
CHAPTER 106 

FORCES FROM FLUID FLOW AROUND OBJECTS 

1 2 By John H. Nath and Tokuo Yamamoto 

Abstract 

All hydrodynamic forces on submerged objects are shown to 
be due to the acceleration effects of the fluid flow.  However, 
it is useful to consider separately the influence from the var- 
ious ambient flow and local flow conditions.  At times certain 
aspects of the flow can be ignored, which simplifies the analysis. 
Examples are developed for circular cylinders near a plane bound- 
ary with a flow direction parallel to the boundary and perpendic- 
ular to the cylinder.  Potential flow theory predicts that large 
vertical forces exist away from the boundary when the cylinder 
is against the boundary and that large negative forces exist to- 
ward the boundary when the cylinder is positioned a small distance 
from the boundary, when the viscous effects are small.  When the 
cylinder is near the boundary, the added mass coefficient is the 
same regardless of the direction of the flow, providing the flow 
is perpendicular to the cylinder.  In addition, the added mass 
coefficient is much larger for cylinders near the boundary than 
when they are in a free stream.  Good agreement between theory 
and laboratory experimentation was obtained for various coeffi- 
cients with waves on horizontal cylinders near a plane boundary. 

INTRODUCTION 

There is an increasing need for accurate information on how 
to analyze the fluid dynamic forces on objects constructed for 
various types of ocean engineering projects.  Structures such as 
piers, drill rigs, semi-submersibles, pipe lines, cables, buoy- 
ancy elements, ships, barges and'so forth, require realistic infor- 
mation as to the forces from the major loading activities of the 
wind, waves and current.  Such forces originate from the fluid mo- 
tion or the object motion, or both.  Certain amounts of information 
exist in the literature on such fluid motions, but much of it is 
difficult to understand by the average design engineer. 
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Ideally, one should consider the submerged object to be a 
part of the boundary conditions for the flow regime.  The general 
pressure distribution is then determined, if possible, for the 
entire flow regime and then evaluated on the surface of the ob- 
ject.  Closed mathematical solutions are obtained whenever possi- 
ble, which usually involves determining the velocity potential or 
stream function in the governing equations of fluid motion, (when 
viscous effects can be ignored), or a solution to some form of 
the Navier-Stokes equations is at least tried.  However, closed 
solutions are rarely obtained, so that numerical models may be 
required.  In addition, measurements from a prototype structure 
and/or physical scale model study in the laboratory give the 
analyst an opportunity to validate a theoretical model or to 
establish an empirical model for complicated flows that do not 
yield to analysis. 

OVERVIEW OF ANALYSIS 

Models of the physical processes involved can be developed 
from one or more of the following:  closed mathematical solu- 
tions, numerical solutions, and physical model studies. The 
usefulness of all these should be considered for any given prob- 
lem.  In addition, the analyst should try to present the results 
of his analysis in a form that is relatively easy to understand 
by the designer, who usually is not the same person. 

The flow regimes are sometimes very complicated and depend 
on many things, some of which are the ambient velocity distri- 
bution, free stream turbulence, wake characteristics, boundary 
and initial conditions, the total acceleration, the phase rela- 
tionships between the various actions and the motion of the ob- 
ject itself, and the interaction of the object motion with the 
flow.  Consequently, no general design criteria are available 
and many theoretical works on this subject are based on simpli- 
fying assumptions. 

In general, an analysis should be concerned with the fol- 
lowing: 

Potential flow theory (ideal fluids) 

1. Uniform steady ambient flow or the steady linear motion 
of the object. 

2. Non-uniform flow due to boundary irregularities, curvi- 
linear motion of the body, free surface conditions, 
skewed axis bodies, etc. 

3. Unsteady, non-uniform flow, such as periodic motion, 
impulsive motion and aperiodic motion (random fluc- 
tuations ) . 
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Viscous flow (real fluids) 

1. Free stream turbulence. 

2. Boundary layer development on the object (skin friction 
drag). 

3. Submergence of the object in a boundary layer developed 
on a nearby surface. 

4. Wake formation (Boundary separation, form drag and 
vortex shedding). 

Topics for differences that occur between simplifying assump- 
tions and the conditions in nature 

