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SUMMARY

Technical papers which attempt to analyse historic and ancient ship structures using modern techniques appear only spasmodically in today’s learned engineering journals. There could be many good reasons for this; the lack of commercial incentives, the paucity of accurate engineering data and perhaps a certain reluctance to cross into an area which is rightly the province of the nautical archaeologist. This, in the author’s view is a pity since simplified analytical techniques of the type routinely used in design offices can offer useful cost-effective insights into the physical behaviour of historic ships and craft, without endangering the physical reconstruction or its crew. In addition as the input data are often only loosely defined, less sophisticated methods are ideal for conducting “data-sensitivity” investigations. One such paper (Loscombe, 2022) described efforts to apply modern local and global structural design methods to Viking-age ships with a view to establishing plausible operational factors of safety for comparison with modern requirements. This follow-up contribution continues with the theme by focusing on the rudder. Rudder failure can endanger any ship, ancient, medieval or modern but the Viking ship rudder has a number of structural features not found on modern vessels which invite retrospective stress analyses. One component in particular, the lower bearing in modern terminology, appears to have a very short operational life, measured in days rather than years as is the expectation for today’s marine vehicles and hence the Viking ship rudder is a good candidate for such simplified numerical analyses.
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NOMENCLATURE

ARudder planform area below WL [m2]

ARAspect ratio = span2/A

cMean rudder chord [m]

CAFoil section area coefficient [-]

CDFoil drag coefficient [-]

CITTC0.075/(log10(Rn) – 2)2 [-]

CLFoil lift coefficient [-]

DBDiameter of any hole for the withy [mm]

DWDiameter of the withy [mm]

EElastic modulus [MPa]

EIFlexural rigidity [Nmm2]

I2nd moment of area [mm4]

l1 (l2)Lever from lower bearing to side force (to upper bearing) [m]

LUnsupported length of withy [mm]

LWLShip length on the waterline [m]

MBending moment [N.mm]

MORFlexural strength [MPa]

PRudder side force [N]

RnReynolds Number = v c/μ [-]

sRudder span [m]

tMaximum section thickness [m]

vShip speed [m/s]

VkShip speed [knots]

WBEffective width of rudder [mm]

ymaxMaximum withy deflection [mm]

αAngle of attack [degrees]

θEnd slope [radians]

μKinematic viscosity [m2/s]

σAny direct stress [MPa]

1.INTRODUCTION

The earliest modern-era reconstruction of a Viking ship was the 23 metre “Viking”, based on the “Gokstad”, which was unearthed in 1880 (von Ubisch, 2014). The “Viking” crossed the Atlantic in 1893, without mishap. Since then there have been many Viking ship reconstructions. Like the “Viking” some of these have undertaken deep water and sometimes trans-ocean voyages though it must be added – there have been cases of total loss (Bischoff et al, 2014).

The more one studies these fascinating ships, the more one cannot help but be impressed by the ingenuity demonstrated by the original shipwrights. Their steering system may appear unconventional to modern eyes but reliable steerage was surely as important then as now, perhaps more so. Viking ships had no watertight subdivision, a small range of positive stability and were vulnerable to loss of stability due to the free-surface effect of entrapped water in the event of deck swamping.

Considerable effort is required to translate a thousand year old ship-find into a viable reconstruction. With the exception of the Gokstad and the Oseberg (22 m burial ship), the majority of finds tend to be very far from complete; a great deal of interpretation is necessary (Bischoff, 2014). Unsurprisingly, experience from ship trials has revealed areas where a re-evaluation of the initial assumptions is necessary. The steering system has been a case in point.

The rudder and bearing system have a number of features which make it a particularly interesting subject for structural analysis;


1.The blade projects some way below the keel. This places the centre of area of the immersed blade at some distance from the lower bearing with a consequent increase in the bending moment.

2.The system requires a full-thickness hole to be bored at the lower bearing. This not only reduces the local section modulus of the blade it also introduces a stress concentration effect.

3.A critical component of the lower bearing is a rod which must provide the reaction necessary to balance the upper bearing reaction and the rudder side force while simultaneously allowing the rudder to rotate.

4.The entire assembly is constructed of wood, a material which is usually characterised by a lot of spatial variation in its mechanical properties.



Modern reconstructions initially adopted hemp rope but this was found to be inadequate on larger ships and a withy referred to as a “wooden-rope” (Viking ship museum, 2021a) is now preferred. However this component has been found to have an operational life measured in weeks, possibly days which comes as quite a shock to the modern naval architect.

This is the background which drew the author to attempt to put some “engineering numbers” to this system.

2.BACKGROUND

2.1COMPONENTS AND INSTALLATION

Numerous archaeological surveys (e.g. Crumlin-Pedersen, 2014) have revealed that the rudder blade is (almost invariably) a high-aspect ratio, blunt-nose/blunt trailing edged spade rudder, often of oak construction. It is mounted on the starboard side and supported just under the gunwale (the upper bearing) and quite close to the waterline using a boss projection which lines up (more or less) with the gunwale (the lower bearing).

