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ABSTRACT

Scme basic low-speed aercdynamic characteristics of a two=
dinensional sail located between endplates were obtained during thess
investigations for two sall sizes. The effects of the amount of ocame
ber (resulting from variation of the glack in the sail) upon the 1lift,
drag, and pitching moment of a sail constituted the major portion of
these investigations. A limited study on the advantages of a sail with

a Jib was made for one particular Jib location and camber.

Ideally, the results should be independent of sail size.
The results of these investigations, although not quite identical,
are consistent for the two sall sizes. As the camber (measured in
percent of length of the sail perpendicular to the leading edge)
increased from zerc to 10%, the maximum 1ift inereased from 0,92 to
a maximum of 1,7 and remained fairly constant as the camber increased
to‘23%, then it decreased to 1.5 es the camber further increased to
27%. The maximum ratio of 1ift to drag at maximm 1ift occurred at
7% camber., The addition of the jib did not affect the maximum 1ift
relationship with the camber, but it did increase the 1ift to drag
ratio at méximum-lift.
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I. INTRODUCTION

Although salls Hhave been used for thousands of years very llttle
research work, experimental or theoretical, has been conducted on them,
The little experimental work which has been done, most of it during this
century, has centered upon specific seil configurations which are appli-
cable to racing yachts rather than upon sall configurations which are very
general and basic in nature. A basic approach is necessary in order to
determine the effects of each individual sail parameter. Virtually no
theoreticél work has been attempted owing to the obvious complications
caused by non-rigidity, large camber, and by the fact that in actusl prac=-
tice salls are used in and beyond the region of stall. Therefore it i=s

well that an experimental approach to the problem be the method used.

A sail, as most commonly used, is a non=-rigid airfoil constructed
of fabric. Its leading edge is usually rigidly supported, and generally
at least one other edge 1s supported in a like manner. The sall may be
provided with a jib which is similar in location and in purpose to a slat

for a conventional rigid sirfoil,

The most basic sail configurations would naturally be of the two-
dimensional group; that is, the leading and trailing edges would be ri-
gidly supported, and the chordwise section would be constant across the
span. As virtually no data are available for the two-dimensional set-up,
the various specific sail variables that could profitably be investigated
are too numerous to permit thorough study in this thesis. Some of these
possible two-dimensional sail variables are: camber, leading-edge support

shape and location, porosity, location and relative size of the jib, and

Reynolds number.
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INTRODUCTION (Cont'd)

In this study the two-dimensional effect was achieved by the use
of circular endplates located about four feet apart. With this endplate
system the baslc aerodynamic characteristics of the following four-foot
span models were investigated: 6-inch and 12-inch chord flat plates
(% inch thick); é-ineh and 12-inch (length of model surface perpendicular
to the leading edge) non-porous cloth sails; and 6-inch cloth sail with

3-inch cloth jib.

The major portion of these investigations was concentrated upon
the effects of camber as this appeared to be the most basic and effective
of the two=dimensional sall variables. Both the 6-inch and the 12-inch
cloth sails were used for the variation~of-camber studies. The 12-inch
sail was used in order to obtain as accurate data as possible up to the
maximum 1lift region (ag 2 240). Beyond this region the flow over the
12-~inch sail was no longer two-dimensional. As the two-dimensional flow
over a b-inch sail did not break down until a higher angle of attack
(ag 2 64°), the 6einch sail was used to obtain data beyond the accurate
region of the 12-inch sail. Basically the data of the 6-inch sail are
not as accurate as those of the 12-inch sail as the small measured forces
are halved and the large tares due to the aerodynamic effects on the end-

plate system are doubled.

In order to obtain some idea of the effects of a jib on a sail a
very limited study was made of the effects of camber of the 6-inch sail
with a single jib configuration. Unfortunately, owing to the short period

of tunnel time available for these lnvestigations, a more complete study
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INTRODUGTION (GCont'd)
of the effects due to other jlb configurations was not possible.

For several reasons the most basic "sail" configuration, a flat
plate, was studied. The reasons were: to obtain a configuration from
which data could be compared with known resulis in order to ascertain
the validity of the test set-up and procedure used; to provide data to
use as a standard such that future investigations on two-dimensional
salls using other test set-ups and procedures would have a basis for
conparicons and to have a "sail" oconfiguration which had zero camber.

Investigations were conducted on both a 6~inch and a 12-inch flat plate.

The nature of the test and the models limited the experiments to
a tunnel dynamlc pressure of 5 psf. The flat plate models began to vi-
brate excessively for tunnel dynamic pressures greater than 7 psf. 4s
it vas necessary to enter the tumnel during runs to measure the camber
of the cloth sall models, it was "convenient! to limit the tunnel dynamic

pressure to about 5 psf (about 45 mph).

A good many runs were preliminary in nature as it was necessary
to determine the model construction and the testing procedure. Very few
detalls about such runs will be mentioned in this thesis. The other
pertinent experimental data obtained during these investigations are
presented here in thelir entirety along with a general discussion of the
results. These investigations were conducted intermittently during the
period of December 10, 1952 through February 25, 1953 as GAICIT Report
606,
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II. TEST SET-UP AND PROCEDURE

v The investigations conducted on the models were carried out in the
closed throat three~dimensional working section of the GALCIT (Guggenmheim
Aeronautical laboratory, California Institute of Technology) Ten-Fcot Wind
Tunnel. The working section is 10 feet in diameter and 10 feet in length
with the trunnion axils 4% feet downstream from the leading edge of the
working section. The contraction ratio is 4 to 1 (see Figure 1). The
velocities in the working section were obtained by setting a static pres=

sure difference between the tunnel piezometer (velocity calibration) rings.