1. Irregular boundaries. 

2. Aperiodic nature of the flow. 

3. The shape and motion of the actual wave compared to the 
wave theory assumed. 

4. Three-dimensional aspects of the flow versus a two-di- 
mensional analysis. 

5. Unknown oceanographic conditions. 

It is sometimes useful to consider the forces from a com- 
plicated, time dependent flow to be the result from the super- 
position of more than one relatively simple terms.  Thus, the 
Morison equation was established as an empirical relationship 
to explain the phenomena of wave forces on vertical piling.  (8). 
They stated that the wave force was due to an accelerative force 
(proportional to the virtual mass coefficient and the water part- 
icle temporal acceleration evaluated at the pile center) and a 
drag force (proportional to the drag coefficient and the square 
of the water particle horizontal velocity).  The approach was 
simple and easy to use, with an attempt at a physical explanation 
for such forces.  However, in subsequent years, evaluations of 
the coefficients displayed a great deal of scatter.  This was 
sometimes due to the inclusion of several modifying flow effects 
into the determination of C_ and CM; whereas, certain effects 

should be considered separately, as discussed in this paper. 

Some basic shortcomings of the Morison equation approach 
include: 

1.  The forces from diffracted and reflected waves are not 
considered, which is necessary when the cylinder diameter 
to wave length ratio is large (4). 
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2. The convective acceleration components of the ambient 
flow are not included. 

3. The evaluation of C_ and C„ depends on the wave theory DM 
used, and phase relationship between the ambient 
fluid velocity and the drag force is not taken into 
account.  The importance of this is illustrated in 
Figure 1 which depicts the surface stress distribu- 
tion on a circular cylinder oscillating in a harmonic 
manner, such that laminar flow, without separation, 
results.  The total drag force is ir/4 out of phase 
with the cylinder velocity.  For turbulent flow, in- 
cluding a wake formation, a similar, albeit unknown, 
phase difference will exist between the drag force 
and the relative motion between cylinder and fluid. 
Thus, the evaluation of the virtual mass coefficient 
may be in error when it is assumed that the drag force 
is zero when the relative velocity between the cylinder 
and ambient fluid is supposed to be zero. 

4. Another shortcoming is that the Morison equation may 
give a misconception that drag forces are not due to 
acceleration effects. 

To illustrate the last point for a real fluid, consider 
Figs. 2 and 3.  Figure 2 depicts steady uniform flow around a 
cylinder such that form drag predominates.  Figure 3 depicts 
shear flow on a thin, flat place such that skin friction drag 
predominates, a manifestation of which is the development of 
the boundary layer thickness.  In both cases a wake is formed. 
We assume the pressure gradient is zero in each case (steady 
unconfined flow) and that shear stresses do not exist on the 
surface of the control volumes.  Thus, the only forces acting 
on each control volume one due to the cylinder in one case, 
and the flat plate in the other, which represent the two ex- 
tremes of form drag and skin friction drag. 

The general momentum equation applied to the surface of 
the control volume will determine the force exerted on the con- 
trol volume by the object.  In general, for any control volume, 

ZF=ff=f+u.vl (1) 

if =     || +jpu" u-Sds (2) 

s 

M = / pudV (3) 

where 

/pud 
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is the total momentum within the control volume, u is the velo- 
city vector, lu + jv+ kw, n is the unit normal vector directed 
outward from the control volume, p is the fluid mass density, s 
indicates the surface of the control volume and V is the volume. 

The fluid is incompressible so p is constant and Eqs. 1 
and 2 are readily recognizable in terms of acceleration.  The 
first term on the rhs of Eq. 2 is the temporal term and the 
second is the convective term.  Thus, even for cases where the 
viscous effects on the force completely predominate, it is seen 
that they should be considered as acceleration effects.  For a 
circular cylinder in uniform flow where vortices are being 
shed, the convective term of the acceleration is time dependent, 
since the ambient velocity, U , is constant.  When the ambient 
velocity is changing with respect to time, the first term on 
the rhs of Eq. 2 is non-zero. 

It is well known that in real fluids the potential flow 
considerations are quite valid in many conditions except where 
the viscous effects make modifications through boundary layer 
development, vortex shedding and other viscous wake manifesta- 
tions and free stream turbulence. 

In many cases the viscous effects are neglibible.  For ex- 
ample, in the impulsive motion of a circular cylinder "instanta- 
neously" to the velocity, U, perpendicular to its axis, the 
viscous effects are initially very small until the wake has had 
time to build.  The drag coefficient for the laminar case is 
shown in Fig. 4, which appears in Sarpkaya (12) for a Reynolds 
number of from 0.15 to 1.2 x 10 .  Thus when the fluid travel is 
less than about 0.4D the wake has not yet formed.  Likewise, it 
is infered that in waves, if the water particle displacements 
are less than this amount, separation effects will be negligible. 

