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ABSTRACT

Tests were carried out in the IfS wind tunnel on a model of a new sailing
ship, and the results described. The rigging of the new sailing vessel
corresponds to a design by W. Prolss. The results are presented in
dimensionless form, namely the horizontal force components and the yaw
and roll moments, as a function of mast setting and lateral wind angle.
The sailing polars were compared to sail polars of a conventional four-
masted barque. The comparison shows the propulsion forces of sailing
ships is greatly improved by the use of modern sail designs.
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1. Introduction

Wind tunnel tests with the rigging model of a four-masted barque are described in Report No.
172 of the Institute for Shipbuilding [2]. This current publication, which is an abbreviated
version of IfS* Report No. 173 [1] in both text- and images, contains wind tunnel test results of a
model of a six-masted sailing vessel by Prélss?. This investigation, as part of a larger research
project “Wind Forces on Ships”, funded by the Research Council of the Free and Hanseatic City
of Hamburg, compares sail forces of modern, newly designed sailing ships with traditional
sailing vessels. With the help of a method developed at the IfS [3], the speed of modern and
conventional sailing vessels may be calculated, permitting an analysis of the commercial
viability of these vessels.

Here a sailing vessel with square-rigged masts by W. Prolss is considered. The construction
consists of curved yards on a cantilever elliptical profile mast, whereby the entire mast being set
between yards and sails forms a closed arched and relatively stable surface shape. The basic
aerodynamic characteristics of the Prélss rig can be determined by measurements of the panel
sails. Such panel sails measurements have been performed on single masts as well as on panel
sails in multi-masted arrangement [4], [5], [6]. The result of these preliminary investigations can
be summarized as follows:

1. The individual masts should - when compared with more pronounced curvatures - be
more favorable in the case of multi-mast arrangements for propulsion effect in forward to
lateral winds where a circular curvature (camber) of the yards from f/Ls = 0.120 is used.

2. Using a six-masted ship with masts closer together than optimal, results in a degradation
of the drag polar, but not so large that a five-masted ship with optimal spacing is better,
assuming the same sail area.

3. The sail polar plots of a multi-masted vessel can be significantly improved by increasing
the setting angle into the wind, as one moves aft.

2. Test Facility and Model
2.1. Test Facility

The tests took place in the IfS wind tunnel. The model was placed on a square base plate of
1.75 m x 1.05 m (limiting the beam below) embedded on a rotating turntable. The test facility
was described and explained through a sketch (drawing) in an IfS report No. 172 [2]. The electric
three-component scale, connected to the turntable, allows the measurement of resistance (force
component in flow direction), lateral force (force component perpendicular to the flow
direction), and yaw moment.

LIS = Institut fur Schiffoau (Institute for Shipbuilding) — where B. Wagner worked at the TUHH (translator’s remark)

2 Wilhelm Prolss (1901 — 1974) was a shipbuilding engineer who, in the early 1960s, developed the yards-based sail system
called Dyna-Rigg , which was originally intended for making cargo sail ships more cost-effective.
https://de.wikipedia.org/wiki/Dyna-Rigg (translator’s remark)
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In addition, a rolling moments scale was placed in the turntable. For this purpose, a second
plate was created with the adjustable floor of the model tub® connected with two steel springs, on
which DMS?* strips are attached. The model was screwed on to the second plate. Elastic foam
strips were used to seal the model tub at the waterline of the stencils covered model. The rolling
moment scale was calibrated with the built-in waterline sealed model so that the elastic
properties of the seal are taken into account.

2.2. Model

The wind tunnel model is based on a design draft by Ingenieurkontor Libeck (IKL)® for a
six-masted bulk carrier sailing ship by Proélss. The structures were, to some extent, greatly
simplified. In addition, the measurement was only for construction (design) draft. This is
sufficient given the hull forces are small compared to the forces on the sails. Please see Figures
1-3.

Figure 1. Important Parameters used in this report.

