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ABSTRACT

The in— line forces acting on sand—roughened circular cylinders im-

mersed in an harmonically oscillating flow have been measured using a

U-shaped water tunnel .

The drag and the inerti a coefficients have been determi ned through

the use of a Fourier analysis. These coefficients were found to depend

on the Keulegan—Car penter number , Reynolds number, and the relati ve

roughness. The resul ts have shown that roughness dramati cally increases

the transcritical drag coefficient.

It is recommended that the experiments be extended to the self—

exci ted hydroelasti c oscillations of cylinders in harmonic flows as

well as to the problems related to wave slanini ng. 
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NOMENCLATURE

A Virtual amplitude of the motion

A1 Ampl itude of the motion

am Maximum accelerati on

Cd Drag coefficient

CLMAX Maximum transverse force coefficient , also used as CL(max)

Cm Inertia coefficient

D Diameter of the test cylinder

F Instantaneous total force acting on the test cylinder

Frequency ratio

F Measured force

g Gravitational acceleration

H Distance between pressure taps and mean water level

K Keulegan—Carpenter number

L Length of the test cylinder

Re Reynolds number

k Sand roughness particle size

s Distance between the pressure taps

T Period of oscillations

t Time

Urn Maximum veloci ty

u Instantaneous velocity

w Wi dth of the test section 
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Frequency parameter , ~ = D2/vT = Re/K . -

-y Specific weight of fluid

Differential pressure

8 Phase angle

Fluid kinemati c viscosity

p Fluid density
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I. INTRODUCTION

Information about the time—dependent forces acting on bluff bodies

in general and circular cyl i nders in particular has considerable

practi cal interest in ocean and wind engi neering , as well as in the

basic understanding of fluid mechanics . Extensive discussion about

the flow—induced forces and oscillations exists in the literature , but

the basic hydrodynamic data are lacking, particularly for roughened

cylinders at high Reynolds numbers which are of current practical

interest.

Much of the present knowledge on the hydrodynamics of the oscilla-

tory flow about cylinders has been obta i ned by means of model tests

in wave channels at Reyno l ds numbers generally two to three orders of

magnitude smaller than prototype Reynolds numbers . These model tests,

which have been primarily concerned with in— line forces on smooth

cylinders , have disclosed that the drag and inertia coeffici ents may

be correlated wi th the amplitude of motion relative to a characteristi c

dimension of the body and that the effect of the Reynolds number was

obscured by that correlation . The results recently reported by

Sarpkaya [1] and Collins [2] have shown that the drag, inerti a , and the

lift coefficients for smooth cylinders depend on the Keulegan-Carpenter

number and the Reynolds number. These investi gators have clearly

established the relationship between the force-transfer coefficients ,

the Keulegan—Carpenter number and the Reynolds number for smooth

cylinders .

~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



It is a well known fact that the structures in the ocean environ-

ment do not remain smooth and that they are covered in time wi th

rigid as well as soft excrescences. It is therefore important that

not only the effect of the increase in the di ameter of the members of

a structure but also the roughr.ess effect of the mari ne growth on the

force-transfer coefficients be determined in order to establish safe

design cri teria.

Of the scores of papers written on the drag and inertia coeffi-

cients , none have dealt wi th the effect of roughness. Ordinari ly one

would like to investigate this problem in the ocean environment or in

the laboratory with waves. Experiments in the ocean environment are

not easy to conduct and are subject to a great deal of uncertainty

not only because of the random nature of waves, but also because of

the presence of currents and the three—dimensional nature of waves.

Experiments in a wave channel in a laboratory are not very meaningful

because it is almost impossible to generate high enough waves which

will yield Reynolds numbers approaching those encountered in the

oceans. It is partly because of the difficulties cited above and

partly because of the desire to control the parameters affecting the

variation of the force coefficients that the experiments were carri ed

out in a two—dimensiona l flow situation th rough the use of a large

U—shaped water tunnel . Furthermore , the test cylinders were roughened

with sand of uniform diameter in a manner to be descri bed later in

order to control the roughness condition .

It is a well known fact that roughness brings about an earl ier

drag crisis ana gives rise to a higher transcri ti cal drag coefficient

11 
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for rough cylinders in steady uniform flow. Experiments of Fage and

Warsap [3] and Achenbach [4] have shown that roughness retards the

boundary layer and the separation point because of higher skin fric-

tion thereby increasing the size of the wake and the drag coefficient.

They have also shown that roughness , because of the disturbances

generated , causes an earl ier transition in the shear l ayers and pre—

cipitates the occurrence of the drag crisis. The combination of

these phenomena , namely the retardation of the separation points and

the earlier occurrence of the drag crisis , yields a minimum drag coef-

fici ent which is higher than that for a smooth cyl inder. In fact ,

the larger the roughness , the larger the minimum drag coefficient and

the smaller the Reynolds number at which that minimum occurs . It is

on the basis of these measurements that one would anticipate a simi-

lar behavior in harmonic flows as far as the effect of roughness is

concerned. In fact, for a long time it has been assumed in the off-

shore industry that the effect of roughness in wavy flows will be

identical to that observed in steady flows. Such a practice assumes

that the transcritical drag coefficient depends only on the relati ve

roughness and ~he representative Reynolds number and is i ndependent of

the character of the ambient flow. Both in wavy flows and in two-

dimensional harmonic flows , the wake of the cylinder changes its posi-

tion with time, and the flow pattern about the cyl i nder is considerably

more comp l ex than that in steady flow. Furthermore , in the absence of

any reliable data , there is no reason to assume that the effect of

roughness in harmonic flow will be identical to that in steady flow.

