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Abstract

Local wave forces were measured on vertical cylinders with three
surface roughnesses -- smooth, sand roughened (e/D = .023) and
artificially marine roughened {£/D = .09). Two diameters of smooth
cylinders were tested -- 12 3/4 inches and g8 5/8 inches. A data N
analysis method, based on phase shift and maximum force, for determining
the force transfer coefficients, is introduced and compared with results
from least squares technigues. The phase shift method has promise for
reducing the scatter that i inherent in the results from force e%per1-
ments in waves. It simplifies the determination of Cd and Cm and it
clarifies the relative importance between the inertia term and the drag

term in the Morison equation.

INTRODUCTION

hmﬁMMSwmpwhmwamewwmSmeMWmHyQH.MMmh
wave Research Laboratory (WRL) in relatively large laboratory waYes on
three types of cylinders. The first was a smooth, nominally 12'1?ch
diameter cylinder which had an actual outside diameter of 12 3/4 inches.
1t will be referred to herein as the VSMC1Z. It was instrumented for
Jocal and total forces in the in-line and transverse directions with
respect to the wave travel direction. It aiso nad local pressure trans-
ducers arranged on the periphery of the local force transducer. This
paper reports on some aspects of the in-line local force measurements
only.

A vertical smooth, nominaily 8-inch diameter cylinder was also
tested with an actual outside diameter of 8 5/8 inches. It will be
referred to herein as the YSMCS. It was instrumented for in-line and
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transverse local forces only at the same level in the water column as
the VSMC12. Again, only the in-line forces will be reported on for this
cylinder and those that are described next.

A vertical, sand roughened cylinder and artificially marine rough-
ened cylinder were also instrumented and tested in the same way as the
VSMC8. They are referred to as the VSRC.02 and the AMRC. The sand
grains were angular and uniform in size such that k/D = .023 where k is
the sand size and D is the cylinder diameter. Both cylinders had a
nominal diameter of 8 inches and the AMRC had an equivalent k/D = .09,
which was determined from circumferential measurements.

The testing range in waves was from 0.4 < K < 25.5 and 0.16x105< R <
2.7x105, where K is the Keulegan Carpenter number and R is the Reynolds
number. The cylinders were alsc tested in random waves but the results
from that testing will not be reported herein. The 8-inch diameter
cylinders were also towed at steady speed in the horizontal orientation
fn the Reynolds number range of from 0.3x10° < R < 7x10° (3, 4).

The objective of the 12-inch diameter cylinder testing was to pro-
duce a high quality set of information that can be used to study
several aspects of the wave force question. At this stage, drag and
inertia coefficients have been calculated from local force measurements
for the periodic wave condition. It was intended that this test be
strongly dependent on both the drag and inertia forces. Orag dominance
could not be achieved at the K obtainable in the WRL. According to
Dean ( 1) if 0.25 < R < 4, both Cd and Cm (the drag and inertia coeffi-
cients) are important and experiments will be well conditioned to
determine both Cd and Cm. Herein, R will be termed the Dean number.

It is defined in ( 1) and it can be shown that R = 0.088 K for linear
wave theory, which indicates that the data will be well-conditioned for
both Cd and Cm when 2.8 < K < 45, One would expect inertia forces to
dominate for K < 2.8 and drag forces to dominate for K 5 45.

The 8-inch diameter cylinder work was part of another study on
smooth, sand roughened and artificially marine roughened cylinders for
investigating the effects of marine roughened cylinders on the wave
forces (3,4). The study was done on both horizontal and vertical cylin-
ders but this paper only utilizes the vertical cylinder information in
conjunction with the steady state tow results for the horizontal cylinders.

