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SUMMARY

Wake effects wiII cause poqTer loss when wínd turbínes are grouped in so

called wind turbine parks. I,'Iind tunnel measurements of the wake of a wind

turbíne model are conducted in order to refine calculatíons of wake ef-
fecÈs.

Idake effects caused by tower and nacelle are studied in uniform flow.
I,rlake development depending on tip speed ratío is studied in a simulated
atmospheric boundary layer.

In this data report the wind tunnel results are described.

Maín conclusions are:

Ground effects ínhibít verÈical growth of the lower part of the wake.

Turbine drag and centerlíne velocity defects are strongly interrelated.
- The velocity defect wake profile of a winrl turhine shifts slightly

towards the ground.
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1. INTRODUCTION

L/hen wind turbínes are grouped in wind turbíne parks, wake effects
wíII cause povrer loss. In order to refíne calculatíons of wake ínter-
action effects, tower, nacelle, ground, operating condítion and am-

bient flow effects need to be known.

fn thís date report wind tunnel measurements in both uniform flow
and simulated atmospheric boundary layer flow are descríbed.

The uníform flow experiments are primarely directed towards measure-

ment of tovJer and nacelle effects.
Atmospheric boundary layer flow experiments are prímarely directed
towards the study of operating condition effects.
Ground effects and ambíent flow effects are studied in both flow
cases .

The experimental arrangements are described in chapter 2.

The properties of the rotor, dependíng on operating condítíons, are
descríbed in chapter 3. Uniform flow measurements are sunmarízed in
chapter 4. Símulated atmospheric boundary layer wake flow results are
given ín chapter 5. fn chapter 6 results are díscussed. In chapter 7

conclusions are drawn.

The uniform flow wake measurements have been reported in an earlíer
stage by Talmon [9] (in Durch).

This study is part of phase 2 of the Dutch National t{ind Energy pro-
gram (N01,{-2 projecL 4407 Job 8.S.3).



85-010 12 1/rTN-37A -7-

2. EXPERII"IENTAT ARRANGEI'ÍENT

2.1 The wind turbine model(s)

The wind turbine model is constructed on the basis of a 0.36 m dia-
meter model rotor. The rotor is described in Vermeuten [1]. The model

can be equipped with a cylíndrical as rvell as a lattíce tower, resul-
tíng in a hub-heíght of 0.36 m. The model can arso be equipped with
a cylindrícal nacelle or a rectangular nace1le.

Dimensions of towers and nacelles are as follow:

- cylindrical tov/er: díameter : 26.7 nn

Iength cylinder : 330 mm

material : steel

- lattice tower : diameter vertícal legs : 4 mm

díameter horizontal legs : 3 mm

top plate dímensions : 40 x 40 mm2

- cylindrícal nacelle: ( = outer dimensíon of generator)
diameter : 42 mm

length : 145 mm

- rectangular nacelle: 180 x 60 x 50 mm3

fn fig. 1 the model confígurations are shown.

In fig. 2 Lhe rnodel ís placed in the wínd tunnel in whích the ABI
flow ís simulated.

2.2 The test facilities

2.2.7 Uniform flow

Uniform approach flow measurements have been performed in the closed
circuit MrA wind tunner (cross-secLíon 2.7 x r.2 mz), see Builtjes
1,21. The smooth empty Lunnel- Ís equipped with an anti-turburence
gause at the entrance of the measuring section.
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Drag and power of the rotor are measured with the rotor at a height
of 0.6 m above the wind tunnel floor. The test rig is the same as

used by Vermeulen tt] with a strain gauge balance placed on top of
ir.

In the case of wake flow measurements the tunnel is equipped with a

hydraulically smooth false floor, Iength 4.5 m. The round shaped up-
stream edge of the false floor is located 0.5 m downstream of the
antí-turbulence gaùze. The wind turbine model is placed 0.5 m down-

stream of the upstream edge of the false floor.

Properties of the flow are discussed in sectíon 4.

2.2.2 Simulated Atmosferic Boundary Layer (A.n.L. ) flow

hlake flow measurements under simulated ABL flow conditíons are

formed ín an open círcuit wind tunnel with cross section 2 x
see fiq- ?

per-
3 t2,

In fronL of the 16 m long entrance section a barriere of 0.3 m

height ís placed to generate the ABL flow. The ABL is simulated on

a scale of 1 : 250. The tunnel is equipped with a rough carpet whích
simulates approach flow over rural Lerrain (Z ! 0.1 m).-o

Properties of the ABL flow are discussed in section 5.

