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Barge motions in random seas - a comparison of theory 
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This paper describes a comparison of experimental data and theoretical results for 
the motions in waves of large flat-bottomed barges having zero forward speed. The 
experimental data are derived from model tests at two scales (1  :36 and 1 : 108). These 
consist of measurements of motions in surge, sway, heave, roll, pitch and yaw to 
long-crested seas approaching the barge models a t  two orientation angles (head and 
beam seas). The experimental data are compared with results computed from 
linearized potential-flow theory, which accounts for the diffraction and radiation of 
gravity waves around the barge. The boundary-integral scheme employed to solve 
this potential-flow problem is briefly reviewed. 

The experimental data at two scales and the theoretical results show that 
potential-flow theory is in reasonable agreement with experimental data for all 
motions except roll near resonance. These roll-motion discrepancies, due to vortex 
shedding from bilge-keel edges, are discussed. Some of the observable effects of scale 
in the model tests are highlighted. 

1. Introduction 
Large ocean-going flat-bottomed barges are commonly used in the offshore oil 

industry for the transportation ofstructures and other large cargoes. The wave-induced 
motion response of these barges is an important feature which governs their utility, 
since the cargo and sea fastenings have to be stressed to withstand the resultant 
inertial forces. I n  some cases, particularly for roll motions in beam seas, these inertial 
forces can exceed normal operational forces by a significant proportion. Thus the 
safety of the cargo is critically dependent on accurate predictions of motions of the 
barge induced by waves. This paper forms part of a study aimed a t  improving such 
predictions. 

It is well known that the wave excitation and motions of certain large structures 
in gravity waves can be accurately estimated by the use of potential-flow theory. For 
such structures, viscous effects and the resultant skin-friction and pressure-drag 
forces are neglected. The validity of the potential-flow method is, however, limited 
by the extent to which smooth unseparated flow is maintained around the body in 
question. In  particular, if a sharp edge induces local flow separation and consequent 
vorticity, the forces due to this viscous phenomenon are sufficient to affect the 
accuracy of the potential flow force and motion predictions. 

This paper describes an experimental programme and complementary numerical 
results, which are compared to  test the validity of the potential-flow theory for a 
shallow-draught flat-bottomed barge in waves. The numerical results are obtained 
by a boundary-integral approximate technique, which with the governing equations 
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FIGURE 15. Pitch transfer function in head seas for 1 :36 scale; full and dotted lines denote data 
for rounded and sharp keel-edge profiles respectively; asterisks denote theory. 
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FIGURE 16. Heave transfer function in beam seas for 1 :36 scale; full and dotted lines denote data 
for rounded and sharp keel-edge profiles respectively ; asterisks denote theory. 
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FIGURE 17 .  Sway transfer function in beam seas for 1 :36 scale; full and dotted lines denote data 
for rounded and sharp keel-edge profiles respectively; asterisks denote theory. 
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FIGURE 18. Roll transfer function in beam seas for 1 :36 scale; full and dotted lines denote data 
for rounded and sharp keel-edge profiles respectively ; asterisks denote theory. 

figure 19, showing roll-motion data for the 1 : 36 scale barge in beam seas for three 
different significant incident wave heights. The error bar on the figure gives an 
estimate of the measurement error. 
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FIGURE 19. Roll transfer function in beam seas for 1 :36 scale barge with rounded keel-edges; full, 
danhed and dotted lines denote data for significant wave heights of 3 . q 2 . 4  and i .9  cm respectively. 

4.1. Head seas 
Figures 7 and 13 present the heave response to  head seas for the 1 : 108 and 1 : 36 scale 
tests respectively. The transfer functions for sharp and rounded keel-edges are very 
close, and they both agree with the potential-flow theory. One evident feature of these 
figures is the larger discrepancy between theory and experiment for figure 13 than 
for figure 7. It is believed that this discrepancy in figure 13 and the generally poorer 
agreement between theory and experiment for the 1 : 36 soale results is partly related 
to  the data-collection system in these tests. As described earlier, measurements were 
made by placing a wave probe a t  the barge position, sampling wave elevations and 
then sampling barge motions with the barge in the wave-probe position. The two 
measupements were matched by also measuring a channel of the wave-generator 
driving-clock signal. There was, however, a small drift in this clock rate between 
wave-elevation and barge-motion measurements. The drift was accommodated in the 
data processing by using interpolation techniques to match the wave-elevation and 
barge-motion time histories. Small errors of signal level in this procedure are felt to 
be responsible for the scatter in the 1 : 36 scale data and for the discrepancies between 
theory and experiment. It may be noted that the kind of clock-rate drift that occurred 
in 1 : 36 scale tests did not occur for the 1 : 108 scale tests. 

