


















hull is relatively stable and beamy by the standards

of single sculls; a more slender and more competi-

tive hull would incur less wave-making resistance. It

should also be noted that the mean depth Froude

number in these tests is somewhat higher than

would be experienced in a rowing event, for which

the water depth would typically be at least 3.0 m

deep, yielding a depth Froude number of 0.74. This

increase of depth Froude number is likely to increase

the contribution of wave-making resistance in steady

Fig. 10 Impact of varying parameters on hot-film output
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speed compared with the value at the same speed in

deeper water, but it seems unlikely that it would

affect the viscous components of resistance.

The mean differences between the three different

cases after correction for stud drag are summarized

in Table 3. From these results it can be inferred that

delaying transition by 200 mm can yield almost

0.5 per cent reduction in calm-water resistance;

hence suggesting the possibility for improvement by

subtle re-design of bow shape. The results for the

studs at 400 mm are shown in Fig. 11(b).

In the final set of tests, the resistance was mea-

sured in the rowing condition, using the trajectory

of Fig. 3. Additionally, in order to examine the effect

of gross simplification to the oscillatory profile, the

sine wave best fitting the excursion profile in a

least-squares sense was calculated and tested. This

yielded an amplitude of 0.24 m, with the same

period of 1.84 s.

Extreme care must be taken when analysing the

resistance results with unsteady speed as the inertial

loads are very large in comparison with the steady

hydrodynamic loads, which in turn are large com-

pared with the unsteady components. In the current

study this was addressed by calculating a moving

average over a period equal to the oscillation period.

The mean acceleration over this period is zero, and

hence the mean inertial force is zero.

Unfortunately, owing to an error in programming

the actuator during these tests, the load cell and

towing point on the scull were seriously damaged

(demonstrating the risks of working with such high-

power devices), so only limited results were obtai-

ned for a mean velocity of 4.0 m/s. These are

summarized in Table 4.

It can be seen from these results that the effect of

the realistic profile of unsteady speed increases the

resistance by 2–3 per cent compared with the corre-

sponding steady-speed case. These results fall

within the range of data reported by Scragg and

Nelson [1] who reported increase in resistance

owing to surging of 2–5 per cent for the three one-

third-scale hulls tested with turbulence stimulation.

The increase in resistance results from both

unsteady wave-making and unsteady viscous

effects. The high accelerations of the realistic rowing

profile results in larger penalties in unsteady resis-

tance than the sinusoidal oscillation, with an

increase of 3.0 per cent for the rowing profile in the

free-transition case (see Fig. 11(b)) compared with

Fig. 11 Resistance plots for scull
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1.8 per cent for the sinusoidal oscillation. It is inter-

esting to note that the penalty for the rowing profile

is greater where the laminar–turbulent transition is

free, suggesting that part of this penalty relates to

fluctuations in the location of transition owing to

unsteady effects as discussed in the previous sec-

tion. It is possible that the effect of reduced water

depth in the current tests has subtly affected the

variation in mean wave-making resistance; however,

it is not necessarily obvious whether this change

would exaggerate or reduce the impact of unsteadi-

ness on wave-making resistance.

Finally, it should be stated that it seems quite

likely that the penalties for unsteady speed will be

higher for elite athletes, and for other types of row-

ing shells which exhibit greater surging accelera-

tions than the single scull tested here.

5 DISCUSSION AND CONCLUSIONS

The study has examined the impact of unsteady

effects on laminar–turbulent transition on a single

scull in both laboratory and field-trial conditions. In

both cases turbulence is shown to be strongly

related to acceleration through the stroke cycle.

Comparison of tank-test results with field-trial mea-

surements show that the unsteady viscous flow phe-

nomena identified in the real-world measurements

are also present in the tank. Tests with similar oscil-

latory patterns indicate that effects are relatively

insensitive to mean velocity. It is shown that small

changes in acceleration pattern can lead to signifi-

cant changes in the time-history of transition; finally

small waves can have a marked effect.

The practical relevance of the location of transition

is shown by steady-speed resistance tests indicating

that an aft movement of a forced transition point by

200 mm reduces resistance of a single scull by almost

0.5 per cent. A small number of tests with realistic

unsteady velocity profile suggest that unsteady

effects increased the resistance by about 3 per cent in

cases in which the location of transition is not fixed,

and 2.4 per cent where the location is fixed by studs.

It can be suggested that these unsteady effects will

be larger as peak accelerations increase both in other

rowing events, and with elite athletes.

Future studies planned include an application of

some of the current test methodologies to canoes

and kayaks, and the investigation of the effects of

unsteadiness on laminar–turbulent transition on the

two-dimensional flow around a ‘friction-plane’ or

plank representing a practical implementation of

flat-plate flow.
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APPENDIX

Notation

CF flat-plate frictional resistance coefficient

CT total resistance coefficient

CW wave resistance coefficient

k form factor

RT total resistance

S wetted area

t instantaneous time

T oscillation period

V velocity

r water density
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