2.3 fnstrumentation

2.3,7 Rotor speed control unit

The wind turbine rotor is kept at constant speed by an electronic
círcuit. Basícally the circuit generates a counter rotatíng magne-

tic field in the generator. A tacho generator is also located on the
rotor axís. The círcuít monitors the voltage of the tacho generator.
Deviations from the set poínt value, which corresponds to t.he desi-
red rotor speed, are adjusted by control of the magnetic field.
Except for the wake measurements in uniform flow use ís made of a

ne\.ü commercial available control unit which operates at hígh accu-
racy (Aerotech 93084).
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2.3.2 Drag measurements

Drag measurements are performed with a one-component strain gauge

balance orientated in mean flow direction.
The balance is located beneath the wind turbine models, flush moun-

ted in wind tunnel floor or false floor.

2.3.3 Power neasurement

The power necessary to keep the rotor at constant speed ís calcu-

lated by measuring símultaneous mean generator current and mean

generator voltage (the rotor control unit operates in DC mode).

After correctíon for rotor bearing losses, the povrer generated by

the rotor is obtained.

2.3.4 Velocíty measurements

Mean velocity measurements in the uníform flow are performed with a

pitot tube of 3 mm diameLer and a Schlumberger (CA 1065 + CH 5112/0)

differential pressure transducer + 2 mbar.

Velocity measurements in the ABI flow are performed wíth two-compo-

nent hot-wíre anemometers.

Signals are digítízed, stored and processed by computer.

equipment: probes DISA 55P53 55P54

anemometer DISA/DANTEC 56G01 CTA

storage Preston GMAD-44

computer HP 1000-F

2.3.5 Measuring mean values of signals

Two TNO built voltage to frequency converter type voltmeters are

used to determíne mean drag, por4rer and pressure dífference (Ín case

of pitot-tube measurements). Averaging períods ín the uniform flow
are 30 s. In the ABL flow averaging periods are 60 s.



The performance of the rotor is checked by repeating the experiments

of Vermeulen, with three s1íghtly different free stream velocities.
The experíments are done ín the MIA tunnel, as described in section
2.2.7. The free stream velocíty ís measured at hub heíght, two rotor-
diameters to the side of the rotor centerlíne.

The drag ís expressed by the drag coeff
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3.

3.1

PROPERTIES OF TI{E I4IIND TIIRBINE ROTOR

Rotor performance in uníform flow

The profíIe of the rotor blades is a Göttingen type Gö 804, see

Vermeulen Il]. Power measurements ín the special case of a simu-
lated ABL + anti-turbulence gauze are given in Vermeulen [1].
Drag measurements in low turbulence uniform approach flow are given
in Verrneulen [3].

The power is expressed as r an =

Free stream velocities are r Û =

lrpù34

8.6, 9.7, 11.8 m/s

Results are shown in figures 4, 5 and 6. The drag coefficient ís in-
dependent of free stream velocity.

3.2

In the power curve a slíght change with free stream velocity ís
shown. This is probably caused by a Reynolds dependence of the flow
around the blades.

Rotor performance ín the ABI flow

The properties of the ABI flow are described in section 5.2.
The wínd turbine nodel is equípped with a cylindrical tower and na-
celle. Free stream velocity at hub height is approximately 9 .1 m/ s.
Measurement of rotor po\,ver ís performed as described ín sectíon
2.3.3. The drag balance ís located in the tunnel floor. The cylin-
drícal tower ís isolated from the surrounding wind by constructíng
a cyIíndrical protection shield around the tower. That way the ba-
lance measures only the forces acting on the rotor.
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Results are shown in fíg. 7. Comparíng the results with fig.5 shows

no influence of the ABL flow on Cr. In the ABI a slight power loss

seems to be appearend.
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TI{E I4TAKE IN IINIFORM FtOt{

The wake of the .36 m model rotor has been

Vermeulen tt] ín another wind tunnel under

condítions. In those experíments the rotor
at the Lunnel centerline, so the rotor wake

wind tunnel walls.

the rotor centerline is
equipped with different

-72-

previously measured by

slightly different flow
centerline hras located
did not touch ground or

Iocated .36 m

combínatíons of
fn the present experiments

above ground. The model ís
towers and nacelles.

In thís capter
The coordínate

results of the present experiments are gíven

system used is depicted in fig. B.