——
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In the course of the work on the VSMC12, it was observed that
the maximum forces occurred closer in phase to the zero upcrossing
condition of the water surface than to the wave crest. This indicated
that the force was more heavily influenced by the inertia term than
the drag term than was anticipated. This prompted a study of the
effects of the two terms in the Morison equation on the phase and the
maximum force coefficient. This adjunct study led to an alternative
way of considering wave forces on a vertical cylinder. The basic pre-
mise is not new but this may be a first time that a complete analysis
of C4 and Cm is based on the maximum force coefficient, Cu’ and the
phase shift between the water surface and the total force measure-
ment, ¢.

The results from the tests on the smooth cylinders showed that the
magnitude of the forces was almost completely dominated by the inertia
effects within the range K < 9. The phase showed no influence whatever
from the drag term for K < 4. In addition, the magnitude of the force
was almost completely dominated by the drag term for approximately
300 < K. This indicates 2 much stronger and importént influence for
the inertia coefficient than anticipated. These ranges on K were
changed considerably for the roughened cylinders.

Also shown here is the importance of the steady drag coefficient
in laboratory wave studies as 2 limiting condition at high values of K.
The possibility arises of connecting two extremes of laboratory infor-
mation to provide drag and inertia coefficients that more accurately
predict the mazimem forces than the coefficients obtained from least
square methods. It may become possible to predict with at least fair
accuracy field forces from waves, using only laboratory information
from waves such as those produced at the WRL.

1t should be emphasized that this paper is speculative in nature.
The results presented are tentative. More knowledge is needed on best
analysis techniques to reduce scatter. Time constraints made it not
nossible to investigate all the different methods of analyses for best
results. However, the subject matter on the basic analysis may De of
enough importance to express them now with the intent to refine certain
procedures in the future. The ideas expressed here may be helpful to
other researchers to be able to place their experiment in a better known
relation with respect to the range that exists between laboratory and

field conditions.
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ANALYSIS

The Morison equation estimates the wave force per unit length,
F(t), acting on a vertical cylinder as

2
DO Tept 70 .
Fscdi—ulu.*cmla—-ou (1)

where Cd is the drag coefficient, Cm is the inertia coefficient (1 +
added mass coefficient), D is the cylinder diameter, p is the mass
density of the water, u is the horizontal water particle velocity, and
and U is the temporal water particle acceleration. It is sometimes
convenient to assume linear wave theory where

gy, cos{kx-wt) (2)

where U, is the maximum, or amplitude, of the horizontal velocity, k
is the wave number (= 2m/L, with L the wave jength) and w is the radian
wave frequency (= 2m/T, with T the wave period). In this paper the
subscript, u, will be used to indicate maximum value. Herein, we set
x=o and shift t so that

u = U coswt (3)

Equation (1) is non-dimensionalized by dividing through by Dou?/Z.SEtting
g=ut, and other manipulations to .

2
a m
Fagy costlcosd| - — C sing (4)

where K is the Keulegan-Carpenter number (= uuT/D).

The first term in Eq. 4 can be expressed with the first two terms
of a fourier series, such that

cosdlcosg| = §% (cosd - % c0s38) (5)
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If the second term of Eq. 5 is dropped, the linearization results

cosg.coss, = .85 cosE

o

which is the same result achieved with the Lorentz linearization
principle of equivalent work. Thus, a linear form of the non-
dimensional Morison equation can be approximated by

2
F= .85 cd cos® - Cm sing . (7)

Thus,

2 1/2
Foecoe L85 ¢+ (el (8)

and the phase between the wave crest and the maximum force is

"2 C
-1 m (9)
o= tan (- cd)
From Eq. 9, we have
.85 K Cd
Ch = —:2— tan (-¢) (10)
and by substituting into Eq. 8, we obtain
C, coso
C, = —S
d .85 ()
. . . . 2.,1/2
by using the identity cosp = 1/(1 + tan“¢) . Thus, Eq. 10 can be
further simplified to
K C sin{-¢)
- —— (12)
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From £Eq. 4 the maximum value of the force is expressed as

2
. ¢ m s
Fu = Cu = Cd €os®1CosE| - —— Cm sing (13)

and as K gets very large when the wave period gets large,

ll: C, = Cyq (14)
where cds is the drag coefficient for steady flow. However, the
linearized form, Eq, 7, yields

lim Cu = .85 Cds # Cds’ (15)

[ &%

which illustrates one weakness of the linearization procedure.

