
 

Sutton Hoo Ship Reconstruction Project:  

Phase 1, Report 2: Hydrostatics & Propulsion 
Pat Tanner & Julian Whitewright 

The following report outlines the final element of the work undertaken as part of Phase 1 of the 
Sutton Hoo Ship Reconstruction Project. The overall phase is concerned with the creation of a digital 
interpretation of the Sutton Hoo ship, based on the available evidence, and subsequent hydrostatic 
testing. It is seen as a critical phase in advance of full-scale building because of the cost-effective 
opportunity that digital modelling affords for exploring challenges to using the original dataset and 
resolving questions of interpretation prior to full-scale construction work.  

Phase 1 Interim Report 1 focused on conducting initial comparative analysis of the three existing 
lines plan interpretations (1939, 1975, 2016) of the ship, and on understanding the nature of the 
surviving archaeological evidence and issues arising from this. Following on from this, Phase 1 Report 
1: Hull Structure contains an account of the re-interpretation of the published archaeological 
evidence leading to the digital modelling of the minimum reconstruction of the hull of the Sutton 
Hoo ship. The present report takes that work to its final stage and begins to attempt to understand 
some of the day-to-day operation of the vessel, and specifically aspects such as the quantity and 
position of the various crew, oars-men, helmsman, boat captain and any potential passengers. In the 
first instance this is done through hydrostatic testing to establish floatation conditions, stability and 
potential speed (Section 1). This is followed (Section 2)  by discussion of some initial rowing 
arrangements, in the implications arising from these for the propulsion and function of the vessel.  

1. Hydrostatic Analysis 

1.1 Floatation & Stability 

In order to attempt to understand the propulsion and use of the Sutton Hoo ship, it is first necessary 
to understand how the vessel behaves when afloat. The simplest method for this is to take the 
material which is known to have existed, based on the archaeological findings, as interpreted in 
Phase 1 Report 1; the keel, stem and sterposts, 9 strakes per side, and 14 pairs of thole pins as 
shown in Figure 1. All of this material was modelled in 3D using Rhinoceros software, and using the 
Orca 3D naval design software a material (iron and oak) was assigned to each element.  

The 9 strakes per side, keel, stem, sternpost, 28 thole pins, 3,598 iron plank rivets, 64 gunwale 
spikes, 12 keel scarph bolts, 58 frame bolts, and 26 frames were then analysed using the weight 
reporting feature in Orca, following a now established procedure for the analysis of vessels in this 
manner (see Tanner 2013). This gave a total weight for the vessel as of 4,828.9 kg, with the centre of 
gravity positioned 11.61m (38’) aft of frame 1, and 0.93m (3’) above the baseline (bottom of keel) 
(see Appendix 1:  2018 Reconstruction Empty Ship Weight Report ). Using this information Orca 3D is 
then able to analyse how the vessel will float in water (Figure 2).  

In this condition the ship will float with a very slight 0.25 degree bow down trim, a navigational draft 
of 0.33m (1’-1”), a waterline length of 15.64m (51’-3¾” ), and 0.95m (3’-1¼”) of freeboard midships 
(see Appendix 2: 2018 Sutton Hoo Bureau Veritas Intact stability bare ship). The prismatic coefficient 
Cp is 0.597, with a block coefficient Cb of 0.352, a wetted surface area of 29.8 m² and the ship can 
heel to 30° before water will flood over the side. The corresponding stability curve is shown in Figure 
3. 
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Figure 1. Plan and profile view, tholes in central area for which there was no original evidence are shown in red. 

 

Figure 2. Flotation condition for empty bare ship structure, with 28 thole pin arrangement (waterline highlighted in yellow). 

 

Figure 3. Stability curve for empty bare ship. 