Endplates suspended from the normal GAICIT three strut support
system were used in order to approximate two-dimensional flow over the
models tested. The angle of attack was controlled by a tail cross—piece
ccnnecting the pitch arms which were attached to the endplates. In order
to obtain the necessary pitch variation it was necessary to move the pitch
arms with respect Yo the endplates. Two such positions were used, P1
permitting angles of attack from 0° to 45° and P2 for angles of attack
from 450 to 90°. To minimize the variations in, and the magnitudes of,
the aerodynemic tares due to the presence of the endplate system in the
windstream, the tall cross-piece and trunnion, and the main strut brace

and trunnions were shielded (see Figure 2 and Model Fhotos 1, 2, and 3).

Before any tests were made on the models it was necessary to con=-
duct two preliminery investigatione, one to determine if a congtant angle
of attack could be obtained across the span of a cloth sail model, and
the other to determine the magnitude of the aerodynamic tares due to the

Presence of the endplate system in the windstreanm.
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TEST SET-UP AND PROCEDURE (Cont'd)

A 12=inch paper sail with % inch rod leading and trailing edges
(threaded at the ends for attaching to the endplates) was used to observe
whether the leadlng and tralllng sdges of the model would bow the same
amount, Equal bow was necessary to obitain a constant angle of attack
across the model span. Fhotographs were made of the paper sail at a tun-
nel dynamie pressure of about 5 pef. The photographs showed that 1t was
pogsible to adjust the tension in the leading and tralling edges of the
models in such a way that they would have an equal amount of bow (see
Model Photo 2). Another paper sail was tested having a ‘il"é ineh wire for
the tralling edge. As the wire trailing edge decreased the drag consid-
erably, this trailing edge configuration was used for the cloth sails.
Four non-adjustable ribs equally spaced across the span were used to keep

the distance constant between the leading and trailing edges.

The followlng procedure was used to determine the aerodynamis
tares. A 12-inch chord plywood model % inch thick was used to generate
a wake in order to obtain as reallstic a set of aerodynamic tares as pos-
sible, The plywood model was suspended between the endplates, without
coming into contact with them, by guy wlres attached to the tunnel walls
(see Model Fhoto 3). Aerodynamic tares were obtained by varying the angle
of attack of the endplates independently of the plywocod model. As 1t was
& lengthy process to alter the angle of attack of the plywood model, only

a limited number of widely spaced angles wers used.

The flat plate models were attached to the endplates by threaded

% inch rode at the leading and trailing edges of each model. The leading

edges were rounded and the trailing edges were beveled from the trailing
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TEST SET-UP AND FROCEDURE (Cont'd)

edge of the lower surface to one inch forward on the upper surface in
order to minimize the flow from the lower surface over the trailing edge
to the upper surface. It was found that this beveling did not alter the
flow from that obtained with the rounded trailing edge. Pletures of tufts
attached to the upper surface of both flat plate models were taken in

order to indicate the surface flow conditions.

The cloth sails all had é% inch wire for the trailing edges and f%
inch wire, é% inch rod, and % ineh rod for the leading edges of the 3=~inch,
6-inch, and 12«inch models, respectively. A4ll the cloth sail models had
five equally spaced ribs between the leading and trailing edges. These
ribs were adjustable in order that the slack could be varled. The gaps
between the edges of all the models tested (with the exception of the ply-
wood wake-generator model) and the endplates were sealed with the approxi-
mate airfoll shape that occurred in the center of the model spen. No
tufts were attached to the upper surface of the cloth sail models but
probing was done with a tufted rod to observe the flow conditions in the
vicinity and on the upper surface of the models. In order to measure the
camber of the cloth sall models it was necessary for an obgerver to re-
main in the working section while the tunnel was being run at a dynamic

pressure of 5 psf.
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I1II. METHODS OF REDUCTION AND FRESENTATION OF DATA

4., Reduction of Data

The data obtalned during the course of these investigations are:
1ift, drag, pitehing moment, meximm camber, and position of maximum
camber. These data are all reduced to dimensionless coefficient form.

In addition, fron the force and moment data, the resultant forcs, its
position, and its diregtion were determined and are included in the plots.
The force and moment deta are corrected for the aerodynamic tares due to
the presence of the endplate system in the windstream. It was not neces=
sary to correct for the flow inelination at zero 1lift as the 1ift curves
for the flat plate models (see Figures 15 and 28) indicate that the geo=
metric angle of attack is very nearly the aerodynsmic angle of attack.

No attempt was made to correct for the effects of wind-tunnel wall inter=-
ference, solid and wake blockage of the models, and variation of tunnel
vglocity in the vicinity of the models. As the investigations are rela-
tive in nature, the above effects do not affect the relationships of the
various models to an appreciable degree. The variation of the tunnel
velocity in the vicinity of the models is quite small (about %% from the
value at ihe tunnel centerline) when the endplate system is not installed,

Its presence should make very litile difference on the velocity distri-

bution between the endplates. |

As these investigations are concerned with the comparison of the
data of a sail having varying slack, the 1lift, drag, and pitching moment
coefficients are based upon the total area of the models (when the 3=inch

jiv is used its area is included in the total area). Since the piteching
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METHODS OF REDUCTION AND PRESENTATION OF DATA (Cont'd)

noment coefficient data as presented in this thesis are about the leading
edge of either the é-inch or the 12-inch models, the characteristic length
used in the reduction of these data is the length of model surface per-—
pendlicular to the leading edge (the length of the 3-inch jib i1s not in=-
¢luded). The location of the resultant force is expressed as a ratio of
the chord, i.e., the actual distance between the leading and trailing

edges of the 6-inch or 12-inch models.

Be Presentation of Data

The data are presented in the form of plotted

faired curves. All plotted points represent experimental cbservations.