Figure 1 shows that the tip projects some distance below the keel, typically 0.5 m. This means the centre of wetted area (shown shaded), i.e. the point where the side force is taken to act in most rules, is some way below the lower bearing which has structural repercussions.
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Figure 1. Indicative geometry of rudder



It should be noted at this point that Figure 1, together with the other geometric and scantlings data used in this paper are not intended to represent any particular reconstruction; the data are merely reasonably representative of ships in the 23-30 m overall length bracket, as inferred from public-domain literature. Drawings used to help build reconstructions do exist (Bischoff et al, 2014) but it is unreasonable to expect such information to be made available to the general public. At the lower bearing a wooden withy is threaded through the rudder, then through the boss projection into the hull interior and finally through and over holes in a rudder frame/floor and tightened-up using wedges. Figures 2a and 2b shows the key components in exploded and assembled states. A far superior idea can be obtained by viewing two Viking Ship Museum (Denmark) videos which together clearly demonstrate how the withy is made (Viking ship museum, 2021a) and the installation process (Viking ship museum, 2021b).
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Figure 2a. Exploded diagram of rudder structure
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Figure 2b. Diagram of assembled rudder



Data in the public domain are limited. One of the best illustrations is the so-called Vorså rudder recovered largely intact in 1954 (Crumlin-Pedersen, 2014). See Figure 3.
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Figure 3. The Vorså rudder



The sections are nearly symmetrical above the waterline becoming unsymmetrical and of reducing thickness to chord ratio as the tip is approached. The provenance of the ‘hooked” tip is unknown to the writer although one photograph of the stowed rudder on the Sea Stallion, shows this being used as a “hooking” point for the rope securing the rudder level with the gunwale.

The withy is produced by twisting a tree of typically 50 mm diameter at the root (ship size dependent) working from the far end towards the root. The intention is to break the longitudinal fibres such as make a “wooden-rope” which is flexible enough, when wet, to be threaded through holes in a rudder –frame as shown in Figure 2b. The final metre or so up from the root is left straight, presumably untwisted. The root is trimmed to produce an end piece (cap) which holds the rudder onto the outboard end of the withy.

Assumption: the withy consists of two zones; the longer “rope-like” twisted part where the tensile strength may be largely unaffected (although some fibres are inevitably broken in the twisting process), but the flexural and compressive strength/stiffness will be significantly degraded; the shorter “rod-like” untwisted length having the properties listed below;

European birch (Risborough, 1974);

Moisture content 76%, (i.e. wood is in the “green” state, and is the figure used in the source reference for mechanical properties)

Elastic modulus (E)	   = 9900 MPa1

Modulus of rupture (MOR)  = 58 MPa2

1Mean value, 2Mean – one standard deviation.

MOR = flexural strength, also used for tensile strength in this paper. The probability of exceeding 58 MPa is 84%.

Only the “rod-like” part is considered in this paper.

2.2EXPERIMENTAL ARCHAEOLOGY

Figure 1 is loosely based on the “Sea Stallion”, a reconstruction of the Skuldelev 2 – general particulars as per Table 1 (Jensen, 1999).


Table 1. General particulars of the Skudelev 2
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The Sea Stallion undertook a voyage from Denmark to Ireland in 2007, returning in 2008 and this is very well documented by both video and written reports. A number of extracts (in italics) are reproduced here which are very informative. The most pertinent passages for this paper are underlined.

Quotation (A)


“The piece of hemp we had used to tie the rudder to the ship could not take the pressure the rudder was exposed to when the Sea Stallion got up to 10–12 knots in a moderate sea. After 8–10 hours moderate-to-hard sailing in which the hemp rope got wet, gave, and was tightened again, the rope yarn started to fray, and in the end the rope broke completely”.

(Nielsen, 2008)



The crew dispensed with the hemp rope in Dublin and substituted a birch withy.

Quotation (B)


“Our experience of sailing with rudder tackle is very limited (as of 2008), but the Viking Ship Museum’s reconstruction of the merchant ship Ottar (a reconstruction of the Skuldelev 1, a 16 m cargo ship) has sailed with rudder tackle made of wood since the ship was launched in the year 2000. Ottar sailed across the North Sea from Tyborøn to Edinburgh with birch rudder tackle, and back to Norway with a fresh set in birch. Experience with Ottar suggests that as a rule of thumb rudder tackle can survive five to seven days of sailing depending on its quality”.

(Nielsen, 2008)



Quotation (C)


“Our first experience was that the tackle gave 5 to 10 cm while we sailed. It was tightened with wedges in the bulkhead”.

(Nielsen, 2008)



Quotation (D)


“We twisted the ten sets of tackle in May, when the trees were full of sap to produce leaves. We found a birch tree with diameter at ground level of 5 cm, and whose first 2½ metres had no big branches off the trunk. On the one side of the tree, we cut the roots about 20 cm out from the trunk and lay the tree down with the remaining roots still in the ground.”