12 
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It is for the reasons cited above that an extensive investi gation

of the effect of roughness on the force-transfer coefficients for

circular cylinders immersed in harmonic flow has been undertaken. The

drag and inerti a coefficients have been determi ned for a wi de range of

Keulegan—Carpenter numbers , Reynolds numbers , and relative sand rough—

nesses .

I-
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II. ANALYSIS OF THE DATA AND FORCE COEFFICIENTS

Data reduction for the forces in— line with the direction of oscil-

lation is based on a Fourier ana lysis of the measured force and the

Morison equation [5]. The in— line force exerted on a submerged cylin-

der in an unsteady flow , which consists of the inertia force F~ and

the drag force Fd, is assumed by Morison , et al. [5], to be expressible

by

F = Fd + F~ = 0.5 CdLDPU fU~ 
+ 0.25 TTPLD2Cm dU/dt (1)

where Cd and Cm are the coefficients of drag and inertia , respectively.

For an oscillating flow represented by U 
~
Urn cos O , with 0 = 2~t/T,

the Fouri er averages of Cd and Cm are given by [6].

C = - ~ f  F coso dO (2)
~U LDo ~ m

and

C = 
2UmT f  F cosO dO (3)

ITI l T D 0 PUm LD

All quantities on the right—hand side of the equations (2) and (3) are

known or are to be measured .

A. GOVERNING PARAMETERS

The coefficients cited above will have to be correlated through the

r use of suitable parameters in order to show that they have some degree

14



of universality . A simple dimensional analysis of the flow under con—

sideration (uniform harmonic motion about a roughened circular cylinder

wi th its axis placed normal to the flow) shows that the time—dependent

force coefficients may be written as:

U T  U DF _ f ( m m k t ) (4)
0.5pDLU~ 

0 ‘ ‘.s ‘ D ’ T

= f(K , Re, , 4-) (5)

Eviden tly, UmT/ D may be replaced by 2iiA/D or simply A/ D where A repre-

sents the amplitude of the oscillations.

There is no simple way to deal with equation (5) even for the most

manageable time—dependent flows. The evaluation of the instantaneous

values of the force coefficients is not at present feasible. Another

and perhaps the only other alternati ve is to eliminate time as an inde-

pendent variable in equation (5) and consider suitable time—invariant

averages or amplitudes of the force coefficients . Thus , one has

U T
[Cd, Cm] = 

~~~ 

(—
~~
-- , Re , k/D) (6)

The Reynolds number in the above equation may be replaced by a

new parameter called the frequency parameter, 8. It is defi ned as

R e D 2 
78 K vT

The reason for the use of 8 is that , in the present experiments , it

remains constant for a given cylinder and fluid temperature since the

peri od of oscillation is fixed at I = 5.507 seconds . The variation

L _ 15 
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of any one of the force coefficients with K may be plotted for constant

val ues of 8 and then the Reynolds number may be easily recovered from

Re = 8K (8)

In thi s manner , one can connect the points on each 8 = constant curve,

representing a given Reynolds number for a family of suitably selected

values of Reynolds numbers.

It has been assumed in the foregoing discussion that the effect of

roughness could be characterized by the single parameter k/D where k

is the average height of the sand grains . It is known that [7] the

physical height of a roughness element could differ significantly from

its effective height depending on the distri bution and packing of the

roughness elements , the character of the ambient flow , the shape of

the bluff body, and the representative Reynolds number. Thus , the one—

parameter characterization of roughness must be done with extreme care.

As will be descri bed in detail later , the sand particles have been

carefully sieved and applied to the cylinders with as much uniformi ty

as possible. Furthermore, the packing of the sand grains has been

exami ned under a scanning electron microscope so as to insure unifor—

rui ty and quality control of the distribution of the grains on the

cylinders . Wi th such precautions taken, it was considered that the

relative roughness will be the most important parameter reflecting the

overall effect of the roughness. This view has been amply justi fied

by the results obtained with different sizes of sand grains and

cylinder diameters at i dentica l relative roughnesses and Reynolds

16
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numbers . Suffice it to note that the data reported herein shall be

analyzed according to the relationship

C~[a coefficient] = f 1 (K , 
~~, 

(9)

and the Reynolds number will be used in the manner cited above.

- ~~~~~~~
- -- ~~~~~~~~~
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURES

A. U—SHAPED OSCILLATING—FLOW TUNNEL

The details of the experimenta l apparatus and the procedures were

previously described in detail in [1] and [8]. In the followi ng dis-

cuss ion, only a bri ef description of the apparatus will be presented.

A photograph of the U—tunne l is shown in figure (1). It consists

of 11 modules for ease of construction , transportation , and mounting.

