs between (sy + 180°) and (s8¢ - 180°),
but the resulting response is not significant until the blade begins its
ascent from the bottom of rotation. The turbine blade follows an oscillating
path as it rotates about the wind shaft. The oscillating. pattern is similar
for all windspeeds because the damping remains less critical. The blade root
bending moment for the example case illustrates the response (Figure 3).
Oscillations of the blade root bending moments are the most important
feature of the response. These oscillations are best described by their
) and minimum values (M

max imum (Mma ). Figure 4 shows the maximum,

X min
minimum and steady moments encountered over the entire operating range of
wind speeds for WF-I. The magnitude of the steady root moment drops quickly
when the operational mode is changed to constant rotational speed. A more
subtle change occurs in the magnitude of the oscillations. If the steady
moment is removed from the response, a clear picture of the tower shadow
perturbation results (Figure 5). The flatwise moment variation increases

at a faster rate under constant rotational speed (region III) operation,

than would have occured if constant tip-speed-ratio has been maintained.



FIGURE 4.7
RIGID PREDICTION
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FIGURE 4.9
CYCLIC LOADS
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In addition to blade root bending moment variations, the wake contri-
butes to the yaw motion experienced by the turbine. During high winds,
WF-I has been observed to oscillate about a position slightly yawed away
from the wind direction. A motion of this nature is indicated by the
predicted shadow data when the blade moments for the entire rotor are
resolved about the yaw axis. An example of the resulting yaw moments
occuring in a 20 m/s (44 mph) wind are shown in Figure 6. The yaw
moment has a frequency of three times the rotational speed with an
amplitude variation about a positive mean yaw moment.

The previous simple rigid blade model is not adequate for an analysis
of the force distribution along the blade. The rigid model is useful for
determining many dynamic affects caused by the tower shadow, but the
rigid model lacks the ability to handle blade fiexibility and a complex
geometry. A wind turbine blade is a non-uniform non-homogenious beam and
the entire motion of the blade is needed for a detailed analysis of loading
and moments.

The equation of motion for a differential element of a flexible rotor

blade is; >
2 2 2 3
3 3x 3 3 (62 +mY-
E I + 9 A m F
o E G T el Doy T T
2 2 2 2
3 9 3 X 9 9X 3
E I + - 2 9X B, S
e R SRR A A A
where; R 2
G = mr zdz = blade tension
z
E = Elastic modulus
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M = lineal mass

Ixx’ Iyy’ Ixy = aero moments of inertia

Fy’ Fx = aerodynamic and centrifugal loads

It is evident by examination of these equations that the blade motion

is coupled in the lag and flapping planes. There is no closed form
solution for the expression, so an approximate method for solution is
required. A modal analysis is chosen as the preferfed solution technique
since the equations are uncoupled in the modal frame of reference.

For this model, tower shadow is represented by a rectangular pulse
that is both a function of azimuth angle and blade radius. Therefore, the
velocity deficit is applied gradually starting at the blade root as the
blade encounters the wake.

Rated conditions were also chosen to show the typical response of
the blade when tower shadow perturbation is disrupting the flow. Figure 7
shows the blade root bending moment prediction for the flexible blade.

The blade response has many similarities to the rigid blade analysis in
that the shadow response occurs after the blade passes behind the tower
and the recovery from the shadow indicates a damped oscillation. Bending
moments are not severe because the tower shadow is applied and removed
gradually. The gradual loading of the blade is believed to be a realistic
model of the physical situation. |

Part of the output from the solution of the equations of motion includes

the steady-state forces that would exist for a uniform flow field. The
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maximum bending moments on the blade occur between the .5 and .7 blade
radius stations. The stress occurring on this section of the blade should
be a maximum because the cross-sectional area decreases towards the tip.
Figure 8 shows the affect that pre-coning the blade 10 degrees has on

the bending moment distribution. Centrifugal relief reduces the total
moment by more than half, which is a significant reduction of the steady
applied loads.

In summary, both models indicate that the tower wake imparts a
force that causes the blade to have a damped oscillatory motion with
large deflection amplitudes occuring on the upswing of the blade (y > 180°).
The major discrepancy between the two model predictions involves the magni-
tude of the resulting forces. Larger cyclic forces are always predicted
by the simple rigid model because the shadow is assumed_to encompass the
entire blade instantaneously, while the complex model assumes a gradual
application of the shadow.

Of the two approaches, the rigid system solved by computer code RIGID
proved to be easier and less time consuming than its flexible counterpart
solved by computer code DYNAMICS. Since the simp]e model predicts a more
drastic response, it serves to make conservation estimates of the blade
loading. The more complex model serves the purpose of defining a detailed
loading distribution along the blade. For design applications, the simple
system will indicate problem areas and the complex system will define the

loads at those problem areas.



15
FIGURE 5.6
CENTRIFUGAL RELIEF
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ABSTRACT

The design of a wind turbine involves the combination of many
pakameters, one of which is the determination of the dynamic load cases
affecting the blades. The dynamic loads include many periodic and
random fluctuations. Of these loads, the cyclic loading of the blade
as it passes through the wake of the wind turbines supporting tower
is the subject of this paper.

The tower wake and/or shadow causes a change in the deflection
pattern of the blade on a once per revolution per blade basis. Analytical
predictions developed for this project show that the blade exhibits an
oscillatory motion. The amplitude of oscillation ranges from a maximum
on the upswing of the blade to near zero amplitude immediately before
the tower wake is encountered on the downswing.

The magnitude of the tower induced load variation is an essential
part of a wind turbine design because cyclic load variations have a
fatiguing effect on structural components that must be included in the
design process. Therefore, the enclosed analysis offers a procedure for
predicting the wind turbine blade response to tower shadow for use in

preliminary design applications.
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INTRODUCT ION

The response of wind turbine when the blades travel through the

wake of its supporting tower is an important consideration in the
design of a wind energy conversion system. This tower induced flow
perturbation, commonly known as tower shadow, has the cyclic effect

of unloading a blade for a short period of time with each rotor revolu-
tion. A periodic force of this nature has the capability of exciting
vibratory responses and exhibiting a fatigue affect on the long range
operation of the turbine. Therefore, the tower shadow must be taken
into account to assure structural integrity.

The extent of tower interference is primarily determined by the
geometry of the support. There are two major types of support structures
commonly employed, the truss tower and the pole tower. Little has
been accomplished to qualify the affect of a pole tower wake distur-
bance. The majority of available data has been produced by the Depart-
ment of Energy for the truss towers that support their Targe demonstration
systems. The wake behind a truss tower is relatively stable and can
be predicted using Prandtl's mixing length theory. The wake behind
a pole tower is only well behaved for low wind speeds. At moderate
and high wind speeds, the wake becomes unstable because the near wake
is 1in the region of vortex formation. Even without the added compli-
cation of blade motion, present theory cannot predict the detailed

near wake structure for anything but low wind speeds.



The purpose of this project is to evaluate the affect of tower
shadow on the turbine rotor. A wind turbine rotor blade is driven by
forces that nave inertial, elastic, and aerodynamic origins. Of these
forces, the aerodynamic force is the result of the dynamic reaction of the
blade to the air. Therefore, flow pertubations caused by the tower result
in unsteady forces that produce blade motion.

The response of the rotor to the unsteady loading is examined using
two analytical models that deal with an isolated turbine blade. One model
assumes the blade is rigid and ninged to the hub, while the other model
assumes a flexible blade cantilevered into the hub. Two approaches were
chosen because each has advantages. The rigid model is simple and linearized
so that it offers insight into the problem, while the flexible blade model
includes many non-linear terms that complicate the system. Each model is
solved to identify general trends that occur with normal wind turbine
operation.

it is hoped that the results of this research will give a designer
insight into the tower shadow phenomenon to assist him with design decisions,

because an understanding of tower shadow is vital to the cost, safety, and

reliability conditions necessary for the economic generation of power from

the wind.



CHAPTER 2
THE UNIVERSITY OF MASSACHUSETTS WIND FURNACE 1

2.1 Operational Aspects

To facilitate the investigation of tower shadow, the wind turbine
operating at the University of Massachusetts is used as a typical example
of a high speed horizontal axis windmill. This wind turbine, known as
the Wind Furnace I (WF-I), is used for the space heating of a home,

Solar Habitat I. WF-I has a downwind configuration with a three bladed
9.9 m (32.5 ft.) diameter rotor, and the torque developed by the rotor

is transmitted to a 31.5 kW a.c. synchronous generator. The entire
rotor-generator system is mounted atop a 18.3 m (60 ft.) stayed pole mast.
The turbine has a design capacity of 25 kW at 11.7 m/s (26 mph) wind
speed.

Operation of the WF-I is defined by four regions: (1) start-up;

(2) constant tip-speed-ratio; (3) constant rotational speed; and (4) shut
down. These operational regions are shown in Figure 2.1, a representa-
tion of power output as a function of windspeed. Power production is
controlled with changes in blade pitch angie and generator excitation;
Pitch angle and excitation are set by a pre-programmed microprocessor
based on rotor speed. Figure 2.2 shows the pitch changes that occur from
start-up to shut down as a function of wind speed.

In region I, start-up, the blades are pitched to 40° to produce
maximum start-up torque. The wind speed musf be sufficient to turn the
rotor at 40 rpm before the blades are pitched to 6.0° for region II
operation. Throughout region II, the aerodynamic conditions needed to
extract the maximum power from the wind are maintained by keeping the

3
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tip-speed-ratio at a constant value of 7.5. Tip-speed-ratio is the ratio

of rotor speed to wind speed;

w=2R (2.1)
0
where: & = rotor rotational speed
R = rotor radius
V0 = wind speed

The generator excitation is used during constant tip-speed operation to
control the rotor rpm so that the power will follow a cubic relationship
with increasing wind speed.

When the rotational speed reaches 167 rpm at rated conditions,
region III operation begins. The rotor speed and power remain constant
throughout region 111 because the blades are pitched to "spill the
wind." This control of speed and power is maintained until the turbine
is shut down. Region IV, shut-down, is brought about by pitching the

blades to an angle of 90° or full feather.

2.2 Structural Parameters

The rotor blades are the primary components affected by the tower
shadow. As elastic structures, the blades are continually subjected to
a cyclic un-loading as they pass behind the tower. Sicne the un-loading
pattern is periodic, fatigue and resonance problems will be a factor in
any design. Therefore, the blade structural properties must be known
before an analysis of the tower shadow perturbation can progress, since
the aerodynamic, elastic, and inertial forces depend on the geometry

and material composition of the blade.



The wind furnace blades are designed to have a twist and chord
distribution near the optimum as predicted by aerodynamic theory and
they are designed with an NACA 4415 airfoil section. The blades are
constructed of glass reinforced plastic (GRP) molded into three structural
members, the spar, skin, and trailing edge stiffener (Figure 2.3). The
blade root stock is a steel sleeve which serves as a bearing support to
cantilever the blade into the hub at a coning angle of ten degrees.
The blade design is summarized in Table 2.1 [2 ]. These design para-
meters are then used as input to the structural computer codes, MOMENTS,
and FREQ, developed by Perkins [ 2]. The output of these computer codes
includes the following blade section structural properties: the mass
distribution, mode shapes, and natural frequencies whose values are
giveﬁ in Table 2.2 with the modal coordinate system (Figure 2.4). A
mode shape is the orientation of the blade when it oscillates at a
natural frequency. For a flexible system there are an infinite number
of natural frequencies, but only the lowest few frequencies are important

to the response of a system.

2.3 Vibrational Considerations

The natural frequencies and blade properties presented in the previous
section are sufficient to perform an elementary vibration analysis of
possible resonant conditions. Resonance occurs when the frequency of
the applied force system coincides with one of the natural frequencies
of the body. At the resonant condition, large amplitudes may develope
causing a loss in structural integrity. To determine the resonant

frequencies, it is necessary to identify cases where the blades' natural



TABLE 2.1
BLADE DESIGN

WF-1 (Radius = 16.25 ft)
L.E. to Skin Spar Web
r/Radius Chord Twist Spar Web  Thickness Thickness Thickness

(Station:10) (ft) (degrees)  (ft) (in) (in) {in)

.1 1.35 45 .54 .036 .238 .238

.2 1.46 25.6 .584 .036 .238 .238

.3 1.26 15.9 .504 .036 .205 .220

.4 1.02 10.4 .41 .036 .205 .150

.5 .85 7.4 .34 .036 .205 .050

.6 .73 4.5 .29 127 . 186 .050

.7 .63 2.7 .25 .027 .148 .050

.8 .55 1.4 .22 .018 110 .050

.9 .45 .4 .18 .018 .072 .050

1.0 .35 0 .14 .018 .053 .050
Epin™ 22 x 10%ps1 G . = .5 x 10%si  p_,. = .0565 11:’5
Eopar= 44 % 10%si Gepar= -3 X 10%si o = 0501 15



FIG. 2.3
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STATION
0.100

Table 2.2

SFAaN
0,200 0.300 0.400 0,300

MASS DISTRIEUTION (KG)

10.050

X MODAL
0.000
0.000

0.000
Y MOoDAL

0.000
0.000
0.000

NATURAL

6:123 4,766 4.016 3.463
COORDIMNATES

0.000 70.010 70,020 70.040
0.010 0.050 0,110 0,180
“0.010 70,020 70,040 T0.060
COORDIMATES

0.010 0.030 0,090 0,170
0.000 0,000 0,000 0.000
0.030 0.090 0.180 0.270

FREQUEMCY ( F:ADIQNS/SECOI-!D) .
28,430 64,450

Figure 2.4
MODAL COORDINATES

10

0.600 0.700 0.800 0.900

2,696 1.999 1.473 1,025

“0.060 0.080 0,110 T0.130
0.290 0,430 0.600 0.790
0,050 "0.030 0,030 0.120

0.290 0,430 0,600 0.790
0.020 0.060 0.110 0.180
0.280 0.140 70,190 T0.700

?9.550

i.000

0.527

“0.160
1.000
0.150

0.990
0.250
“0.950
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frequency coincides with the periodic force of the tower shadow.
Previously determined blade natural frequencies were developed for
a non-rotating system. These frequencies will not be the same for a
rotating system. The centrifugal force resulting from rotation stiffens
the blade and thus raises the natural frequency. The increase in natural
frequency is determined with the aid of the Theorem of Southwell, which
is discussed in Appendix A. Briefly, this Theorem states that the
frequency is divided into two parts, the non-rotating effect and the

rotational effect. These two parts are combined using equation 2.2:

W =w "t af , (2.2)
where: Wy non-rotating frequency
= rotational speed
o = Southwell coefficient.