(Nielsen, 2008)



Quotation (E)


“Last year, when we sailed to Dublin, we had a lot of trouble with the hemp rope tackle we were using. It broke a few times and nearly caused us serious problems,” explains Søren Nielsen. “So we worked hard to find the right solution. Now, we think we’ve found it. Since yesterday, we have had a new piece of tackle in water to make it flexible so we can handle it. The current tackle has lasted since we left Dublin and has sailed about 400 nautical miles in five days, much of the time in very heavy weather. It has now been fretted a centimetre thinner. And it has also fretted into the rudder’s wood. “So we are going to cover the new tackle with rope or leather so that we no longer have wood against wood. That should stop the tackle fretting our rudder.”

(Normann, 2008)



Quotation (F)


 “As I said, we are very happy about the tackle holding for 400 nautical miles. That is probably its limit. On the last part of the trip here to Portsmouth we had to reef the sail to reduce to pressure on the rudder, because we were afraid the tackle would break.”

(Normann, 2008)



It is not clear exactly how the hemp rope failed – see quotation (A) – but quotation (E) strongly hints that abrasion played a major part. Wood is clearly a big improvement on hemp rope. However even the wooden “rope” is still very much time limited, variously given as intervals of 170 hours sailing time or 400 nautical miles.

2.3DATA SOURCES

It was recognised at the outset that all the data used in this study would have to come from the public-domain. Attempts to solicit non-public data were unsuccessful – for entirely understandable reasons. There is a wealth of (un-dimensioned) drawings available, some of which have a scale provided; others can be assigned a scale by reference to a few known principal dimensions. This works adequately for geometry. It is less reliable for scantlings, although as these ships are constructed from solid timber the scantlings are often large enough for dimensions to be estimated with a reasonable degree of confidence. Inferences may be drawn from numerous accounts, such as quotation D above. Understanding how the ships were put together and how components functioned may be gauged from a number of excellent videos, such as those from the Viking Ship Museum website (2021a, 2021b). Two screen-shots reproduced here by kind permission of the Museum are particularly informative. Figure 4a shows the withy being fed through the blade from the outside. It is clear that at this stage of the installation the withy is a loose-fit in the rudder. This is to be expected since some degree of variation in the withy and hole diameters is unavoidable and a tight-fit under these circumstances would appear to be impractical. It is not certain how much of the clearance between withy and rudder is taken up as the rudder cap (see Figure 4b) approaches the outboard side of the rudder.
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Figure 4a. Withy insertion into rudder, © Viking Ship Museum (2021b)
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 Figure 4b. Rudder assembly (looking forward), © Viking Ship Museum (2021b)



However Figure 4b suggests that there is still a sizeable degree of “loose-fit” even at this point. Note the gap between the boss and the blade. In the video the tiller is moved forward and aft while the ship is at rest. This appears to show the rudder rotating around the withy. The video also appears to show that the cap and leather gasket are a couple of centimetres clear of the blade during this operation.

3.QUALITATIVE OBSERVATIONS

3.1MECHANISM

Modern spade rudders are most commonly characterised by a vertical axis for the stock and the two sets of bearings, and the provision of hard rudder stops, typically at ±35 degrees. Viking spade rudders have a stock axis which is typically 20-30o off-vertical but crucially the lower bearing (the withy) lies in a horizontal plane.

The withy “mechanism” must accommodate the required rudder angle either by allowing the blade to rotate around the withy until it comes into contact with it or by bending (or a combination of the two). In the first case the withy behaves as an “iron-bar” and requires a loose-fit between it and the blade and boss (see Figures 4a and 4b). In the second case the withy could only permit rudder rotation if it were very flexible (in bending), rather like a hemp rope or a high-strain to failure material. The “iron-bar” analogy will be considered first.

The anchor point in Figure 5 corresponds to the point where the withy is secured at the rudder frame. The maximum angle to which the rudder could be set without bending the withy would be given by;
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Figure 5. Plan view of rudder (α = 0o)
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*Note: valid for small angles (i.e. < 15-20o) as is the case here. For larger angles, such as where an oar passes through a circular oar-port in the sheer strake, the limiting angle (φ) may be found from WB tan φ = DB – DW. sec φ.

DB (60 mm) and DW (33 mm and 40 mm) are the assumed bore and withy diameters respectively. WB is the effective width of the rudder, i.e. the distance of 120 mm as shown in Figure 5. Equation [1] gives 12.8o (Figure 6a for DW = 33 mm) and 9.5o (Figure 6b for DW = 40 mm).
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Figure 6a. No-bending limiting angle (DW = 33 mm)
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Figure 6b. No-bending limiting angle (DW = 40 mm)



These limiting angles, though smaller than expected on modern craft may be sufficiently large given that the type of blunt-nosed section used in Viking rudders may stall at angles not that much in excess of these angles.

Equation [1] ignores the rest of the effective rudder “tube”, namely any gap between inner face of the blade and outer face of the boss (see Figure 4b) and the part inside the hull up to the anchor point. Although the withy is shown as being concentric within the tube in Figures 5 and 6 it is likely to be able to rotate and to translate to some extent (see Figures 7a and b).
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Figure 7a. Plan view (no translation)
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Figure 7b. Plan view (translation and rotation)



Figure 7b is the more realistic of the two. The white irregular lines thereon indicate separation of wood fibres in the withy due to twisting – obviously this must be the case as the bend-radius must be greatly reduced to permit threading through the rudder frame.