Each module is made of 0.05 cm (3/8 inch) aluminum plates and rein-

forced wi th 1.27 x 10 x 46 cm (1/2 x 4 x 18 inches) alumi num flanges

welded to the plates . The modules were assembled using an air drying

silicon rubber seal between the flanges of two adjacent modules and

2.54 cm (1 inch ) steel bolts placed 15 cm (6 inches) apart. The in-

side of each module was precision machined so that the largest misalign-

ment was about 1 mm (0.04 inches). The cross—section of the two legs

is 183 x 91.5 cm (6 x 3 feet). This selection was di ctated by several

cons iderations such as availabl e ceiling height , pressures to be en-

countered (hence, the structural and economi c considerations), a desire
*

to obtain a virtual amplitude or velocity of oscillat ion at least

twice that of the free surface, the period of oscillation , the Reynolds

number and the relative amplitude A/D desired , natural damping of the

oscillations , and the magni tude and frequency of the forces. The length

of the hori zontal test section was chosen larger than twi ce the virtual

*

The virtual amplitude is defined as the amplitude of oscillation
which the cylinder experiences. Here it is exactly twice the amplitud e
of oscillation of the free surface in one leg of the tunnel.
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Fig. 1 Photograph of the U-tunnel
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amplitude to insure fully developed uniform flow at the test section .

Finally the two corners of the tunnel were carefully streamlined to

preven t flow separation (see figure 2). This design proved to be more

than adequate for no separation was encountered , and also the desired

frequency and amplitude of oscillation were achieved .

The auxiliary components of the tunne l consisted of plumbing for

the filling and emptying of the tunnel with hot and cold water, a heat

exchanger, butterfly—valve system, and the air supply system. The

plumbing consisted of simple piping, va l ves, a small pump, and a filter .

The butterfly-valve system (mounted on top of one of the legs of

the tunnel) consisted of four plates , each 4.6 cm (18 inches ) wide and

92 cm (36 inches ) long. A 2.54 cm (1 inch) steel shaft was placed at

the axis of each valve plate. Alumi num housing s supported both ends

of the shaft wi th self—aligning ball bearings. A 15 cm (6 inches )

gear was attached to one end of each shaft which extended beyond the

bearing . All four valve plates were then aligned and driven by a simple

rack and pinion system. The rack was actuated by an air—driven piston

wi th the help of a three—way valve connected to the laboratory air

supply system.

The valves , in their closed position , completely sealed the top of

one of the legs of the tunnel. The top of the other leg was left open.

Initially, the butterfly valves were closed , and the air was admi tted to

that side of the tunne l to create the desired differential water level

between the two legs of the tunnel . Then the valves were opened quickly

wi th the help of a pneumatically —driven three—way contro l valve. This

action set the fluid in the tunnel in oscillatory motion with a natura l

period of = 5.507 seconds. A series of experiments was conducted

20
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wi th one of the test cylinders to evaluate some of the experimenta l

cha racteristics of the tunnel . It was found that the damping of the

motion is such that the amplitude of oscillations decreases about 3 mm

(0.12 inches ) per cycle and about 0.15 mm (0.06 inches) per cycle for

amplitudes half or less than of the maximum. Thus, over a period of

four or five complete cycles of oscillation at any amplitude , the

amplitude , velocity , and the acceleration of the fluid changed about

one percent. Evidently, the forced oscillations of the fluid , if such

a method were to be employed , cannot yield the amplitude to an accuracy

better than one percent. Addi tionally, in such a method , one has to

contend wi th some high frequency vibrations , however small , superimposed

on the accelerati on. These result from the cyclic operation of the

butterfly valves . It is because of these considerations that the ex-

periments were carri ed out by letting the system damp out the amplitude

over many cycles of oscillation~. The advantages of the method adopted

become apparent very quickly. Fi rstly, the oscillations were so smooth

and quiet that one could not know or even hear that 5000 gallons of

water were in os~~iiati on . The elevation , acceleration , and all force

traces were absolutely free from secondary oscillations so that no

fi l ters whatsoever were used between the transducer output and the record-

ing equipment. Secondly, the method adopted enables one to cover all

possible values of K for a given 8 and k/D and see the evolution of the

forces over a period of about 30 minutes.

B. CIRCULAR CYLINDER MODELS AND ROUGHNESS ELEMENTS

Circular cyl i nders with diameters ranging in size from 17 .5 cm (7

inches ) to 5 cm (2 inches ) have been used in this study . The cylinders

were turned on a lathe from aluminum pipes or plexiglass rods . The

22
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length of each cylinder was such that it allowed 0.08 cm (1/32 inch )

gap between the tunnel wall and each end of the cylinder. As will be

noted later , the cylinder was prevented from moving towards one or the

other wall by means of small 0-rings attached to the round cantilever

end of the force transducers. A doubleball precision bearing (SKF—

23O3—J ) wi th an approx 4matley 1.5 cm (0.6 inches ) bore was inserted

at each end of the cylinder in aluminum housings which sealed the

cyl i nder air tight. The other face of each beari ng was fl ush with the

end of the cylinder .

In view of the discussion concerning the one—parameter characteri-

zation of the roughness in terms of k/D, it was decided to use only

one type of roughness element. The possible use of sandpaper , glass

beads , and wire screens was disregarded for they would have exhibited

different packing as well as different size distribution characteri s-

tics. Clean sand obtained from the Monterey Sand Company , Monterey ,

CA , was sieved through the use of standard A.S.T.M. sieves in order

to obtain a given grain size. It must be emphasized that a particular

size of sand represents a distribution between two closely spaced

si eve sizes . For example , a relative roughness of k/D = 1/400 may in

fact represent for a given cylinder an average between 1/380 and 1/410.