The Southwell coefficient (a) is found using the expression;

45R gz
dp,2
z mi(s5) dzdz
R0 Ro dZ

a = 23 (2.3)
5[& M ﬂz d z
o}
where: R = rotor radius
vRo = hub radius
@ = mode shape
m = mass per unit length

The Southwell coefficients for the first three frequencies for the

Wind Furnace blades have the values;



12

o = 3.635
@, = 3,458
aq = 5,813

These values are used in conjunction with eq. 2.2 for the evaluation of
the natural frequency at any rotational speed.

Force frequencies are now needed to complete the frequency analysis.
The un-loading of the rotor behind the tower produces a periodic force
that has a primary harmonic component equal to the rotational speed
(1P) on each blade and a three per revolution (3P) harmonic on the rotor.
These two harmonics are largest in magnitude, but they are not the only
components produced by the excitation. The nature of the tower shadow
is periodic and unlike a sinusodal disturbance, a periodic force system
can excite many frequencies. The forced frequencies occur at integer

multiples of the rotor speed;

w = NQ (2.4)
where: n = integer
In general the high harmonics have negligible effects on a system.

A comparison of the frequencies is c]ear]y shown by the fan diagram
(Campbell plot) in Figure 2.5. The straight lines extending from the origin
indicate the various harmonics of rotor speed and the curved lines repre-
sent the natural frequencies. Each intersection of a harmonic line with
a natural frequency line represents resonance. Since the occurance of
resonance is generally unavoidable, its effect must be minimized. The
safest region to have an occurance of resonance is when the rotor speed
is variable, since the large amplitudes associated with resonance occur

when the frequencies coincide for extended periods of time. Operational
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experience with the Wind Furnace indicates that the many resonant condi-
tions occuring in region II operation do not affect the structure of

the system. It should be emphasized that resonant conditions occuring
at rated rpm will generally damage the turbine since the frequencies
coincide for prolonged time periods. From this point, the analysis will
involve the development of a wind turbine model that predicts the load

variation induced by the tower shadow.



CHAPTER 3
FLOW BEHIND A PIPE TOWER

3.1 The Ideal Wake

A wind turbine pipe tower is a cylindrical bluff body that exhibits
a wake with features common to most bluff bodies. One feature is that
the wake close to the tower is strikingly different from that'existing
far downstream. The far-wake occuring more than 100 tower-diameters
downstream is stable and predictable. Prandtls' mixing length theory
serves as the analytical technique used to predict the velocity distri-
bution in the far-wake. The near-wake is generally unstable giving it a
variable structure. Flow features change with windspeed, tower diameter,
turbulence, and a host of other physical parameters. The remainder of
this chapter concentrates on the near-wake because it is this region
that represents the tower shadow. In order to discuss the wake, it is
convenient to divide the flow into classes that have similar properties.
There are generally four classifications given to the wake: slow viscous,
subcritical, critical, and supercritical [3]. Each class is experimentally
determined and identified by a Reynold's Number regime, where the Reynold's

Number is defined as the ratio of inertial to viscous forces:

VOD
Re = ——\)— (3])
where: V0 = windspeed
D = tower diameter
v = kinematic viscosity

When wind speeds are low, the wake is classified as that of slow
viscous flow (o < Re < 40). Under these low Reynolds Numbers, the wake

15
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is stable because viscous forces dominate the flow. A]though the wake
is stable, gradual changes occur throughout the slow viscous regime.
For Reynolds Numbers up to five, the flow stays attached to the tower.
Above a Reynolds Number of five, the boundary layer separates from the
surface of the tower creating two vorticies. These vorticies are side
by side and remain stationary behind the cylindrical tower. These
stationary vortices begin oscillating as the Reynolds Number increases
beyond 40, because the fluid inertial forces now have a greater dominance
over the flow. Further increases in the inertia of the flow causes the
vorticies to periodically leave the cylinder one at a time from alternate
sides. This periodic vortex shedding is the dominant feature of the sub-
critical wake regime (40 < R, < 1.5x105). The parameter used to describe
the periodic production of vorticity is the Strouhal Number (St)a defined
as:

S, = +— (3.2)

where: f = frequency of vortex production (Hz)
and has a value in the neighborhood of .21 throughout the subcritical
regime. In this region, the fiuid boundary layer separates from the
surface of the cylinder at approximately 82° from the up-wind stagnation
point. Since separation occurs on the front portion of the tower, the
wake directly behind the tower is wider than the diameter of the tower.
The wide wake of the subcritical regime continues until the boundary
layer becomes turbulent.

Transition to turbulence triggers the critical region of flow
(1.5x105 < Re < 1.5x106). Turbulence transfers momentum into the

boundary layer causing the fluid to re-attach after initial separation.
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Therefore, the point of separation moves to the back side of the tower.
Re-attachment of the boundary layer is accompanied by the diminishing
width of the wake and an increase in the Strouhal Number (St .44). When
the Reynolds Number attains a high enough value, separation and subsequent
re-attachment of the boundary is no longer present, so the flow is classi-

6). In this flow regime, separation occurs

fied as supercritical (Re > 1.5x10
only oce at about +120° from the up-stream stagnation point. The wake is
wider than it was for the critical regime and the Strouhal Number decreases
to an average value of .28. The drag coefficient acting on a cylinder is
a good indicator of the four classes of flow, where drag coefficient is
defined as:

Fd

C,= ——m (3.3)
d° 172 ovoA

where: Fd drag force on the body

p = fluid density
V = fluid velocity
A = cylinder area

Figure 3.1 shows the drag coefficient plotted as a function of the
Reynolds Number. At low Reynolds numbers, high drag coefficients indicate
the slow viscous regime. The drag coefficient then decreases and levels
out in the viscinity of unity throughout the subcritical regime and then
drops drastically in the critical regime.

When a Reynolds Number versus wind speed curve (Figure 3.2) is
developed for an assortment of tower diameters, it becomes apparent that
the tower Reynolds Number is generally high. The wake, therefore, is in

the vicinity of the critical flow regime. Figure 3.3 is an example of
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a time average of the velocity in the wake near the critical regime [4].
Because the averaging process masks the unstable nature of the wake, it
has many features common to the flow occuring at Reynolds Numbers less than
five. One notable feature in the fiqgure is the region of stagnant fluid
extending 1.2 diameters benind the tower. This stagnent region or tower
shadow would impart a strong impulse to the blades if they were to pass
through. In the more developed flow downstream, the shadow is less pro-
nounced. At present, the WF-I blades rotate through the more developed
flow since the tower is .254 m (10 in.) in diameter. If a .762 m (30 in.)
tower were installed, the blades would travel through the stagnent region.
The plane of rotor rotation for the present .254 m (10 in.) and the .762 m
(30 in.) tower are superimposed on Figure 3.3 to emphasize the affect that
changing the diameter has on the flow. Plans for changing the WF-I tower

nave been developed and Appendix I outlines the procedure.

3.2 Complications with a Wake Analysis

The categorization of the wake into distinct groups, identified by ranges
in Reynolds Number, is only useful as a rough approximation. The four discrete
regimes were developed using standard experimental conditions for the flow
around cylindars. When conditions stray from the experimental standard,
transitions between discrete categories occur at different Reynolds Numbers.
The transition from subcritical to critical flow is particularly sensitive
to deviations. It is unfortunate that the critical region is sensitive,
because the tower wake occurs in the range of critical Reynolds Numbers for
normal operation and a tower exposed to the environment is far from standard
conditions.

The wake structure, occuring in the critical region, is due to a

transformation of the boundary layer from laminar to turbulent. This
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transition is determined by physical features of the wind and the tower.
Tower roughness and wind turbulence have a major effect on the critical
Reynolds Number. A rough tower and/or turbulent wind triggers the transi-
tion from the subcritical region at lower Reynolds Numbers while higher
Reynolds Numbers are needed if the tower is smooth and/or wind is steady.
Also, protrusions from the tower contribute to the wake. The orientation
of guy wires, rungs, etc. create disturbances that may widen or other-
wise significantly affect the wake in an unpredictable manner.

The rotor adds its own contribution to the wake because it slows
the approaching wind and interferes with wake formation behind the tower.
The result of downstream interference is indicated in Figure 3.4, which
portrays the affect that a short splitter plate has on the wake of a
cylinder. As the plate in moved downstream, the Stroukal Number and base
pressure'coefficient (Cps) change. The drop in vortex shedding frequency
‘and increase in pressure occur because the plate disturbs the formation
of the vorticies. When the plate is moved beyond the region of vortex
formation, the coefficients abruptly return to their normal values [5].
The rotor may affect the wake in a similar manner since it acts in this
region of vortex formation.

These external parameters combine, creating a system which is not
ameanable to a complete analytical or experimental analysis. Therefore,
the next section serves to reduce this complex situation into a simple
model representing the wake and tower shadow effect.

3.3 Wake Model
Since it is not feasible to account for all aspects of the complex

wake flow, a simple wake model is used as an approximation. The main
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features of the wake required to preserve the nature of the wake -
blade interaction are the wake width and loss of wind speed. These
features are approximated by using a rectangular velocity decrement
occuring behind the tower. This tower shadow model is shown in
Figure 3.5. The velocity decrerent has strength (wo), width (6 ) and
it maintains the periodic frequency of blade passage. The rectangular
pulse is chosen because it is simple and adaptable to analytical or
numerical methods. A periodic pulse of this form can be modeled with a

Fourier serjes. This series has the form:

e

(v) = aj * I a cos ny (3.4)
n=1
8
where: a = wo_
) gﬂ
w
= __Q 3 [‘__5
an n sin 2
¥ = azimuth angle

One approximate method of calculating the velocity decrement and
shadow width is by assuming that viscous effects are negligible and that
the tower is a semi-permiable membrane. This assumed structure produces
the same wake as previously modeled. The wake width is the same as the
membrane width, which has a value equal to the tower diameter. The
velocity decrement is found using the momentum theorem in conjunction
with experimental data for the drag as a cylinder.

When a control volume is established around the tower, the momentun

equation for the system has the form:

Fp=eQ (V0 - v) (3.5)
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TOWER SHADOW MODEL
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where: Fy = 1/2 pCD VO2 D is tower drag force/unit length

p = density of air
Q = VoD is the flow rate/unit length
v = wake velocity

Re-arranging equation (3.4) yields the simple result for the velocity
decrement as:

c
wo=g=1 - D (3.6)

o Vv, 2
Since the Reynolds Number is usually high, the drag coefficient never
has a value greater than one. Therefore, the largest velocity decrement
permitted by this model is W, = .5, meaning the windspeed behind the
tower is half the free stream velocity. This simple model will serve
as the wake representation for the estimation of the tower sﬁadow effect

performed in the following chapter.



CHAPTER 4
RIGID BLADE MODEL

4.1 Rational

The dyanmic response of a wind turbine rotor is a complex problem
and tower shadow is only one facet. For a preliminary analysis of the
tower shadow effect, this chapter presents a method to simplify the
rotor system and clarify the dynamics. In general, the wind turbine has
many degrees of freedom that are set into motion by a complex force
system. The forces that act on the rotor are aerodynamic, gravitational,
and inertial. Of these forces, the aerodynamic and inertial forces contri-
bute to the blade response from tower shadow. Aerodynamic forces are
due to the interaction of the air on the turbine blades and the inertial
forces are the result of blade motion.

Ideally, the aerodynamic forces would be steady if the wind acted
uniformly over the entire rotor at a constant speed with no gravitational
affects. But this ideal situation never exists. Aside from gravity,
wind variations Tike gusts, shear, and tower shadow result in an unsteady
loading condition on the rotor which may have damaging results. The
potentially damaging effects of tower shadow have already been proven
by operational experience with the NASA MOD-0O wind turbine. With the
initial tower configuration, the tower shadow resulted in excessive blade
flapping and consequent material fatiguing. Subsequent removal of the
stairs from within the tower structure significantly reduced the tower
shadow [ € ].

In modeling the turbine so that the tower shadow effect is clearly

portrayed, it is necessary to isolate the wake-blade interaction from the
27
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many other unsteady variables. The variables that will be neglected in
the force system are changes in wind speed and rotational speed of the
rotor, wind shear, and gravity. This leaves a system that is periodically
perturbed by the tower wake. Simplifications in the structural aspects
of the rotor are also required when modeling the turbine, The rotor blade
is assumed to act like a rigid slender beam with motion in the: plane of
rotation (edgwise) uncoupled from that perpendicular to the plane of
rotation (flatwise). Of these, the edgewise motion is small and will be
neglected .since the aerodynamic requirements of the blade produce a
structure that has small edgewise forces and a large edgewise stiffness.

Three coordinate systems are used to describe the turbine blade
motion (Figure 4.1). The XYZ system that is attached to the hub and
rotates with a constant speed (Q). An X'Y'Z' system attached to the blade
root and inclined by the coning angle (A). The blade is then Tlocated by
the XYZ system that is fixed to the blade, so that it moves through the

flopping angle (g) measured from the (X'Y'Z') blade root system.

4.2 The Off-Set Hinge Model

The specific model used for the simplified analysis consists of
a rigid slender beam attached to the rotor hub by a hinge-spring. This
model is known as an off-set hinge model and has been used extensively
for helicopter studies as well as having been successfully adopted to
wind turbines in many recent studies [ 7]. The model gives a good approxi-
mation for the lowest mode of blade vibration in flapping. This approxi-
mation of the motion is shown in Figure 4.2 which displays the lowest

mode shape for the WF-I and the hinged blade motion.



Mgure 4.1
Coordinate Systems

I

| =

XY Z system: Rotor hub coordinate system, it rotates at the
machine rpm.