Next, a thwart and two oars were modelled for every one of the thole pins, including the potential 6 
additional sets in the central portion of the ship. The combined weight for the thwarts and oars 
would be 1,578 kg. A minimum crew for this configuration would be 40 oarsmen, a helmsman and 
captain (Figure 4). 42 people at at average of 80 kg would add a further 3,360 kg of weight. This 
brings the combined total weight for the loaded vessel to 9,790.2 kg, and raises the centre of gravity 
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to 1.05 m (3’-5¼”) above the baseline (see Appendix 3: 2018 Reconstruction 40 Crew Helm and Cox 
Weight Report).  

In this configuration the ship has a navigational draft of 0.48 m (1’-7”), a waterline length of 16.98m 
(55’-8½”) and 0.8 m (2’-7½”) of freeboard midship (see Appendix 4: 2018 Sutton Hoo Bureau Veritas 
Intact Stability Report 40 Oarsmen). The prismatic coefficient Cp is 0.599, with a block coefficient Cb 
of 0.376, a wetted surface area of 39.6 m² and the ship can heel to 24° before water will flood over 
the side. The corresponding stability curve is shown in Figure 5. 

 

Figure 4. Flotation condition for ship with 40 Oarsmen, Helm and Captain (waterline highlighted in yellow) 

 

Figure 5. Stability curve for ship with 40 oarsmen, helm and captain.  

1.2 Speed Potential 

For a displacement hull like the Sutton Hoo ship (Figure 6) which is sitting in the water, as it moves 
forward it generates a bow and a stern wave, with the boat sitting in the trough between the two 
waves. As the boat accelerates to higher speeds a greater amount of power is required to overcome 
this wave resistance, until a stage is reached where the power required to accelerate further 
becomes exponential. This point is referred to as the displacement trap. The displacement trap 
results in a theoretical maximum hull speed, which is calculated as 1.34 times the square root of the 
waterline length (LWL) in feet (Marchaj, 1964: 297). 
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Figure 6. View of complete ship from the starboard side,  with 40 oarsmen, helm and captain. 

Boats which do achieve speeds where velocity (V)/( √ LWL)>1.40 may appear to be planning. At 
speeds (V)/( √ LWL)>1.70 dynamic lift begins and boats will be said to be semi-planning, and at 
speeds (V)/( √ LWL)>3.20 boats are truly planning or skimming (Marchaj, 1964: fig 158). 
Displacement boats like the Sutton Hoo ship can only exceed (V)/( √ LWL)=1.40 in ideal conditions 
or with excessive use of mechanical power. From 1.34 √LWL, the Sutton Hoo ship has a theoretical 
max hull speed of 1.34 x √55.7 = 10.0 knots. 

Available figures indicate the maximum output of a man rowing, on a fixed seat, is about 1 hp (750 
watts) sustainable for a short time; an average male can deliver approx 0.3 hp (250 watts) for 20 
minutes and 60–70 watts output is considered comfortable (Nayling and McGrail, 2004: 189).  

If there are a total of 40 rowers, all of whom were rowing effectively and efficiently, including the 
central area as rowing space, that is a potential to generate 2.6 kW (65w x 40) of power for long 
sustainable periods, 10 kW (250w x 40) of power for short 20 minute sprints, and a higher number 
for very short periods. A Holtrop powering analysis (Holtrop 1984) was carried out using the Orca 3D 
marine plug-in for Rhinoceros 3D on this flotation condition (see Appendix 5: 2018 Sutton Hoo 
Reconstruction Holtrop Powering Analysis), and the power required for various hull speeds are set 
out in Table 1. Reference to this, with the 2.6kW and 10kW power outputs in mind indicates that the 
ship could potentially be comfortably rowed at 5 kts for long voyages, and could potentially reach 
speeds up to 9 kts for short sprints. 