Considering the fact that the distribution of the sand over a cylind er

may vary from one cylinder to another , the range of the size distri-

bution cited above is considered to be quite acceptable.

Each cylinder was mounted hori zontally on a specially constructed ,

manually opera ted , rotating apparatus and covered with a thin layer of

air-drying epoxy resin using a brush. Even though the description of

the technique is rather simple , it required a certain amount of crafts-

manship to obtain a uniform coat of epoxy resin which did not contain

23



thick spots or surface waves. When the epoxy coating reached a certain

degree of consistency and was considered satisfactory , then the finely

pre—sieved sand was transferred into a slightly larger sieve and sprinkled

over the rotating cylinder from a height of about 6 inches. In the mean-

time , the cylinder surface was visually inspected to make sure that there

were no open spots anywhere , nor any foreign substances . Upon the com-

pletion of the sprinkling of the sand , the cylinder was slowly rotated

to prevent the epoxy from flowing . Wi thin about 10 minutes , the epoxy

hardened and the cylinder was left alone for the epoxy to cure (about 24

hours). Then the cylinder surface was cleaned to remove excess sand and

extra sand particles that at times attached to each other formi ng an

easily breakable spi ke. This was done not by hand but rather by firmly

holding a piece of plastic paper against the surface of the rotating

cylinder . This procedure has been followed for all cylinders and has

invariably resulted in cylinders of roughness wi th perfect unifo rmi ty.

Sample photographs of the rough surface , taken wi th a scanning electron

microscope , are shown in figure (3).

Prior to mounti ng the cylinder in the tunnel , the two ends of the

cylinder were cleaned to remove excess patches of any epoxy that may

have been l eft there. The bearings previously described were then

inserted into their housings. To complete the description of the mount-

ing of the cylinder , it must be emphasized that extraordinary precau—

ti ons were taken so as not to damage any part of the rough surface.

For this purpose , the cylinder was completely wrapped with plastic paper

and then transported to a wide canvas sling inside the test section .

Then the force transducers were properl y inserted , the sling removed ,

and all the mounting bolts tightened. Finally, the cylinder was slightly
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moved by hand to insure that it was freely and properly mounted onto

the force transducers.

In order to determine the variation of the force coefficients with

Reynolds number for a given Keulegan-Carpenter number and relative

roughness , all cylinders were tested at the same relative roughnesses

(k/D = 1/800, 1/400, 1/200, 1/100, and 1/50), and the experiments were

carri ed out at three water temperatures (at about 55°, 95°, 120°). The

enormous heat capaci ty of the tunnel and the fluid helped to maintain

a cons tant, uniform temperature. The expansion of the test cylinders

was less than 1/32 inches (0.8 mm) at the highest temperature tested.

C. FORCE MEASUREMENTS

Two i denti cal force transducers , one at each end of the cyl i nder,

were used to measure the instantaneous in— line and transverse forces.

The basic transducer was manufactur ed by B.L.H. Electronics , Inc., under

the trade name LBP—1 and catalogue no. 420271. The gage has a capacity

of 224 N (500 Lbf) with an overl oad capacity of 200 percent . The

deflection of the gage under 500 Lbf load was 0.25 mm (0.01 i nch). For

the largest cylinder and amplitude encountered in the experiments , the

maximum load was less than 200 Lbf , and the deflection of the beam was

less than 0.2 mm (0.008 inches).

A special housing was built for each gage so that it could be

moun ted on the tunne l wi ndow and rotated to measure either the in— line

or the transverse force alone. The bellows which protected the strain

gages had to be waterproofed in such a manner that they would not ad—

versely affect the operation of the gages when subjected to about 6 m

(20 feet) water pressure at temperatures 18 C (64 F) to 74 C (165 F).

For this purpose the bellow s were completely filled wi th Dow Corn i ng

26

____________  _________ -____



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

3140 — RTV coating wi thout bringing the rubber into contact with air

duri ng the filling operation. After filling , the ends of the bellows

were sealed air tight wi th special clamps . The silicon rubber remained

in its original liquid form throughout the operation of the gages .

After the mounting of the firs t cyl i nder , the exact angular position

of the gages within their housing had to be determined and set with a

pin so that the gages measure either only the in—line or the transverse

force. For this purpose , an approximatley 400 N load was hung on the

cylinder with a lubri cated nyl on rope. The in-line force (acting in the

horizonta l di rection) was observed on the amplifier recorder system.

Then the gage was rotated in small i ncrements until the in-line force

was exactly zero. A fi na l check was made by measuri ng the outputs of

the gages wi th a precision voltmeter. The positi on of each gage was

marked and set wi th a pin. Finally, four bolts were placed on the gage

housi ng to hold the gages rigidly in position. Removal of these bo l ts

and the pin allowed the rotation of the gages exactly 90 degrees, after

which the bolts and pin were placed in position. In this manner the

gages were capable of measuring either the in— line or the transverse

force wi thout any ‘cross talk” between the in—line and transverse forces.