The data appear in the following groups of figures:

l., Aerodynamic tares
2. Cross plots and comparison plots
3. Idealized force plots for a flat plate model

4e Data of the various models tested

5. Pictures of tufts on the flat plate models

The following convention of symbols indicating experimental data

is used:

l. Aercdynamic Tares

O &~ Lover ag range; q = 10 paf

A ~ Lower @, range; q = 5 psf With 12-inch
o ~ Upper cg range; q = 10 psf vake generator
K ~ Upper o, Tange; q = 5 psf



- 9 -
METHODS OF REDUCTION AND PRESENTATION OF DATA (Cont'd)

++010° oo much weke®
+ o 5° 400 much wake
- ~ 5% t00 1ittle wake

—— r\-’lCl0 oo 1little wake

X~Ho wake genersator used

2. Cross Plots
O ~ 12=~inch model
N &~ 6-inch model
O =~ 6é~inch model with 3~-inch jib
¥ = 3=inch jib
() = For perabolic airfoil shape

3. Data of the Various Models Tested
O ~ Lower o, range } Data obtained with

\ ~ Upper ag range

Tagged symbols (G ,4 )~ Gheck points
Crossed tegged symbols { G4 )colysteresis effects; Data

increasing ag

obtained with decreasing ag

ﬁlake generator set at an angle of attack 10° greater than
the effective angle of attack of the endplate system
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IV. NOMENCIATURE

Definition of Tests

P

Ve

TFC

Pict.

Tuft Pict.

Probe

0

Polar test; angle of attack variation for which pitching
moment statlic tares due to welght of model and endplate
system are determined at q = O

Polar test; angle of attack variation for which 1lift,
drag, and pitching moment data are obtained

Tunnel velocity calibration; relation of tunnel dynamic
pressure at intersection of tunnel centerline with trun-
nion axis with respect to static pressure difference of

plezometer rings

Tunnel static pressure calibration; relation of static
pressure at intersection of tunnel centerline with trun-
nion axis with respect to tunnel dynamic pressure

Measurements of maximum camber of sail and its distance
aft of the sail leading edge are obiained

Heasurements of maximum camber of saill are obtained

Pictures of model W;,z are obtained which show the rela=

tive upward bow of the leading and trailing edges of
the sall. IV is shown thal the leading and trailing
edges bowed approximately the same amount, hence the
angle of attack across the model span is constant

Pictures of tufts on upper surface of flat plate
models are taken to indicate the flow

Probing with a tufted rod in the vicinity of the model
in order to determine the flow conditions
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NOMENCLATURE (Cont'd)

Defipnlilon o r and Linear Messurements

Angle of attack of model reference chord with respect to tun-
nel horizontal plane of symmetry. Reference chord 1s defined
as the line connecting the midpoints of the leading and trail-
ing sdges. Positive angular displacement i1s defined when the
leading edge is raised relative to the trailing edge (as «
tunnel observer would see it). When two values (=/x) appear
in the Index of Runs the dash indicates that the ug of the
endplates 1s varied while the x indicates the “g of the model.
Otherwise the ug is the same for the endplates and the model.
When the 3-inch jib is present, %g refers to the 6=inch sail

Angle of yaw of model vertical plane of symmeiry with respect
to tunnel vertical plane of symmetry = o°

Direction of resultant force on model wlth respect to tunnel
axis. Measured positive in an upward direction; equal to zero
degrees for resultant forece in direction of windstream

length of model surface perpendicular to the leading edge
Chord of model; distance between leading and trailing edges

Slack of model; distance trailing edge moved toward leading
edge from maximm chord ( ¢ = 0 = .4 ). When two values of

slack appear in the Index of Runs, the first refers to the

3-inch jib and the second refers to the 6-inch sail

Distance of center of pressure (resultant forece) from leading
edge of model. When 3-inch jib is used, x refers to leading
edge of 6=-inch sall

Distance of maximum camber position from leading edge of model
Maximum camber of model

Distance model leading edge forward of trunnion axis

Distance model trailing edge above trunnion axis at o, = °
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NOMENCIATURE (Cont'd)

= HRefers to model with = x

See Figures 4 and 5 for pictorial definitions
of above angular and linear measurements

Definiticn of Coefficients

Lift coefficient = Lift (CL is positive when it tends to

qS
1ift the model)

Tare 1ift coefficient = -tg"—:-é-liﬁ

Drag coefficlent = %ﬁ (GD is positive when it acts in
the direction of the relative wind)

Tare drag coefficient = ,Eg_z;_g_é_g_mg

Pitching moment coefficient = Eiigéi§§§?2§222 (cm 1s positive
when it tends to raise the leading edge)

Tare pitching moment coefficlent = iﬁ!ﬂ-niﬁsﬁéﬁgumgmggi

G, referred to leading edge of 6=inch or 12-inch model
Resultant force; vector sum of CL and CD

Reynolds Number = é%!

The following symbols are used for the foregoing coefficients
Surface area of model (one side only; not wetted area).
8 = bl + 113) when the 3~inch jib is used

Model span

Length of model surface perpendicular to leading edge. When
3-inch jib is used, ! is for 6-inch sail only

Tunnel dynsmic prsssuge at intersection of tunnel centerline
and trunnion axis (ﬁg-, pst)

Windstream velocity = \|3p9-

Mass density of air (Note: ‘A correction is applied in the



NOMENCIATURE (Cont'd)

tunnel airspeed calibration so that in the above formulae /2
is to be taken as the free air density unaffected by com~
pressibility. )

Absolute viscosity of air = 3.726 x 1077 __.____lb‘“"bzﬂﬁc

(for T = 15, h = 760 um Hg) £1
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V. DEFINITION OF GONFIGUHATION SYMBOLS

Hotatlon

undplate system positioned for c range of -5°
1o 50°

Same as Pl except pesiticned for o range of l,Oo
0 g
o 95

12«~inch model made of -}: ineh plywood used to gen=
erate wake for the determination of aerodynamic
tares. It was suspended between endplates in
position of other 12=-inch models by guy wires
attached to the tunnel walls, but did not come
into contact with the endplates

12=inch pllot test model constructed of tissue
paper on a framework. The leading and trailing
edges of the framework were % inch rods sepa=-
rated by four equally spaced non-adjustable ribs

Same as W;“? except 'il'é" inch wire used for trail=-
ing edge

12«inch standard model constructed of 52- inch
sheot steel. Because of excessive flutter no

tests were performed on this model

12-inch standard (flat plate) model constructed
of % inch aluminum sheet. Leading and trailing
edges were rounded