3 Although the direct translation of “Wanne” is “tub,” it seems that a better English word may be “trough” (translator’s remark)
4 DMS = Datenmesssystem — Data measurement system (translator’s remark)

5 Ingenieurkontor Libeck (IKL) GmbH — a naval architecture and design firm located in Kiel, Germany (translator’s remark)
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Fig. 2: Wind tunnel model of sailing ship by Prélss, side view: 6s = 45°; front view: s = 90°
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In addition to the model data, the original design data are given below for comparison:

Large version Onginal
According to Design
Mode! 1 - 154 IKL
Main measurements Model GroBausﬁihrung Original-
Hauptabmessungen Modell entsprechend Entwurf
Modell 1:154 IKL
LOA Linge iiber alles 1,083 m 1592 m 160,50 m
Lpp Liinge zwischen den Loten 0,980 m 1510 m 150,80 m
width Breite 0,1346 m 20,75 m 21,00 m
Side Height Seitenhshe 0,0854 m 13,15 m 13,00 m
Draft Tiefgang 0,0617 m 9,52 m 9,215 m
Number of Masis Mastanzahl 6 6 6
Height of Saiks Héhe der Bese§elung*} H= 0458 m 70,60 m 670 m
Projected Sail Area projizierte Segelfliiche A= 04092 m? 9700 m?* 9700 m*
Hul lateral Area Rumpflateralfliche Aig = 00447 m
2
Aspect ratio of the sails Seitenverhiiltnis der Besegelung 4 = % = 0513 0,513 0,494
Minimal seffing angle of the masts minimaler Einstellwinkel der Masten dg = 10°

*) GréBere Masthshe des Modells im Vergleich zum Originalentwurf ist durch Verstelleinrichtung der Masten bedingt.
g g g
*) Greater mast height of the model compared 1o the orginal design is due 1o the mast adjusiment device

The hull of the model was made of teak, bulwark and railings were — if present (existing) —
made of brass.

The elliptical profile masts are made of light metal (AIMg5)®. The cambered yards, made of
flat brass 3 x 8 mm, tapered at the ends of the yards, were screwed onto the intended support pin
of the mast. They have a curvature (camber) of f/Ls = 0.120.

The sailcloth (Dacron 100 mg/m?) was applied in one piece and stretched over the yards, and
held by 0.5 mm thick cover rails. The hyperbolically cut side edges of the section sails have been
reinforced with a thin Perlon cord.

The masts are vertical, and are mounted so as to permit continuous rotation and fixing of the
masts.
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6 Magnesium-alloyed aluminum wire (with max. 5% Mg) used as filler metal for welding aluminum alloys (translator’s remark)
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Fig. 3b: Model in wind tunnel, masts staggered, windward view: ds = 60°/30°
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Fig. 3c: Model in wind tunnel, masts parallel, view from above, &s = 60°

Fig. 3d: Model in wind tunnel, masts staggered, view from above, &s = 60°/30°

3. Tests and Test Results
3.1. Tests
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The tests were carried out with full sail for the design draft and without trimming and
heeling.

The velocity distribution over the tunnel floor is homogeneous except for a starting boundary
layer of approx. 25 mm thickness. The antechamber pressure was kept constant during the
measurement. The readings were based on the dynamic pressure of the undisturbed flow related
to the center of the model.

Beam cross-section: 1.75 m?
Beam speed: 18.20 m/s
Dynamic pressure’: 20.20 kp/m?
Reynolds number: Rn =V - Lg/v 0.240 - 10°
Beam obstruction: A’;ﬂ 0.2590

S

In the present beam obstruction, the influence on the measurement results is low (cf. 3.2).

Execution of the Experiments

The measured force components and moments were dependent on the mast setting angle ds
(angle between the yards and the ship’s longitudinal plane) and the lateral angle of incidence of
the wind e.

For this purpose, the masts were turned in the desired adjusting angle ds turned to the ship’s
longitudinal plane and fixed.

By turning the turntable, the angle of attack was measured from € = &s (flow in direction of
the square chord of the foremost mast) in 5°- resp. 10°- intervals up to € = ds + 90° (flow
perpendicular to the yard of the foremost mast).