Ordinarily, one gage was set to measure in—line force and the other gage ,

the transverse force. At times both gages were used to measure only

the in-line or the transverse force.

The calibration of each gage was accomplished by hanging loads in

the mi ddle of the cylinder after setti ng both gages to sense only the

transverse (here vertical) force. The directional sensitivity of the

gages was also checked by applying i dentical loads upwards on the test

cylinders wi th the help of a hook—cantilever arm attached to the top of
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the tunnel outside the test section . Repeated calibrations have shown

that the gages are perfectly linear up to 2000 N; they yield the same

signal for loads applied either downward or upwards ; and the gages ,

together wi th the electronic system to which they were eventually con-

nected, were capable of sensing forces as small as 0.1 N (0.02 Lbf).

The in—l ine and transverse force were simu l taneous ly recorded with

the instantaneous acceleration on two two—channel Honeywel l recorders

running at a speed of 10 divisions per second. This speed gave 55.07

divisions per cycle. The amplitude of the transverse force and the flow

characteri s tics such as UmT/ D and Re were determined from these traces.

RMS value of the lift force was determined for each cycle by reading the

force at every division or 0.1 second intervals. Sample force and

accelerati on traces are shown in figure 4.

D. ACCELERATION , ELEVATION , OR V~LOCITY MEASUREMENTS -

It is because of the extreme importance of the accurate measurement

of the instantaneous value of these quantities that they are discussed

here separately.

Firstly, it should be noted that the ~~asurement of the amplitude ,

acceleration , elevation , or the velocity is a matter of interpretation

of the signal recei ved from the appropriate transducer in light of one

of the following expressions

u _ 2lTA
m T am dt ‘T T m

in which I = 5.507 seconds for the experiments reported here.

Three transducers were used to generate three independent d.c.

signals , each proportional to the instantaneous value of one of the

quanti ties cited above. The fi rst one consisted of a 2.14 m (7 feet)

28
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long platinum wire stretched vertically in one leg of the tunnel. The

output of the capaci tance—wi re bridge was connected to an eight channel

amplifier—recorder system. The response of the wi re was found to be

perfectly linear within the range of oscillations encountered . The

wi re was capable of yielding a measurable signa l for changes in water

elevati on as small as 0.8 mm (1 /32 inches). Such a sensitivi ty was

not , however , always desirable for the instabilities on the water sur-

face gave rise to small oscillations in the analog records. The effect

of such instabiliti es was practi cally elimi nated by placing the wi re

along the axi s of 30 cm (1 foot) diameter and 213 cm (7 feet) long thin

plasti c pipe . Be that as it may, the use of this wi re was rendered

unnecessary due to the use of a mo re reliable method.

The second method consisted of the measurement of the instantaneous

acceleration by means of a d~fferentia1—pressure transducer connected

to two pressure taps placed hori zontally 61 cm (2 feet) apart and

91.5 cm (3 feet) to one side of the test section . The output of the

transducer was again connected to the eight channel recorder. The in-

stantaneous acceleration was then cal culated from ~ = ps (dU/dt) where

t~p is the differential pressure ; s is the distance between the pressure

taps ; and dU/dt is the instantaneous acceleration of the fluid. The

effect of the pressure drop due to the viscous forces over the distanc e

s was calculated to be negligible.

The third method again consisted of the measurement of the differ-

ential pressure between two pressure taps . The two taps were placed

symmetri cally on the two verti cal legs of the tunnel at an elevation

127.0 cm (50 inches), (see figure 5) below the mean water level , i.e.,

H = 38 in. Applying Bernoulli ’ s equation for unsteady flow between
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each pressure tap and the instantaneous level of water , it is easy to

show that twice the amplitude of the free surface oscillation (virtua l

amplitude ) is given by

- - ______________

l - ~~~(-~ ) H

in which g and I are constant and H is kept constant. Thus the signal

of this transducer yielded the virtual amplitude or the maximum

velocity in each cycle. It was entirely free from noise or small free

surface effect. The transducer was calibrated and its linearity checked

before each seri es of experiments .

In addition to all of the methods of measuremen t described above ,

the velocity at the test section was di rectly measured with an MMI ,

Model 511 , Magnetic Velocity Meter, manufactured by “Marsh-McBirney Inc. ”

Suffice it to say that all four methods gave nearly identi cal results

and yielded the amplitude , veloci ty, or acceleration , to an accuracy of

about two percent relative to each other. These comparisons , as well

as the perfectly sinusoidal and noise—free character of all pressure

and force traces , speak for the suitability of the unique test facility

used in this study .
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IV. DISCUSSION OF RESULTS

A. BLOCKAGE AND LENGTH-TO-DIAMETER EFFECTS

Attempts to achieve as high a Reynolds number as possible in conduct-

ing wi nd—tunnel or water-tunnel experiments invariably give rise to

wal l—interference effects. There are several blockage correction for-

mulas for steady flows which miyht be used so that the wall interference

effects might be minimized. Unfortunately none of these formulas could

be used in the present study for no one has demonstrated that the block-

age effects in oscillatory flows are i dentical to those experienced in

steady fl ows .

The blockage ratio D/w, where D is the diameter of the cylinder and

w the width or height of the test section , and the l ength- or span-to—

diameter ratio , L/D, for the cylinders used in the present study are

tabulated below [w = 91.44 cm (3 feet), L = 90.885 cm (2.9818 feet)].