12

Same as Wa, except with a sharp trailing edge

Seme as Wiz except 6=inch model

12-inch sail model constructed of 30 mesh nylon
material attached to framework. Meterial was
impregnated with a latex compound in order to
meke it non-porous. Framework congisted of a é
inch rod leading edge and a 6 inch wire trail-

Figure
uo,

2

3242

3,43

Photo
(- P

1
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DEFIHITION OF CONFIGURATIUN SYMBOLS (Cont'd)

Notation

ing edge separated by five equally spaced ad-
justabls ribs

4=inch sail model constructed of 100 mesh nylon
materlal made non-porous attached to framework.
Framework consisted of a 532- inch rod leading
edge and a == 16 inch wire trailing edge separated
by flve egually spaced adjustable ribs

3-inch sail model used as a jib for W 6. Similar

in comstruction to W6 except ig inch wire for
leading edge

Model dimensions (3-inch, 6-inch, 12-inch)
refer to lengih of model surface perpen~-
dicular to leading edge. These dimensions
are nominal, See table on page 16 for
exact dimensions

Figure
O

Photo
HNo...

5,6
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VIA. RASIC MODEL DIMENSIONS
Model
12
vz w2 | w2 | W vl | ué W3
4 1 1 1
Span, Inches 48 7 47% 434 48% 1.8% 434 481’
Length, Inches 12 12 12 3 3_1% 5% 311_1_6_
fﬁiﬁa"; 40021 | 3.979 | 4.021 | 2,010 | 3.979 | 1.968 | 1.026
Endplates
Dﬂ.ameter 3 Feet
Thickness 1}; Inches.
Bevel Angle 30°
Span 43% Inches

Main Trunnion Spacing

Tail Length

55.70 Inches
37.72 Inches

Approximate Reynolds Mumbers, R x 10-5

Model
a-pst w2 wé wé + w3
5 3.82 1.91 2.86
10 5¢40 — —




VIB. SIACK AND CAMEER MEASUREMENTS

Ran | 2, Inches | .4, Inches | ¢, Inches | y, Inches | 4/) v/
3 12 0 12 0 0 0
12 11Z n 12 = n .058
15 n z 11% £ 011 | 079
% " z 112 12 021 | .100
18 " 2 5 1% 032 | 121
13 " 2 12 1% 042 | .132
17 " 2 ng % 053 | W12
16 n z 11 22 o7 | W7
8 " 1 10% » <084, *
10 " 17 102 22 105 | .195
21 " 12 10% 2% 237 | 226
19 " 2 % 27 2268 | .226
20 " 3 &% % 253 | o268
5 6 0 6 0 0 0
23 5% " 57 x m +043
2/, n 3 52 g— 021 | 106
25 " & sk = 032 | 117
26 n % 52 1% 043 | .128
27 m 2 5% Z 064 | 149
28 n 2 52 3 085 | .192
36 " n " ] # "
3 . . . " " "
29 0 2 52 1% 06 | .202

. .
No camber measurements teken (q = 10 psf)
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SLACK AND CAMBER MEASUREMENTS (Cont'd)

Fum 2, Inches | &, Inches | ¢, Inches y» Inches %Y/ 7/
v4 ] iy
3 5% 2 5% 2 106 | .213
31 n z 5 1% A9 | .25
35 1] n ki 14 ki 3t
L 2
32 " 1 42 1% 213 | .266
34 33 & 2 3 202 | .228
35 » n n n n n
36 " ” " b3 " "
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VI, INDEX OF RUNS

RFun | Configuratiem Test q’ﬁ-? ag° Remarks

F1 P Plote | 5,07 - Check bowing of
P2 n P 10.08 - Pilot run

¥3 Py " " - dero Tares

P P " - 12 noom

P5 " " - g noow

P6 n ] - A n n

P7 " " - =/16 noon

P8 " " - -/20 n "

7 : I R L

P10 v I R "o

P11 ) " - = /60 g;g:;:b gwiid:;nc orrectly
i S T TR R i
Pl2a " " - ~/r5 Aero Tares

P13 n " - =/90 NeG. (Interference)
F134 " " - ~/90 Aero Tares

Pl1A n n - =/60 " n

Pl n n - -/25 n "

5 " " - ~/30 n o oom

P16 P, n 10.08 - oo

F17 » P 0 - Static Tares
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INDEX OF RONS {(Cont'd)

Run Configuration Test q,lb.z o © Remarks
£t g
P18 | Py VG - - Velocity Celibration
Static Pressure
P9 | " TR - - Calibretien
P20 R Niz Pl 0 - Statlie Tares
P21 "4 wi? n " - n n
P22 oo P 5 - Pilot Run
n - n L
P2LA | P, + L2 0
P22A | " + P 5 - n "
19
" - n n
PR3 Pl +* &r};’* 10
1 n + ui? 1] 5 -
| Tuft
2 "o N o+ Tufte) pi04, " -
Tuft
2h | P+ Mo+ T gyt " -
1A no o4 on P " -
P+ "
3 1:'1 * w:.z Probe =
v P+
3A Pz + n Probe " -
6 .
4 Pl + Wa P:L 0 -
5 " + 0 P 5 -
Toft
" n -
6 e N v Tufts | pigg,
Tuft
64 P2 LA Pict. ) =
7 " & N Pl 0 -
5A n 4 " P 5 -




INDEX OF RONS (Conttd)

- 21 -

B Configuration Test q,J-l’- a© Slack
, _£12 g (Inches)
8 P Wi'z P 10 - 1
g LA Pl 0 - "
. MP +

10 moa o Prbn 5 - 2
11 P2 + 7 Pl 0 - n
104 "o+ B Pio‘;e 5 - o
12 Pl + 1 MP " - 0
m Pz F P n - n
13 P, o+ M MP " _ 1
1 2
le P2 + 1" P " - ”
- L
U Pl 4+ 1 MP n T
1A p2 + M P " - n
" %
15 P, + MP " - :
154 Py + P " - "
. | .
16 P+ " MP " - <
164 Py + P " - "
H i
17 Pl + MP " - g
174 P2 + B P " - "
18 Pl + 0 /i 4 " - g-
18A p2 + M P " - "
P, + T " - 2