Figures 8 and 14 give corresponding data for the surge response in head seas. It 
should first be noted that the measured surge-response time history for the 1 : 36 scale 
tests provided evidence of a low-frequency wave-drift oscillation at approximately 
0.6 sad/s with a small root-mean-square value of approximately 4 mm. This does not, 
however, influence the data plotted in figure 14. The surge-response transfer function 
at wave frequencies indicates a difference between the sharp and rounded keel-edge 
profiles around the wave cancellation frequency of 8.4 rad/s for 1 : 108 scale and 
4.8 rad/s for 1 :36 scale: the sharp keel-edge for both models leading to higher 
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responses. A discrepancy between experiment and theory appears a t  low frequencies. 
There is sufficient energy a t  these low frequencies to discount numerical errors as a 
cause of this discrepancy, which occurs for tests a t  both scales. The probable 
explanation is the low- frequency partial standing wave that occurs in wave tanks 
of finite length caused by the reflections that arise from thc wave-absorbing beach 
for these low frequencies. The partial standing wave forms a ‘sloshing’ component 
in the bulk of the wave-tank fluid and induces enhanced horizontal, oscillating, fluid 
velocities and accelerations in the centre of the tank a t  the test-model position. 
Furthermore, experience of testing in different types of tanks indicates that the effect 
of these low-frequency standing-wave components are more severe in tanks with 
approximately equal length and width than in long tanks of relatively small width. 
This is because the former type of tank has standing waves with variations in both 
the longitudinal and transverse directions, which are likely to affect the test model 
more severely. 

Figures 9 and 15 present data for pitch responses in head seas. The data a t  both 
scales are very close, for both rounded and sharp keel-edges, to the results from 
potential-flow theory. There are no unusual features of the pitch response that can 
be identified with sufficient confidence. 

4.2. Beam Seas 
Figures 10 and 16 display heave transfer func>tions for 1 : 108 and 1 : 36 scale tests 
respectively. The barge responses for both sharp- and rounded-edge cases are very 
close to each other and to the theory. Figures 11 and 17 present sway transfer 
functions in beam seas. This mode of motion (like surge in head seas) also exhibited 
low-frequency drift effects, which for the 1 :36 scale tests were a t  approximately 
0.5 rad/s with a root-mean-square intensity of 2.3 cm for the rounded kcel-edges. The 
sway transfer functions for rounded and sharp keel-edges are very closc except for 
a region around roll resonance where the sharp keel-edge data are substantially 
higher. Furthermore, both sets of experimental data differ from the potential-flow 
theory for the lower frequencies. This difference is in opposite senses for the 1 : 108 
and 1 : 36 scale tests. 

Figures 12,18 and 19 present the roll motion transfer functions in beam seas. These 
data indicate substantial differences between the sharp and rounded keel-edge 
experimental data as well as between experiment and theory. The plotted roll 
responses are centred around the roll resonance frequency (10.5 rad/s for 1 : 108 scale 
and 5.8 rad/s for 1 : 36 scale). Roll motions for the rounded keel-edges are seen to be 
up to 50% greater than those for sharp edges near and above the roll resonance 
frequency. 

During the beam-sea tests, there was a noticeable difference between the local water 
motions close to the barge in the cases of rounded and sharp keel-edges, the latter 
generating a large amount of turbulence in and under the free surface. Despite the 
relatively smoother flow observed close to the rounded keel-edges during the tests, 
experiment and theory for this case still disagree substantially a t  resonance, for tests 
a t  both scales. The relative extent of the discrepancy between the rounded and sharp 
edges is approximately the same for both scales. On the other hand the differences 
between theory and the rounded keel-edge data are discernibly larger for the 1 : 108 
scale than for the 1 : 36 scale tests, suggesting that viscous effects are playing a 
relatively larger role a t  smaller scale. Both sets of roll response data also show a slight 
reduction in the roll natural frequency from rounded to sharp keel-edge data. This 
would be consistent with an increase in damping, due to vortex shedding and fluid 
turbulence induced by the sharp keel-edges. 
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FIGURE 20. Comparison of roll-time history from 1 : 36 scale tests for two keel-edge profiles; full 
and dotted lines denote data for rounded and sharp keel-edge profiles respectively. Significant wave 
height = 3.4 cm; characteristic period = 0.9 s. 