X y z system: Blade root coordinate system, it is inclined at
the coning angle A.

x’y'z'aystem: Fixed to the blade, and inclined to the x y 2z
system by the flapoing asngle €.

Y : Blade agimuth mezsured from the top of rotation.
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The goVerning equation for the free motion of this system is found
using the free-body diagram of blade forces shown in Figure 4.3. When
~moments are resolved about the hinge spring, the equation takes the

form;

2

I8 + eR rcg Qz M [Bcos A + sin A] + IQZ [8(cos™x - sinZA] + (4.1)

cosx sinal + KBB =0

where: I = mass moment of inertia of a blade
M = mass of a blade
R = radius of the turbine
e = hinge effect
= center of gravity measured from the blade root
ke = hinge spring stiffness
® = rotational speed
A = coning angle
g = flop angle
Higer order terms in 8 have been neglected since this angle is generally
small [ 7]. The equation of motion is more convenient when the offset

hinge constant;

Mr .
£ = —ETEH- (4.2)
is introduced. Then eq. 4.1 becomes;

2 K

g + 8[r2(ecosk + cos?x - sin A) +-7§J ¥ rl (esinx + cosx simy) (4.3)

=0
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The solution of eq. 4.3 represents the motion of a freely vibrating wind

turbine blade with a natural frequency (wn) given by:

K
wnz = QZ(ECOS A + cosh - sinzx) + is- (4.4)

The natural frequency exhibits the rotating and non-rotating components

discussed in section 2.3,

2 _ 2 2
Yy =% yotating ¥ non-rotating (2.2)
at rest, the turbine blade has a natural frequency of
K
2 - B
® non-rotating 1 , (4.5)

Blade rotational speed causes the blades to stiffen, which increases the

natural frequency by the amount

2

_ 2 2 2 . 2
“ rotating Q (ecosA™ + cosS A - sin A) (4.6)

A steady centrifugal force is also produced when a coned blade rotates. This

centrifugal force creates a moment given by,

MC = QZ(ESTn A + COSA sina) (4.7)

that pulls the blade towards the plane of rotation. The action of this
moment serves to relieve the aerodynamic moments that deflect the blade

away from the plane of rotation.

4.3 Aerodynamic Loads

A wind turbine is driven by the dynamic reaction of the blades to the

air. A blade acts as a 1ifting surface because it posses an airfoil
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cross-section. The magnitude of the 1i¥t force depends on the blade
orientation and the square of the air velocity acting parallel (Up) and
perpendicular (UT) to the plane of rotation. Figure 4.4 shows the
geometry of the forces and velocities acting on a blade cross-section

used to express the equation for 1ift (L) per unit Tength;
N
L = ip;u] C V o (4.8)

Since the tower shadow changes, the perpendicular velocity encountered
by the blade, it changes the 1ift and creates blade motions. Calcula-
tion of the velocity variations is essential to the force evaluation.
The simplified wake model developed in section 3.4 defines the
velocity deficite created by the tower. Equation 3.3 is used directly
if the wake width (6) is replaced by an equivalent azimuth arc length
(s¢). An equivalent arc length is determined by setting the shaded
area behind the tower equal to the area of a sector swept by blade

(Figure 4.5) yielding the expression:

Sy = T (4.9)

Therefore, equation 3.3 is re-wirtten as;

w_Sy ©
0 2w

= + . ns

Wiv) = I =% sin 1L (4.10)

This definition for the wake assumes that the velocity change depends
only on the blade azimuth angle, so the wake acts instantaneously over

the entire blade when the shadow is encountered.
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Ub a velocity perpendicular to the rotor plane
U, = velocity tangential to the blade element

(This velocity is primarily due to rotatiom Qr)

Vg = \/Ut2,+ Up2 = resultant total velocity at blade element

U
¢ = blade element angle = tan'l-ﬁz

t
& = blade element pitch angle
a = blade element angle of attack

2 = 1ift force per unit span

35



36
FIGURE 4.5

SHADOW  MODEL




37

A simplified equation for the 1ift force variation due to velocity

changes is developed in Appendix E and presented below by equation 4.11.

21 2 1 , 2 2 ep 3
L=3vyla Eg{uon(1-w(w))-Xin~B n-n"e (1-90) n’e, (4.11)
Vo
where: Uy = oR 1/tip-speed ratio

v,
A = 5%; induced velocity ratio

n = r/R; station span

4
y = gElgEB_ ; Lack's inertia term
g' = %%.= -gg “1apping speed

8 = blade twist
8 = blade pitch

The variable velocity components in the 1ift equation are the tower shadow

and blade motions.

An integration of the flatwise contribution of 1ift from the blade

root to the blade tip determines the blade root bending moments (MBA)'
R 1 2
M, = ~S L cos® cosB rdr - g' LR"ndn (4.12)
BA
0 0
The result of the integration yields;
i = 10 M0 (1yy) A BL_6p g0 (4.13)
BA 2 3 374 "4 20 :

which is combined with the free vibration equation (eq. 4.3) to obtain

the governing equation for the forced motion of a wind turbine blade.
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w,.2

Y . n _ 0 X'i ) 00 _
g'i+ Ly +Q—ze-§ 2 (-w) -5 - F -5 =M (4.15)

The motion implied by equation (4.15) and the solution fdr the expression

will be discussed in the next section.

4.4 Solution of the Governing Equation

The governing equation of motion for the isolated blade represents
a periodically forced single degree of freedom system. Equations of
this type have been studied extensively in many vibrations texts and
this section will draw from methods developed for vibration analysis to
examine the tower shadow response [8 ]. The classical form for the

differential equation of motion of a single degree of freedom system is

given by;
B+2¢ w B+ wnze = M(t) (4.16)
where: t = damping ratio
w, = natural frequency
M(t) = applied moment

and it is useful to arrange equation (4.15) into this form.

In the time domain, the isolated blade equation is expressed by;

2 Yy wn2
Syt g—B+ —B =
Q 8a Q
I 0 Ad 9 90 Mc
T K Owat)) -5 -F -5 -5 (4.17)
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It is interesting to note that the system damping has an aerodynamic
origin, as indicated by the coefficient of the flapping velocity (8).

The magnitude of the damping is related to the Lock Number (y) and
subsequent motion of the blade after it is perturbed depends of the amount
of aerodynamic damping. If the damping is greater than or equal to a
critical amount, the blade will not oscillate after it has been disturbed.
The damping ratio (%) serves as an indicator for subsequent blade motion
since it is the ratio of the actual damping divided by the critical

damping. For this system, the damping ratio is given by;

af

C:._.__
]Gwn (4.18)

When this ratio is less than one, the blade oscillates. In general, the
windlturbine blades will have a damping ratio l1ess than one indicating
that the blade exhibits a damped oscillation after the tower shadow has
been encountered. The frequency of the damped oscillation is expressed
as;

wd =W ] "’C (4.]9)

and the amplitude of oscilation decays exponentially, because the blade
behaves 1ike a damped single degree of freedom system.
A steady moment (MST) and the periodic moment (MP) comprise the

total moments acting on the blade root.

M(t) = MST - MP (4.20)

The steady moment, given by,
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=L g2 o (A1 _8p 80y oZr i
Mep = 5 vIr [3 3 i 20] I [esinx + cosisina] (4.21)

has no affect on the blade motion. It only serves to initially deflect

the blade by the amount,

B, = — (4.22)

and the proper choice of coning angle results in zero initial deflection
for the blade. Blade motions are the result of the periodic moment caused

by the tower shadow,

Mp Mpo wiyp) 5y 1a -§-w(W) (4.23)

where the tower shadow has been represented by a Fourier Series. Now
that the coefficients of equation ( .16) have been defined, a solution
can be obtained.

The steady state solution for the blade flapping deflection is
expressed by a series, where each term in the series is the contribution
to the deflection made by each harmonic of the Fourier tower shadow

representation. Therefore, the total response of the blade is given by;

T 2w .
M WSy o 2 sin 2% cos (ny-0 )
=g +-00 97 , ; Ir 2 n_ . (4.24a)
o T 4.?% pat 2 2 2 |
“h C {w,.-n@%) + (2 w_an)
: n n
where the phase angle (Qn) between contributions is;
A wn n
ﬂn = arctan [——2*"——2—] (4_24b)
w_ =N

n
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A practical evaluation of the response using equation (4.24) requires
the truncation of the infinite series. The number of terms necessary
to assure the desired accuracy of the solution depends on the width of
the rectangular pulse (8y). If (8y) were close to m, the series would
converge rapidly, but this is not the situation behind a pipe tower.
The wake produced by a pipe tower is narrow, so that the solution does
not converge rapidly to a steady deflection. Since the closed form solution
of the equation of motion converges at a slow rate, numerical techniques
are necessary. Computer code RIGID, listed in Appendix C, is used to

solve the equation of motion using Eulers' time stepping integration.

4.5 Analysis of Wind Furnace I

The equations presented by the previous section will be used for
the analysis of the WF-I. Since the WF-I does not have the specific
geometry assumed by the off-set hinge model, an equivalent blade must

be developed. The equivalent system retains the following turbine

characteristics:
Blade radius R=4.95m (16.25 ft.)
Hub radius R, = 0.495m (19.25 1in.)
Blade mass M = 15.44 kg (34 1bs.)

Natural Frequency w, = 25 rod/sec
Coning angle x o= 10°
The slender rigid blades required by the model have mass moment of
inertia equal to;

1

2 2
I= zm (R-RH) = 102.15 kgm
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This moment of inertia is then used with the blades' natural frequency

to obtain a hinge spring constant;

2. n-m
kB =0 I = 63843 Tadius

Aerodynamic loads are determined from mean values for the blade chord
and twist distribution, because the blades have been modeled with a

constant chord and linear twist. The equivalent chord has the value;

= ,262 radius

As an example of the blade response, a solution is determined for
the steady state operation of the WF-I is a 9 m/s (20 mph) wind. Equa-
tion 4.16, the governing equation of motion has coefficients equal to

the quantities;

0 = 28.814 rad/sec
t = 0.345
MST = 2569 n-m

Mp = 4919.515 n-m

and a solution for the equation of motion is performed by computer code
RIGID. The blade tip deflection due to a .254 m (10") shadow width in
a 9 m/s (20 mph) wind is shown in Figure 4.6. The blade root bending
moment also shows the response (Figure 4.7). Moments will be used

throughout the chapter because the blade stress is dependent on the
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magnitude of the bending moments. During rotation, the twoer shadow
deficit occur between (&8¢ + 180°) and (8¢ - 180°), but the resulting
response is not significant until the blade begins its ascent from the
bottom of rotation. The turbine blade follows an oscillating path as it
rotates about the wind shaft. This osciallating pattern is similar for
all windspeeds because the damping ratio remains less than unity.
Oscillations of the blade root bending moments are the most important
feature of the response. These oscillations are best described by
their maximum (M

) and minimum values (M_. ). Figure 4.8 shows the

max min
maximum, minimum and steady moments encountered over the entire operating
range of wind speeds for WF-1. The magnitude of the steady root moment
drops quickly when the operational mode is changed to constant rotational
speed. A more subtle change occurs in the magnitude of the oscillations.
If the steady moment is removed from the response, a clear picture of the
tower shadow pertabation results (Figure 4.9). The flatwise moment
variation increases at a faster rate under constant rotational speed
(region III) operation, then would have occured if constant tip-speed-
ratio had been maintained.

Increases in the tower diameter also change the root bending moment
due to changes in the tower shadow. Figure 4.10 shows the affect of
tower diameter on the moment variation in a 9 m/s (20 mph) wind. The
response due to the amount of blockage is small for a narrow tower and
increases to a maximum as the tower diameter is enlarged. Increasing
moment variation occurs because the response is a function of how long
the blade remains shaded and the strength of the blockage. 1In the 1limit,

the tower will shade the entire rotor and the periodic component of the

bending moment will converge to steady value. Convergence occurs about
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the steady moment due to wind speed minus the tower shadow deficite.

In addition to blade root bending moment variations, the wake
contributes to the yaw motion experienced by the turbine. During high
winds, WF-I has been observed to oscillate about a position slightly
yawed away from the wind direction [9 ]. A motion of this nature is
indicated by the predicted shadow data when the blade moments for the
entire rotor are resolved about the yaw axis. An example of the resulting
yaw moments occuring in a 20 m/s (44 mph) wind are shown in Figure 4.11.
The yaw moment has a frequency of three times the rotational speed with
an amplitude variation about a positive mean yaw moment. Experimental
data has been collected at Tow windspeeds that verify the frequency of
the tower shadow perturbation on the yaw characteristics of the turbine [9 ].