The foregoing argument relates to the plan view but is equally applicable for the transverse view, albeit the boss shape would differ to accommodate the different hull flare angle.

The dry mass of the rudder is estimated to be 40–45 kg using a uniform moisture content of 15%. This is the moisture content before the rudder is installed. It will absorb more water in operation but 15-20% is a useful ‘first-shot’ figure for checking the portability of the blade – see Section 5.2 (c). In the operational condition at a 20 degree rake, the moisture content is likely to vary over the span of the blade. However the buoyancy force and the reaction from the upper bearing will reduce the load on the withy to about 12 kg which will produce negligible bending stress on the withy itself, i.e. self-weight is neglected here.

Discussion of any bending of the withy (either to achieve a desired rudder angle or to cope with rudder twist under hydrodynamic load) is deferred until Section 4.

3.2PHYSICAL MODEL TESTS

Numerically based investigations are always better for some element of physical testing in the author’s view. Gauging the effect of manufacturing imperfections and a physical sense of the differing resistance levels between “iron-rod” and the “flexible rope” mechanism are well worth the effort, even if the measurements are too crude to be considered as quantitative analyses.

A model was made using hand tools without jigs, e.g. holes were drilled by eye; the intention was to introduce some random misalignments and lack of symmetry to see how this affected the behaviour of the set-ups. Two set-ups were possible; a top and bottom pintle arrangement (see Figure 8) and a spade arrangement (see Figure 9).
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Figure 8. Set-up A (pintles top and bottom)
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Figure 9. Set-up B – (raked-spade)



The model is clearly not a representation of a Viking ship rudder – it does not need to be. The key parameters are;


(a)Dw (6 mm, 8 mm and 10 mm wooden dowel)

(b)DB (13 mm for both boss and rudder),

(c)WB (30 mm)

(d)The length of the boss (72 mm),

(e)The distance between the blade and the boss – 22 mm or 62 mm (set-up A) – 10 mm (step-up B).



In an attempt to mimic the as-installed conditions in an actual ship the dowels were immersed in water for four days prior to testing, dried with paper towels and reweighed. The net increase in mass was around 35%. The moisture content of the dowels prior to soaking is unknown, so the value of 35% is purely indicative as to the effect of immersion in water.

The rudder was moved by a “light-touch” until some resistance was encountered. It was then pushed a little beyond this point. This gave a qualitative “feel” for the bending resistance of the withy (which was surprisingly strong, even for the 6 mm dowel). The required finger pressure was eased off and the point of minimal resistance was found again. This was the point where the rudder angle was noted.

The behaviour of the anchor point was also of interest and two ends conditions were devised;


1.Fixed end – the withy was screwed into a fixed horizontal end bar (see Figure 8B).

2.Flexible end – a hook was screwed into the end of the withy then lipped over a loose wire loop which was connected to the end bar.



The observed behaviour such as indicated in (Figure 8C and Figure 9C) was as expected, although in the latter case the bending of the withy is greatly exaggerated. The scaled-up rudder mass is about eight times that of a typical ship rudder (see Figure 1) while the scaled-up withy diameter is only about 60% that of a typical ship’s withy.

The rudder angle (maximum range from port to starboard) is shown in Table 2. The measurements (accuracy no better than ±1o) and limited data points are inadequate for any detailed analysis. Instead an average value is compared with equation [1] with no attempt being made to account for any differences within the data set.


Table 2. Experimental results
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The outcome of this basic experiment strongly supported the contention that, for the most part, the withy behaves more like an “iron-rod” than a rope. A rope was substituted for a dowel in set-up B and the maximum rudder angle was then only limited by the boss. However, insufficient pre-tension could be imparted to prevent the blade dropping a centimetre or two. If this behaviour was replicated in real life the rope would be at risk of significant chaffing.

4.QUANTITATIVE OBSERVATIONS

4.1SCANTLINGS

The stock diameter is a maximum at the transition zone (into the blade) and tapers towards the head; for the Vorså rudder – 94 mm* tapering to about 70 mm*; for the Oseberg ship – 154 mm* tapering to about 143 mm*. (*Best estimates). Values of 140 mm tapering to 120 mm have been adopted in this indicative study (see Figure 1). Blade thickness-chord ratios follow a consistent trend as shown in Figure 10.
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Figure 10. Thickness-chord ratio for two ships



The planform, the blade-section shape and foil t/c ratios closer to the stock can be extracted with confidence using suitably re-scaled published images such as given in Figure 3. Obtaining the thickness:chord ratio and foil shape becomes increasingly less certain as the tip is approached (see Figure 10). However this study is concerned with rudder strength so it is the above waterline area which is more critical. For this reason the same representative foil section shape (Figure 11, section B) is used throughout the blade span having the correct chord with the t/c ratio taken from Figure 10.
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Figure 11. 2-D section foil CL v α plots



4.2LOADS

The rudder force equation employed for rudder design purposes is given in a units-dependent format as equation [2];
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A  = Projected (planform) area of one side [m2]

CL = Lift coefficient [-]

Vk = Ship speed [knots]

Note; the standard (dimensionally correct) formula is P = ½ ρ CL A v2 where v is in metres per second and ρ is the density of salt water, i.e. 1025 kg/m3. When v is replaced by Vk, the coefficient becomes ½ × 1025 × 0.51442 ≈ 135. (1 knot = 0.5144 m/s).