As K gets very small, the phase shift should approach -90°, {(or
-m/2), s0 the limit of Cm in Eq. 12 is undefined, but we would expect
Cp = 2.0 as K gets small. Since ¢ ~ -90° for small K

lim Cd =0 (18)
K+o

from £q. 11.

One need not linearize the Morison equation. If we consider that
the maximum force occurs at some time between the zero upcrossing of
the wave and the wave crest {in the time domain), in that phase quadrant

2. T .
F = Cd cos™3 - EE— Cm sing . (17

Then the maximum force occurs when dF/d8 = (0, which is the phase shift,
3, between the wave crest and F,- Thus,

2
T Cm

o = sin”! (- ) (18)
¢




By using cosze = I-sinza and by substitution of Eq. 18 into Eq. 17,

IR (19)
d

an 2 o

» T sIn ¥y
-WZC

where - T m (2”

T2K Cd .

- - @, - = and 2
As K ==, v -0, ¢ ~ 0 and Cu - Cds' As K ?. Y Cu ?
oscillates, which does not correspond to reality. For the force trans-

fer coefficients,

-1

. 2 (22)
Cq ¢, +v%)
°r Coac (1 +sinZe) : (23)
d !
and Zch . (24)
Co ® 57— sin {-9).

et

Now, consider the phase at which either the drag or inertia term
dominates the maximum force, Fu' Since this concept is rather approxi-
mate consider the linearized form, £qs. 7, 8 and 9. Llet Cu be
influenced only, say, 4% by the inertia term. Then

nC ) 1/2 (
\ 25)
[,+( )] = 1.04
85K C,
2e
" m \ (26)
and ——T——— = .286 = tan (-t}
85K C
S0 sz - 160 . (27)
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Likewise, if Cu is to be influenced, say, only 4% by the drag term,
then

o= - 74° . {28)

(Herein a negative phase shift indicates the maximum force precedes the

wave crest in time.) These 1imits will be useful later when the test
results are considered.

EXPERIMENTS AND DATA ANALYSIS

Experimental work was done in the 0. H. Hinsdale Wave Research
Laboratory at Oregon State University (WRL). The overall length of the
wave flume is 340 ft. The depth at the wave board is 14.5 ft. with an
additional 3.5 ft. for freeboard. The water depth reduces to 11.5 ft.
in 40 ft. just downwave from the wave board. In the evanescent region
near the wave board, the water motion is not the same as a purely propa-
gating wave. The test length of the flume is considered to be free
from the shoaling effects of the rise of the bottom, free of the wave
board evanescent region and in the region upwave from the toe of the
beach. Thus, about 129 ft. constitutes the length in which tests can
be performed free of these deleterious effects.

The location of the test cylinders was 136 ft. downwave from the
wave board, which was 92 ft. within the acceptable test region. Good,
repeatable waves can be produced with this facility, ranging from a
high frequency of 1.0 Hz to 2 low of about .12 Hz. For these tests,
the wave frequencies ranged from .4 Hz to .17 Hz which were digitized
at the rate of 256 readings per wave period. Information was recorded
digitally in real time on a POP 11 computer. These data were later
analyzed on the OSU main-frame computer. Currents were measured with
Marsh-McBirney current meters directly opposite the cylinder Tocation
s0 that the currents should be in phase with the water surface eleva-
tion at the cylinder. The water surface elevation was measured
directly above the current meter measurements at the cylinder location.

Steady tow tests were made with nominally 8-inch diameter hori-
zontal cylinders, which are reported in (3). For the nominally 8-inch

diameter cylinders, data were recorded for four wave periods after the
first transient waves reached the cylinder. Of these four waves,
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three peak-to-peak waves were later defined for analysis by least
squares tecnniques. The results from the three waves were averaged

for reporting herein. For the nominal 12-incn diameter cylinger, eight
waves were recorded of which seven were analyzed and averaged.