Another interesting aspect of Fig. 4 is that the drag coef- 
ficient reaches the value of 1.55 at Ut/D = 4, whereas for 
steady flow at this Reynolds number it has the value of about 
1.1 to 1.2.  For this condition twin vortices have been formed 
in the wake of the cylinder and have not yet been shed.  When 
the vortices are finally shed, a stable alternating of shedding 
is set up into the familiar Karman vortex trail. 

Thus, if considerations for wake formation can be neglected 
a potential flow solution is possible.  If not, we are usually 
dependent on testing.  Theoretically, if the wake shape and time 
characteristics can be closely approximated, a modified shape of 
the object can be assumed and a potential flow solution is still 
possible, using the modified shape for the object.  Several re- 
cent cases have been presented in the literature where the viscous 
effects can be neglected, some of which are in (1, 2, 3, 4, 5, 
9, 10, 11, 13, and 14). 
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It is well known that the conditions oi nature may not 
coincide closely with the simplified assumptions made in an 
analysis.  For example, a pipeline placed on the sea bottom 
may not really approximate the condition of a cylinder near 
a plane boundary because of bottom irregularities.  Thus, the 
spacing between the pipe and boundary may change with regard 
to positions on the pipeline.  The designer should be aware 
of the maximum irregularities that can occur and try to con- 
servatively estimate the differences in forces acting so as 
to obtain an envelope of conditions to which the pipeline is 
likely to be subjected.  This paper will show that small dif- 
ferences in clearance under a pipeline can make large differ- 
ences in the forces acting on the pipe. 

In addition, flow conditions are not likely to be steady, 
nor periodic.  For the case of ocean waves the random nature of 
the water surface elevation and wave frequencies may be taken 
into account (10), particularly for linear systems.  However, 
in many areas the waves are multi-directional, although a par- 
ticular direction may predominate.  Considerations must be 
given to the differences between these simplified analytical 
conditions and the actual conditions provided by nature. 

Laboratory experimentation is viewed with mixed emotions 
by the profession.  The usually large dissimilarity between the 
Reynolds number in the laboratory and in nature prompt many 
engineers to feel that the laboratory work is only academic in 
nature and that realistic forces cannot be obtained.  However, 
when Reynolds number dissimilarity is important, the drag coef- 
ficients that are determined from laboratory work are usually 
larger than would be the case for natural conditions, and the 
use of them would therefore result in conservatively large 
forces for design.  However, the considerations for the ambient 
acceleration aspects of the flow may completely predominate the 
total force condition such that the viscous effects are negli- 
gible.  Thus, for some pipes subjected to certain wave frequencies 
and heights, the Reynolds number has negligible influence and, 
therefore, the undesirable scale effects between laboratory and 
prototype conditions are non-existant.  This is true when Froude 
number is important and Reynolds is not, indicating that the 
surface wave generated by the object is important but that the 
wake formation is not.  The results determined from such labora- 
tory experimentation are directly applicable to prototype condi- 
tions.  In general, for conditions where wake formation is not 
important, and where surface tension is also not important, 
laboratory results are directly applicable to prototype condi- 
tions providing the load conditions in nature can be reproduced 
in the laboratory. 
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THEORETICAL EXAMPLE 

Analytical developments for wave forces on cylinders near 
a plane boundary were compared to laboratory results with some 
success. First considerations have been given to rigid cylin- 
ders with the flow perpendicular to the cylinder axis. 

The proximity of the plane boundary will have an influence 
on the viscous effects.  Vortex shedding and wake size are in- 
fluenced as indicated in Fig. 5, which shows drawings, inter- 
preted from photographs of positions of a 2-inch cylinder near 
the boundary in a birefringent fluid.  The photographs (taken 
with polarized light) showed that vortex shedding begins to be 
suppressed when the cylinder is within one diameter of the bot- 
tom and that the wake size is considerably increased when the 
cylinder is on the bottom where vortex shedding is nearly stop- 
ped, indicating a possible increase in drag coefficient.  The 
flow Reynolds number was 1.7 x 10 .  In addition, for conditions 
where the wake formation is important, as in Fig. 5, the lift 
forces may always be positive, because of the nearby plane 
boundary, instead of negative when wake formation is negligible 
This will be discussed in more detail later. 