4.7 Proportíes of approach flow

The mean velocity (U - 9.6 n/s) is measured ín absence of the wínd

turbine model. Results of horízontal traverses on Z = .36 m heíght
are gíven ín fíg. 9. Results of vertical tracerses with Y = 0 are

given in fig. 10. In horízontal direction (- 0.5 Y/D,0.5 Y/D) a

veJ-ocity difference of 0.5% ís appearend. In vertical directíon a

velocity dífference of 3% is measured.

Turbulence íntensities are:

direction 0.4 à 0.5%

direction 0.4 à 0.5%

Propertíes of the towers

The drag of the towers ís measured by placing the towers on the
straín gauge balance. The drag coefficients are determined over a

free stream velocity range of B to 18 m/s. Results are shown in
table 1. The drag coefficient of the cylindrical tower is in cor-
respondence with the value expected C- = 7.2, Re 3.105, see

Vermeulen [4].

X

Y

4.2
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The wakes of dífferent combínations of tower and nacelles are shown

ín fig. 11.

4.3 Drag of the wind turbine models

The drag of the wínd turbine models is also measured. Results are

spuríous; too much drag is measured. Checking electronícs revealed

a malfunction of an amplifier. During the measurements of C, and C,

of the rotor alone another amplifier is used (fíg. 4 - 7).
An upperbound of the drag of the models can be calculated by sum-

mation of rotor drag and tower drag (tabte 1).

4.4 The wake of the wínd turbine models

4.4.7 Model configurations

Four configurations are used.

Æ - cylftdrícrl Ìower + c¡¡larIdricrhrrard-I-
B - cylíndrícal rr + rectangular rt E

C - latLice rr + cylindrical " o

D - Iattice " +rectangular " I

Models are shown in fíg. 1.

4.4.2 Experimental procedure

The rotor is operated at a tipspeed ratío of À = 6,4.

The flow velocíty outside the wake is slightly hígher than in ab-

sence of the wind turbÍne model.

The velocity outside the wake is measured at posítions (X, -2.08

D, 0). This velocity is called the reference velocity Ür. It is
needed to determíne velocíty defects ín the wakes, making it a sub-

stiantial part of the wake traverse procedure.

Prelímínary measurements indicated a downshift of the location of
maximum velocity defect. The experimental procedure used ín conduc-

ting radial wake traverses aL fíxed X-Iocations (X/D = 21 5, 9.6),
ís as follow:
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a - U ismeasuredr
- A vertical traverse at Y = 0 is made

- U is measuredr
- The location of maximum velocity defect is determined

b - U ismeasuredr
- A horizonl-aL traverse through the Iocation of maximum velocity

defect
- Û is measuredr

To determine the maxímum velocity defect aL several downstream X-

locatíons longitudinal wake traverses are performed as follow:

At each downstream location U- is measured. In the vertical plane
(Y = 0) a small vertical traverse at hub-height is used in search

for the maxímum velocíty defect.

4 .4 .3 Results

Characterístic parameters of a wake traverse are:

- The maximum velocity defect : AÚ-^--
max

- Half the maximum velocity defect, >Ñ- ^-- max
- The location of ÂÚ

max
- The location of points tÆru"

*esulL rses{or aIJ: fsur modeL eonÊi¿u-

rations are shown in fíg. 12. Displacement of the wake towards the
ground is observed. locations f AÜ-^-- en àAÛ- --- are shown in fig. 13max - max
and Lab1e 2.

Results of horízontal wake traverses for model configuratíon A are

shown in figure 74. Horízontal wake traverses aL X/D = 9.6 are

shown in fíg. 15. locations of AÙ-^-- en %AÚ-^-- are shown in fig. 16max - max
and table 12.

Results of longitudinal wake traverses are shown in fig. I1 .
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TI{E I,\IAKE IN T}IE SIMUTATED ABf, FtOti

ABL flow measurement

The tunnel is described in section 2.2.2. Two-component hot-wíre
probes are used to measure the ABL flow. The measurements are to be

used as a basis for calculating mean velocíty wake defects. At
Z = 0.352 m above the floor, which is the hub-height of the rotor,
the mean flow velocity is 9 .1 n/ s. At hub-heíght horízontal traverses
are made at X/D = 0, 21 4 and 7. Vertical traverses are also made

aL X/D = 0, 2, 4 and 7.

The hot-wire probes signals are sampled at a rate of 65 Hz giving
measuríng periods of 30 s. Per measuring locatíon two measurements

of 30 s duration are made. Thís yields a measuring period of 60 s

for Û. Other results, such as ur v' or spectra, are mean values of
two 30 s measuring periods.