A speed of 15 knots for the 27 m (LWL) Sea Stallion was “measured over a period of several minutes” and a velocity prediction program estimated a maximum speed of 11.2 knots for the 20 m (LWL) Oseberg ship (Werenskiold, 2011). The corresponding speed-length ratios (Vk [knots]/√LWL [m]) are 2.9 and 2.5 respectively. A value of 12 knots is adopted in this paper (see quotation (A)). The plan area is given in Figure 1. A rudder angle of 10 degrees seems reasonable (see the argument advanced in Section 3.1). This leaves only the lift-slope to be obtained.

4.3LIFT SLOPES FOR VIKING SHIP FOILS

4.3 (a)XFLR5 analyses

XFLR5 is the well-known open-source software which is able to analyse foils, wings and planes operating at low Reynolds Numbers, developed initially by Dr Mark Drela in the mid 1980’s. The version used here is dated 2013. There have been numerous updates since but compatibility issues (with the author’s computer) were encountered with the latest few releases.

2-D section data was obtained for two sections; an unsymmetrical flat-bottom (A) and a symmetrical foil (B). Both sections had a relatively wide blunt trailing end and were run for a Reynolds Number of 2 × 106, which corresponds to around 10 knots for typical rudder chords. See Figure 11.

Note; Foil (B) was derived from a standard NACA00xx using XFLR5’s internal editing tools and (A) was a faired section with the nose radius increased until convergence was achieved. Even then convergence was not achieved at every angle of attack.

For both foil sections (A) and (B);
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This is close to the theoretical value of 0.11 (i.e. 2π/57.3). Stall angles were around 11–14 degrees.

The 2-D lift-slope must be corrected for 3-D flow;
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So the lift-slope is approximately 0.066 for AR = 3.

It is not uncommon to include a multiplier of 0.9 – the so-called “Oswald” efficiency factor, (PNA, 1973) – on the theoretical lift-slope, even for modern sections. This factor is further reduced to 0.8 on the purely intuitive grounds that wind-tunnel tested modern foils ought to be more effective than a shipwright’s hunch from a thousand years ago. The resulting lift slope is 0.0528. Section 4.3 (b) lends some creditability to this assumption.

Note 1: For surface-piercing rudders the effective aspect ratio = the geometric aspect ratio.

Note 2: Section (A) exhibits pronounced lift-asymmetry with CL(α = 0) ≈ 0.23. The lift:drag ratio, CL/CD (α = 0) ≈ 20. The disparity between the side force and drag yawing-inducing levers is such as to suggest that whatever section asymmetry exists, this cannot translate into a CL(α = 0) anywhere near as large as that of section [A].

4.3 (b)CFD analysis of the Oseberg ship rudder

The Oseberg ship rudder was analysed using computational fluid dynamics (CFD), (Heggem, 2015). The pertinent data is summarised in Table 3 along with views of typical (immersed) foil sections.


Table 3. Data from CFD analysis of Oseberg
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A mean lift slope of 0.029 (taken over all three rake angles) can be obtained by assuming that the curve is linear between –10 and +10 degrees. This is only 55% of the value of 0.0528 proposed in Section 4.3 (a) although that does not mean that the lesser value is incorrect. Unfortunately there is an apparent anomaly which prevents this author simply adopting the value of 0.029 in this paper.

The wetted surface area is given as 1.11 m2. It is not clear from the source (Heggem, 2015) if this is the conventional wetted surface area (i.e. approximately twice the planform area, as defined in 4.2). Jensen (1999) suggests a draft of 0.8 m for the Oseberg; adding a projection of 0.5 m below the keel, the planform area is approximately (0.8 + 0.5) × 0.487 = 0.63 m2. The area found by re-scaling bitmaps provided in the source obtained the same value. However, Heggem states “the wetted surface of 1.1061 m2 was used to calculate the drag and lift coefficients”. Regretfully it was not possible to resolve this conundrum but it is (at the very least) possible that the lift-slope could be as high as 0.051 (0.029 × 1.11/0.63).

Note 3: CL(α = 0) ≈ 0.03 and CD(α = 0) ≈ 0.07 (Heggem, 2015) which tends to support Note 2 in Section 4.3 (a).

In passing it may be mentioned that contrary to Figure 11, foil-section (A), Table 3 shows that the greatest lift coefficient occurs at negative angles of attack (absolute value). Heggem (2015) acknowledges this and comments – “the effect of the unsymmetrical rudder design indicates that the rudder should have better steering power to starboard than port, contrary to what is experienced during sailing”.

4.4FORCES

Lift force = 6600 N (i.e. 135 × 0.0528 × 10 × 0.643 × 122).