The free surface effects (or the surface waves generated 
by the presence of the cylinder) can be examined with the use 
of potential flow theories.  For uniform steady horizontal flow 
Havelock (5) developed a linearized second-order solution in a 
complicated series that would not be usable by the usual designer. 
The results are summarized in (15).  However, a translation of 
the results into graph form is shown in Figs. 6 and 7.  They show 
that the surface effects on the forces on a cylinder submerged 
in a uniform flow are negligible if the submergence is greater 
than about four cylinder diameters.  Recently Tuck (14) solved 
the problem in non-linear second-order form and showed that the 
non-linear effects are significant in some cases. 

Likewise, Ogilvie (11) derived the forces acting on a cyl- 
inder while it is oscillating near the surface. The solution 
for the added mass coefficient is again a series solution and 
is summarized in Fig. 8. It can be seen that if the cylinder 
is submerged 3 or 4 diameters that the added mass coefficient 
from the free surface effects (which are frequency dependent) 
are negligible. Actually, for a cylinder submerged as little 
as one diameter the forces from the free surface effects are 
small. 

For this experimental work, only oscillatory forces were 
considered and the cylinders were submerged at least one diam- 
eter and usually more.  In addition, wave particle motion was 
calculated to be less than 0.4D so that viscous effects were 
negligible.  Thus, the study reduced to investigating the 
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effects of the nearby plane boundary on the wave forces on 
cylinders, with potential flow theories. Comparisons were 
made with laboratory measurements. 

The uniform potential flow for a cylinder near a plane 
boundary is mathematically equivalent to that for two equal 
cylinders in a uniform flow.  The complex potential for two 
cylinders in a uniform stream was determined with Milne- 
Thompson's circle theorem.  (We have since expanded this to 
N number of cylinders in a uniform, unsteady stream, each 
moving individually.)  The method of images applied to two 
cylinders is also reviewed in (1) and (9).  An image solution 
in three dimensions for an ellipsoid travelling parallel to its 
major axis is presented by Eisenberg (2).  The result for this 
work is detailed in (15).  The total forces on the cylinder 
were then found from the Blasius theorem as 

«-Hp/(g)2
te-ip-fc / w dz     

(4) 

where X and Y are the forces in the x and y directions and 
w = $ + if, the complex potential. 

In Eq. 4 the first term on the rhs accounts for the con- 
vective acceleration and the second term for the temporal ac- 
celeration. 

Uniform, steady potential flow, parallel to the plane 
boundary, was considered first as shown in Fig. 9.  No net 
drag force results parallel to the wall.  However, a "lift" 
force on the cylinder, perpendicular to the wall, due to the 
convective acceleration effects of the steady local flow, does 
result.  The potential flow solution is in terms of an infi- 
nite series of doublets distributed from the center of the 
cylinder on the radius, toward the wall.  It is reviewed in (15) 
and will be detailed in a future paper.  The result for the 
lift force is, for s > a (see Fig. 9): 

FT = -4TTPU a\    \  -P5-—i 5    ,  e > a   (5) 

j=l  k=l a - qj " qk 
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where 
2   2 2 

<l2 <l3 • • • <ln , m = 1        (6) 

qn = 2s ' 1l = °        <7> 
a   qn-l 

The results for this case are also given in terms of bi-polar 
coordinate variables in Ref. 9.  At the wall (s = a), the lift 
force per unit length of cylinder is given in closed form by 
Muller (9) as 

2 2 
FL = pU  a|(n  +3). (8) 

The lift coefficient is defined as 

IpU D 

The lift coefficient, CT, was calculated as a function of 

the gap between the cylinder and the bottom boundary using the 
first 40 images and it is plotted in Fig. 10.  When the gap, e, 
is equal to one cylinder diameter, the lift coefficient is very 
small and may be neglected for many design problems.  Figure 10 
also shows that (for the theoretical potential flow case) if 
the gap is very small then a very large negative force exists 
toward the wall.  However, when the cylinder touches the wall a 
positive lift force is experienced.  Therefore, a severe rever- 
sal of lift force is possible for some cylinders that are not 
securely anchored down and where the submerged weight of the 
pipe is less than the positive force when the cylinder touches 
the bottom.  Boundary layers on both the wall and the cylinder 
will alter the results from the potential flow theory. 