19
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INDEXY OF RUNS (Contid

Run Configuration Test q »AR "
£
194 P, * Wﬁc P 5
20 " MP " 3
204 n P n "
21 on MP " lg,
214 n P " n
6
22 + Wc Pl 0 0
22A n ? " 3]
MmP +
23 " Probe 5 "
_ P+ :
23A jH Probe " fn
1
24 " },LlP " .8-
2“ 1t P " n
" " -
25 M, P T3
254 " P " )
kY
26 n P " ’
264 " P d "
27 n M, P " 3
27A 1 P n ”
" &
28 MlP n 5
284 n P » "
| ; . 2
29 i 7 " :




INDEX OF RUNS (Cont'd)

Run Configuration Test q,%%z (%ﬁi)
204 Py ¥ WS P 5 %
30 Pp+ P 0 "
5 noam M,P 5 z
314 Pz 4 1 P b n
32 Py o+ MP n 12
324 P, +" P n n
39 SETIR " " nom
34 Pl 4N M M].P 5 N n
35 n o o4+n 4on P n " %
56 "o wp " .3
364 P2 + 0 400 P n n n
37 moam WP n 5




VIII. INDEX OF FPIGURES

I. Eketches
Page
1. Sketch Showing Vertical Section Through Tvmmel . . - . . . . » L5
2. Sketch Showing Two-View of Endplate System . « « « « . « . . . 46
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X. DISCUSSION

As the scope of the investlgations covered by thie thesis ie

quite extensive, it would be prohibitive to discuss in detall sach of the
many aspects, however important they may be. Since this thesis is mainly
goncerned with some basic aerodynamics of two-dimensional sails, only the
effects of camber in a sall and the effects of a particular jib on a sail
will be discussed in any detail while other items will be only briefly
mentioned. For the convenience of those who might be interested in details
of the other phenomena observed during these investigations, the data are
included in order to facllitate such further study, but they may not be

extensive enough 1o permit a full understanding of the phenomena.

A. :ares

The aerodynamic tares due to the presence of the endplate system
in the windstream were determined with a 12-inch chord wake generator and
also for no wake generator present. Because the process of obtaining tares
was excessively time consuming, tares were determined only for thé wake
generator set at angles of attack of 40, 80, 12°, 160, 20°, 250, 300, 350,
and 45° in the lower o, Tange and for 45°, 600, 75°, and 90° in the upper
¢ range. The endplate system angle of attack intervals were 4° up to

g
a = 20° and then 5° up to ag = 90°, Therefore situastions occurred when

g

the angle of attack of the wake generator was not equivalent to that of
the endplate system. This resulted in either too much or too little wake
being generated for certain angles of attack of the endplate system. This
was taken into consideration in the fairing of the tare curves (ses Fig-

ure 6).
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The following table gives the expected accuracies of the tare

data for a 12=inch flat plate model:

0°< o <20° | +.C05

<
oQ

20°< a <90° | £.010

-]

L 0% o «90° | +.015

ok

c 0°< @ <90° | +.010

8
)

In estimating tares for the 6~inch models, an average of the
tares determined for no weke generator present and for the 1l2-inch wake
generator present was nsed. This is not the ideal method and no estimate
eof the accuracy can be specifically determined. As the data of the 6-inch
and the 12-inch flat plate models are not quite identical before either
has a breakdown in the two=dimensional flow, it ean be seen that tares
for each model size should be determined using the proper size of wake

generator.

Tares for the 12-inch sail models having slack of 2 and 3 inches
were estimeted in proportion to the resulting chord length in a mammer
similar tb that used for the 6-inch model. Also, the tares estimated for
the 12-inch model with 3-inch slack were used for the 6-inch model with

the 3-inch jib (corrected for the proper sail area).

It 18 necessary to exercise much more care in the determination
of tares for the smaller chord models owing to the increased magnitude of
the tares.
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B. Flat Plate Models

In spite of the use of estimated tares for the é~inch models, the
data for the &é=inch flat plate model compare quite favorably with those for
the 12-inch flat plate model. Also, the data common to both angle of at-
tack ranges are almost coincident. The main point 1s that the comparison
does indicate the valldity of the method of estimating tares for the

6-inch flat plate model.

At first only one size of model, the l2-inch, was 10 be tested
during these lnvestigations. But, as the two-dimensional flow over the
12-inch flat plate broke down at ag = 32°, a 6-inch model was tested.
Then the two-dimensional flow continued until ug = 640 before breaking
down., The tuft plctures in Figures 42 and 43 indicate that for both the
6=-inch and the 12-inch flat plate models the two-dimensional flow changes
into sidewise flow outward from the center of the models at the eritical
angles of attack. This phenomenon is probably a function of the relation-
ships of the model span and chord and the endplate diameter and model
chord. It is possible that the Reynolds Number may have some eoffect, but
Run 8 (q = 10 psf) does not indicate this possibility. More rigorocus in-
vestigations of this phenomenon should be undertaken.