In summary, the off-set hinge representation of a wind turnine offers
a simple technique to indicate elementary affects of tower shadow on the
rotor dynamics. The next step in the analysis is the inclusion of a
non-uniform flexible blade into the model so that the bending moment
distribution along the blade can be determined. This more involved

analysis will be presented in the next chapter,
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CHAPTER 5
COMBINED LEAD-LAG AND FLAPPING RESPONSE OF A
WIND TURBINE ROTOR BLADE

5.1 Rational

The simple rigid blade model of the previous chapter is not adequate
for an analysis of the force distribution along the blade. The rigid
model is useful for determining many dynamic effects caused by the tower
shadow, but the rigid model lacks the ability to handle blade flexibility
and a complex geometry. A wind turbine blade is a non-uniform non-homo-
genious beam and the entire motion of the blade is needed for a detailed
analysis of 1oading and moments.

lhe equation of motion for a differential element of the rotor
blade is found using the same coordinate system developed for the rigid
blade model. To simplify the derivation of the equation of motion,
torsional effects are negiected. This leaves only coupled flatwise and
edgewise motion. The forces and moments acting on a blade element are
shown in Figure 5.1. These forces and moments are the local shear
force (V), the bending moment (M), the aerodynamic load (F), and the

centrifugal tension (G). Force equilibrium on the element requires that;

oG 2. _
ZFZ -E-mr z=0 (5.])
v 2
9 X 9 X _
ZFy Sz fxtm=0 (5.2)
ot
aV a2
EFy —5§-- Fy + " =0 (5.3)

Integrating expression 5.1 with respect to z yields for the centrifugal

tension Gj3
51
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FIGURE 5.1
DIFFERENTIAL ELEMENT
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R
G =S mrlzdz (5.4)

M
3 X 3y _
ZMy, ~ Vy + G 3> 0 (5.5)
M Ty +5 ey (5.6)
X az X z *

Differentiating the moment equations with respect to z gives;

2
I°M Vv
Xy Y43 (¢3Yy -
7t 5 vz (G37) =0 (5.7)
3z
2
oM 3V
Yy X 4 9 Xy
2 * 3z * V4 (6 32 0 (5.8)
3z

A substitution from equations 5.2 and 5.3 into 5.7 and 5.8 yields;

aM, 20 - :
+F -m2¥+ 2 (g =0 5.9)
az2 y atZ Az 3z
2
3 M 2
A -m X4 2 (g Xy -
Mgty Bg) =0 (5.10)

Bending moments in equations 5.9 and 5.10 are given by the Euler-Bernoulli
theory of bending [10]. For small displacements, the moment is related

to the displacement by;

M =-E 31+ 1 ) (5.11)
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M =-E(§E11 +32"1 ) (5.12)
yTEE e '

When the bending moments are substituted into the equations of motion

(5.9, 5.10), the following results;

—33—[5(32"1 R )]_3_(6%)+m32=Fy (5.13a)
22° 922 W g2 XX 3z ot

2 2 2 2

3 3 3_X d X 3°x _
;Z[E(—a—z%lnyfa_z?Iyy)]'a_z(Ga*z)J'ma_tZ'Fx (5.13b)

It is evident by examination of these equations that the blade motion
is coupled in the lead-1ag and flapping planes. There is no closed form
solution for the expression, so an approximate method is required. A
modal analysis is chosen as the preferred solution technique since the
equations are uncoupled in the modal frame of reference. The derivation
of the uncoupled form is carried out in the next section and the solution

is obtained using computer code DYNAMICS which may be found in Appendix D.

5.2 Modal Equations of Motion

Modal analysis is based on the assumption that the response of a
system is determined by the linear combination of the orthogonal mode
shape. The mode shape represents the deflection configuration of the
system when it vibrates at a natural frequency. In other words, the
mode shapes and natural frequencies are solutions to the free vibration
equation. A further explanation of modes and their orthogonal properties
can be found in most vibrations texts [11]. The combination of modes

comprizing the response of the blade is represented by;
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x| ey )] P,(x) | Bplx)”

: = ! g (t) + ‘
LyJ | 1 2,(y)

. g (t) (5.14a)
P, (y)! "

where @ (x,y) is a mode shape and gn(t) is a modal amplitude, This

equation is conveniently expressed in vectbr subscript notation by;

(5.14b)

where the summation is implied by repeated subscripts. This notation will
be used throughout the chapter.
The governing equation of motion (eq. 5.13) has the following form

in subscript notation;

aln 1yh > .
(Agq &)+ (Byy &1 + Xy 8y = Fy (5.15)

, S S _ & ol
where: Aii yy- Xy Bii { %
ey Ixx & 0

. M0 . F) X

ii " Fes x5t \
0 M _F_y; Ly

If the right hand side of equation (5.15) is zero, the equation representing

the free vibration of the blade results;

(A.; E:")" + (Bii £,

ii & "'+ C.. £ 0 (5.16)

When a system oscillates in a normal mode (ﬂij) with a natural frequency
(wj), every part of the system oscillates in phase or antiphase with every
other part of the system. Thus, the typical displacement is expressed

by;
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£y = ﬂij sin wjt (5.17)

There are an infinite number of these solutions for the freely vibrating
blade. Since the equations of motion (5.15 and 5.16) and their solutions
(5.14 and 5.17) are known, the mcdal equation can be determined.

The modal equation of motion represents the difference between the
forced motion and the free motion. A substitution of eq. 5.14 into the
governing equation generates;

(Ajj 570" 95+ (B, wijl)l 95+ C45 B35 95 = Fy (5.18)

A substitution of eq. 5.17 into the free vibration equation yields;

Hin 1 ' 2 =
(Aii Qij ) gj + (Bii Qij ) gj - wj Cii gij gj 0 (5~]9)

When eq. 5.18 and 5.19 are pre-multiplied by the transpose of the mode
shape (jS) and subtracted from each other, a modal equation for the

differential element results;

.. 2 -

A1l the coupled terms have been eliminated from the modal equation because
of the orthogonality property of the mode shapes. The orthogonal
condition stipulates that;

ﬂji wij #0 for j =3 (5.21)

and

(0'3-1- (01-3- =0 for j#3J (5.22)
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When eq. 5.20 is integrated from the blade root to the tip, the

modal equation for the entire blade results as;

R R

‘e 2 A
jS Cii gij dz (gj + wj gj) iS jS Fi dz (5.23)
Ro Ro
The first integral is named the modal mass;
R
R0 ’

and represents a diagonal mass matrix because of the orthononality

conditions. The second integral is the generalized force;

Q. = p.. F. dz (5.25)

For an unconed turbine blade, the generalized force is composed of the
aerodynamic forces on the blade, but if coning is present, it must include
the additional centrifugal force. Therefore, the additional centrifugal

component;

Fy = Maz2 tan » (5.26)

is added to the aerodynamic loads to obtain the generalized force as a

coned turbine blade.

Therefore, the uncoupled modal equation;

.e 2 _ '
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and assumed response

(5.28)

represent the total motion of the wind turbine blade. An advantage of the
modal equation is that a sufficiently accurate solution is obtained when
only the first few modes of vibration are included in the analysis.
Usually the modal equation of motion (5.27) can be solved in the
modal coordinate system. However, for the wind turbine rotor blades,
the aerodynamic loads depend on blade velocities; therefore, the modal
equations cannot be integrated directiy. Thus, the solution involves the
transformation between the modal coordinates and the physical coordinates
to calculate the aerodynamic loading and the generalized forces. Computer
code DYNAMICS listed in Appendix B is used to solve the modal equations

for a wind turbine generator.

5.3 Aerodynamic Loads

In Chapter 4, a simplified expression for the aerodynamic Toading on
the rotor was presented. This expression excluded many higher order
terms so that an analytical integration would be possible. Since numerical
techniques are used for the modal analysis, the neglected variables can be
included in the force system. Blade element theory is retained for the
determination of the aerodynamic forces, but the blade element diagram
shown in Figure 4.4 is modified to include drag (Figure 5.2).

Both 1ift and drag depend on the relative wind (VR) and the angle

of attack (a). The magnitude of these forces are given by the equations;



perpendicular velocity

tangential velocity
Utz + Up2 = resultant velocity

blade element angle
blade pitch angle
angle of attack
1ift

drag

59



60

pC,C vR2 Ar (5.29)

N —

and

_ ] 2
D=50p CD C VR Ar | (5.30)

The 1ift and drag coefficients, Cm and CD’ are experimentally determinéd
quantities that depend on the airfoil shape. These quantities are
generally expressed graphically as shown in Figure 5.3, which shows the
characteristics of the NACA 4415 airfoil used in the construction of the
WF-I blades [12].

The relative velocity acting on the airfoil is composed of components
perpendicular (Up) and parallel (UT) to the plane of rotation. These
paraliel and perpendicular velocities acting on an element of the blade

are given by;

Up = V0 (1 - (a+w(y)) - u (5.31)
UT = qr (14b) - v (5.32)
where: Vo = wind speed
= axial interference factor
b = radial interference factor
w(y) = tower shadow factor
u = x blade velocity
v = y blade velocity

For this, modal tower shadow is represented by the rectangular pulse of
section 3.4, but it is both a function of azimuth angle and blade radius.
Therefore, the velocity deficit is applied gradually starting at the blade
root as the blade encounteres the wake. Figure 5.4 displays this tower

shadow approximation.
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Rotor induced velocities are indicated by the axial and radial
interference factors. No attempt is made to calculate these quantities
for the dynamic system. They are assumed to be equivalent to the inter-
ference factors obtained from a steady state momentum analysis of the
wind turbine. Momentum theory determines the axial and radial inter-
ference factors by iterating through the following equations until they

converge upon the proper values [13].

)

_ o0 l-a_ 1l-a
tan @ = EZ_Y_‘- 1+b = U(.H'E (5.33)
Bc (C; cos § + C, sin @)
a  _ D

8r r sinzﬂ

b _ B¢ (C; sinp - C, cos @)
1-b

(5.35)
87 r sin @ cos @

In these equations (b) is the number of blades, (C) is the chord length,
and (P) is the relative pitch angle.
Once the velocity components are determined, they yield the angle of

the attack (a), since;

Q
1)

B - (s, +0,) (5.36)

and

=
U}

arctan (Up/Ut) (5.37)

The angle of attack is then used with airfoil data (Figure 5.2) and
eqs. 5.29 and 5.30 to determine the 1ift and drag on the blade element.
The 1ift and drag forces are resolved into components parallel and per-

pendicular to the plane of rotation as;



Fx

Fy

-Dcos P +Lsinp

Dsin@d+L cos @
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(5.38)

(5.39)

to serve as the aerodynamic input to the generalized forces defined by

eq. 5.25.

5.4 Analysis of Wind Furnace

I

An extensive analysis of the WF-I blades using computer code DYNAMICS

has been performed and the results are presented in this section.

The

data necessary for the analysis has been 1isted in the previous sections,

but an example of the input is condensed below for review and ease of

reading.

"DATA

WIND SPEED (M/S),s40s00s000ss
TIP SPEED RATIO, , 4000000000
PITCH AMGLE (DEG), 4000000060
CONING AMGLE (nEG)ooooooo?OO
SHADOW WIDTH (M)isesssssssne
sSHADOW STF:EI'IGTH V/V o oo soo0o0
BLADE RADNIUS (M) ,s0000000000
STATIOM SFANM

0,100 0,200 0,300 0,400
CHORD DISTRUBUTION (M)

0.411 0.445 0.384 0.311
TWIST DISTRIRUTIOM (DEG)

45,000 25,400 15,700 10,400
AXIAL IMTERFERENCE FACTOR

0.090 0,140 0.180 0.200
RADIAL IMTERFERENCE FACTOR

0.140 0,050 0,027 0,016
MASS DISTRIBUTIOM (KG)

10,030 6.123 4,766 4.016
NATURAL FREQUEMCY (RADIANS/S
28.430

X MODAL COORDIMHATES
0.000 0,000 70.010 70.020
0.000 0,010 0.050 0.110
0,000 70,010 0.020 T0.040
Y MODAL COORDIMNATES
0,000 0,010 0.030 0.090
0,000 0,000 0,000 0.000
0.180

0.000 0,030 0.090

?.000
7.500
“6.000

10.000

0,254
0.500
4,953
0.500
0.259
7.400
0.210
0.011
3,463
ECOMD)

64,450

~0.040

0.180

0,060

0.170
0.000
0.270

0.600
0.223
4,500
0.230
0.008

2.696

~0.060
0.290

'T0.050

0.290
0.020
0.280

0.700 - 0,800 0,900 1,000
0,192 0.168 0.137 0.107
2,700 1,400 0.400 0.000
0.240 0.250 0,250 0,270
0.006 0,005 0,004 0.003
1.999 1,473 1,025 0.527

99,550

~0.080 ~0.110 ~0.130 ~0.160 -
0,430 0,500 0.790 1,000

-0.030 0,030 0.120 0.150
0.430 0.400 0.790 0.990
0.060 0,110 0,180 0.250
0,140 ~0.190 ~0,700

~0.950
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ST units are employed by the program and it should be noted that all angles
inputed into the computer code are in radians. The use of degrees in the
output is for simple identification.

Part of the output from the program DYNAMICS includes the steady-
state forces that would exist for a uniform flow field. Rated conditions
were choosen for the typical example of the forces and moments. Figure 5.5
shows a comparison between the flatwise and edgewise moment distributijon.
In the previous chapter, edgewise motion was neglected altogether and the
magnitudes of the moments indicate that the assumption was reasonable.

The maximum bending moments on the blade occur between the .5 and .7 blade
stations. The stress occurring on this section of the blade should be

a maximum because the cross-sectional area decreases towabds-the tip.
Figure 5.6 shows the affect that pre-coning the blade 10 degrees has on
the bending moment distribution. Centrifugal relief reduces the total
moment by more than half, which is a significant reduction of the steady
applied loads.

Rated conditions were also chosen to show the typical response of
the blade when tower shadow perturbation is disrupting the flow. Figure 5.7
shows the blade root bending moments and Figure 5.8 shows the tip_deflection.
The blade response has many similarities to the rigid blade analysis in
that the shadow response occurs after the blade passes behind the tower
and the recovery from the shadow indicates a damped oscillation. Bending
moments are not severe because the tower shadow is applied and removed
gradually. The gradual loading of the blade is believed to be a realistic
model of the physical situation. Also the damped natural frequency of

the true geometry is less than exists for an assumed constant chord blade.
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FIGURE 5.6
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FIGURE 5.7
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FIGURE 5.8

PREDICTION

MODAL

JTIONY HINNWIZY

09¢ 078 092 O¥Z 00z 09l oz op Qv O el
0961
- 0203
S HION3YLS
N2SZ° HLAIM
‘MOQVHS
SNOILIONOD a3lvy [ 090¢
-4 M
L0012
L oIz
P\ A 0912
L0222
0922

W-N LININOWN LOOd 3ISIMLvVd



70

The damping is indicated by the number of oscillations a blade makes during
a complete revolution.

Over the entire operating range, tower shadow causes a cyclic response.
The magnitude of the oscillations are shown in Figure 5.9, which shows

the maximum (Mmax)’ minimum (M . ) and steaty (Mst) moments for the WF-I

min
blade. The steady bending moments increase in region II operation and
decrease in region III, while the cyclic tower shadow moment variation
increases steadily with wind speed. The magnitude of the moment variation
also increases when the wake width becomes larger as shown in Figure 5.10.
A doubling of the shadow width is accompanied by a doubling of the cyclic
moment variation. Therefore, the common sense approach of small tower
causing fewer problems applies to the tower shadow predictions.