The phase shift between the water surface and the force measurement
was determined in three ways. The first was by averaging the phase
shift between the upcrossings and downcrossings of the force and water
profile measurements. The second was by averaging the phase shift
between the crest of the wave and the maximum force. The third method
was by using cross correlation methods on the entire test record. In
retrospect, the logical phase to be measured is the second one -- from
the wave crest to the maximum force. However, the least scatter occurs
by using the cross correlation method. Some aspects of all three
methods will be reported. However, because of time constraints and
because the least scatter results from the cross correlation methods,
they will be emphasized to some degree.

RESULTS

Smooth Cylinders

The phase shift results, calculated from the cross correlation
method for the 8 and 12 inch diamter cylinders, are shown in Fig. 1.
The phase has been normalized so that & = ¢/-90°. Although two com-
nletely different test cylinder constructions were used with their own
distinctive calibrations (2,3) and the tests were done in different
years, it can be seen that the VSMC8 results mesh very well with the
YSMC12 results. Unfortunately, K only extends to about 26. However,
for illustrative purposes at least, a straight line has been drawn tangent
to the curve. This type of plot was also done,at the last minute wnile
this paper was in production, for the phase shift to the force peak,
F . There was a little more scatter but essentially the same result was
obtained as for Fig. 1.

According to Eqs. 27 and 28, drag effects should predominate when
5 < .18, which occurs on the dashed line at about K = 300. Inertia
effects should predominate when & > .82, which occurs at about K = 9.
These two limits are shown as dotted lines on Fig. 1

The phase plot is not dependent on any specific theory. The only
analysis was the cross correlation computation. The data points in fig. !
are purely the result of laboratory measurements. Figure 1 illustrates
the values of K when the force becomes more in phase with the accelera-
tion of the particle motion (high ¢), or more in phase with the velocity
(small &). It is useful as a direct measure of the influence of the
velocity or acceleration terms in the Morison equation. From that equa-
tion, one then derives limits on ¢ for drag and inertia predominance,
from which the K values are then determined from the experimental plot.

Another revealing plot is that for Cu' which is Fig. 2. Again, the
results from the 12-inch and 8-inch diameter cylinders are superimposed.
At very high K, the value for Cds = 5 is indicated, which is the average
value obtained for the 8-inch diameter horizontal cylinder towed up to
Reynolds number of about 6x105. The limiting value for K at which steady
state results should occur is unknown. However, the values for C appear
to be closely clustered around the straight line indicated and th;ir
lowest value is about .8. With respect to Fig. 2, there is not much
distance between C = .8 and Cu = Cds = .5, so that it seems to be con-
servative to assign the C = .5 condition at K > 500.

For the smooth cylinder, the plots of ¢ and Cu are independent of
the period parameter, 8(=R/K). Thus, they are independent of Reynolds
number. It should be noted that 6130 > 8 > 14,700 and (5) shows that
for oscillating flow Cm is constant at Cm = 2.0 and Cd seems to approach
a limiting value for 3 > from about 5000 to 8000. Thus, one would
expect ¢ and cu to be independent of R for these values of 3. We found
that such was not necessarily the case for roughened cylinders.

How C_ varies in the range 25 < K < 500 needs to be established by
measuremen?s in the laboratory and in the field. For purposes of this
paper, to illustrate a proposed procedure only, the variation of C;l in
this range of K is assumed as the curved dashed linein Fig. 2.

Values for Cy and Cm for the linear and nonlinear cases were cal-
culated from the lines fit by eye for Figs. 1 and 2 using Eqs. 11, 12,
23 and 24, These theoretical curves for Cd and Cm were plotted in Fig.

3 and compared to the values obtained from a least squares analysis. The

12-inch cylinder results are shown as small c¢ircles and the 8-inch
cylinder results are the filled-in circles. The 12-inch circle least




squares analysis was based on the measured kinematics whereas the 8-
inch cylinder results were based on stream function kinematics.