4 very interesting relationship between the data for the 6-inch and
the 12-inch flat plate models for 32°< o <64° 1s indicated in Pigure 13.
The ratios of the 6~inch data to the l2-inch data are nearly the same for
the drag aﬁd 1ift (about 1.5) and just slightly higher for the pitching

moment (about 1.65). By applying this relationship to the date of the
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12~inch model it is poesible to estimste what the data for the 12-inch
flat plate would have been had the flow remained two-dimensional through-
out the entire angle of attack range, This was done with several refine-
menta. According to Refarence (1) the drag coefficient of a twoedimen=
sional flat plate at gg = 90° 1s 1.98, In order %o obtain this coeffi=-
cient the factor of 1.45 was applied to the drag data rather than the
factor of 1.5. The factor of 1.5 was applied to the 1lift data., As the
factor for the pitching moment data was greater than the factors for the
other data, it was decided to use 1.5 as the factor since the inaccuracy
in the pitching moment tares for the 6-inch model could easily be respon=
sible for this larger factor. This cholce is further justified by the fact
that the drop in the pitching moment data for the 12-inch model at ug = 32°
is of the order of 1l.5. It was necessary to alter the lift data so that
the curve would go through zero at ag = 90° and the pitching moment data
so the moment coefficient would be half the value of the drag coefficient
at a = 90°. Figure 14 presents the two-dimensional flat plate coeffi-

cients (GD, Cps Cos Cps x/c, 8 vs. ¢, and C_ vs. CL) estimated in this way.

D

G. 12-inch Sail

The effects of camber, y/} = .058 to y/) = .268 (obtained by vary-
ing the slack from %/} = O to 4/) = .168) on the aerodynamic character-
istics of a 12~inch, two~-dimensional sail were investigated. One must
use cautlion when analyzing the data for the 12-inch sail since the two=
dimensional flow broke down at a, = 32° for the 12-inch flat plate. Except
for y/f = .058 no readily apparent break occurs in the data. For y/L = .058

the break occurs at 4y = 27°, considerably sooner than for the flat plate,
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The reason for the general absence of this break is that the flow doss not
change abruptly from two-dimensional to cross flow, It changes in a very
gradual menner. Investigatlions made by probing with a tufted rod indi=
cated a very gradual change in the flow, so gradual that it could hardly
be cbserved. It is likely that this gradual breakdown in the two-dimen-—
sional flow did not begin until after maximum 1ift. This is substantiated
by the fact that the magnitudes of the maximum lifts of the 6=-inch and the

12-inch models are nearly the same for each y/| value (see Figure 7).

In general, check polnts taken at maximum 1ift indicated that the

are small as the data are consistent regardless of the dirsction in which
the angle of attack was changed (see Figure 17). The data common to both

eu,g regions are fairly consistent for all components and for all y/{ walues.

It is interesting to note the change in the shapesof the 1ift
curves with increésing camber. The peak at maximum 1ift becomss bboader
for increasing camber until y/f = .174. Then the peak begins to form into
two peaks., As this same effect occurs for the é=inch sail, it may be con=
sidered not a result of the gradual breaskdown of the two-dimensional flow,
although the change in flow may influence the detailed shape and rate of

change of shape.

It was possible to obtain positive 1ift for all camber values up to
¥/L = .195 at zero angle of attack. At y/L = 195 and y/ = .226, the min=

imum ag required for positive lift was 5°. For y/) = .268 the minimm ug
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for positive 1lift was 16°. When negative 1ift was first obtained (as o

was decreased) the sail fluttered viclently agsinst its ribs. Otheruise
no sericug flntter occurred in the sails. At maximmm 1ift the sails "bug=-
zed", but this was limited to a very small c'g reglon of about 2° on either
gide of ag for mestimum 11ft.

D 6-inch Sail

The effects of camber, y/b = +043 to y/) = .266 (obtained by vary-
ing the slack from 9/ = O to 2/) = .213) on the serodynamic character-
istics of & 6~inch, two-dimensionsl seil were investigated. MNere one need
not consider the breakdown in the two-dimensional flow vhen analyzing the
data in the lower o g regions The treak occurs at about Gg = 64,0 for
y/0 = +043 end increases to 0= 68° for y/) = +245. No bresk in the data
occurs for the sail with y/) = .266. Apparently the flow remained almost

two-dimensional up to o = 90° ag the drag value is about whet would be

g
expected for such flow.

The drag date common to the two a_ ranges are fairly consistent,

the 1if% data are not quite so cons:ls*heni (a discrepancy of perhaps .05 to
+10), and there is no correlation whatsoever in this region for the pitch-
ing moment data. In gemeral, the pitching moment data show no well defined
sequence of points during the entire ag, range. This is probably caused by
the inherent inaccuracies of the balance readings. A token fairing is ate

tempted for the pitching moment data, but it reelly has little significance.

The shapes of the 11ft curve peaks change in a mammer similar teo

that described for the 12«-inch sail. A&lso, beginning with y/L = 149 it
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was not possible to obtain positive 1lift at ag = 0°, At maximum camber
the minimum ug for positive 1ift was only 504 Ho reason is known for the
difference in minimum ug for positive 1lift at maximum camber between the
6-inch and the 12-inch sails. The same "buzzing" occurred in the region
of maximun 1ift,

Included in a table on page 44 are experimental values of GL and

CD at ng = 900 along with expected or computed values of these coefficients.

Naturally, the expected G, is zero (except for the 6-inch sail with a jib),

but the estimated value for C, was computed by the following method:

D

AR

= 1.98 G, =2.30 G, = 1.98 + 8%(2,30 - 1.98)
e [+] (+] ¢
(Reference 1) (Estimated for this thesis)

Cp

Then CD = fGD where GD is the drag coefficient based on the chord rather
than on the a;c length.c

Inspection of this table reveals the following information: (a) Ex-
cept for one case, the ratio of experimental to calculated drag coefficient
lies between .672 and .721, a spread of only .049. This is quite remarks-
ble as itvshows that the type of flow at o, = 90° is virtually the same for
all the model sizes. (b) The one case, Y/l = .266 for the 6=inch sall, has
a2 ratio of .940., This indicates that the flow probably is still nearly two=
dimensional at a, = 90°. A look at Figure 38 shows that no bresk in the

data occurs. The reason why the flow over this particular configuration did



-35 -

DISCUSSION (Cont'd)

not break down in the nsual manner is not known. {c) The magnitude of
the 1ift coefficlent is greater at o = 90° for the 12-inch case than for
the 6-inch case. As the tares for the 6-inch case are doubiful, nothing
definite can be stated. But a possible explanation for this is that the
12-inch medels changed the effective flow direction seversl degrees while

the 6=inch models had very little effect on the flow direction.