To examine the affect that important parameters have on the dynamic
model, a sensitivity plot is developed. Figure 5.11 shows the sensitivity
of the model to changes in coning angle, wind speed, shdow width, and shadow

strength. The ordinate is defined as;

Parameter value _P

Standard Parameter value Po

and the abssica is defined in terms of the variation in cyclic bending
moments, where the variation is defined as the maximum blade root bending
moment minus the minimum blade root bending moment;

Variation of Moment - M

v
Standard Variation of Moment ﬁ;6

Standard conditions are defined for the WF-I as;

Wind speed = 9 m/s (20 mph)
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Coning angle = 10°

Shadow width = .254 m (10")

Shadow strength = .5
The results of the sensitivity test indicate that coning angle does not
effect the cyclic loading pattern and that windspeed is a dominant variable
for high windspeeds. Both windspeed and shadow width have a decreased
affect when they have small values. The physical significance of the de-
creasing affect is that the moment variation is approaching a steady value
other than zero. For the shadow width the 1imiting case is an impulsive
load, and for the wind speed, it is the moment variation that occurs
at cut-in velocity. In conclusion of this chapter, it should be noted
that the wake structure has been defined by a simple model and this model

may be changed at any time if more detail is known about the wake or blade

response.




CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The purpose of this study was the evaluate the affect of tower shadow
on the wind turbine rotor. Two models were developed for the assessment
of rotor blade response. One model involved a simple rigid blade while
the other modeled a complex flexible blade. Both models indicated that
the tower wake imparts a force that causes the blade to have a damped oscillatory
motion with large deflection amplitudes occuring on the upswing of the blade
(v >180°). The major discrepancy between the two model predictions involves
the magnitude of the resulting forces. Larger cyclic forces are always
predicted by the simple rigid model because the shadow is assumed to encompass
the entire blade instantaneously, while the complex model assumes a gradual
application of the shadow.

Of the two approaches, the rigid system solved by computer code RIGID
proved to be easier and less time consuming than its flexible counterpart
solved by computer code DYNAMICS. Since the simple model predicts a more
drastic response, it serves t0 make conservative estimates of the blade
loading. The more complex model serves the purpose of defining a detailed
loading distribution along the blade. For design applications, the simple
system will indicate problem areas and the complex system will define the
loads at those problem areas.

The computer codes have been documented in the appendices to facilitate
their use. These codes many be extended to include force variation due
to wind shear and gravity by program modifications that change the applied
loads or wind field, not the solution technique. Since the solution technique
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has been successful.

6.2 Recommendations

Although the models predict solutions for the wake blade interaction,
experimental information is needed to confirm or refute the predictions.
Experimental analysis should include both frequency and amplitude analysis
of the blade motion.

A frequency analysis is needed to verify the blade natural frequencies
and resonant conditjons. Of the possible resonant conditions, the 3Q forcing
harmonic occuring in a 7.6 m/s (17 mph) wind speed should be particularly
strong because the blades natural frequency coincides with this forcing
frequency. A power spectral density analysis should yield most of the frequency
information, since the application of this analysis is to establish the
frequency composition of data [16].

Experimental data will also yield information about the blade motion
and wake structure. The blade motion may not be apparent from the data
because the data will contain a large amount of extraneous information.

Much of the extraneous data will have frequency components less than or
equal to 22, This Tow frequercy information can be eliminated by high pass
filtering techniques. Once the extraneous affects have been removed, trends
of blade motion may be identified.

For the determination of the wake structure, it will be necessary to
vary the tower diameter. This variation can be performed by encompassing
the tower with shrouds. The shrouds not only change the wake width but
they will alter the wake strength which is related to the ratio of X/D,
where X is the distance from the plane of rotation to the tower axis and

D is the tower diameter. A method of condensing the large quantity of
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information is with the use of non-dimensional parameters. Cyclic moment

variations may be non-dimensionalized by

2(M
“(Mmax-men) M
Mmax'Mmin Mave

The non-dimensional terms allow a plot of the non-dimensional moment versus
Reynolds number for various X/D ratios. This type of experimental analysis
should facilitate the identification of the wake and the verification of

the proposed analytical predictions.
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APPENDIX A

A.1 Theorem of Southwell

The Theorem of Southwell mentioned in section 2.3 is discussed
'here because of its usefullness in accounting for the centrifugal
stiffening of a rotating blade. The Theorem states that in an elastic
system, the spring forces can be divided into two parts, §uch that the
total potential energy is the sum of two partial potential energies.

Thus, the natural frequency (wn) of the blade can be approximated by;
W=y +w2 (1)

where W is the natural frequency at standstill and w, is the natural

2
frequency of a blade having no bending resistance, Centrifuga] tension is
the only stiffening component of Ws - Rayleigh"'s method is used to
establish the rotating frequency when the blade mode shape is assumed
to remain unchanged by blade rotation [14].
Therefore, if the non-rotating mode shape (@i) is given, then the

maximum potential energy due to centrifugal loading is;

o,
S G(gz)" dz (2)

R

0

where G is the centrifugal tension,

R
G iS e’ zdz (3)

Z
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The maximum kinetic energy for a system oscillating at a natural frequency

is expressed by;

Now, the rotating frequency of the blade is given by equating the

. . 2
energies and solving for w ;

When G is replaced by its integral definition, equation 5 is re-arranged

R Z ap .
Y‘ZJ j mzdz (?l 2 dz
R R z
2

to yield the solution;

where o is the Southwell coefficient given by

R R dﬂi 2
S g mz dz (E‘) dz dz
0
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A.2 Program South

The solution of this equation is performed by function SOUTH. This
function uses a data package that consists of a group of stored variables.
The stored quantities are shown in the program listing as underscored
names, which have the following meaning;

RADIUS, rotor radius

To run the program, type SOUTH and the computer will return the

solution.



A.3 FLOW CHART FOR PROGRAM SOUTH

l INITIALIZE VARIABLES J

COMPUTE @12 - MO
dg,
- COMPUTE -2 = DM

R

DETERMINE THE UPPE

iINTEGER OF EQ. 6 (IN

I
v

i DETERMINE THE LOME

iINTEGER OF EQ 7 (IN

—

i

[N UUUIPAREERS IS SO

|

T

|

R
.

R
2)]

INT+IN2

i PRINT THE
| SOUTHWELL COEFFICIANTS
S :

END )

‘]
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A.4 PROGRAM LISTING

£11
£21
£33
CAa1
C£S13
C61
€71
€81
€93
£101
Ci13d
€123
£131]
C141]
£153
L1613
€173
£1i81]
(1231
£201
£211
221
£231
L2413

£251

vSQUTHL]]v
PALESOUTH T D HMO5ASI;DM;M] 3 MDM ;ST 5S2; MM I INDGT

- o Y e e - o2

Ae(H:2),D
Ield™ 14\ D
DMeAp 1
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MDMeM] xDiMx D
S1¢S2¢AFQ

IeT1d\

Ie2
L13S2[03T]eS205I-11+S1L51]
IeI+]

2(ILD) /L]
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MMeM] xMOXD

TeAP1, ((P-2)P2) 1
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A.5 TERMINAL SESSION

SOUTH
3.002994629 2,912068217 5.126333881

A.6 DATA RECORDS

RADIUS

. — o

S —— N o -

. SFACE

0.4953
MASS |

10,05 6,123 4.766 4.016 3.463 2.696 1,999 1,473 1,025 0.5266
MODEX

o 0 0,01 "0.02 ~0,04 ~0.06 ~0,08 ~0,11 ~0.13 ~0.16

0O 0.01 0,05 0.11 0,18 0,29 0.43 0.6 0.79 1
0 70.01 70,02 T0.04 70,06 T0.05 70,03 0.03 0.12 0.15

MOREY
0 0+.01 0,03 0,09 0.17 0.29 0.43 0.6 0.79 0.99
00 0 0 0 0.02 0.06 0.11 0.18 29
0

0.03 0,09 0.18 0.27 0.28 0.14 70.19 0.7 7T0.95



APPENDIX B

B.1 Aerodynamic Forces

This approach for calculating the 1ift on a blade element follows

the method presented by Stoddard, Structural Dynamics, Stability and

Control of High Aspect Ratic Wind Turbines, p. 59-66. To derive the

aerodynamic forces, we isolate a blade element dr at radius r, and draw
a vector diagram of the velocities perpendicular and tangential to the
rotor plane. This is shown in Figure B.1.

The drag is neglected since it is small compared to 1ift and the

1ift can be represented as;

L=z0C, O a (1)
where: p = air density
dc, _
C&a = 97 slope of the 1ift curve
C = chord
a = angle of attack

Significant aerodynamic perturbations will depend on changes in angle of
attack a, so VR will be allowed to remain constant. A further assumption

is made, saying that VR has roughly the same magnitude at Ut' Therefore,

y2 .y 2

N 2 e ,
R Ut = (Qr)” and 1ift is now;

1

L='2—Q 2

C!Lu C (ar)" o (2)
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Up = perpendicular velocity

<
ot
n

tangential velocity

Vp = Ut2 + Up2 = resultant velocity

h-4
]

blade element angle
© = blade pitch angle
2 = angle of attack

L = 11if4¢
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and;

U
a=arctan (@ - 0) =@ -9 = UR-- 8 (3)
t

This gives;

—

U
L = 7P CQ,DL C(Ql")z [Ui' - 9] (4)

We now assume linear twist along the blade, so total pitch is;

6 =0, [1 - r/R] + % (5)
with: eo = blade twist
ep = pitch measured at the tip

Therefore, the 1ift per unit Tength for a linearly twisted wind turbine

blade at constant Q is;

L = %—p Cla C(Qr)z [gi-- % (1 - %) - ep] (6)
The velocities can be written:
Up = ar (7)
Up [V, (1-w(y)) - vi] cos 8 - rg (8)
where: V= constant free stream wind
V. = axial induced velocity

w(y) = tower shadow deficit
g = flapping angle

rg = contribution of the flapping velocity
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For small flapping angles, cos B = 1. Now the 1ift expression is

written;
1 r, p |
L=50C, Coar [Up - ar e (1- &t eo] (9)
8
=1 - V.-rf- LA )
L =3 ocla C ar [v0 (1-w(y) VT8 Qreo(1 Rt eO)] (10)
or non-dimensionally;
1 2,1 21 2 %0y, 3
L= 5+I0 (Eéo [u n(1-w(w))-n.n-n“s" -n% (1+ eo)+n 8,] (1)

where non-dimensional quantities are:

6 =Yg= ]
o QR tip-speed-ratio
Vs
Ay = R - non-dimensional induced velocity
_r_ :
n =g = span station
o c,. CR?
Y = —~——%}———— Lock Number
1T_d _38
B =4 7 q

In physical terms, the Lock Number (y) can be descibed as the ratio
of the aerodynamic moment due to a sudden increase of blade pitch to the
centrifugal moment due to a sudden increase of a flapping angle [15].
Therefore, if the blade had infinite inertia, its motion would not be

effected by changes in aerodynamic forces and the Lock Number would be

zZero.



APPENDIX C

C.1 Program RIGID

This program is used for the analysis of the rigid isolated blade
model. The operation of the program is simple since only one data file
is needed for the input variables. The input data file is a 5 by 3 matrix

arranged in the following order:

Blade mass (kg), Mass Moment of inertia (kg mz), Center of gravity (m)

Radius (m), Hinge offset (m), Natural frequency (rod/s)
Pitch (rod), Twist (rod), Coning Angle (rod)

Chord (m), Windspeed (m/s), Tip-speed-ratio

Snadow Strength, Shadow width {(m), Axial interference

The program commences by first computing and printing the important
structural constants. After the constants have been established, the
differential equation is solved using Euler's forward stepping in time
integration scheme. Integration proceeds until the transient solution
is eliminated from the response. The transient motion fades after four
complete cycles, or rotor revolutions. Once integration is complete, the
solution is printed out.

The program then asks if you want an input record. If the operator
responds with YES, the data record is printed. If the operator responds

with NO, the program ends. Following is the flow chart for Program RIGID.
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C.2 Program RIGID Flow Chart

Initialize Constants

T 1
Enter Data File ‘ i
‘,
[
in the Governing ; !

Equation 1
! . S
- | FN=N+1
? | .