The differences between the rounded and sharp keel-edge experimental data are 
also brought out by the plots of roll angle against time displayed in figure 20 for the 
two conditions. Peak roll angles for the rounded keel-edges are approximately double 
those measured for the sharp keel-edges, thus illustrating the need for a sound 
theory to account for the viscous effects a t  the vessel keel, and more accurately to 
predict the roll motion responses of cargo-carrying barges. It is worth noting the 
manner in which the difference between the rounded and sharp keel-edge data 
develops with time. It suggests a vortex-shedding or turbulence-generation process, 
which is triggered off by roll motions reaching a particular amplitude. The discrepancy 
caused by these viscous effects persists for a while before decaying, and the triggering 
process is then repeated. 

Additional work, not described here, has shown that the observed discrepancies 
in roll motion can be accommodated by increasing the potential-flow radiation 
damping by approximately 20 "/, of critical damping for the rounded keel-edge and 
80 yo of the same for the sharp keel-edge. Furthermore, visualization studies of the 
flow close to the keel-edge reveal the presence of strong vortex shedding and 
consequent vortex movements around the keel. Such vortex shedding is not detected 
for the rounded keel-edges. These studies suggest that the observed discrepancies in 
roll motions can be predicted by an analytical model which uses point vortices in a 
background potential flow together with skin-friction calculations to predict the 
energy dissipated and consequential additional damping due to these viscous effects. 
Patel & Brown (1981 ; and Brown & Patel 1981) give a description of methods used 
and some intermediate results. 

5.  Conclusions 
An overview of the results presented here for the motion response to waves of 

flat-bottomed barges suggests that, for the incident-wave amplitudes used in the tests, 
the motion response is strongly linear with no suggestions of response variations as 
a function of wave amplitude. The validity of potential-flow theory for all motions 
except sway and roll in beam seas is confirmed, by comparisons of the theory with 
tests a t  two model scales. I n  the case of sway motions in beam seas, discrepancies 
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between theory and experiment at low frequencies cannot be easily explained, but 
may be due to excitation by a standing-wave motion component in both wave-tank 
facilities. Such an effect is also apparent for surge motions in head seas. Yotential-flow 
theory is shown to be incapable of satisfactorily predicting roll motions at  resonance 
for both rounded and sharp keel-edge profiles; the discrepancy for the latter being 
approximately twice as large as for the former. It is generally accepted that the 
discrepancy for the sharp keel-edge profiles is due to  the added damping induced 
by vortex shedding and the generation of turbulence close to the keel-edges. Even 
for the rounded keel-edges, however, sufficient drag associated with skin friction exists 
to  induce the observed discrepancies. Further research on these aspects of the 
problem has been discussed in $4. 

The testing of an identical barge model shape a t  two different scales affords a 
unique opportunity to investigate the quantitative effects of model scale on measure- 
ments such as these. A survey of all the data presented here only reveals possible 
scale effects for the roll response in beam seas. This is to be expected, since it is the 
relative magnitude of inertia and viscous forces which leads to the occurrence of scale 
effects in model testing, and viscous effects only become significant at and around 
roll resonance during the experiments reported here. 
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under grant no. GR/B/21812. SERC support for use of the complex wave basin a t  
the Hydraulics Research Station is also gratefully acknowledged. The authors wish 
to thank Dr P. E. Duncan, Mr P. C. Petrides and HRS staff for their contributions 
to the experimental work reported here. 

Appendix. Irregular frequencies in the boundary-integral analysis 
It is well known that Fredholm integral equations of the type given in ( lo),  for 

time-harmonic exterior problems, do not have unique solutions a t  certain frequencies. 
John (1950) has given a formal discussion of this difficulty for water-wave diffraction 
and radiation, and Shaw (1979) has briefly reviewed recent attempts to overcome it 
in numerical solution of such integral equations for general wave problems. 

In the numerical approach represented by (1  l ) ,  the matrices P and 0 both become 
very badly conditioned near an irregular frequency. This is potentially serious unless 
one can predict such frequencies, which in the case of the barge is trivial. It  may be 
shown generally that these occur a t  the eigenfrequencies of the corresponding interior 
Dirichlet problem for the potential. For the barge, therefore, of plan dimensions 
2a x 2b and draught h, eigenvalues are required for the problem defined by 

1 V2$ = 0, 

where $ is the potential interior to the submcrged surface 8,. Direct solution of (A 1) 
leads to irregular frequencies w,,, which are the roots of 
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where 
K2 = (g+(??y ( m , n  = 1,2, ...). 

These values may be used to check whether the theoretical solutions for barge 
responses are potentially in error as a result of poor numerical conditioning. For the 
models discussed here a/b  = 3.0, a / h  = 11.43, and the lowest irregular frequency is 
given by (wl,a/h) = 12.14. 
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