E, 6=inch Sail with 3-inch Jib

Because of the extremely limited testing pericd available for the
investigation of the effects of a 3-inch jib on a 6-inch sail, only one jib
camber, y/b = #2255, and one Jjlb location were used for three cambers of the
é-inch sail. Only data for y/) = .192 for the 6~inch sail were obtained
for ug 460. Nevertheless, as is indicated in the 6-~inch and the 12-inch
sail data, the data in the upper ug region should not be materislly dif-

ferent for such small changes in camber.

The shape of the lift curve peak 1s changed by the addition of the
Jib. It is more peaked for the same amount of camber in the 6-inch sail,
but the maximum 1ift is virtually unchanged. The breakdown in the two=-
dimensional flow occurs at ué = 53°. This seems reasonable as this ag
value lies between that for the 6-inch sail and that for the 12-inch flat

plate (with a jib the 6=~inch sail is essentially a Y=inch sail).

.As the jib was at approximately negatlve 10° angle of atlack rela-
tive to the é-inch sail, no data below ¢, = 10° were obtained since it was
necessary that the jib itself develop positive 1lift, i.e., that the cloth

be free of the ribs.
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Here again the pitching moment tares appear to be unsatisfactory
as there is no correlation in the data common to both ag ranges. The 1ift
and drag data compare favorably in the common region, but not as satisfac-
torily as for the 12-inch sall models. Apparently the procedure used to

estimate the tares is nol quite valid for this sail configuration.

Eo Lffects of Camber

Mascimum CL inecreases from about .92 for zero camber to about 1.7
for 107 camber and remains fairly constant until 23% camber before decresas=
ing 1o 1.5 at 27% camber., i{eanvhile c% at CLmax steadily increases from
12° at zero camber to about 25° at 27% camber (see Figure 7). This vari-
ation and magnitude of meximum C, 1s the same for the 12-inch models,
6-inch models, and the 6~inch sail with the 3-inch jib. Hence the con-
clusion can be drawn, pending more camber variation investigations on the
6=inch sail with a jib, that this jib configuration does not affect the
maximnm.GL for a particular camber of the sail. It is to be expected that
the 12-inch and the 6-inch models show similar if not identical results as
the only difference 1s a model scale factor. Although for both model
sizes the <§ at chax increases steadily as the camber increases, the CLmax
for the 12-inch sall occurs at a higher °§ (about AP) than for the 6-inch
sail. This 1s surprising as ths S, for CLmax is virtually the same for
the flat plate models. Not enough data were taken during these investi-
gations to indicate the reason for this discrepancy. The valus of ag at

C for y/) = .268 of the 12-inch sail is low compared to the rest of

L
max

the data. It is possible that the two=dimensional flow broke down sconer

than i1 usually did, henece eausing this lower CL .
max
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At CLmax the ratio of Cl/bb for the 6~inch and the 12~inch models
increases from 4.5 at zero camber to its maximum of § at 7% camber and then
gradually decreases to 2.4 at 27% camber (see Figure 8). As the camber
effects of the b6-inch sail with a jib were investigated for only 19% to
25% camber, no definite conclusion can bs drawn from the data. However,
it appears that the Jib, in the esmber region investigated, ineresses the
GI/CD ratio at CLmax by about 2.5, This means that for the same camber

the addition of a jib does decrease the drag at C although 1t does

L
max

not affect the magnitude of CL .
max

The maximun ratio of C,/C, obtained as a function of camber in=
creases from 14.3 at zero camber, reaches a maximum of 15 at 5% camber,
and then steadlly decreases to 3 at 27% camber (see Figure 9). In this
case the maximum ratio of CL/CD is independent of the sail size and of
the presence of the jib. Hence it can be concluded that the major effect
of the jib is to increase the GL/CD ratio at GL but not to increase
the maximm C /G, ratio. e

In ordér to check the camber measurements, the camber function
(y/8) is plotted against the slack function (4/)) in Figure 10, These
curves for both the 6=~inch and the l2=-inch sails are similar to within
the accuracy of measurement. For comparison a caloulated curve, the ratio
of y/i vs. 4] for a parabola, is superimposed. Except at small values of

slack, it is consistent with those for the é~inch and the 12-inch sails.

In order to compare in a direct manner the data obtained from a

é~inch sail and a 12~-inch sail having the same camber ratio, the curves of
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Figure 30 (y/4 = .106 for the 6-inch sail) and those of Figure 18 (y/f = .100
for the 12-inch sall) are both plotted in Figure 11. Except for the 5°

shift in the % at maximun 1ift belween the 6~inch and the 12-inch sails,

the data are quite consistent when consideration is given to the fact that
the flow over both medels 1s different durling the central cg region

(25° « ug-( 65°). Superimposed upon this plot is a lightly deshed curve
which 19 an estimation as to what the data should be for an ideal two-
dimensional sail with a camber of 10%.

A qualitative comparison of the effects of a jib on the 6é-inch
sail with y/i = .192 can be obitained from Figure 12 where the curves from
Figure 34 (y/) = .192 for the 6~inch sail) and from Figure 39 (y/L = .192
for the 6~inch sail with a jib) are plotted. The effects of the jib are
to sharpen the 1lift curve peak, but not to change the maximum 1ift, and
to decrease the drag at the maximum 1ift. HNaturally the moment about the
leading edge of the 6-inch sail and the location of the resultant force
will be affected by bhe addition of the jib. Dut the direction of the
resultant force is not materially affected by the addition of the jib.
Here agaih a lightly dashed curve gives an estimation as to the e xpected
data for a two-dimensional gail with a jib under two-dimensional flow

condltions.