Power required to achieve 1 kts 22.6 W   (0.03 hp) Power required to achieve 4.5 kts 1.7 kW (2.28 hp) 

Power required to achieve 1.5 kts 71.9 W  (0.09 hp) Power required to achieve 5 kts 2.4 kW (3.22 hp) 

Power required to achieve 2 kts 163.4 W  (0.219 hp) Power required to achieve 6 kts 4.4 kW (5.9 hp) 

Power required to achieve 2.5 kts 309.2 W (0.415 hp) Power required to achieve 7 kts 8.0 kW (10.72 hp) 

Power required to achieve 3 kts 521.6 W (0.699 hp) Power required to achieve 8 kts 12.6 kW (16.89 hp) 

Power required to achieve 3.5 kts 814.2 W (1.09 hp) Power required to achieve 9 kts 19.6 kW (26.28 hp) 

Power required to achieve 4 kts 1.2 kW (1.61 hp) Power required to achieve 10 kts 33.3 kW (44.65 hp) 

Table 1. Power required based on Holtrop analysis 
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1.3 Does the Hypothesis Float? 

The hull shape as proposed in Report 1 (Figure 1 here) matches as close as possible with the 
surviving archaeological records. Furthermore, as outlined in Section 1, that hull shape as developed 
does float, with more than sufficient buoyancy to support the maximum proposed 40 oarsmen, as 
well as several additional people in command or passenger roles. 

In fact, if the ship was in a cargo carrying role, a typical maximum loading condition would result in a 
much higher total displacement weight. Ethnographic evidence suggests that for inland waters, small 
boats were loaded to very little freeboard (McGrail, 1978: 91). Seagoing data is not readily available, 
but a medieval Icelandic Law from circa 1280, in the Grågås Codex states that the minimum 
freeboard (F) of a cargo ship should be F=2D/5, where D=depth of hull amidships (Morken, 1980: 
178). For the Sutton Hoo ship this would be F=2x1.34 m / 5 which is 0.536 m. If the vessel were 
loaded to this freeboard the total displacement with be 21,266 kg.  

The length overall for the ship is 26.33 m, 25.10 m if you exclude the protruding stem and stern 
posts. The overall beam of the ship is 4.38 m, which gives a length to beam ratio of 6 to 1 (Figure 7).  

If the ship were loaded to its safe minimum freeboard it would have a total displacement of 21,266 
kg. The total displacement for the ship and 42 crew, as illustrated in Figure 6 and 7,  is 9,760 kg. 
meaning that the vessel has a remaining capacity of 11,506 kg for additional people or cargo. This 
potential capability of the ship as an oared cargo-carrier, or at the very least as a royal vessel with 
considerable capacity to move cargo if needed, has not been widely explored thus far. As such it 
opens up a fresh avenue for understanding the roles and tasks that the vessel might have played in 
the early 7th century, aside from acting as a high-status people carrier. 

 

Figure 7. View from the stern quarter of the complete ship with 40 oarsmen, helm and captain 
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2. Rowing the Sutton Hoo Ship 

2.1 Rowing Arrangements 

The speed potential of the ship outlined in Section 2 is based on propulsion being provided by oar. 
This in turn is founded on the presence of thole pins along both sides of the ship, and the wider use 
of oars, rather than paddles, on large vessels across the North Sea region at this time. However, the 
physical arrangements of the oars within the ship need to be considered in advance of full-scale 
construction. No least because of the relationship between rower, thwart, thwart height to 
gunwhale, gearing ratio of the oar, etc. Some of these factors are now explored with the context of 
the digital model of the Sutton Hoo ship. 

The length of any oar is limited inboard by the beam of the boat, and outboard by what is 
manageable by the strength and technique of the rower. The ratio between the length inboard of 
the pivot and the outboard length is known as the gearing. Most experienced rowers can manage a 
gearing of 1:3, where the outboard distance from pivot to blade tip is three times the distance of the 
inboard length. If this ratio is exceeded the rower will tire more quickly, even when the oar is 
counterbalanced inboard. This is due to the effort wasted in preventing the oar working inboard. If 
the oar is fitted with a device to absorb this inward force, like being pivoted on a single thole pin 
(such as in the case of Sutton Hoo) gearings as high as 1:4 can be used for a short period. 

According to McKee (1983: 135, fig. 109) oar lengths tend to follow some  general rules,: twice the 
beam if rowed, slightly less if double banked and three times the beam if pulled (Figure 8). 