Drag force = 475 N (i.e. 135 × 0.038 × 0.643 × 122)

CD = 0.038 from {2 CF(ITTC) (1 + 2 (t/c) + 60 (t/c)4) + CL2/πAR}

Note; 1 + 2(t/c) + 60 (t/c)4 is a form factor. CL2/πAR is the induced drag term.

It will be obvious from the foregoing that no attempt is being made to “design” a rudder using modern classification society rule formulations for sailing vessels. Even ignoring rule minimum speed-length ratios the value of 6600 N would be only half the rule values (average of values obtained from five classification society rules). Most of this difference is due to the different CL values (0.528 here compared with 1.0 to 1.5 in modern rules). The value of 6600 N is not considered to represent an extreme load – this is the intention. This matter is discussed further in Section 5.2 (e).

In the finite element models described in Section 5.2, the global X-Y axes lies in the plane of the angled rudder blade, so lift and drag forces must be converted to normal and axial forces in the usual way;

Normal force (P) = lift force × cos 10o + drag force × sin 10o = 6582 N

Axial force = lift force × sin 10o – drag force × cos 10o = 678 N

The centre of pressure (CP) at 10o for foil B is taken as 0.29 × chord aft of leading edge (from XFLR5). This places the CP forward of the raked rudder axis by 95 mm (measured perpendicular to the stock axis). The torque is 627 N.m.

5.STRESS ANALYSIS

5.1POSTIVE RUDDER ANGLE

Positive rudder angle is achieved by moving the tiller forward. The leading edge of the rudder turns outboard, the lift force acts to starboard and the bow bears off to port. The rudder blade tip moves to starboard causing the blade to rotate about a fore and aft axis.

The extent to which it does so depends on the degree of flexibility in the upper bearing. The side force may be reasonably expected to cause the withy cap to fully engage with the bevelled outer hole on the blade. At this point the withy acts as a structural tie-rod.

The reverse is true for negative rudder angle, except the blade may come to rest on the boss and the withy may carry little axial load.

5.2METHODS

Three calculation methods are used here;


1.Beam and torsion theory

2.Finite element analysis (beam model)

3.Finite element analysis (beam and plate model).



Initial calculations are for the case of zero-bending in the withy (i.e. loaded in tension only).

5.2 (a)Beam and torsion theory

Most classification societies employ a beam and torsion theory based approach in their rudder scantling rules. This is amenable to hand calculation – a spreadsheet in practice – and good results are obtainable for simple beam-like structures such as are under consideration here. Table 4 shows the estimated stresses for the load case (see Section 4.4).

The results in table 4 were confirmed by a finite element beam-model, discussed in Section 5.2 (b). The comparative stresses were 30.479 MPa, 17.552 MPa, 1.842 MPa, 1.160 MPa and 21.828 MPa respectively.


Table 4. Beam and torsion theory

[image: image]



IT = 2nd moment of area about a fore and aft axis [mm4]

SMmin = Minimum section modulus [mm3]

5.2 (b)Finite element beam-model

The blade was divided into ten span-wise sections (see Figure 12) each section having the correct chord and thickness (at mid-element) and the representative section shape (Section B in Figure 11).


[image: image]

Figure 12. Beam model (rendered)



The withy is modelled as a truss (zero bending stiffness). The model is restrained in translation at the base of the withy, at the upper bearing and at the tiller with the tiller location also having additional rotational restraint about the stock axis.

The point load (shown in Table 4) was replaced by a uniformly distributed load which gives better definition of the deflections along the entire span than does the point load case. The axial force and torque were also applied, but as point force/moment at the immersed area centroid.

The FE beam model was developed (in this application) as a convenience; it provides span-wise deflection and bending stress estimates more easily than writing a spreadsheet. The latter is an important check; the bending moment reduces as the rudder tip is approached, but so does the local section modulus. In the event the peak stress was found to be in way of the withy, so Table 4 is a valid blade stress check in this case.

The key stresses were found to be 17.1 MPa (withy stress, no bending) and 29.4 MPa (blade stress in way of the withy).

5.2 (c)Finite element beam and plate model

The blade was divided into twenty span-wise strips (see Figure 13) and each strip is allocated a constant (“equivalent”) thickness. Preserving the section shape is not important provided each rectangular cross-section (due to a software limitation) has the correct structural properties of minimum section modulus (for bending stress) and flexural rigidity (for bending deflection).
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Figure 13. Plate and beam model (rendered)



The actual thickness was obtained from the known local chord (from Figure 1) and the t/c ratio from Figure 10. The representative section (Section B), (Figure 11) has an area coefficient of 0.778 and a second moment of area coefficient of 0.583; hence three values of the “flat-plate” to actual thickness ratio may be found in order of priority.

Correct minimum section modulus;

tFLAT/tACTUAL = 0.5831/2 = 0.764

Correct second moment of area;

tFLAT/tACTUAL = 0.5831/3 = 0.835

Correct shear area;

tFLAT/tACTUAL = 0.778

Using 0.764 would underestimate the flexural rigidity by factor of 0.765 ([0.764/0.835]3). Although the deflection of the blade is not especially important in this study, the elastic modulus is increased by 30% to give better comparison with the beam model deflections. This leads to some overestimation of the membrane rigidity but this is ignored as maintaining bending strength is the highest priority.