The results show that the 12-inch cylinder Cm calculations are in
close agreement between the least squares calculation and the phase
shift method. The 8-inch cylinder Cm's are considerably lower, which is
probably due to the different kinematics used in the analyses. Another
possibility that comes to mind is that the Reynolds number for the
smaller cylinder is lower. However, we witness a regular decrease in
Cm for the smaller cylinder for all K < 12. Sarpkaya's results for
oscillatory flow show a constant Cm = 2.0 for K < 5 and sharply defined
large differences in Cm’ depending on R (or 8), for K < 8. However,
for the Reynolds number range (or S} in this study, Sarpkaya's data
show cm = 2.0 within the entire range of K. Our lowest 3 values were
near the highest values in (5 }.

The drag coefficient trend seems to favor the linearized value for
the range of K in these experiments. There is more scatter for the 8-
inch cylinder but it is mostly bounded by the linearized "theoretical"
Cd‘ The values for the 12-inch cylinder closely follow the 1ingarized
case for K < 7 except for one point. One's first thought might be that
the scatter demonstrated could be organized with respect to R. This
was tried at a larger scale than Fig. 3, to no avail. No reasonable
contours of Reynolds number could be seen except that very generally
higher Reynolds numbers were obtained at higher Keulegan-Carpenter
numbers.

Rough Cylinders

The VSRC.02 data for phase shift was analyzed in three different
ways -- by cross correlation methods, by observing and recording the
average phase petween the zero upcrossings and downcrossings and by
observing and recording the phase between the crest of the wave and
the maximum force. The results are shown in Fig. 4. They show that
the up and downcrossing method is more influenced by the acceleration
effects in the wave. The peak-to-peak method is more influenced by
the drag, or velocity dependent, features of the waves and that the
cross correlation method is truly an averaging, or smoothing technique.

There is more scatter in the peak-to-peak method and the differences
show more clearly where K > 12.
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The analysis for the SRC.02 and the AMRC used their effective
diameter based on circumferential measurements. The ¢ and Cu values
are shown in Figs. 5 and 6. Using the effective diameter, the averaged
Cds was 1.0 for both cylinders. The results for the VSRC.02 did not
have much spread with respect to 8, but the much rougher VAMRC did. The
values of 3 were therefore not noted for the VSRC.02, but they are
indicated as shown for the AMRC. The results from constant values of
8 are better disciplined for cu than for §. The effects of the rougher
AMRC are seen in both Figs. 5 and 6.

The results for the combined VSMC8 and VSMC12 are indicated in
Figs. 5 and 6 with dashed lines. The VSRC.02 results are superimposed
on those for the VSMC for K < 10, and they clearly deviate from the
YSMC results toward their respective Cus values at K = 20.

The lower 3 values may be interpreted as those where the wave
Tength is much larger than the cylinder diameter. If Tower 3 is com-
bined with relatively high R, meaning that K must also be large, then
the conditions at sea are approached. Figure 6 shows that Cu (there-
fore Cd) will be lower for high 8 values, approaching the limiting
value of the smooth cylinder.

CONCLUSIONS

The phase shift method of analysis shows promise of being a power-
ful tool for analyzing and comparing in-line forces for vertical
cylinders in waves. Its use for other cylinder orientations is not
known, but will be explored in the near future.

Forces on vertical smooth cylinders in waves are completely domi-
nated by (in phase with) the acceleration components of the wave when
K <4, The amplitude of the force is dominated by the acceleration
components when K < 9. The wave force on a vertical smooth cylinder
may continue to be influenced significantly by acceleration components
up to K = 200, 300, or more. More data are needed to establish that
limit.

The maximum force coefficient for a sand roughened cylinder (with
k/D = .02) behaves very much like a smooth cylinder if K < 10, However,
the phase shift, b , 1s quite different for K < 4. Thus, at lower K
values the roughness has more influence an 3 than on Cuy
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