 

Figure 8 . Various type of oared propulsion (after McKee, 1983: fig. 109) 

While these “rules” match typical oars over the last hundred years, this may not always be the case. 
Tables in a nineteenth century sparmaking manual recommend multipliers of 2.5 and 3.5 times the 
beam, which would create oars a modern oarsman may find cumbersome and tiring during 
prolonged use. Most modern oars vary between 7 and 17 ft overall, with 15 ft being the most 
common length. The blade varies depending on the type of work being done, and the prevailing sea 
conditions. The blade area tends to be circa 1 sqft (0.09 m²) for working boats, while 
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non-competitive ones tend to be ¾ sqft (0.07 m²) with generous margins for personal preference in 
each. 

The ideal shape for the blade varies between calm and rough waters. In the former a short wide 
blade ensures the same amount of water on each stroke, and the stroke and recovery paths are kept 
as flat as possible. In rough waters the immersed area of the blade must be variable, and a long 
narrow blade is best suited. Blade length tends to be about a quarter the total length of the oar, 
reducing to a third where condition are unusually rough.  

When the oar is in the middle of the working stroke, the hands are the same height above the pivot 
point as the tip of the blade is below the water surface. Ideally the hands should be 1 to 2” (25-50 
mm) below the shoulders, as not much pull can be exerted when the hands pass above eye level. 
When the working stroke is complete, the hands are pressed downwards until the oar is horizontal, 
the feathered blade will then clear a wave of equal height to the gunwale. In rough weather 
conditions the oarsman must keep the blade clear of the sea during the recovery stroke otherwise 
the momentum will be lost as the recovery stroke is interrupted by the oar fouling in the wave 
(catching a crab). As the sea state worsens and the boat also rolls the hands must be lowered even 
further until the man’s own thighs become the limiting factor. 

An alternative is to have the oarsman in an almost upright posture, with their feet at the same 
station (fore and aft position) as the pivot point, and the pivot point located 10 to 12” abaft the 
thwarts after edge. This allows the hands pass unobstructed below the level of the thighs when 
starting the recovery stroke, and has the effect of raising the blade high enough to clear the largest 
waves. 

Taking all of the above into account, neither the 15 ft (Figure 9)  nor the longer 17 ft (Figure 10) oar 
will work when modelled amidships on the Sutton Hoo vessel, even with the ship loaded to its 
maximum depth. With the pivot point located so high above the water, an oar with 1:3 gearing ratio 
will not work regardless of its length. An oar sufficiently long enough to “reach” the water would be 
too long on the inboard end, making it impossible to clear even the smallest waves on the recovery 
stroke.  

As can be seen from Figures 11 and 12 both the 15 ft and 17 ft oars will work for the ship in the max 
loaded flotation condition if a historical gearing of 1:4 is used, but neither option will function 
optimally if any weight is removed from the maximum loaded flotation condition. 

 

Figure 9. View of rowing geometry in the middle of the ship using a 15 ft oar and “modern day” 1:3 gearing ratio 
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Figure 10. View of rowing geometry in the middle of the ship using a 17 ft oar and “modern day” 1:3 gearing ratio 

 

Figure 11. View of rowing geometry in the middle of the ship using a 15 ft oar and historical 1:4 gearing ratio 

 

Figure 12. View of rowing geometry in the middle of the ship using a 17 ft oar and historical 1:4 gearing ratio 

As noted above for the vessel to float at its maximum loaded /  minimum freeboard condition (two 
names describing the same flotation characteristics), the weight of the vessel and its cargo, both 
people and goods will need to be increased. The weight of the ship, its planking shell, keel stem and 
stern posts, all of the iron fastenings, thwarts and oars for 40 rowing positions comes to a total of 
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6,430 kg. The weight of 40 oarsmen and a helmsman and captain is 3,360 kg. That leaves a balance 
of 11,506 kg of additional weight to be added to the ship in the form of people, cargo goods or 
ballast, in order to reach the required displacement weight of 21,266 kg to achieve the desired 
minimum freeboard flotation condition and make it feasible to use the oar options described above.  