The maximum deflection of 182 mm compared well with that of the beam model (190 mm), as did the rudder mass – 48.5 kg v 49 kg (using the FE model volume properties and a density corrected to a plausible estimate of the pre-installation condition of about 20% moisture content). Two men appear well able to carry the ‘dry’ Sea Stallion rudder between them (Viking Ship Museum, 2021b) so the weight estimate seems to be not unreasonable.

The plate blade model, like the beam model employed a line load to represent the side force. Of course, the plate model represents the 2-D geometry correctly so it would have been possible to apply a distributed pressure which respected the span-wise and chord-wise distribution of hydrodynamic pressures over the wetted planform area. This was not considered necessary at this exploratory stage and was certainly preferable to applying a uniform pressure – this is not correct.

The key stresses were found to be 16.3 MPa (withy stress, no bending) and 30 MPa (blade stress in way of the withy, indicated by the cross just outside the peak stress zone in figure 14).


[image: image]

Figure 14. Blade stresses in way of the withy hole



5.2 (d)Complicating factors

Figure 14 gives the clue as to why the stresses obtained so far should be regarded as “lower-bound” values.

Firstly while the blade bending stress in way of the withy hole includes the effect of material loss, the stress concentration effect – is not included (see Figure 14). The apparent stress concentration factor is 1.54 (i.e. 46.2/30).

Secondly, it is impossible to rule out any bending of the withy. If for example, the blade does move to engage (tightly) with the withy cap (as suggested in Section 5.1), the withy is now in effect captured and forced to follow any blade rotation due to elastic deformation*. The beam-plate model suggests the resultant rotation due to the action of the hydrodynamic torque and the bending moment is around 0.84o.

*Note 4: This is not the rigid body rotation, i.e. 10o, caused by moving the tiller forward.

As an illustration, a pin-ended beam subjected to an enforced end slope of θ (radians) would experience a slope of ½ θ at the other end. The moment (M) set up as a result of this enforced slope would be M = 3EI.θ/L (Young, 1989). The resulting maximum stress and deflection can be represented for a solid round section (like the withy) by two equations;

[image: image]

Table 5 shows the maximum stress and deflection for an applied slope of 0.01745 radians, i.e. 1o.


Table 5. Stress and deflection due to end slope
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Selecting a suitable effective span (L) is difficult (as discussed in Section 3.1) but noting that the deflections (in Table 5) are small with regard to the clearance (20 mm) taking L = 800 mm would give a lower-end estimate. This illustrative assumption would raise the total stress in the 40 mm withy by around 11 MPa (i.e. 0.84 × 12.96). This must be added to the purely axial stress of around 17 MPa to give a reasonably plausible upper-bound stress in the withy of 28 MPa.

5.2 (e)Factors of safety and their meaning

The failure strength of European birch at 30%+ moisture content is given in Section 2.1 as 58 MPa (actually this is the bending strength but is also a reasonable value for the tensile strength of structural-sized components – as opposed to laboratory test results on small, straight-grained specimens). Coincidently this is about the same value obtained for European oak at 20% moisture content (Loscombe, 2022). Using 58 MPa for both blade and withy, the resulting factors of safety are;









	Lower-bound;
	3.4 (withy)
	1.9 (blade)



	Upper-bound;
	2.1 (withy)
	1.3 (blade)





Minimum rule factors of safety for wood are quoted as 2.5 and 4.0 (Loscombe, 2022). On this basis, the scantlings used in this exploratory study could be regarded as marginal under this load condition.

Assuming 10o is a reasonable limiting rudder angle, the largest uncertainties in the load estimate (equation [2]) are the lift coefficient and the ship’s speed.

Lift coefficient at 10o: A range of 0.29 to 0.66 is possible but for the reasons given previously a more likely range is felt to be 0.5 to 0.6. A figure of 0.528 has been used here.

Ship speed: 12 knots has been adopted here without specifying a particular ship length, length- displacement ratio and sail area-displacement ratio. All these parameters will affect the achievable speed. The study is intended to be broadly applicable to ships with overall lengths of around 23 – 30 m. Twelve knots probably represents the top speed under full sail for the smaller ship while the 30 m ship could perhaps manage a few knots more under full sail. Hence the load condition will be more onerous for the smaller ship than for the larger. This of course ignores human factors; the crew may elect to reef or change heading.

So the analysis does not mean that the scantlings are inadequate to the extent that most rudders would be expected to suffer serious structural degradation during their lifetime. It does mean that (for this data-set, at least) if the ship is pushed really hard there is a real possibility of that happening. Had the factors of safety come out at around 5 or greater, one might conclude that the incidence of such structural problems would be relatively low.

Identifying areas which are most at risk and providing a numerical indicator of the probability of failure – without actually ascribing a numerical value to that probability – is at the limit of what these types of safety-factor orientated analyses can achieve. No wholly numerical method can – unless it factors in human behaviour.