Print Constants ]

l | No
Set Limits: } i e N = NI
Tower Shadow, wl, w2 ;
Printout, PT

g
Total Revolutions,NI] :
. | } Yes

]
i [- Print Data

Perform Numerical }———-____ﬁ“_m“J %

Interation of the v
Equation
; No Input
| f T Record
Increment Azmuth % ;
Angle | J Yes
T - T + DT ; S i 4
i { Print Input File
No
“*\?T =T ' Stog
Yes
Save Data {
Matrix, TOT
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C.3 Program Listing

YRIGID[L[]Y
CRIGID BRLADE}D; T;TOT;KEF;E;OMNFSLO; MAMC;MST;ESTjMP;DR;SS;DS;WL3W23D0T;

N1§N3T13FT15FPT

£11 D¢ELADE

£23 KBeD[1321XDL233]22

£33 EeDC1#11xPL2521xPL1531+P0152]

£43 OMEDL4321X00433]1+D0251]

€53 MFSe((EX20D03537)+(((20003331)%x2)~(100[353])22)+KEB+D[152]XOMx2) XOM22
£s61 LO&(1,2Xx02XxD[4511XxPL2;1124)+DL1;2]

£73] MAE(((1-DL5331)+DPL4331x3)~((PL3$13+4)+(DPL332]+20)) )X (LOXDL]132IXx0M%x2)+2
£81 MC( (Ex10PL3531)+(20PL3533)X100L333])XxPL1;2]1Xx0OMx2

L2l MSTMA-MC :

L1017 BSTEMSTADL]1 3 2]XMFS

[11] MP«(0,5xLOXD[1;2]1xOMx2)+DI[4531x3

C121 DReLOXOM=14XHFSR0, 5

[131 Fe(2XDRXMFS0,5)+OM

£14] QREHNFS-OMR D

[15] ReMSTHDL152]1x0Mx2

£16]1  SeMPiD[132]1x0Mx2

C17]  'WIND SPEED (M/S)sesecesrssssoss' 210 3¢D[452] ,

Elej ‘PTICH A'.IGL'EQO000000000000000000.,10 3,D[3;13x180+01

E19J ‘TIPSPEED R“TIOOOOOOOOOQOOOQOOOO‘,10 3,n[4;3]

L2011 'ROTATIOMAL SPEED (RFM) ,,,.000000¢' 210 3¢OMx50+-02

£[2131 'HATURAL FREQRUEHMCY |, . 0000000000 '910 BZettFsSa0.5

E:'—’A?J .DAMPI"‘G RATIO...QOQOO.OOOQO.OQQ.,10 3,DR

L2332 'DAMFED MATURAL FREQUEMCTY , 4, 04004 '910 3¢DFe(( 1-DRx2) xo.S)XNFSxO.S
C24] 'FERIOD OF DAMFED OSCILATIOMN,,, +'910 Z¢02+-DF

EZSJ 'LOCK i.lUMBEROO000000000.00000000"10 3""0

[26] ‘SHADON MOMEt“T (l'!_M)OOO L 2K K BR IR IR BY BN BN ! ’10 3,“P

C271 'STEADRY STATE ROOT MOMENT (H-M),'s10 Ie¢MST

L2871 'STEADY STATE DEFLECTION (DEG),,'! 10 3+ESTX180+01

[291 '

[301 SS¢DP[5511]
£311 DSe2xDL552]+0L251])
£321 Witel1l-Ds5+2
[331] W2¢01+D5+2
L3431 N1e5

£351] PT¢01x1+180
L3861 FTil¢01x10+180
£371 Tiea2

£381 TePFTeMHeQ

£391 B¢EST

£401 DE&DDE«ME()



C41] L2:TOTe¢l S5fTyByDE,DDE,M

[42] L1:DE]eDB+DDEXDT

L4331 BleB+ ((DEB]+DE) D) XDT

L4441 DDBleR~-((PXDPE])+(AXE])+SXSSX(TIWL)A(TLWD))
C451 BeBE]

L4461 DBe¢DBE]

£471 DDB«DDE]
r481 TeT+DT
L493] FTeFT4+DT

[501] I(FTFT1) /L1
L5113 FT«0
£[S521 MeBXD[132]xXHFS

£S31] TOTeTOT T By DE,DDE,M
[541] I(T<«T1)/1
[551] T«0

[561] MeN+]
[571 (Rl ) /L2

£581] ! AZMOUTH DEFLECTION FROOT MOMENT ROOT MOMEMT'®
£591 ' ANGLE VARIATION VARIATIONM TOTAL !
601 (DEG) (PEG) (H=M) (H=M)

L611 T¢37 4r0

£621 TL31J«TOT[$311x180+01

[631] TL32]e(TOTL;2]~EST)x180+01
L4641 TL331e(TOTL55]-M5T)

L4651 TL741eTOT[551]

L661 12 3T

L6713 'DO TOU WANT AN IMPUT RECORD!'
L4681 EXITeA/'YES '=37[

L6931 S(EXIT=0) /END

C701 v

L7112 '

L721 'BLADE MASS (KG), . 0000000000 s0se0s0'210 3¢P[151]
C731] 'MASS MOMENRT OF IMERTIA (KG Mx2),.,,'v10 3+D[1:2]
L7431 'CENTER OF GRAVITY (M), ,4s0000000004'910 3eP[133]
€731 'RADIUS (M), 0000000000t ess0rseese'vy10 FeDP[251]
L761] 'HINGE OFFSET (M), ,.000000000600s00'910 39D[252]
L7731 'HATURAL FREQUENCY , , . 4000000000000 '910 3eP[253]
CL781 'PITCH (RADIAMS) 4000000000000 000ee'910 3?D[3;i]
L7911 'TWIST (RADRIANS) i o 0000000t 00s0esee'910 3¢D[3F21]
£L801 PCOMNING (RADIANS) 4 o 0000000000000 00'710 3¢e0[3531]
C811 'CHORD (M), . 0000000000000 00000sssee'910 3eR[4511]
£821 'WIND SPEED (M/S),,0000e00s0s0s000¢'910 394D[452]
£831] 'TIPSFEED RATIO, i o00000t 00t 0s000ee'910 304531
C841 ' SHADOW STREMGTH (VS/V),,4s400e0000s'910 39+DP[5511]
£851 'SHADOW WIDTH (M), ,0000s00e0000000e'910 3eD[552]
L8461 'AXIAL INTERFEREMCE, ,,,..0000000000+'9210 3¢D[553]

[87] ENDS.
<



C.4 Terminal Session

RIGID EBLADE
WIND‘SPEED (M/S5) ssaesesnssnssse
FTICH ANGLE, ,, 4000000000000 0000
TIFSPEED RATIO, o000 evectetocee
ROTATIONAL SPEED (RPM), . v e00000
MATURAL FREQUENCY , , s vs oot e e seos
DAMPING RATIO, 0000000000 s0000
DAMFED MNATURAL FREQUEHNCY ., ..00 0
FERIOD OF DAMFED OSCILATIONMN,,,..
LOCK MUMBER, (s o00¢t000000000t0s
SHADOW MOMENT (M-=M), s 0000000t 00
STEADY STATE FOOT MOMENMT (HN-M),
STEADY STATE DEFLECTION (DPEG),,

9.000
~6.000
7.500
130.218
28.814
0.345
27.048
0.232
11.655
4919.515
2569 .422
1.736

AZMOUTH DEFLECTIOM FROOT MOMENT FOOT MOMENT
ANGLE VARIATIONM VARIATIOM TOTAL
(DEG) {(DEG) (MN-M) (H~-M)

0.000 0.008 11.882 2581.304
10.000 “0.033 T49.199 2520.223
20,000 ~0.061 ~%0.815 2478.4607
30.000 T0.076 T112.269 2457.152
40.000 ~0.078 T115.446 2453.976
50.000 “0.070 ~104.014 2465.408
60.000 “0.056 82,588 2486.834
70.000 ~0.038 T55.944 2513.458
80.000 “0.019 —28.500 2540.921
?0.000 “0.002 3,692 2565.730

100.000 0.011 16.063 2585.485

110.000 0.020 29.504 2598.926

120.000 0.025 36.413 2605.835

130.000 0.025 37.404 2606.826

140,000 0.023 33.671 2603.093

150.000 0.018 26.710 2596.132

160.000 0.012 18.074 2587 .496

170.000 0.006 P.176 2578.598

180.000 T0.067 ~99.590 2469.831

190.000 “0.313 T463.144 2106.278

200.000 0,581 ~860.360 1709.062

210.000 “0.721 ~1067.243 1502.179

220.000 T0.743 T1099.729 1469.693

230.000 T0.671 T992.558 1576.864

240,000 “0.533 ~789.595 1779.827

250.000 T0.362 ~536.517 2032,905

260.000 “0.186 274,913 2294.,509

270.000 “0.026 2531.240

~38.182
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280.000
290.000
300,000
310.000
320.000
330.000
340.000
350.000

.360.000

DO YOU WANT AN IMFUT RECORD

YES

0.102
0.189
0.234
0.241
0.217
0.173
0.117
0.060
.0.008

150.676
279,527
346,150
356,315
321.311
255,346
173,280

88.518

11.882

BLADE MASS (KG)OOOOOQQQOQQOOQQQOOQ
MASS MOMEMT OF IMERTIA (KG Mx2),..
CENTER OF GRAVITY (M) oeeeseeesses

RADIUS (M)OOQO000000000000000"000
HINGE OFFSET (M)QQOOOOOOOQOQQOOOOO

T RATURAL FREQUEMCY , s s s s vesrsorssstn

PITCH (RADIANS)OOOO000000000000000
TWIST (RADIA'.‘S)QQ00000000000.‘00000
CDNI?*G (RA:’IANS). LI BN R BE K 2K 2K IR 2K 2K IR B 2R BE 2R BN 2

CHORD (M)0000000000000000000000000

WIND SFEED

(M/S)OOOOOOOOOOQOOOOOOO

TIPSFEED RATIO, i, is 000000000 00000
SHADOW STREMGTH (VS5/V) s e esssssosn
SHADOW WIDTH (M), 0000006000060
ARIAL IMTERFEREMCE , s s 0000 oss 00t 000

10 3¢BLADE

15.440
4,950
“0.,10%5
0,263
0.500

102,130
0.495
0.262
?.000
0.254

2.227
25,000
0.175
7.500
0.000

2720.,098
2848.,948
2915,572
2925,737
2890.733
2824 ,787
2742,702
24657 .940
2581.304

15.4490
102,150

2.22
4,950
0.493
29,000
T0.1035
0.262
0.175
0.263
?.000
7.300
0.500
0.254
0,000
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APPENDIX D

D.1 Program DYNAMICS

This is the main program used to solve the coupled differential equations
of motion for a flexible wind turbine blade. Operation of the program
commences by typing DYNAMICS. The program responds by asking if initial
conditions are to be specified. If NO, the initial conditions are assigned
internally. If YES, the operator is asked to input the necessary parameters
in modal coordinates. After initial conditions have been assigned, the
operator is asked to input the number of rotor revolutions before printout
begins, and the total number of rotor revolutions desired. For the steady
state forced response, operational experience indicates that the transient
motion is diminished after four rotor revolutions.

The majority of the input data consists of stored variables. These
stored variables are given underscored names. The input data is assigned
as follows:

WIND:; wind speed, m/s

WIDTH; tower shadow width, m

96



C HO R D; chord distribution, m

The sotred variables must be specified in SI units before program
operation commences.

Following is the flow chart for Program DYNAMICS,



D.2 Program DYNAMICS Flow Chart

Set Internal !
Dimensions |

nitial . Yes
N

Conditions

Subroutine ICOND
Prints Steady
Response and
Establishes Initial
Conditions

-
Enter Limits:

Print Revolutions, RP

Total Revolutions, RT

Subroutine SOUTH
Adjusts Natural
Frequencies

_—

Calculate System
Constants:
Modal Mass, MM
Print Interval, PT
Time Step, DT
Steady Velocities,
UPI, UTI

Calculate Tower
Shadow Limits
DP,DM
)‘ |

]
1

®

" Enter Initial
Conditions

Subroutine ICOND
Prints Steady
Response

U




ka]cu]ate Centrifugal
Loads

Main Integration
Loop

Compute Modal
Velocity, 7D
Deflection, Z

Compute Wind
Velocity, UP, UT

Compute Deflection,
u, v

Subroutine AERO
Evaluates Aerodynamic
Forces
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Yes
N« N+
_____ [ —
Yes

No

Compute Generalized
Forces, QX, QY

Compute Modal
Accelerations, ZDD

l

Time Step
T«T+DT




100

D.3 Program Listing

YDTHAMICS[ ]IV

ODYNAMICS
£13 MHeMODEH
£23 MYEMODEY
£33 De 1§ pMx
41 Ne™ 1§ pMX
LS3 Aeity D
£63 tDO TOU WANT TO SPECIFY IHITIAL COMNDITIOMS!
C713 REF‘LY(—A/'TES':3PE
[8] -)(REF‘LY;SO)/INITIAL
£2] DEF&INMCOMD
£101 Ze( 2y M) HLEF
C113 ZDEITDDE(2, 1) PO
C123 MHSeFTLTe0
Ci31 +START
[14] INITIAL:'EMTER IHMITIAL COMDITIONMNS OF THE MODAL STSTEM!'
€151 'DISPLACEMENT !
[163 ZeQ
{173 IYELOCITY!
£183 zoed
[193 tACCELERATION!
£201 ZDDe[]
2131 TAZINMUTH ANGLE!
£221 TeQ ,
[23] "HUMBER OF COMFLETED FEVOLUTIONMS!
£241 HS¢Oxe2 '
£251 DEF ¢« INCOMND

£261 FT«Q
[27] START:'HUMEER OF REVOLUTIOMS EBEFORE PRIMT OQUT!

£281 RP¢0

[291] tTOTAL REVOLUTIONS'

£L301 kTe0

£C311] v

£321 Mel4+T+02

£333] OMeTIPSEEEDXWIMND-RALLLIG

£341 F1€((EREQAR) +(OMA2)XSOUTH)X(Q,J

L3513 TERAPCAPLy ((D=-2)P2) 51

£341 MMeEd/ ((MRR2)IMTAR) X (APMASS) XTRAFXSEACE:2
£371 MSEMMXF 12

£381 FHe(20x01+180)
£3921 DT&(1Xx01+180)=-0M



£C401

£411
£421
£43]
[441
£451
L4641
L471
£481
£491
[501
£513
[521
[331
[543
L5531
[5461]
£S71
£581
£591
L4601
611
£s621
L6317
L6413
[651]
L6861
L6671
£&681
[691]
£701]
£711
£721
L7313
£741
L7513
L7631
£773
L7813
£L793
£801
£e11

[

L

E
<

101

UFle 1 xWIMDx(1~-8XIAL)

UT]1¢RADIUSXxSTATIONXOMX (1+FADIAL)

—— e A Y I s e e s - e

-y - Hegand P i Pl a4

DELT(DELT)1)+PELTX(DELT(])
DFeDELT4+01
DMe(O1)-DELT

alelogd

ZDED+I0DXDT

ZeZH(SDXDTHILZDOXDT D

UFRPcUP14+(T1Xy (SDL23 T4, XMT) ) +WINDXSTRENGTHX (DMLT-HNS) —(DFLT-N5)
UTEUTI+(T1Xy (IRL1 53+, XMX))

Ue g TL15 T4+, xMX

Veg ZL25 ]+, XMY

FeURP AERO UT

Qe+ /(TRAFXMXXAPFL13])XSFACE=D

RTe+/(TRAFXMYXAPFLD3 J+FC) xSEACE+D
ZOD[1 3 Je(RHEMM)—-(F1x2)xy=[151]

IOOL25 (AT MM~ (F1x2)x,Z[25]
TeTH+DTXOM

CYCLE«T=g2

F({(CTYCLE«N)¢1)/L-1

HSeT

HeNgy ]

1:93(CTCLE)RT ) JEND

F(CYCLE{FRF) /LOOF

FTEFTHDT XOM

F(FT(FN) /LOOF

TAZIMUTH ANGLE',S5 Q¢ (T-FFx02)x180+ail
'TDEFLECTIONS (CM) !