TABLE I

_ _ _ _ _  
0/w L/D

17.780 cm (7.000 inches) 0.19 5.14

16.447 cm (6.475 inches) 0.18 5.52

15.177 cm (5.975 inches ) 0.17 5.99

12 .674 cm (4.990 inches ) 0.14 7 .17

10.103 cm (3.978 inches ) 0.11 8.99

7.544 cm (2.970 i nches) 0.082 12.05

6.349 cm (2.4996 inches) 0.069 14.31

5.057 cm (1.991 inches ) 0.055 17 .97 

~~ . .
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In Achenbach [4] and some of the experiments of Fage and Falkner [9]

the blockage ratios were 0.166 and 0.185 respectively. The length—t o—

diameter ratio in Fage and Warsap ’s [3] experiments was 20.2 or 7.88,

depending on the diameter of the two cylinders they used , as compared

to 3.33 in the experiments of Achenbach . Evidentl y, the formu l as used

for steady flow correction effects cannot be applied to oscillating

flows and there is not a unique blockage correction for the entire

period of the harmonic flow. This is evident from the fact that wi thin

a given cycle of oscillation the fluid undergoes varying accelerations

and velociti es and the wake width , momentum deficiency , and the wake

pressure change accordingly. Thus , a blockage correction made for the

instant of maximum velocity is not applicable to the instant at which

the maximum acceleration occurs. In view of the fact that there are no

previous investi gations , a series of experiments had to be conducted to

determine the role of blockage in the fl ow under consideration. For this

purpose a differential pressure transducer was connected to two pressure

taps on the same side of the tunnel wall. One of the taps was placed on

the wall directly above the axis of the test cylinder . The other tap was

placed 76 cm (29.92 inches ) to one side of the fi rst tap along a line

parallel to the flow. A series of experiments was carried out wi th the

16.447 cm (6.475 inches ) cylinder. The differential pressure was re-

corded and compared with the differential pressure obtained from the

acce l era ti on trans ducer . Furthermore , to simplify the comparison both

transducers were calibrated so as to render exactly the same output under

i denti cal calibration l oads. The results have shown that the two differ-

ential pressures were nearly identical and that they were certainly
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wi thin three percent of each other. Often the two traces of two trans-

ducers were indistinguishably coincident. This somewhat surprising re-

sult is a clear indication of the fact that the blockage effect in

harmonic flows is negligible at l east for 0/w ratios less than about

0.20. Although no special attempt was made to i nterpret the lack of

blockage effect in such flows , it is believed that the presence of vor-

tices on both sides of the cylinder together with the high periods of

acceleration and velocity renders the flow relatively more uniform at

short distances away from the cylinder in the test section . Therefore,

for the reasons cited above no blockage—effect corrections were applied

to the data presented here. It might be of interest to note that had

the flow been assumed uniform and had the maximum velocity for the

largest cylinder and the Reynolds number been used to calculate a

blockage effect correction through the use of one of the existing for-

mulas , one would have found that such a correction would have amounted

to abou t six percent.

B. IN—LI NE FORCE DATA

The drag and the ine rtia coefficients , obtained through the use of

equations (2) and (3) and the computer program presented in Appendix A ,

have been plotted for each cylind er and relative roughness as a function

of K for various constant values of 3. As ci ted earlier , ex per iments

were ordinarily carri ed out at three representative temperatures or, in

o ther wor ds , at three constant values of 3. Experiments at each tern—

perature were repeated at least twice. Representative drag and inertia

coefficient plots for D = 10.103 cm (3.978 inches), k/D = 1/400,

= 3130, 3 = 2350, and ~ = 1770 are shown in figures (6) and (7) as a 
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function of the Keulegan—Ca rpenter number. For this particular series

of tests, K ranged from about 15 to 125 , and the Reynolds number from

about 26,000 to 400,000. Each plot for each S shows the results from

two di fferent runs . Evidently, the experiments are perfectly repeatable ,

and the deviation from a mean line drawn through the data for a constant

5 is less than five percent. It is also evident from these plots that

both the drag and the inerti a coefficients undergo rather important

changes in the range of K values around 20. For larger values of K both

Cd and Cm cease to vary signific antly wi th the Keulegan-Carpenter number .

Even though the frequency parameter 5 is quite powerful in plotting

the data, interpreting the results , and giving a measure of the thickness

of the laminar boundary layer over a cylinder (the boundary l ayer thick-

ness S is inversely proportional to the square root of S), it is customary

in the practica l engineering world to express the force—transfer coeffi-

cients in terms of the Reynolds number. As descri bed earl i er, one can

choose a particular value of K and calculate the Reynolds number for a

given S simply through the use of Re = ~K.

Such a procedure enables one to express Cd or Cm as a function of

the Reynolds number for a given K and k/D. In view of the fact that

each coefficient depends on at least three independent parameters (Re,

K , k/D), it is not possible to show on two—dimensional plots the varia-

tion of either Cd or Cm for all values of Re, K , and k/D. However ,

thi s difficulty is alleviated by the fact that the variation of a given

force coefficient for a given Re and k/D is not very strong from one K

to another. Thus it has been decided to choose five representative K

values , namely K = 20, 30, 40, 60, and 100, to present the variation of

C~~ an~ C with Re.m
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Figures (8) through (12) and figures (13) through (17) show Cd and

Cm respectively for the five values of K as a function of the Reynolds

number. Each curve on each plot corresponds to a particular relati ve

roughness. Also shown on each figure is the corresponding drag or in-

ertia coefficient for the smooth cylinder at the corresponding K value .