5.2 ABL flow resul-ts

The ABI flow results are described in an coordinate system which is
located at the wínd tunnel floor.

Horizontal traverses at hub-height, over -7,67 < Y/D < I.61. show no

sÍgnificant devíations of Ú, u' and v' from an uníform distribution.
HorizonLal profiles are in the following assumed to be uníform.
Vertícal traverses, over 0.022 < Z < 1.100 m, show logaritmic pro-
fíIes. The vertical profile at X/D = 0 ís shown in fig. 18. The

roughness parameter Zo Ís calculated from this profile, usíng 1o-

cations up to 0.15 m above the floor, resulting in Zo= 0.6 10-3 m.

On a scale of 1 : 250 thís is equal to Z^ = 0.15 m. This ís slightly
rougher than open farmland.

Turbulence intensíties, spectra and length scares are shown in fi-
gures 19 to 27 (spectra of u, v and w lie ín the same band). Defi-
nitions are according to ESDU 74031 (ref. t5]). Resurts are summa-

rízed in table 3. For reason of comparison ESDU data is also in-
cluded in these figures.
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Due to the sample rate of 65 Hz, the higher frequency part of the

velocity fluctuatíons is not íncluded in the calculation of u', v'
and w'. It is estimated from fig. 20 that accounting for this part
would lead to a correction of u', v' and w' by a factor L02, which

of course is to be neglegted.

5.3 The wake in the ABL flow

5.3.1 Rotor operating conditions

The mean velocity at hub height is fixed at 9.7 m/s. Típ speed ratios
of À = 3.5, 4.f , 6.6, 8.5 and 9.3 are used. In thís case À ís defined
as:

À- 2nnR
U(hub height)

This range of operatíng condítions ís chosen to study operatíng con-

öi-triorrs orr w-irtd trurb-irrrwalce develo-pmerrt.

At À = 3.5 the rotor ís operated at low C, and low C, (see fi8. 7).
At À = 6.6 tlr'e rotor is operated at normal C,, and optímum Cr.

At À = 9.3 the rotor is operated at high C, and very low Cr.

At )u = 4.1 and À = 8.5 the rotor ís operated at íntermedíate con-

ditions. In section 3.2 Cl and C, in ABL flow are discussed.

5 .3.2 .Experamental procedure

The experimental procedure is basically the same as in the uniform
flow experíments. Use is made of reference points located at (X,

-7.67 D, 0) .

Vertícal wake traverses are made aL X/D = 2, 4 and 7.

By subtractíng the already measured ABI vertical profíles the ver-
tical velocity defect profile is calculated.
As in the uniform flow experiments the wake is subjected to a down-

shift.
The Z-location of maximum velocity defect ís determined (= Iocation
of wake symmetry).

Horizontal wake profiles , aL XfD = 2, 4 and J, are made at the be-

fore determíned Z-heights of maximum velocity defect, see table 4.
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The magnitude of maximum velocity defect is as nearly the same as

the velocity defect at hub-height. Determínatíon of the decay of
maximum velocíty defect ís therefore performed by longitudinal tra-
verses at hub heíght.

5.3.3 Mean wake flow results

VertícaI and horízontal wake traverses are made at típ-speed ratíos
of | = 4.J, 6.6 and 8.5. Typical mean flow vertícal profiles are

shown in fig. 22 for L = 6.6.

Vertícal velocíty defect profiles at X/D = 2 are shown in fig . 23.

" X/D = 4 and 7 are shown ín fig . 24.

Horizontal velocity defect profiles at X/D = 2 are shown in fíg . 25.

" X/D = 4 and J are shown ín f ig . 26.

Characteristic locatíons in the velocity defect

Z(^U-^--) = Z(symmetry), z(>"Lu ) and Y(Lr^Û

profiles are:

). In table 5 these

Iocations are sunmarízed.

Longítudinal traverses at rotor centerline are shown ín fig. 2l arrd

summarized ín table 6.

5.3.4 Turbulent wake flow results

Tu-bufenee .i+Èensity pref{tes aË L:Gre shown-in fíffi
(Note: horizontal and vertical profiles of longitudinal and radíaI
turbulence intensíties are shown).

The turbulence intensity profiles are characterised by:

a. The turbulence intensity at wake centerline,
b. Turbulence excess at radial positíons at approximately lZ¡nl ana

lv¡n I = 0.4.