6.DISCUSSION

Reports of withy failure are given in Section 2.2 but no mention is made of rudder failure, while these calculations suggest that the blade may be more vulnerable than the withy.

This apparent discrepancy is not difficult to explain. Chaffing is not covered in this paper; a reduction of 1cm in the diameter of a 40 mm rod is clearly more detrimental than a 1 cm loss of material on a 127 mm deep blade.

Secondly, the upper-bound stress in the blade incorporates a stress concentration factor which affects only a tiny portion of the blade cross-section (see Figure 14). In fact the stress-concentration effect may be an overestimate. The FE blade is a linear model, i.e. the presumption is that stress is linearly proportional to strain up to failure. However once the factor of safety drops below about 2 (the limit of proportionality), there may be some “softening” of these most highly stressed areas which may increase their extent but at far lower peak stress values. This requires a full stress-strain curve for European oak and a non-linear analysis. Most of the blade-volume (through the thickness and along the span) will see stresses which are much less than the lower-bound figure.

For the withy, the lower-bound (axial) stress is constant over the entire cross-section and length. This means the probability of a high-stress zone coinciding with a low-strength zone (say due to the presence of knots) is 100%. The additional bending stress may be concentrated in the area where the withy root is captured by the blade. However an optimistic effective span of 800 mm has been assumed. In addition, the withy is vulnerable to over-stressing due to forced bending, as for example the helms-person being violently thrown against the tiller in rough seas. It will also see many full-reversal stress cycles in its life-span.

Finally, it most certainly should not be inferred that failure to comply with modern safety standards is any sort of a slur on these 9th to 11th Century ships. In all probability, the difference probably comes down to the simple matter of risk-aversity; 21st Century humankind has the luxury of such attitudes; perhaps the 11th Century peoples of the Nordic countries did not.

7.CONCLUSIONS

The results presented are indicative and do not apply to a specific Viking ship reconstruction. The studies have been undertaken solely for academic interest without any external funding and using only a small selection of the analytical tools available to today’s engineers.

Despite this and the various data limitations previously indicated, some interesting features of this Viking-age steering system have been identified and discussed. The clearance between the lower bearing “tube” and the effective span are judged to be critical features of the withy’s ability to tolerate useful rudder angles without incurring additional and potentially highly detrimental bending stresses. A possible significant deviation between Viking-age and modern lift coefficients is also identified.

As with the earlier paper looking at the hull structure (Loscombe, 2022), a clear picture seems to emerge from these tentative calculations. Safety factors appear to be lower than would be permitted under modern regulatory frameworks especially given the safety critical nature of rudders and the fact that the load used may not represent a worse case (ship size dependent). However these are not so low that one may conclude that these ships are fundamentally unsafe (in a structural sense). It is more likely that the probability of structural failure is higher (by some as yet indefinable amount) than would be acceptable to today’s regulatory bodies.

It is recognised that other combinations of ship speed and lift coefficient as used in Equation [2] could have been adopted for this illustrative preliminary investigation. Nevertheless the value selected represents a “demanding” but not “extreme” load case which is about 50% of that used in modern classification society rules. It is a load case that one might reasonably expect a Viking-age rudder system to manage without incurring any failures.

The effect of modest changes in the applied load can be accommodated without the need to rerun the calculations described within because all the stress analyses are linear. This means if a higher (or lower) load was felt to be more appropriate, the percentage load increase (reduction) would be exactly matched by the same reduction (increase) in the factors of safety identified in this report (subject to stresses remaining in the linear zone – see section 6).

If scantlings needed to be revised in the light of better information, then the method of Table 4 is judged to be perfectly adequate for preliminary assessment purposes.

Hence other ships with different rudder configurations could be easily investigated using the “spreadsheet-style” methodology outlined in this paper.

This paper concludes this tentative two-part investigation into Viking ship structures. While definitive answers were not possible (and may never be possible for thousand year old ships), the paper does provide a numerically-based framework which facilitates preliminary investigations on how these amazing ships may have performed as engineering artefacts. Any further steps would require privileged access to proprietary data and more sophisticated analytical and experimental tools than are available to the present author.

8.RECOMMENDATIONS FOR FUTURE WORK

Structurally speaking, the mast and rigging including the shroud pins is the next structural component worthy of simplified structural analysis in the author’s view.

This view was reinforced by viewing dramatic video footage of the structural failure of the Draken Harald Hårfagre’s mast which broke in two with one half going over the starboard side and the other half over the port side (Viking Quest America, 2016).

This catastrophic failure occurred in the North Sea and had the ship not been fitted with two inboard motors which it used to reach a point of safe refuge, one wonders what might have happened to the ship and crew.

Note; The Draken Harald Hårfagre is a 35 m reconstruction, loosely based on the Gokstad with dimensions scaled-up by a factor of about 1.5.

3-D beam/truss-element finite element analysis would yield interesting global results as would brick element modelling of shroud pins. Rigging petension levels would be one uncertainty. Another would be the mechanical properties of Viking-age standing rigging (lime blast?) and sail cloth (wool?). These would all require material testing as well as advice from nautical archaeologists.
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