The k/D = constant curves on each Cd plot are quite similar to those

found for steady flow about rough cylinders [3,4]. For a given relati ve

roughness , the drag coefficient does not significantly differ from its

smooth cylinder value at very low Reynolds numbers . As the Reynolds

number increases , Cd for the rough cylinder decreases rapidly, goes

through the reyion nf drag crisis at a Reynolds numbe r considerably

l ower than that for the smooth cylinder and then rises sharply to a

nea rly constant transcri tical value . The larger the relati ve roughness

the larger is the magnitude of the minimum Cd and the smaller is the

Reynolds number ~t which that minimum occurs . However , there appears

to be a minimum Reynolds number below which the results for rough

cylinders do not significantly di ffer from those corresponding to smooth

cylinders . In other words , the Reynolds number must be sufficiently

high for the roughness to play a role on the drag and flow characteri s-

tics of the cylinder.

The fi gures for the drag coefficient also exhibit a few other in-

teresting features. First , even a relati ve roughness as small as 1/800

can give rise to transcri tical drag coeffi cients which are considerably

higher than those for the smooth cylinder . Secondly, the asymptotic

values of the drag coefficient for roughened cylinders (e.g., k/D = 1/100),

within the range of Reynolds numbers encountered , can reach values which

are considerably higher than those obtained wi th steady flows over

- - -  ~~~~~~~~~~ .- - — — -- - -  —- .-
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cylinders of similar roughness ratios . In other words , it is not safe

to assume that the transcri tical drag coefficient in harmonic fl ows

will be identical to those found in steady flows and will not exceed a

value of about unity . On the basis of the present results it may be

said that such a conjecture is not accurate eve n for K values as large

as 100 (corresponding to a wave height-to—diameter ratio of about 30).

It is therefore important to remember that the effect of roughness de-

pends not only on the relati ve size of the roughness element but also

on the characteristics of the ambient flow as well as on the body about

which this flow takes place. The characteristics of the ambient flow

determi ne to a l arge extent the state of the flow (subcri tical , critical ,

and transcri tical) during a given cycle of oscillation. The geometry

of the body dictates , together wi th the flow , the variation with time

of the separation points . It is therefore not easy to draw a parallel

• between the behavior of steady flow and that of harmonic flow over a

smooth and rough cylinder. In fact, the steady as well as the oscillat-

ing flow results for rough cylinders show that, in either case, the

transcritical drag coefficient nearly returns to its subcri tical values .

The inertia coefficient is shown in fi gures (13) thrcugh (17) as

a function of the Reynolds number for the five values of K (K = 20, 30,

40, 60 , and 100) and fi ve relative roughnesses (k/D = 1/50, 1/100 , 1/200,

1/400, and 1/800). Also shown in the figures are the Cm values corre-

sponding to the smooth cylinder case. rt is immediately apparent from

these fi gures that for a given relative roughness. Cm ri ses rapidly to

a maximum at a Reynolds number which corresponds to that at which Cd
drops to a minimum. In other words , the Reynolds number at which the

drag crisis occurs gives rise to the maximum inerti a coefficient for a
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given relative roughness. At relati vely higher Reynolds numbers , Cm
decreases somewhat and then attains nearly constant values which are

lower than those corresponding to the smooth cylinders . It is also

apparent from fi gures (13) through (17) that the smaller the relative

roughness the larger is the maximum inertia coefficient. For relatively

smaller roughnesses such as k/ D = 1/800, the termi nal value of Cm is

nearly equal to that of a smooth cylinder .

The behavior of Cm is not entirely unexpected. It has long been

noted [6] that whenever there is a rise in the drag coefficient , there

also is a decrease in the inertia coefficient.

Before closing the discussion of the drag and inerti a coefficients ,

it is necessary to point out the remarkably consisten t behavior of the

data points , particularly for Cd. Perhaps it would not have been too

surprising had the data been obtained for one relati ve roughness through

the use of only one cylinder . In the present investigation , the use

of severa l cylinders and severa l temperatures for a given cylinder

always provided data for nearly identical k/D, Re and K values . For

instance , the Cd and Cm values obtained at a given K , Re, and relati ve

roughness k/D, using a 12.7 cm (5 inch) cylinder at a low temperature

(about 55°) corresponds to the Cd and Cm values using a 10.2 cm (4 inch )

cylinder at a higher temperature (about 115°). Rememberi ng the fact that

not only the actual size of the cylinders but also the size of the sand

grains di ffered in order to obtain the same k/D, and the fact that the

experiments were carried out at different temperatures and times , one

fully realizes that the correlation of the data and the relati vely small

scatter are indeed quite remarkable. This is due not only to the repeat- 
- 

-

ability of the tests but also due to the vibration — free operation of

the entire tunnel system.
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C. APPLICABILITY OF MOR ISON ’S EQUATION

Since its inception , questions have been raised regarding the applica-

bility of Morison ’s equation to time—dependent flows in general and to

wavy flows in parti cular. It has been known that the equation predicts

qui te accurately the in— line force for both very small values of K (K

smaller than about 10) and for large values of K (K larger than about 20).