2.2 Maximum Weight / Minimum Freeboard 

A total of 11,506 kg of additional weight needs to be added to the vessel in some format in order to 
achieve the minimum freeboard flotation condition. If this weight were added just with additional 
people a total of 144 extra people would need to fit onboard! As can be seen from Figure 7 with the 
42 people already onboard there is not sufficient space to fit an additional 144 people. 

As an alternative, further internal structure could be added, along with additional passengers, 
provisions, personal equipment, etc, as summarised below, to allow the ship to reach its minimum 
freeboard condition. Even with all of these things added, there is still capacity for a further 6,747kg 
of cargo, equipment or ballast: 

Additional Possible Elements: 
Internal Flooring : 1,869 kg 
8 additional passengers: 8 x 80 kg = 640 kg 
Provisions: Food and water 4 kg per person per day = 50 x 4 kg  = 200 kg per day by 5 days = 1,000 kg 
Weapons: 25 kg per person = 1,250 kg 
Additional cargo and or equipment: 6,747 kg 
Total displacement 21,266 kg 
 
On the subject of internal ballast, this would not be a normal thing to add to a rowed vessel. Internal 
ballast is normally added to a ship to lower the centre of gravity in order to increase the transverse 
metacentric height GMt. This has the effect of increasing the the transverse righting arm which 
counteracts external heeling moments that may be applied to the hull, such as increased weight on 
one side of the boat, wind loading causing the boat to heel, wave and sea conditions heeling the 
vessel and even turning moments, all of which are resisted by the vessel’s transverse righting arm, 
which constantly tries to maintain a neutral or upright attitude. A side effect of adding ballast or 
additional weight to a vessel is that it causes the vessel to sink deeper into the water, thereby 
increasing draft, waterplane area, wetted surface area etc. all of which add additional resistance to 
the forward movement of the ship, and consequently require more power to achieve the same hull 
speed. 

In this configuration (Figure 13) the ship has a navigational draft of 0.74 m (2’-5¼”), a waterline 
length of 18.65 m (61’-2¼”) and 0.54 m (1’-9¼”) of freeboard midship (see Appendix 4. 2018 Sutton 
Hoo Bureau Veritas Intact Stability Report Fully Loaded Ship). The prismatic coefficient Cp is 0.600, 
with a block coefficient Cb of 0.405, a wetted surface area of 54.6 m² and the ship can only heel to 
15° before water will flood over the side. 

 

Figure 13. Flotation condition for fully loaded ship (waterline highlighted in yellow) 
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The additional resistance of the heavier, loaded hull, sitting deeper in the water, means that the 
speed potential originally outlined in Section 1.2 must be reworked. Table 2 provides a further set of 
required power outputs, set alongside those from Table 1, that are required for various theoretical 
speeds to be achieved. 

Power Required Empty Ship Fully Crewed Fully Loaded Ship 

Power required to achieve 0.5 kts 3.2 W   (0.004 hp) 4.4 W   (0.005 hp) 

Power required to achieve 1 kts 22.6 W   (0.03 hp) 31.2 W   (0.042 hp) 

Power required to achieve 1.5 kts 71.9 W  (0.09 hp) 99.0W   (0.132 hp) 

Power required to achieve 2 kts 163.4 W  (0.219 hp) 225.0 W   (0.301 hp) 

Power required to achieve 2.5 kts 309.2 W (0.415 hp) 425.9 W   (0.571 hp) 

Power required to achieve 3 kts 521.6 W (0.699 hp) 717.9 W   (0.963 hp) 

Power required to achieve 3.5 kts 814.2 W (1.09 hp) 1.1 kW   (1.50 hp) 

Power required to achieve 4 kts 1.2 kW (1.61 hp) 1.6 kW   (2.15 hp) 

Power required to achieve 4.5 kts 1.7 kW (2.28 hp) 2.3 kW   (3.08 hp) 