In addition, tests were made with the model without sails (cf. [1]). Some photos (Fig. 3a to d)
taken during the tests show the model in the wind tunnel. In Fig. 3c and d, one can distinguish
the two different mast settings (“parallel” and “staggered”).

3.2. Measurement Accuracy, Influence of Beam Obstruction and Reynolds number

Detailed information on this can be found in [2]. The measurement accuracy of the
measuring amplifiers was in general 0.5% of the maximum measuring range of the respective
measured value.

The separately determined correction values for the forces on the turntable amounted to
an antechamber pressure of pv = 20 kp/m? approx. 160 to 320 p (corresponding to 1.4 to 2.8% of
the maximum measured value) for the resistance, while they could be neglected for the lateral
force.

The reported results were not corrected for the influence of tunnel obstruction on dynamic
(ram) pressure and oblique flow. According to IfS Report No. 160 [8] one estimates that with the

7 kp/m? = kilopondmetre/m? — obsolete unit of torque and energy units no longer used in modern engineering practice. One
kilopond equals the force applied to 1 kg due to gravitational acceleration g, thus converting it to 9.80665 N. Hence, 1 kp.m =
9.80655 kg-m?/s? = 9.80665 N-m. Here we have kp/m? = kp.m/m? = kp/m? = 9.80655 N.m/m? = 9.80655 N/m? = 9.80655 Pa
(contemporary units of pressure). Therefore, the listed values of dynamic pressure in kp/m? must be multiplied by a factor of
9.80655 to convert correctly to units of Pa (translator’s remark)
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blockage present here of 25.9%, the lateral force- and resistance coefficients would have to be
increased by a maximum of 5% compared to the measured values.

The Reynolds number influence can be significantly lower compared to the examined four-
mast barque (cf. [2]) due to the lack of shrouds and thin spars on the model of the sailing ship by
Prolss. Control experiments for a smaller Reynolds number showed no significant change in the
coefficients; larger Reynolds numbers could not be investigated because the scales did not allow
a greater load.

3.3. Experiments

In Report No. 171 [6]; dealing with panel sails in a multi-masted arrangement, it was
established that a staggered mast setting in many cases results in a more favorable propulsion
effect. For this reason, the experimental program in this work included measuring rigging forces
and moments (except for the parallel adjusted masts), also for optimally staggered masts. This
staggering involves decreasing the sail angle ds in the aft direction (which increases the sail
angle of attack to the incoming wind tunnel stream). For technical reasons, the smallest setting
angle of 6s = 10° was chosen. In the investigation examined here, the adjustment angles are
linear from foremost to rearmost. Figure 1 shows angle ds as well as other important parameters.

The optimal staggering of the setting angles of the masts looks like this:

dg (Mast 1) ds (Mast 6)
15° bis 85° 10°
40° bis 45° 15°
50° 20°
60° 30°
70° 45°
80° 60°
90° 80°

The results for parallel masts setting are shown in Tables 1 to 17 in the Appendix, while
those for staggered masts adjustment are included in Tables 18 to 28.

Figures 4 and 5 show the shear force coefficients cc as function of € and s for parallel and
staggered mast settings. The staggering of the mast adjustment angles causes a lateral force
increase of up to 17%, without an increase in sail angle of attack. There is no need for an
increase in resistance (drag) coefficient cp. The coefficients of the yaw moments do not differ
much. One must use them in cruising speed calculations, because only a ship with a balanced
yaw moment can sail, but they will not be explained in more detail here.