For intermediate values of K, differences have been observed between the

measured and calculated values . These differences have been attributed

either to the imprecise measurement of the kinematics of the flow or to

the shortcomings of the equation. It is now realized that not only these

two factors (namely the heuristic nature of the equation and the diffi- .

culty of measuring local velocities and accelerations) but also the three—

dimensional nature of the wavy flows and decreased spanwise coherence

must be partly responsible for the differences between the measured and

calculated forces . In fact , it would have been extremely difficult to

draw meaningful conclusions concerning the applicability of Morison ’s

equation through the use of the field data. It is only through the use

of carefully conducted two-dimensional harmonic flow experiments that one

can ascertain the degree of applica bility of Morison ’s equation.

Figures (18) through (27) show the calculated and measured forces

normalized by 0.5 pDLU~ together with the normalized velocity and the

difference between the measured and calculated forces. It is evident

that there is often a remarkable correspondence between the measured

and predicted forces parti cularly for K values larger than about 20.

This is also true for K smaller than about 10. In the range of K values

between 10 and 20 , the fractional sheeding of vortices [1] gives rise to

additional oscillations in the in— line force. Consequently, the

measured and calculated forces do not quite correspond , parti cularly 

-.-



near their maximums . The transverse—force—induced oscillations in the

in— line force may be taken into consideration by calculating two addi-

tional terms in the Fourier series expressing the force, as done by

Keulegan and Carpenter [6]. In this manner , one can reduce the di ffer-

ence between the measured and calculated forces in the neighborhood of

K = 15. This method will not be described here further. Suffi ce it to

note that additiona l terms have been calculated in the Fourier seri es

and the effect of the corrections brought about by these terms on the

prediction of the Morison ’s equation has been exami ned. The results have

shown that outside the range of 20 < K < 10, the effect of such correc-

ti ons is negligibl e.

It may be said in view of the foregoing and the examination of

several hundred other force traces similar to those shown in figures

(18) through (27) tha t Mon son ’ s equation predicts the measured force

for rough as well as smooth cylinders wi th remarkable accuracy . It

should be kept in mind that the kinema ti cs of the flow field must be

known accurately and that there must not be complex three-dimensional

flows . The three—dimensional flow effects cannot be simply incorporated

into the equation . In fact, what remains to be resolved as one of the

most important practical problems of fluid loading on offshore struc-

tures is the role played by three—dimensionality and the lack of span-

wise coherence. The drag coefficients presented herei n obviously

represent their maximum possible values for they have resulted from a

purely uniform , two-dimensional flow where the instantaneous wake of

the cylinder has the highest possible degree of spanwise correlation.
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V. CONCLUSIONS

The extensive investigation of the in— line forces on roughened circu-

lar cylinders i n harmonic flow warran ts the follow ing conclus i ons:

1. The drag and inerti a coefficients depend on the Reynolds number ,

the Keulegan—Carpenter number , and the relati ve roughness. The effect

of size distribution and packing of the grains has been minimized by

using only sand and applying it as uniformly as possible over the test

cylinders ;

2. The drag coefficient undergoes a drag crisis depending on the

relative roughness and rises to an asymptoti c value within the range of

Reynolds numbers tested. The asymptotic values of the transcri tical

Reynolds number are larger than those corresponding to the smooth cylin-

der case. Furthermore , the larger the relative roughness , the larger

is the asymptotic value of the drag coefficient;

3. The inerti a coefficient also undergoes an ‘inerti a crisis ’ at

Reynolds numbers corresponding to the ‘drag crisis ’ at which Cm reaches

a maximum value and then asymptotically decreases. The termi nal values

of Cm depend, as in the case of Cd, on K an d k/D;

4. The predictions of the Morison ’ s equation through the use of

the Fourier-averaged drag and inertia coefficients are in excellent

agreement with the measured forces in the range of K val ues smaller than

about 10 and larger than about 20. In the neighbo rhood of K = 15 , the

effect of fractional vortex shedding [8] brings about lift-induced

oscillations in the in— line force. The effect of these oscilla tions may
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be incorporated into the Morison equation through the inclusion of at

least two additional terms i n the Four ier ser ies;

5. The drag coefficients presented herein represent the maximum

possible values for a given roughened cylinder because the wake is

much better correlated than that behind a cyl i nder in the marine en—

vi ronment. Thus, a designer may choose drag coefficients somewhat be—

low the val ues presented herein depending on the local conditions and

ultimately on his personal judgment regarding the effect of reduced

spanwise correlations.
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VI . RECOMMENDATIONS

It is recomended that, among the many projects which could be under-

taken, the effect of spanwise correlation be examined in detail. It

would also be most desirable to repeat some of the experiments wi th

cylinders roughened in the marine environment over a long period of time.

It is through such investi gations that one might eventually be able to

understand the isolated effects of the three—dimensional ity of the flow,

the increase of the diameter of the connecting meithers of a structure ,

and the ‘roughness ’ effect of the natura l excrescences. Additionally,

the investigation of wave slamming is of utmost importance.
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