Another simple loading condition of great interest is for 
uniform ambient flow that is accelerating either perpendicular 
to, or parallel to, the plane boundary. The added mass coeffi- 
cients in such cases will be the same as for a cylinder accel- 
erating in the same direction in a still fluid. The result is 
given below and the derivation, which again is dependent on an 
infinite destribution of doublets on the cylinder radius, will 
be detailed in a future publication. 
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For a cylinder accelerating parallel to a near by plane 
boundary (the x direction) with a temporal acceleration of u, 
the Blasius theorem results in hydrodynamic forces on the cyl- 
inder of 

X = -pira CMii (10) 

Y = +PCLau (11) 

£_i        mx 

where    CM= 1 + 2 ^  ^ (12) 

3 = 1 

CM= 
E2  2 2 o 

(q2 q3 . . . Qj) (13) 

3=2 

and for C the developments in Eqs. 5 through 9 are valid. 
Thus, for e > a there is an attractive force between the 
cylinder and the plane boundary. 

For a cylinder accelerating perpendicular to the plane 
boundary, 

X = 0 (14) 

and      Y = -prra CM v + pC. av (15) 

The added mass and lift coefficients are determined the same 
way as for Eqs. 10 and 11.  Thus, whether the cylinder is accel- 
erating toward or away from the boundary, there is an attractive 
force between the cylinder and the boundary which is proportional 
to the square of the velocity.  Actually, for a cylinder accel- 
erating on a line at any angle with the boundary, the lift force 
will be determined in the same manner and will be proportional to 
the square of the absolute value of the cylinder velocity and the 
added mass force will also be the same as before and proportional 
to, and colinear with, the cylinder acceleration.  The added mass 
coefficient, CM, as determined from Eq. 13 is plotted in Fig. 11. 
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The above developments can be applied to cylinders subjected 
to waves if the velocity and acceleration gradients are negligible 
over the diameter of the cylinder as indicated in Fig. 12 and if 
the wake development is negligible.  That is, the uniform, poten- 
tial flow assumptions must be valid in order for these develop- 
ments to be applicable.  This restricts the usefulness of the theo- 
retical developments, but these cases are important.  The solutions 
for non-uniform, unsteady flow, and for cases of significant wake 
formation, are being developed in order to remove this restriction 
and they will be presented in a future paper. 

EXPERIMENTAL EXAMPLE 

Laboratory testing was accomplished on 2", 44" and 6" diam- 
eter cylinders at various spacings from a nearby plane boundary 
and for various water depths.  The test set-up is indicated in 
plain view in Figure 13.  Typical wave and force records are 
shown in Figs. 14 and 15.  A complete summary of the original 
results is given in Ref. 15. 

In most cases the cylinders were submerged at least two 
cylinder diameters below the free surface.  In a few cases, 
about one diameter submergence was obtained.  For oscillatory 
flow, therefore, the free surface effects should be small, as 
indicated in Fig. 8.  So, as a first approximation the free sur- 
face effects were ignored.  In addition, the wave heights and 
lengths, in conjunction with the water depths produced particle 
displacements that were small with respect to the cylinder diam- 
eter, so that the viscous effects could be ignored. 

When a wave crest is over a cylinder the water particle 
acceleration acts downward on the cylinder.  In addition, the 
horizontal velocity is maximum at that point so that the "lift" 
force from it is maximum and negative, adding to the vertical 
particle acceleration force.  When a wave trough is over a cyl- 
inder the water particle acceleration acts upward, in opposition 
to the lift force.  These effects are clearly in evidence in 
Fig. 14 where the space beneath the cylinder is about 0.02 times 
the diameter, but they do not appear in Fig. 15 where the space 
is 0.05 times the diameter.  One might predict this result from 
Fig. 10, although keeping in mind that he is comparing oscilla- 
tory flow to steady flow.  Evidently they are closely comparable 
in this case because the lift force was derived from the records 
from 

FL - i (- F crest F trough (16) 
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Likewise, the vertical temporal acceleration force was approxi- 
mated from 

VA 

Such data were 
the results are 
in Fig. 16 give 
in Fig. 17 yiel 
similar results 
which were obta 
tal acceleratio 
was assumed, ag 
was small. 