U ,7 J¥UX10

'V, 7 J+VX10

'FORCE DISTRIRUTIOMN (H/M)'

(X1 ey7 OeFTHEFL13J4(—-1XMASSX 420D 1534+, XMNY

T 7 OeFTTEF[25 1+ (T1XMASSX,ZD0L25 I+, XMY )+FC
TRENDING MOMENTS (M~-M)!

YY1 37 QeEMTEBEMDING FTXH

1KV 97 O#BMHTIXEBENDING FTY

L |

FTe)

F(CTYCLE(RT ) /LLOOF

HD$ tEND OF FROGRAM!'



D.4 Terminal Session

DTrHAMICS

O TOU WAMT TO SFECIFTY IMHITIAL COMDITIONS
MO
STEADLT DLEFLECTIOM (CM)
U 0,000 70,001 70,006 "0.014 ~0,023 ~0.037 ~0.054
vV 0,000 70,011 T0.033 T0,120 T0.244 T0,461 “0.753
STEADY EENDIMNG MOMEMTS (M-M)
v 416 412 “397 —370 331 -281 —220
» 1294 1310 1352 1406 1458 1461 1348
STEADY CEMTRIFUGAL MOMEMT DUE TO COMIMG (M-M)
K T2007 1985 T19095 T1754 TI522 T1222 “g8e2
STEADT AERODTHAMIC MOMENMTS (H—M)
“ 3301 3295 3257 31460 2980 24683 2240
HUMEER OF FREVOLUTIOMS EEFORE FRIMT OUT
as

4
TOTAL REVOLUTIOMS
s :

3.2
AZIMUTH AQMGLE 20
BEFLECTIONS (CM)
U 0,000 70001 T0,007 70,013 T0.,025 70,040 70.0359
v 0,000 T0.011 T0,033 T0.120 T0.244 T0.461 T0.753
FORCE DISTRIBUTIOMN (M/M)
~ 24 —38 45 47 48 T 49 49
Y 140 126 100 75 44 -39 ~130
EEMDIHG MOMEMTS (MH-M)
T 448 444 429 400 ~360 —306 T240
; 1297 1314 1335 1409 1460 1463 1349
AZIMUTH AMGLE 40
DEFLECTIOMNS (CM)
u 0.000 70,001 70,006 T0.012 70,021 70,033 T0.048
VY 0,000 70,011 0,033 T0.,121 T0.246 T0.464 ~0.,757
FORCE DISTRIEBUTIONM (H/M)
= T24 -38 ~43 T42 41 ~40 -39
T 140 1246 100 75 43 -39 130
EEMOIMG MOMEMTS (H-M)
T 3469 365 350 ~324 —288 T244 ~190
s 1299 1315 1357 1410 1461 1443 1348

T0.076
“1.145

150
1071

i
w
a
0

[y
(0]
Ol
O

~0,082
T1,145

~47
-218

T1463
1072

T0.067
1,150

37
—218
130
1070

102

T0.099
T1.619

~74
617

T0.106
“1.618

T43
277

—80
616

~0.087
T1.624

~34
276

“64
616

“0.124
2,049

“0.134
~2.048

~34
~314

0
0

“0.110

2,055

28

314



AZIMUTH ANGLE 60
DEFLECTIONS (CM)
U 0.000 70,001 T0.,006 T0.013

vV 0,000 T0.011 70,033 T0.121
FORCE DISTRIEUTIOM (M/M)

X ~24 -38 ~44 ~44
Y 140 126 101 76
BENDIMG MOMEMTS (MH-M)

T <404  T400 ~385  ~358

M 1301 1317 1359 1413

AZIMUTH AMGLE 80
DEFLECTIONS (CM)
v 0.000 70,001 70,007 70,015

v 0,000 70.011 70,033 T0.121
FORCE DISTRIEKUTIOM (MH/M)

x 24 —39 ~46 ~48
v 140 126 101 76
BEMNDIMNG MOMEMTS (M-M)

T TA61 TAS8  TA442  Ta13

® 1303 1320 1361 1415

AZIMUTH AMGLE 100
DEFLECTIONS (CM)
Uy 0,000 70,001 70,006 T0.014

vV 0,000 70.011 70,033 70.120
FORCE DISTRIBUTIOMN (M/M)

3 ~24 -38 ~44 ~45
T 140 126 100 75
EEMDIMG MOMENMTS (H—-M)

T T413  T410  T394  T347

1293 1309 1351 1405

AZIMUTH AMGLE 120
DEFLECTIONS (CM)
U 0.000 T0.001 0,006 T0.013

v 0,000 70.011 T0.033 70.120
FORCE DISTRIEBUTION (HMH/M)

* ~24 ~28 ~43 ~43
" 140 126 101 76
EEMDIMNG MOMEMTS (iH-M)

T <381 T378 363 T334

b 1284 1300 1342 1396

“0.023
~0.245

~44
45

320
14564

T0.026
0,244

~49
44

372
1467

~0.,023
~0.244

45

44

329
1456

~0.021
T0.243

300
1448

“0.036
T0.463

=44
~38

271
1448

0,041

0,463

51
-39

317
1470

“0.037
T0.461

45

—38

279
1459

“0.034
0,459

0,053
T0.756

-43
=130

212

1354

0,060
0,759

50
131

~249
1356

“0.054
“0.752

~44
129

219
1346

0,050
“0.750

~40
T128

198
1341

“0.073
“1.151

~42
~219

~144
1076

~0.084
T1.149

T49
219

169
1077

0,075
T“1.144

“43
217

T149
1070

“0.069
“1.141

—39
216

1395
1067

103

“0.096 T0.121
1,627 T2.059

-38 31

278 ~316
-71 0
619 0

0,110 T0.138
1,625 T2.057

T45 35
“278 “316
83 0
620 0

0,098 T0.124
“1.618 72,048

39 32
276 7315
~74 0
616 0

“0.090 T0.114
T1.613 T2.041

—35 29
—275 ~314
T&7 0

615 0



104

AZIMUTH AMGLE 140
DEFLECTIONS (CM)
U 0,000 T0.001 70,007 T0.014 T0.024 T0.038 70,056 70,078 T0.102 70,129

VvV 0,000 T0.011 T0.033 70,120 T0,243 70,460 T0.751 T1.,143 T1.616 2,046
FORCE DISTRIRUTIOM (M/M)

» 24 —38 45 446 T46 47 ~47 45 41 33
T 140 126 101 76 45 -38 129 =217 277 315
EEHDING MOMEMRTS (H-M)

T 431 T427 412 ~384 ~344 293 229 “1546 =77 0
M 1292 1308 1330 1404 1456 1460 1348 1071 617 0]

AZIMUTH ANGLE 140
DEFLECTIONS (CM)
U 0.000 70,001 T0.007 70,015 T0.025 70,039 T0.057 T0.080 T0.104 T0,131

v 0,000 70,011 T0.033 T0.120 T0.244 T0.4462 T0.754 71,146 T1.621 T2.051
FORCE DISTRIBUTIOM (M/M)

e ~24 ~38 ~45 ~47 ~47 -48 ~48 ~4é —42 ~33
Y 140 126 100 75 44 -39 130 T218 277  T315
BERDIMNG MOMEMTS (HMH-M)

T T439 U435 ~420 T392 <352 U299 T234  T140 -78 0
X 7 1298 1314 1356 1410 1461 1464 1351 1073 617 0

AZIMUTH AMGLE 180

DEFLECTIONS (CM)

U 0,000 70,001 70,006 70,013 70,022 70,035 70,051 T0.,071 T0.,093 T0.117
vV 0.000 70,011 T0.,033 70,120 T0.243 70,440 T0.752 T1.146 T1.621 T2.082
FORCE LISTRIBUTIOMN (/M)

X 2 ~12 ~24 ~34 =42 ~45 ~45 ~41 =26

* 180 209 197 151 95 ~19  T132 T236 U302  T310

EEMHDIMG MOMEMTS  (H-M)

T U358  T359  T357  T345  T320 279 T220  T149 -70 0
1175 1199 1273 1380 1486 1528 1425 1133 438 0

AZIMUTH AMGLE 200
DEFLECTIONS (CM)

U 0.000 T0.001 T0.005 T0.011 T0.018 0,029 T0.042 T0.,059 T0.077 T0.097

Y 04000 70,009 T0.028 T0.107 T0.219 T0.422 T0.698 T1.074 71,532 T1.941
FORCE DISTRIEBUTIOM (M/AM)

" 24 ~37 41 —39 36 ~34 ~33 32 ~30 27
v 140 129 108 - 91" &7 14 T109 “204 =271 =315
BERNDING MOMENMTS (MH—M)

AS 326 “323 308 —284 T 213 168 116 59 0

25
H 1163 1179 1223 1284 135 1381 1298 1048 611 0



AZIMUTH ANGLE 220
DEFLECTIONS (CM)
U 0,000 70,001 70,007 T0.016

vV 0,000 70,010 70,031 T0.112
FORCE DISTRIEUTION (H/M)

& 24 ~39 ~47 —91
T 140 25 ?8 73
BEHDING MOMENTS (H-M)

T ~4%0 T486 T470 T441
® 1206 122 1264 1316

AZIMUTH AMGLE 240
DEFLECTIONS (CM)
U 0,000 70.001 70,007 70,015

v 0,000 70.011 T0.032 70.118
FORCE DISTRIBUTION (M/M)

X ~24 —38 —45 =47
T 140 127 103 80
BEMDING MOMEMTS (HMH-M)

T T444 T441 T425 T397

M 1273 1289 1331 1387

AZIMUTH ANGLE 240
DEFLECTIONS (CM)

U 0.000 70.001 T0.005 T0.011

vV 0,000 T0.012 T0.035 70,125
FORCE DISTRIEUTIOMN (M/M)

S 24 ~37 T41 —39
T 140 125 @7 70
EEMNDIMNG MOMEMHTS (MH-~M)

A “318 ~311 T296 272

® 1326 1342 1383 1434

AZIMUTH AHGLE 280
DEFLECTIOMS (CM)
U 0,000 70,001 70,006 70.014

VYV 0,000 T0.011 0,034 T0.124
FORCE DISTRIEKUTION (M/M)

3 =24 ~38 ~44 ~45
v 140 126 101 75
BEMDINMG MOMENTS (H-M)

T =413 <409 U394 347

® 1341 1358 1399 1453

T0.027

T0.228

a2

43

3946
1367

0,025

T0.239

-48

50

—356
1443

“0.018

T0.252
36
34

240
1480

T0.023

T0.252

~45
43

-328
1504

T0.043
T0.432

54
-39

~337
1371

T0.039
T0.453

—49
=34

—302
1452

“0.028
T0.474

T34
44

200
1474

“0.037
T0.476

=45

~42

—278
1505

“0.064 T0.088
“0.708 T1.078
T 93
~121 —203

T264 ~179
1266 1008

“0.058 T0.081
T0.741 T1.130

49 ~47
-127 “217
—236 ~160

1344 1070

“0.041 70,057
T0.7869 T1.165

32 ~30
~135 220
T155 “105

1352 1069

“0.054 T0.075
T0.775 T1.177

T45 T43
~135 225
—218 ~148

1386 1099

105

04115

T1.327

~47
-258

—87
584

0,105
T1.3599

~42

“277

~78
615

“0.074
“1.642

—27

T276

~53

613

~0.098
T1.663

=39
~284

73
631

T0.146
T1.933

~36
302

~0.133

.-A'-‘O"-’

33
~313

“0.093
“2.077

-23

~313



AZIMUTH AMGLE 300
DEFLECTIOMNS (CM)
U 0,000 T0.001 TO

v 0,000 70,011 70
FORCE DISTRIEUTION

% ~24 ~39
Y 140 126
BEMDIMNG MOMEMTS (M
¥ T505  ~501

® 1328 1345

AZIMUTH OMGLE 320
DEFLECTIOHS (CM)
U 0,000 70,001 70

v 0.000 T0.011 O
FORCE DISTRIBUTIONM

% =24 ~38
v 140 126
EEMDIMG MOMENTS (M
T 7401 T397

= 1288 1305

AZIMUTH AMHGLE 340
DEFLECTIONS (CM)
Y 0,000 T0.001 O

v 0.000 70,011 7O
FORCE DISTRIEBUTION

8 —24 ~38
T 140 127
BEMDIMNG MOMEMTS (N
T T357 353

® 1262 1278

AZIMUTH AMGLE 340
DEFLECTIOMS (CM)
U 0,000 70.001 7O

v 0.000 70.011 70O
FORCE DISTRIEBUTIONM

o 24 ~38
T 140 126
EEMDINMG MOMEMTS (M
T U452 T449

i 1279 1293

008 T0.017
+034 T0.123
(H/M)

47 ~91
100 75
—M)

T485 T455
1386 1440

<006 "0.013
«033 ~0.120
(H/M)

~44 ~44
100 - 75
—M)
-382  T355

1346 1400

.005 ~0.,012
.032 ~0.117
(H/M)