Also included in Figure 12 1s a check run for the 6-inch sail at
¥/0 = .192. This run was performed during a separate model installation,
hence it should indicate not only the repeatability of the data, but also

the repeatability of the test set-up. Unfortunately, as a result of the
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rush involved in the test set-up, apparently the angle of attack indicator
was not zeroed when the model was leveled. Hence the indicated ug is ap-
parently 2° greater than the actual ug. No correction has been made for
this oy discrepancy as it is not certain that this is the correct explana-
tdon for the 2° shift in a1l of the dats. As the G, vs. G, curves are
almost coincident up to ag = 400 and the shapes of the other curves are
similar, this check run indicates that the data obtained from two entirely
separate test sel-ups are consistent if considerastion is given to the 2°

o shift.
g

G. Accur of Measurement

Owing to the fact that the measurements of the camber, slack, and
sall length in the viecinlty of the ribs differed from those measurements
taken betweenthe ribs, errors in these quantities resulted as all measure-
menis were taken in the vicinity of the ribs., The following table indie

cates the probable maximum variation of these quantities aeross the span:

w2 wé
C [
inches | %0 | inches | %2
1 Y
1 T | 05| f5 | 2.0
Y $ | 10 -llé 1.0
1 2
xc 4 2. 1 16 . 100
1
¥ § | 0] & | 10

Also, the accuracies of the individual measurements made are not expected

to be better than the deviations of the measurements across the span.
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As the balance readings were unsteady, the raw data, when reduced
40 the usual dimensionless coefficient form, sre reliable to no more than

to the amounts indicated in the following table (q = 5 psf):

Wi2

| 40090 | L0040 | .0060

Cy, 012 .024 .018
C .0072 | .0288 0172
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In spite of the many problems encountered and the estimates used,
the data obitained can be interpreted to give consistent relative results
and probably even absolute results to within a few percent. The effects
that camber has upon the maximum 1ift and upon the ratio of 1ift to drag
for the 12-inch and the 6-inch models are about the sams. The only dis=
crepancy, obher than that in the pitching moment curves (and this dis-
erepancy can easily be explained by the excessively large pitching moment
tares which were estimated for the 6-inch models), occcurs in the °g for
the meaximum 1ift. For some not apparent reason the 1lift curve slopes of
the 12-inch sails are less than those of the é-inch sails for the same
camber ratio although the maximum lifts are about the ssme (see Figure 7).
This results in the maximum 1ift occurring for the 12-inch sails some 40
later than for the 6-inch sails. This phenomenon becomes even more baf=-
fling when it is realized that the m% at maximum 1ift is the same for both

the 12~inch and the é-inch flat plate models.

It ie felt that a good share of the discrepancies between the date
of the 12«inch and the 6-inch models could be eliminated by a much more
thorough procedure of obtaining the asrodynamic tares. Iilore wake genera=
tors should be used in order to matoh the chord and airfoil shapes of the
models to be tested. The usefulness of this elaborate procedure is lim-
ilted by the fact that the flow over the wake generator would tend not to
be quite two=dimensional as there are gaps between it and the endplates.
Tufting of the surface would indicate to what degree the flow is two=
dimensional. Also, more angles of attack of the wake generator should

be used. A better approach to the refinement of the tare procedure wonld
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be to minimize tha magnitudes of the tares. This eould be aceamplished
by a more thorough shielding of the endplate system. The ultimate in this

respect would be to use a two=dimensional tunnel for these investigations,

The results of these studies invite additlonal investigations on
the following:
1, Effects of jib
a., Use more Jjib positions, sizes, and canmbers
b. Use more cambers for the maln saill with a jib
2. Side flow phencmenon
a, Uss flat plates of warying chord and span
b. Use different endplate diameters
¢, Tuft upper surface of sail models
d. Vary tunnel dynamic pressure over models
3. Determine reason for upward shift in ag at maximm 1ift
with increase in sail length perpendicular to leading edge

Possible investigations on additional two=-dimensional parameters
are as follows:

1. Effects of porosity

2. Effects of Reynolds number as obtained by a change in q. This
presents the problem that the camber will be different for dif-
ferent values of q although the slack will be the same

3. Effects of size, shape, and location of leading edge and methods
of attaching sail to it

4o Effects of controlling sail profile by using battens
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XIII. CAILCUIATED AND EXPERDMENTAL LIFT AND DRAG

AT o = 50°

Bum| Model | T4 oL e

Expected | Experimental | Calculated*| Experimental| Ratio
3| W 0 0 .032 1.980 1.372 | .93
@ | o .058 n .070 2,017 1454 | 721
15 | v V079 n 048 2.010 1,425 | +709
w | o .100 n .031 2.002 1.38, | .91
18| » 121 " .028 1995 1421 | o712
13| 132 " .052 1.981 1373 | <693
w7 | o 142 n .08, 1.967 1.365 | <694
6 | » 174 " .083 1.945 1.343 | 691
10| o .195 n 072 1.897 1349 | 712
21 | o .216 n .082 1.847 1.298 | .703
19| ¢ .226 " 076 1.791 1.234 | <689
20 | 268 n 072 1.652 1.113 | .67
5| W 0 n .010 1.980 1.330 | .72
23 | v .043 " 064 2.007 1.358 | <677
2 | v .106 n .018 2.005 1.364 | -680
25 | 117 n ~.008 1.992 1.360 | 683
26 | = .128 n -.002 1.977 1339 | <677
27 | n 149 n .010 1.949 1.350 | .693
28 | n .192 n .010 1.934 1.330 | .688
29 | » .202 " ~.023 1.920 1.337 | 6%
3| » 245 n -.008 1.842 1.277 | 693
2 | » .266 " -.027 1.729 1.625 | <940
36 (W +w?| .12*| - .170 1.893 1349 | .73

" See page34 in discussion for procedure used

3#*
For é-inch sail
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Pictures of Tufts_on Upper Surface of Wi
q=5 1b/ft?, Runs 2 and 24
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Figure 43
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Photo 2. Rear view of P, + Wer
Photo 1. Side view of Pq ;é5 /ee2, 3125 ( Rlun Pl;

Fhoto 4. Front view of P2 @ wa

Photo 5. Front view of P; + W, Photo 6. Rear view of P, + Wg + ‘Qg