'crest trough (17) 

plotted for several runs and examples of some of 
iven in Figs. 16 and 17.  The slope of the line 

s the lift coefficient and the slope of the line 
ds the added mass coefficient.  Figure 18 shows 
for the horizontal temporal acceleration forces, 

ined from the raw data at times when the horizon- 
n was computed to be maximum. Linear wave theory 
ain as a first approximation, since wave steepness 

The results of all the testing are shown in Figs. 10 and 11. 
In addition, the testing results, replotted from Schiller (11) 
are shown.  Agreement in the lift coefficient between uniform 
flow theory and experimental wave results were suprisingly close. 
Considerable scatter exists for the added mass coefficient and 
is probably due to some influence from drag (or simply a wake 
formation), the use of Airy wave theory, the inappropriateness 
of comparing uniform flow to non-uniform flow and experimental 
error.  In addition, the accurate measurement of forces when the 
cylinder touches the plane boundary is very difficult. 

CONCLUSIONS 

The influence of a nearby p 
namic forces on a cylinder is cl 
mation. Figure 11 shows that th 
cylinder on the boundary is more 
cylinder in a free stream. Simi 
about +4.5 when the cylinder res 
in the free stream (except for v 
vortex shedding). However, when 
cylinder and the boundary a very 
ficient exists for the cylinder. 

lane boundary on the hydrody- 
ear when there is no wake for- 
e added mass coefficient for a 
than twice as large as for a 
larly the lift coefficient is 
ts on the boundary and is zero 
iscous flow modifications from 
a small gap exists between the 
large and negative lift coef- 

Sometimes relatively simple solutions can yield adequate 
results for design work providing the constriants implicit with 
the simplifications are completely recognized.  Thus, the dif- 
fraction theory approach may not be necessary if surface waves 
are not caused by the presence of the object, which is the case 
for cylinders when the submergence is greater than four cylinder 
diameters.  In addition, if velocity gradients are not large over 
the cylinder diameter, uniform flow solutions may be useful. 
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Additional work is necessary to include non-uniform flow. 
In addition, the viscous effects need clarification, particu- 
larly with regard to their influence on the potential flow de- 
velopments, and accurate knowledge of the phase shift between 
the ambient flow and drag force fluctuations need to be known. 
The influence of cylinder skew angles and roughness, when near 
the boundary, are also topics for future investigations. 

All forces acting on submerged objects should be considered 
to be acceleration forces.  Analyses should consider the poten- 
tial flow effects and the viscous effects.  Most viscous effects 
must be determined in the laboratory; however, mathematical solu- 
tions for laminar flow may be tractable.  In addition, many ac- 
celeration (particularly including gravitational) effects can be 
investigated in the laboratory with little or no deleterious ef- 
fects from scale dissimilarities.  Because the viscous effects 
were small, the results given here are directly applicable to 
similar prototype conditions.  High Reynolds number testing will 
be conducted in the future at the OSU Wave Research Facility 
that is capable of producing waves with heights up to five-feet 
high and breaking. 

It is hoped that the results presented here have been put 
into a form that is readily useable by designers for problems 
where the wake development is negligible. 
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Fig, 4 - Drag Coefficient for 
Impulsive Motion of a Circular 
Cylinder (From Rosenhead) 
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Fig. 5 - Wake Interpretations 
from Flow Visualization 
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Fig. 6 - Free Surface Effect on Drag Force on a 
Circular Cylinder (Computed from Havelock(1936)). 
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U//go- 

Fig. 7 - Free Surface Effect on Lift Force on a 
Circular Cylinder (Computed from Havelock (1936)). 

D = 2a 

///////////// / 

Fig. 9 - Cylinder in Cross 
Flow with Nearby Plane 
Boundary 

Fig. 8 - Free Surface Effect on Added Mass of a 
Circular Cylinder (Computed from Ogilvie (1963)). 
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Fig. 10 - Lift Coefficient of Circular Cylinders 
Near a Plane Boundary 
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Fig. 11 - Added Mass Coefficients for Circular Cylinders 
Accelerating Near a Plane Boundary 
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Fig. 13 - Schematic Illustration 
of Wave Basin and Experimental 
Setup 

Fig. 12 - Uniform Flow 
Approximation to Non- 
Uniform Flow 
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Fig. 14 - Example Data for D = 6" 
e = 1/8", h = 10" 

Fig. 15 - Example Data for 
D = 6", e = 3", h = 14-1/8" 
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Fig. 16 - Lift Force vs. 
Horizontal Velocity Squared 

Fig. 17 - Vertical Acceleration 
Force vs. Vertical Acceleration 
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Fig. 18 - Horizontal Force vs. Horizontal 
Acceleration 