An analysis of the rolling moments showed that the center of area of the sail serves as a good
approximation for the sail’s center of pressure.
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Fig. 4: Sailing ship by Prolss, lateral force coefficient cc = f(g, ds) for parallel masts
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Fig. 5: Sailing ship by Prolss, lateral force coefficient cc = f(e, ds) for staggered masts

3.4. Comparison of the Sail Polars

To compare the rigging and assess the sail characteristics (cruising speed calculations) the
sailing theory “sail polars” will be used. This is just a different method of applying the lateral
force- and resistance coefficients given in Tables 1 to 28: with the lateral angle of wind incidence
€ kept constant, for a certain angle of attack es of the mast, the lateral force (lift) coefficients cc
over the associated resistance (drag) coefficients cp are plotted and connected by a curve. In a
multi-masted sailing ship, these sail polars, consequential from mast interference and hull
influence, are strongly depending on €, which is also what the measurements on the model of the
four-masted barque showed (cf. [2]).
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In Figures 6 and 7, the sets of the sail polars of the sailing ship by Prolss for parallel and

12

staggered mast adjustment are shown. It turns out that the polars for the small angle of attack of
the sail s depend on the lateral angle of incidence of the wind to a far lesser degree than was the

case for the four-masted barque.
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Fig. 6: Sailing ship by Prolss, sail polars cc = f(cp) for € = const., parallel masts, A =0.513
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Fig. 7: Sailing ship by Prolss, sail polars cc = f(cp) for € = const., staggered masts, A =0.513
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Figures 8a to 8c compare the sail polars for three ship directions to the wind &, namely for the
courses:

€ = 60° (“close hauled”)

€ =90° (“beam reach”)

€ =120° (“broad reach™)
From Fig. 8a (¢ = 60°) it can be seen that the larger lift coefficient of the staggered rigging can
be achieved throughout a large portion of the plot (avoidance of stronger partial detachment).
Figures 8b and 8c show that the benefit of staggering significantly decreases with larger values
of €.

Sailing ship by Prolss
Segler nach Prolss
15 . " — - .

staggered

paraliel
parallel

Viermostbark
alle Segel

|
| Four-mast barque.
all sails '

0.5 10

Fig. 8a: Comparison between the sail polars for sailing ship by Prolss and four-masted barque, €
=6
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Fig. 8b: Comparison between the sail polars for sailing ship by Prolss and four-masted barque, &
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Fig. 8c: Comparison between the sail polars for sailing ship by Prdlss and four-masted
barque, € = 120°

Whether the larger lateral force coefficients of the staggered mast setting — especially at
higher wind speeds — can also be used depends to a large extent on the stability of the ship. For
stability reasons one must often sail with sail positions of the lower polar region (small cc
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values), in which parallel and staggered mast adjustment are not distinguished (see Fig. 8b) or is
only achieved for the parallel mast setting (Fig. 8a).

A comparison with the corresponding polars of the four-masted barque (included in Fig. 8a
to 8c) is very revealing.

For this purpose, we want the sail force components in the ship’s longitudinal direction (cx)
and perpendicular to it (cv):

Cg * Sing — ¢p * cos ¢
¢g rcose + cp - sing

cx
Cy

(see Fig. 1)

In Fig. 8a will be shown how one can obtain these components graphically from the sail
polars (“Kurseck”, see Croseck [7]): one draws under the angle € a straight line through the zero
point (origin) of the coordinate system. This straight vertical tangent to the sail polar results in
the line itself the maximum possible component cx and the associated perpendicular component
cv. One can do this component decomposition for any points on the sailing polars through further
perpendiculars to the straight line.

One must not consider the acting component in the longitudinal direction of the ship cx in
isolation from its associated component cy. The Y-component of the wind force must be equally
balanced though a hull force by inclining the hull (drift) in conjunction with a resistance increase
of the hull. The comparison of the cx components, presented in the following table from four-
masted barque and the sailing vessel by Prdlss for the corresponding angle of incidence of the
wind (Fig. 8a to 8c), are therefore carried out for the same cy values:

Four-masted barque
all sails

Viermastbark c v 51ss-Saili -
Prilss-Se gler X (Prolss-8)  Cy (Prolss-Sailing ship)

Sailing ship by Prolss alle Segel cx (yBark)  Cx (4-M Barque)
¢ = Cy cx Cy (fiir gleiches cy) (forequal cy)