The decay of centerlÍne turbulence ís shown ín fíg. 29 (note: inten-
sities at À = 3.5 and ìt= 4.5 are approximatery equal, also are in-
tensities at À = 8.5 and 9.2).

In table 7 turbulence intensíties at centerline and at radial po-
sítions are sumnarízed. At X/D = 2 aÍL excess of turbulence íntensity
is measured. At x/D = 7 the turbulence íntensity is practícally uni-
form dístributed.
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6. D]SCUSSION OF RXSUTTS

6.L Tower, Nacelle and ground effects
In this sectíon attention is directed towards wake effects related
to to\{er shape; nacelle shape and ground induced effects.

Tower effect:

The velocity defect caused by the tower results ín an extra velocity
defect measured in the lower part of the vertical traverses, fig. 12.

Tower shape effects:

1) - The drag of the lattice tower ís less, section 4.2.

2) - The locaLion of OÙru" (X/n = 2) of the tattíce tower is closer
to the centerline.

3) - Systematícally AÙ-^ - of the lattíce tower confíguratíons ís- max
greater, fí9. 12.

+)- torZl¡ ffiwer-isless,
fíg. 12.

The turbine wake development ís ínfluenced by the mean velocíty
defect and the turbulence structure generated by the tower. Effect
no. 4 is to be contributed to dífferent mean velocity defects as-

sociated with the tor,irer constructions (this corresponds with effect
no. l,).
Effects no. 2 and 3 are probably caused by both dífferences in mean

velocity defect and turbulence structure.

Nacelle effects:

No sígnificant effects are measured.

Ground effect:

The vertical traverses show a wake which ís shifted towards the
ground. The tower effect introduces an extra velocity defect ín the

Iower part of the wake.
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Recovery from velocity defects in upper and lower parts of the wake

proceed at different rates, see fígure 12.

Velocity defects in the upper part of the wake decrease faster than

close to the ground. The ground inhibits wake decay by limiting the

síze of the eddies whích are responsíble for the turbulent mixing
proces s .

6.2 Operating conditíon and ambient flow effects

Operating condition and ambient flow effects in ABL flow on wake de-

velopment are discussed. A distinction is made between effects on

mean velocity dístribution and turbulence dístributíon in the wake.

Mean velocity wake development

In contrast to the experiments in uniform flow the wake is rapidly
mixed by the ambient turbulence. The measurements in ABL flow show,

as ín the uniform flow, a downshift of the wake. The downsliftj,rin
both experiments for X < 5 D of equal magnitude.

The wake is characterísed by the maximum velocity defect A%u*. The

velocity defect is caused by the drag of the turbine. I,{hen the tur-
bine is operated at optímum por¿/er (À = 6.6) ttre drag is C, = .74,
fig. 7 .

d .BJ) and

velocity defects for X ( 2D are íncreased, fíg. 27 . For X > 2D

velocity defects are approximately equal at tip-speed ratios of
À = 6. 6, 8.5 and 9 .3.

At low À (4.7 and 3.5) velocíty defects decrease remarkabler âc-

cording to low C'

Locatíons in which the velocíty defect is LzÂUr"* characterise the
width of the wake. Inspection of table 5 shows an ellíptical cross-
sectíon shape of the Ílake, in which horízontal dimensions are grea-
ter. This is probably caused by two related effects.
a. Límítation of vertical growth by the ground (ground effect) ,

b. Vertical mixing in the ABL is less than lateral mixing.
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It is coilìmon practice to distinguish a regíon close to the rotor in
which wake decay is governed by the rotor.
The velocíty defect ín this regíon is often approximated by:

#=t-/r-f
The end of this region is called X near wake: X*".
Beyond this regíon wake decay is governed by ambient flow effects
(the far wake).

Several definitions of X* are used.

a. The locatíon (fu I) where the measured AU/U' ís equal to
1 - .ff--q, see table 8.

b. For computatíon purposes the velocity decay in the far wake ís
approximated by:

The location of intersection of the near wake approximation and

far wake approximatíon ís XUW It.

In fígure 28 the far wake ís approximated by a least square error
fit of measurements at X/D = 3, 41 5, 6 ar'd 7. X'W II i" indícated
y an aste+i:+- *esulLs a+e È¿bufated ín tabl-e

The near wake lengLh is dependent on ambient flow radial turbulence
intensities. In fig. 29 corxelation of X* r, with v'/U of the rotor
used is shown.