Power required to achieve 5 kts 2.4 kW (3.22 hp) 3.2 kW   (4.29 hp) 

Power required to achieve 6 kts 4.4 kW (5.9 hp) 6.0 kW   (8.05 hp) 

Power required to achieve 7 kts 8.0 kW (10.72 hp) 10.9 W   (14.62 hp) 

Power required to achieve 8 kts 12.6 kW (16.89 hp) 18.7 W   (25.07 hp) 

Power required to achieve 9 kts 19.6 kW (26.28 hp) 28.7 W   (38.487 hp) 

Power required to achieve 10 kts 33.3 kW (44.65 hp) 48.6 W   (68.17 hp) 

Table 5. Power required, based on Holtrop analysis, for the ship in its two different loaded states. 

As noted in Section 1.2, with a total of 40 oarsmen rowing, there is a potential to generate 2.6 kW of 
power for long sustainable periods, and potentially 10 kW of power for short 20 minute sprints. 
From Table 5 this means the ship in its fully-loaded state could comfortably be rowed at 4.6 kts for 
long voyages, and could potentially reach speeds up to 6.8 kts for short sprints. The corresponding 
numbers for the empty ship carrying a full crew are 5 kts and 9 kts respectively (see Section 1.2 
above). 

Adding over 11,000kg of ballast/cargo to the vessel in order to make this oar arrangement function 
appears like an extreme option. Therefore, a significant area of future work must address the detail 
of the rowing arrangement and geometry within the ship. This might require much longer oars than 
normally considered, e.g. 20+ft, and a mixed arrangement of single-banked and double-banked 
seating. The possibility should also be considered that some rowing positions in the bow and stern, 
where freeboard is highest, were only used in some loaded states and at other times were left 
unmanned for rowing. Likewise, there might be an optimum amount of cargo/ballast that can be 
usefully carried to optimise the rowing arrangement in the ship.  

The material presented above reinforces the notion that the Sutton Hoo ship should not be viewed 
as a vessel with a static, single function. It was undoubtedly a very large and impressive vessel in its 
own right, but its manner of use could be changed and adapted to suit circumstance. The vessel 
could operate as a very fast troop carrying ship with the potential to deliver a large, heavily 
equipped, fighting force. At the opposite end of the functional spectrum it had the capacity to carry 
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a considerable quantity of cargo, supplies or other material up and down the rivers of East Anglia. 
Finally it could also provide the means for conveying a royal party in comfort in the centre of the 
vessel, a configuration that is illustrated diagrammatically in Figure 14 as a means to convey just one 
of the many possible crewing configurations for the ship. 

 

Figure 14. Possible crew distribution and configuration for the Sutton Hoo ship when conveying a high-status party in the 
central area of the vessel. 

3. Conclusion 

The material presented in this report has primarily been concerned with demonstrating that the 
digitally modelled interpretation of the Sutton Hoo ship is viable. This provides a natural extension to 
the initial work on Phase 1 of the project which considered the overall hull lines of the ship alone, 
from the perspective of naval architecture (see Handley, 2016). The detailed modelling of the vessel, 
based on the published archaeological record (see Report 1) has been demonstrated to be perfectly 
feasible in terms of its underlying floatation and stability characteristics. As such, it can be 
reasonable expected that any subsequent full-scale build would result in a safe, seaworthy vessel. 

However, further analysis of the rowed propulsion of the Sutton Hoo ship highlighted important 
areas of significant future research. The primarily revolves around developing an understanding of 
how such a large ship, with significant sheer across its length, could be rowed in an effective and 
efficient manner, in a variety of sea/river conditions. Further specific digital/paper modelling is likely 
to go someway to achieving this. But creation of a full-scale section of the vessel is likely to allow a 
much better real-world understanding of the range of parameters, and possible solutions, involved. 
Doing this will allow the vessel to realise is full potential as a research tool, and ensure that it is used 
in the most effective way, with minimal potential for mishap, when eventually launched. 
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