60° 0,798 max 1,455

0,694 0,950 0,390 0,950 1,780
90° 1,400 max 1,100

1,330 0,830 0,630 0,830 2,110
120° 1,470 max 0,250

1,470 0,500 0,720 0,500 2,040

From the table it can be seen that a measure of the driving force of the rigging in the X-
component of the wind force in the longitudinal direction of the ship with the same component Y
for the sailing vessel by Prolss in the considered cases is by 78 to 111% above the values of the
“conventional” four-masted barque. If one compares it with the sail polar for the four-masted
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barque without a staysail (cf. [2]), the comparison is a bit less unfavorable for the four-masted
barque.

4. Conclusions

The comparison of sail polars contained in the previous section for a four-masted barque and
a sailing vessel by Prélss has shown that the propulsion forces of modern rigging compared to
conventional rigging can increase by more than a factor of two. Of course, it is an interesting
question to check whether sailing ships equipped with this type of rigging can reach speeds that
would be economically justifiable. Such speed calculations have been performed and will be
presented in a later work.

5. Summary

Tests were carried out in the IfS wind tunnel on a model of a new sailing ship, and their
results described. The rigging of the new sailing vessel corresponds to a design by W. Prélss.
The results are presented in dimensionless form, namely the horizontal force components and the
yaw and roll moments, as a function of mast setting and lateral wind angle. The sailing polars
were compared to sail polars of a conventional four-masted barque. The comparison shows the
propulsion forces of sailing ships is greatly improved by the use of modern designs.

The coworkers of the Institute for Shipbuilding are thanked for supporting this research.
Special thanks go to Mr. Béhme for his help with the preparation and implementation of the
wind tunnel tests.
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6. Symbols

Wy siwnneni Resulting Force

& Siam Force component in the direction of the towed ship, positive forward

] Force component perpendicular to the ship’s longitudinal plane, positive to starboard

€ o Force component perpendicular to the flow direction (lateral force), positive in the flow as seen to the left
> ST Force component in the direction of the flow (resistance), positive in the flow direction

Bonaici Moment in the vertical axis, based on L/2, positive clockwise (yaw moment)

RO Moment in the longitudinal axis in the waterline level, positive clockwise (rolling moment)

ex ©y: ¢o ¢p Dimensionless coefficients of the forces, based on the pressure of the flow velocity

Dimensionless coefficient of the moments in the vertical axis, based on dynamic pressure of the flow velocity, sail area projection and overall length L5

ON ssesenne
R caicsoims Dimensionless coefficient of the moments in the longitudinal axis (rolling moments), based on dynamic pressure of the flow velocity, sail area projection and sail height H
Wocioaoniss Relative flow velocity

R Air density under test conditions

q = ¢+ V¥2 Dynamic pressure of flow velocity

Qy ceeeenns Pre-chamber pressure of the wind tunnel

¥ isssenne Kinematic viscosity of air under test conditions

,,,,,,,, Chord length of the longest yard of the single mast
A reeeees Length overall
+Lg/» Sail Re number
... Sail projection area
. Area of the hull side
--. Beam cross-section of the wind tunnel
-+ Sail height
- Sail projected area
€ iceienne Pressure point location, i.e., distance of the intersection of the resultant with the ship’s longitudinal plane form the front

Relative pressure point location

R— Relative angle of attack of the single mast, based on the yard chord, with staggered mast adjustment angle of attack of the foremost mast
AT Relative angle of attack of the ship, based on the positive x-direction (Direction of the ship’s longitudinal plane form the front)
Ry ssaniven Setting angle of the single mast, angle between yards and ship’s longitudinal plane
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Model of sailing ship by Prolss Medell Segler nach Prélss
Masts parallel ~ Masten parallel eingestellt A = 0,4092 m*; Ly, = 1,083 m
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Model of sailing ship by Prolss modell Segler nach Prislss
Masts staggered  Masten gestaffelt singsstellt A ~ 04092 m*; Lo, ~ L0383 m
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