Turbulence in the wake

Close to the turbíne, X = 2D, at off-centerline positions excesses

in turbulence intensíty are measured, fí9. 30. This is probably
caused by dimínishing tip vortices. The turbulence intensíty ín the
wake is dependent on tip-speed ratio. High tip-speed ratíos generate

high turbulence levels. Thís ís illustrated by centerline turbulence
intensities in fíg. 31.
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Vermeulen I6] correlates augmentation of wake turbulence (for
X t XtiW fr) above ambíent levels with the drag of the rotor.
Correlation in ABI flow is shown in fíg . 32. Data orígínates from

table B.
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l,lind turbíne nacelle effects are not found.
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Table 1 Drag of the towers

Tower A (m2) C, tower

cylíndrical
lattice

B.B 10

22.r 70

-3

-3
1.16

0.38

Table 2 Characteristic locatÍons of the wake ín uníform flow

X/D model
configuratíon

location of
AU

max

vertícal profile location of l2ÂU_ -__ horizontalmax halfwidth
lower síde upper síde

2

2

2

2

a

tr

o

t

-o . 11 (z/D)

-0.11

-0. 03

-0.06

-0. se (zlD)

-0.58

-0.58
-0.56

0.44 (z/D)

0.44

0.44

0.4s

o .47 (Y/D)

0.48

0. 48

0. 48

5

5

5

5

9.6

-0.20

-0.74

-0. 14

-0.31

o

tr

o

*

a

-0. 65

-0.64

-0.61

-0.63

< -0. 83

0.35

0.33

0.37

0.35

0.24

0 .46

0 .41

0.41

0.46

9.6

9.6

9.6

E

o

t

-0 .31

-0.25

-0.25

< -0. B3

0. 71

0. 70

0.23

0.25

0.23

0.45

0.4s

0.47

mean of locations of %A%r* of right and left side.
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Properties of simu

coordinates (Z = 0 ground) U (z) t

XYZ

/s I u' [m/s ] u' ['/"] "r,, [ml xr* lmt ïîiå1"crrl i!îîïät?31

0 0 0.60 10.5 1.11 .89 .82 .32 65 2 x 3O

0 0 0.35 9.9 1. 15 .87 .BB .34 ó5 2x30

0 0 0.35 9.6 7.25 .86 .92 .32 200 2 x 10

0 0 0.10 8. .62 .91 .20 65 2 x 3O

v'[m/s] "r.. [ml

0 .35 9.4 7.74 I.zt -76 .47 65 2 x 30
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TabIe Locatíon of characterístic Iocity defect locations

AU lUmax' r
À X/D vert. def. prof.

7-7u(^r \ !(l
D \-"max/ 

D 
\

uptr

-7-Voûru") fr{àaú*u") o%u* /û, fr{tnuru*)
er síde lower side hor.def. prof.

4.s 2 .390 -0.08 o .36 -0.56 .395 0 .47

4 .2L5 -0. 13 0.39 -0.64 .225 0.65

7 .r25 -0.L4 0.47 -0.71 .105 0.81

6.6 2 .54s -0.08 0.33 -0.50 .535 0.49

4 .245 -0. 13 0.40 -0.65 .255 0.63

7 .L20 -0.L4 0.52 -A.76 .120 0. 81

8.5 2 .605 -0.08 0.39 -0.51 .610 0.51

4 .240 -0. 13 0 .46 -0. 71 .2s5 0.65

7 .110 -0. 1.4 0.41 -0.75 .11s 0.88
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,82

.58

.35

.23

.76

.13

.11
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Turbulence intensities at characteristíc Iocations

vertícal traverse horízontal traverse

left

o'lUr Y/n ,¡'lur

.74

.15

.13

.L7

.I7

.15

.20

.27

.17

.74

.23

.18

.74

.24

.74

.13

.13

.16

.15

.14

.20

.20

.t7

,T4

.24

,20 -.4 .17

.17 't .15

.15 " .13

ll

il

il

lt
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ctÀ

Description of wa

Âut -acenterlín. -{-rIro ']

4.
D

r.7

2.4

2.t

2.4

2.4

I .57

7.66

1 .89

7.20

0.64

91

t04

95

64

52

-1.39

-1.41

-1.50

-t.27

-1.04

41 19

32 23

38 38

42 22

48 29

fl i" calculated
r

ut

1 .91

2.L5

2.46

2.82

2 .58

r(X,-1
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