42 ~41
102 78
_M)
339 313

1320 1375

+007 T0.015
+032 70.118

(M/M)
T46 ~48
101 76
_M)
433 405

1337 1391

T0.028 T0.045
0,248 T0.470

-53 —55
43 -41
411 ~351

1490 1492

T0.022 T0.036
T0.243 T0.460

~43 ~44
44 -3g
318 "270

1451 1455

“0.020 70,032
0,239 T0.453

=40 -39
48 ~34
~278 235

1429 1437

T0.025 T0.040
T0.240 T0.455

~48 -850
46 36
363 ~309

1443 1448

T0.066
T0.767

T
133

T277
1374

“0.052
“0.751

~43
129

—211
1342

“0.047
“0.740
37
125

~184
1330

T0.059
T0+744

T49
T128

~242

1338

T0.092
“1.166

~55
=222
-189
1091

“0.073
T1.142

“41
T216

T144
10687

T0.065
~1.128

~34
~214

125

1060

106

T0.120
~1.648

50

282

93
627

“0.095
T1.615

~38
T275

72

615

~0.084
~1.597

33
274

62

612

“0.107
T1.603
T43
273

-g1
613

“0.152
T2.085

~39
~320

~0.120
~2.044

~31
~314

T0.106
T2.021

27
313

T0.135
T2.029

34
314



ATIMUTH AMHGLE 380
DEFLECTIONS (CM)
U 0,000 70,001 7O

v 0.000 70,011 70
FORCE DISTRIERUTIOHN

S 24 ~38
¥ 140 126
BEMDINMNG MOMEMTS (M
Y T448  T444

X 1297 1314

AZIMUTH AMGLE 400
DEFLECTIONS (CM)
U 0,000 70,001 70

v 0.000 70,011 70
FORCE DISTRIEUTIOM

x ~24 ~38
T 140 126
BEMDIMG MOMEMTS (M
T U369 365

M 1299 1315

AZIMUTH AMGLE 420
DEFLECTIOHS (CM)
vu 0,000 T0.001 7O

v 0,000 70,011 70
FORCE DISTRIEUTIOM

% ~24 -39
v 140 126
EEMDING MOMENMTS (M
Y T404  T400

i 1301 1317

EMD OF FROGRAM

+007 T0.015
+033 T0.120
(H/M)

~45 ~47
100 75
—-M)
~429  ~400

1355 1409

+006 70,012
+033 T0.121
(H/M)

~43 ~42
100 75
—-™)
350 T324

1357 1410

1006 T0.013
+033 70,121
(H/™M)

=44 ~44
101 76
_M)
~385 358

1359 1413

~0,025
~0.,244

~48
44

340
14460

0,021
T0.246

T41
43

~288
1461

T0.023

“0.245

~44

45

=320
1464

0,040
“0.461

T49
39

—306
1463

0,033
T0.464

40
-39

=244
1463

0,036
T0.463

~44
~38

271
1468

0,059
T0.753

T49
~130

240
1349

~0,048
T0.757

-39
~130

~190
1348

“0.053
T0.756

T43
~130

212

1354

107

~0.082 ~0,106
1,145 T1.619
~47 =43
~218 "277
~163 =80
1072 616
~0.067 ~0.,087
~1,150 ~1.424
~37 ~34
-218  "276
~130  T64
1070 616
~0.,073 ~0.095
"1.151 ~1.627
=42 ~38
—219  ~278
~144 ~71
1076 619

~0.134
2,048

=34
~314

0
0o

0,110
2,055

28

~314



APPENDIX E

E.1 Function ICOND

This program is a self-contained package that computes turbine forces
and deflections for an undisturbed flow field. !he program uses the same
data used by program DYNAMICS for all computations. The computed para-
meters are printed and désigned to a matrix that can be used as initial
conditions for DYNAMICS. The program uses functions SOUTH, AERO, and
BENDING for internal computation.

Following is the fiow chart for the Program Function ICOND,
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E.2 Function ICOND Flow Chart 109

Subroutine SQUTH
Adjusts Natural
Frequencies

Compute:

Modal Spring, MS

Perpendicular Velocity,
up

Tangential Velocity, UT

Subroutine AERO
Calculates
Aerodynamic Forces

Compute Centrifugal
Forces

Compute Generalized
Forces

Print Deflections

Subroutine BENDING
Calculates Bending
Moment Distribution

Print;

Bending Moments
Centrifugal Moments
Aerodynamic Moments

Assign Variables
To Matrix Def
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E.3 Program Listing

gINCONDLOTW
CREF¢IHCOMND ;MK MY 3 K3 OMIF D 3D TIMSFUF UTHUSVSUL JVI3FASFOIQMIAT §IHIZIY
C11 MXeMODEX
L2] MTEeMODEY
L3] OMeTIFSFEERDXWIND-RADIUS
E43] FRe((EREQRD)+(OMx2)XSOUTH)
LS51] DelypMX
£é61 Te(pM)ply((DP=2)p2)s1
. L7131 MSe(+/((MXAD)+MTRDIX((pPMH)pMASS) XTXSEACESD ) XF2
€81 UFeT1xWINDX(1—-AXIAL)
€213 UTe«BADIUSXSTATIOHNXOMX (1+EADIAL)
101 He)
113 FA«UP AERO UT
123 FCeMASSX (OMRD)XSTATIONHXRADIUSXIOCOHE
L1337 AXRe+/(TxMAX(PMA)pFAL]1 5] IXSEACESD
C141 RTe+/(TXMYX(pMA)pFAL2; J+FC) XSEACELD
C151 IHEANLME
£163 ST QT =MS )
TI7T " 'STEADY DEFLECTIOHM (CM)*
£i8l Uy 7 e (ZXK+,xMHX)IX10
L1921 V1,7 e (Y4 ,xMT)IX10
L2031 'STEADY EEHDIMNG MOMEMNTS (M-M)!
211 ‘Y1 y7 O¢BMTEBENRDIMNG FA[15]
223 IRV ,7 OeBMHETIXBRENDING FA[2; J+FC
£233 ‘*STEADY CENTRIFUGAL MOMEMT DUE TO COMHIMG (M—M)'!'
C24] X'y QeREMDIMG FCX™1
L2513 'STEADY AERODTHAMIC MOMEMTS (M—M)'
L2261 'R'y7 Q¢ T1XBEHDING FA[R;]
L2731 ZXeDpEX
L2813 EYeDpIT
L2913 DEF&(29yD)pSH,=
£301 M&(29D)pEMKy EMY
L3113 DEF ¢ DEF M

v



APPENDIX F

F.1 Function AERO

Aerodynamic forces are computed by this program. The program requires
input of the velocities perpendicular (Up) and tangential (UT) to the plane
of rotation. The 1ift and drag calculations are based on two dimensional
airfoil theory. Presently, the program contains 1ift coefficient (Cﬁ) and
drag coefficient (CD) curve fits for a 4415 airfoil. These curve fits are

polynomials of the form:

_ n 3 2 1 0
y =Xt e X R G X X 4 Oy X

Alteration of the polynomial for a different airfoil section is accomplished
by changing the coefficients. The coefficients are listed internally as
CLC and CODC. |
The program output is a matrix (F) that contains:
Perpendicular force
Tangential force
Angle of attack
Lift coefficient
Drag coefficient
Relative pitch
Relative velocity
for each station along the blade.

Following is the flow chart for the Program Function AERQ.

11



F.2 Function AERQO Flow

Chart

Read:

Perpendicular Velocity,
up

Tangential Velocity, UT

Compute:

PHI, Relative Pitch

VRS, Relative Velocity
Squared

AL, Angle of Attack

T
Compute:
CL, Lift Coefficient
CD, Drag Coefficient

Compute:
L, Lift
D, Drag

Assign Variables
to a Data
Matrix F

|
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F.3 Program Listing

vAEROL O3V

OFcUP AERD UT}PHI}VRS;ALJCLC;COC;CHCL}RHOLSD
C13 PHI&(~30(UPsUT))x1
21 VRS ((UPR2)+UTx2)
£33 AL ((PPHI) 1) PPHI-TWIST+EITCH

C43] CLCeT3,46826 5.4301 0.41124
€51 CDC¢0,19095 3.4623%"5 0.33515 "8,5943E™5 0.0103511

£é31 CLe(AL,CLC)X(,AL2T0,34707)A(sRLLO.34907)

£71 CDE(2x(PL=0) )+ (AL, CDC ) xDLe(yALLT1,.571)A(,ALL1,571)
L8l FHO¢1 ,2

£?3 Le¢0,5XxRHOXCHORDX VRS XCL

£103] DeQ,SXRHOXCHOREDX VRS XCD

Ci111 Fe(72y(PUP))FPO

£121 FLE23 Je((Lx20PHI) +bxjoPHI)x™]

£133 FL15Je(DX20PHI)~-Lx10FHI
C14] FL35lenk

€133 FL45 JeCL

C1s63 FLS7J¢CD

£171 FL4§1eFHI

£181 FL731¢«VRS%0,35



APPENDIX G

G.1 Function BENDING

BENDING computes the bending moments for any load distribution when
the forces are equally spaced along the blade and are given in terms of
force per unit length. The spacing between stationé is stored as the
variable S P A C E. Care must be taken as to the sign of the computed

bending moments.

Following is the flow chart for the Program Function BENDING.
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G.2 Function BENDING Flow Chart

| — VSN

Read Force
Per Unit Length

e

mde

Calculate the
Average Load
Over the Span

T

e

Assign Memory
Space to M

|

Initialize 1

e

Cbmpute Bending
Moments at Each
Station

L

|
S S

Assign O at the
Free End

e _

End



G.3 Program Listing

Ci1l
£21
£33
C41]
£33
£&61
c71
£81
£?1
£101

CRENDINGLQ]IY
UMEBEMNDING FiISKH
Fe((I¥F)I)+(T14F) ) xH+2
MeF
Ieq
HEWIKeI+(11+(pF)-I)~1
MLIJeHX+/(0,.5+K-1)XF[K]
S (I=spF)Y /L
T¢I+l
IHEW
LiMeM,y,0
v
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APPENDIX H

H.1 Function DATA

DATA is used to print an input record for program DYNAMICS. The
input record is listed when the operator types DATA.

Following is the program listing for DATA.



H.2 Program Listing

£13
£23
£33
£43]
[53]
£&63
£73
£el
£93
[101
[113
[121
£133]
€143
[15]
£161
£171]
€183
£191
£203
€213
£223
€233
£243
€251

vbATALQ]dY
VDATA

'WIMD SFEED (M/S), 40640
'TIF SFEED RATIO, ., .00
"FITCH AMGLE (DEG), ..,

| CONIMG ANGLE (DEG), ,
'SHADOW WIDTH (M),,..
'SHADOW STRENGTH V/V,
'"BLADE RADIUS (M),...
'"STATION SFAM!

'CHORD DISTRUBUTION (M)!

7 3¢CHOED

!TWIST DISTRIRUTION (DEG)!

'RADIAL IMTERFERENCE FACTOR'

7 3¢RALIAL

'MASS DISTRIBUTION (KG)!

7 JeMARSH

'y7

v 7
y7

v7
r7
y7

118

3eWIHD

'NATURAL FREQUEMCY (RADIAMS/SECOMD) *

17 3vERER
'X MODAL COORDINATES'

v



H.3 Terminal Session

DATAH

WIND SPEED (M/S), 000006000000
TIF SFEED FATIO, , . e0e0600000e0
FITCH ANHGLE (DREG), ., ,000c00000
COMIMNG AMNGLE (DEG),,,0600s000
SHADOW WIDTH (M), , 450000060000
SHADOW STRENMNGTH V/V, i erseee
BLADE FADIUS (M), ese0060c0s6s00
STATION SFAM

0.100 0.200 0,300 0,400
CHORD DISTRURUTIOM (M)

0.411 0.445 0.384 0.311
TWIST DISTRIERUTION (DEG)

45,000 25,600 15.700 10.400
AXIAL IMNTERFEREMCE FACTOR

0.090 0.140 0.180 0.200
RADIAL IMNTERFERENCE FACTOR

0.140 0.050 0.027 0.016
MASS DISTRIKUTIOMN (KG)

10,030 6,123 4,766 4.016

?.+.000
7.500

T6.,000
10.000

0.254
0.500
4,953
0.500
0.259
7,400
0.210
0,011

3.463

NATURAL FREQUEHNCT (RADIANS/SECONMD)

28.430
X MODAL COORDIHATES
0,000 0,000 70,010 T0.020
0.000 0.010 0.050 0,110
0,000 70.010 T0.020 T0.040
T MODAL COORDIMATES
0.000 0.010 0.030 0.090
0.000 0.000 0,000 0.000
0.000 0.030 0,090 0.180

64.450

~0.040

0,180

“0.060

0.170
0,000
0.270

0.600
0.22

4,300
0.230
0.008

2.696

T0.060

0.290

“0.050

0.290

0.020
0.280

0,800

0.168
1.400
0.250
0.005

1.473

“0.110

0,600
0.030

0.600
0.110

0,190

- 119

0.900
0.137
0.400
0.230

0.004

~0.130

0.790
0.120

0,790
0.180

T0.700

1.000
0.107
0,000
0.270
0.003

0.527

T0.160

1,000
0.150

0.990

0.250

“0.950



APPENDIX I

1.1 Tower Shrouds

The investigation into tower shadow cannot be considered complete
until experimental verification of the blade interaction with the wake
confirms predicted behavior. To facilitate the experimental procedures,
tower shrouds have been constructed to increase the diameter of the WF-t
poie tower. Two diameter increases, 20" and 30", were chosen to give a
representative example of tower shadow. Figure A.1 shows the orientation
of an installed 3U" diameter shroud.

Tne major factors in the design of the shrouds was the tower geometry
(Figure A.2 and A.3) and the accessability of the nacell; access to the
nacell must be maintained because of experimental procedures. These
constraints lead to the choice of a split shroud, which has an upper and
a lower portion.

1.2 20" Diameter Shroud

The smailer diameter shroud will not encompass the tower and the rungs.
Therefore, clearance holes have been cut that allow for the protrusion of
the rungs. The shroud is supported by U-bolts attaching the top plate
of each section to a semi-circular rung, Figure A.4. The front section
of the shroud is removeable to permit easy access to the rungs. Modified
hinges support the removeable front section. Details of the hinges are
shown in Figure A.5.

1.3 30" Diameter Shroud

The 30" diameter shroud is large enough to encompass both the tower
and rungs. Therefore, the shroud must be hinged on one side and latched
on the other side to permit access to the nacell. The latches are rope

120



121

~controlled since there is no way to reach the upper latches from the tower.
Details about the construction and assembly of this shroud are shown in

Figures A.6 and A.7.
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Tower Dimensions
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Semi-circular rung
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20" Diameter Shroud
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[ ————Hinge

hN“*Cut—out
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Semi~circular rung
\ U-bolt

L

Attachment Detail
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Hinge Detail
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30" Diameter Shroud 128
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