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Hydrodynamic Forces From Combined Wave and Current 
Flow on Smooth and Rough Circular Cylinders at High 
Reynolds Numbers 
by T. Sarpkaya, C. Bakmis, and M.A. Storm, Naval Postgraduate School 

This paper was presented at the 16th Annual aTe in Houston, Texas, May 7-9,1984. The material is subject to correction by the author. Permission to 
copy is restricted to an abstract of not more than 300 words. 

ABSTRAGr 

Experiments were conducted with two smooth and 
two sand-roughened cylinders in a harmonically oscil
lating flow with current to determine the drag and in
ertia coefficients and to examine the effect of 
current-induced wake biasing on the modified ~brison 
equation. The various flow parameters such as the 
relative current velocity, Reynolds number, and the 
Keulegan-Carpenter number were varied systematically 
and the in-line force measured simultaneously. The 
principal results, equally valid for smooth and rough 
cylinders, are as follows: the drag coefficient de
creases with increasing relative current for a given 
Reynolds number and Keulegan-Carpenter number; the ef
fect of wake biasing on the drag and inertia coeffi
cients is most pronounced in the drag/inertia dom
inated regime; and the two-term Morison equation with 
force coefficients obtained under no-current condi
tions is not applicable to the prediction of wave and : 
current induced loads on circular cylinders. 

INTROOUcrION 

The analysis of the interaction of waves with 
pre-existing and/or wind-or wave-generated currents 
and the interaction of the modified wave-current c0m

bination with rigid or elastic structures and their 
components require different rratherratical approaches, 
relevant observations, and experiments that are appli
cable to all or some of these physical circumstances. 

Measurements of wave-current interaction phenom
ena are scarce. Among the first to perform substan
tial controlled experiments of this nature was 
Sarpkaya1 in 1955. • Additional studies were con
ducted much later by Jonsson2, Inman and Bowen3, and 
Dalrymple and Dean4. A detailed discussion of the 
foregoing is given by Sarpkaya and Isaacson5• 

Little information exists on the effect of the 
co-existing flow field (wave plus current) on hydrody
namic loading of offshore structures. The complexity 
of the problem stems from several facts. Firstly, an 
analytical solution of the problem is not yet possible 

References and illustrations at end of paper. 

even for relatively idealized situations. Secondly, 
Morison's equation suffers from numerous uncertainties 
as discussed in detail by Sarpkaya6• Thirdly, waves 
and currents are omnidirectional. Even for a simple 
harmonic flow-current combination the wake and the 
vortex shedding are biased. Finally, a field study of 
the problem in the practically significant range of 
Reynolds number, Keulegan-Carpenter number, relative 
current velocity, and a suitably-defined current gra
dient is practically impossible. In fact, any experi
ment addreSSing this question faces rather difficult 
problems: how should the co-existing flow field be 
created and what measurements should be rrade in order 
to clarify the nature of the wake biasing? Measure
ments of the in-line and transverse forces, no rratter 
how detailed and sophisticated, cannot lead to a 
unique picture concerning the nature of the particular 
time-dependent flow. One is forced therefore to make 
pressure measurements at numerous points on the cylin
der (hopefully simultaneously) arid to carry out exten
sive flow visualization stUdies. These, however, 
prove to be very difficult' for a number of obvious 
reasons. 

RELATED INVESTIGATIONS 

An extensive review of the previous investiga
tions is given by Sarpkaya and Isaacson5• Here only 
the most recent and most relevant investigations will 
be described briefly. 

Verley and Moe7 eval~ted .the drag coefficient 
Cdc and the inertia coefficient cmc (assuming that the 
two-term Morison equation applies to the co-existing 
flow field) through the measurement of the rate of 
damping of the amplitude of oscillations of a cylinder 
attached to a pendulum in a channel of uniform and 
constant velocity. These experiments were performed 
at very low Reynolds numbers (Re smaller than about 
12,000 and Re/K =.300). Nevertheless, their data show 
that the current causes profound changes not only in 
Cdc but also in cmc relative to the no-current case, 
at the corresponding K (K = I\nT/D) and Re (UrrP/v) val
ues. In general Cdc decreased and cmc increased. 

Iwagaki, Asano, and Nagai8 carried out experi
mentswith two relatively small vertical, cylinders in 
a wave tank· with recirculating flow. -The cylinders 
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were cantilevered at top. The force-coefficients were 
calculated hy two approximate methods through the use 
of the total moment acting on the entire cantilever. 
They have expressed Cdc and cmc in terms of various 
Keulegan-Carpenter nuffihers and claimed that a new 
Keulegan-Carpenter numher hased on the relative dis
placement of the fluid correlates the force coeffi
cients quite well. 

Kato, Abe, Tamiya, and Kumakiri9 suhjected a cyl
inder to a co-existing flow field hy means of a car
riage which oscillated in either the in-line or the 
transverse direction while moving forward at a pre
sribed mean speed. They have evaluated only the drag 
coefficient, after subjecting the data to suitahle 
filtering. They have concluded that the drag coeffi
cient increases with increasing VcT/D, hereinafter 
referred to as VK. This result is in contradiction to 
that obtained in the present study and hy Verley and 
Moe7 and hy Iwagaki et al. 8 A closer examination of 
their data shows that the Reynolds number for a given 
K varies from one value of VK to another and the range 
of K decreases with decreasing VK, i.e., 8 = R€/K is 
not kept constant while varying K and VK. Thus, it 
is not possihle to draw any conclusions regarding the 
dependence of the force-transfer coefficients on the 
governing parameters. 

It is evident from the foregoing that much labo
ratory and field investigations remain to be carried 
out for a better understanding and quantification of 
the wave-current and wave-current-structure interac
tions. This need has long been recognized but it has 
not heen possihle to translate it into laboratory and 
field measurements. Test facilities in most laborato
ries consist of,a long wave channel. However, the 
variation of the fluid velocity with depth (and hence 
of the Reynolds number, relative aJTlplitude, relative
current velocity, vortex shedding, coherence length, 
pressure correlation, etc.) does not allow one to 
assess the effect of current on fluid loading. Field 
measurements are even more difficult for a numher of 
reasons. It is necessary to make a number of simpli
fying assumptions to separate the effect of the cur
rent from that of the orbital motion, omnidirection
ality of the waves and currents, random wake encoun
ters, etc., in analyzing the data obtained in the 
ocean environment. 

Measurements are need~d with relatively more man
ageable flows where one can measure the oscillatory 
and mean velocity, vortex shedding frequency, pressure 
distribution, all components of the force, and the dy
namic response of the body at relatively high Reynolds 
numbers and over a range of Keulegan-Carpenter numbers 
and relative current velocities. Such a manageahle 
flow is the combination of a harmonically oscillating 
flow with a uniformly translating cylinder. The 
effect of the variation of the velocity with depth and 
of the orhital motion of the fluid particles are 
eliminated. However, there are certain limitations 
even to this type of flow: the constancy of the fre
quency of flow oscillation and the limitations imposed 
on the distance over which the cylinder may he moved 
tend to reduce the range of VK for a given K and Re. 
Nevertheles, it is easy to maintain 8 constant while 
varying K and VK. This enahles one to asses the role 
of current (i.e., VK) on Cdc and cmc for a given K and 
He, even though Re for each K is different (He = 8 .K). 

It must be noted that similar co-existing flow 
fields can be created either hy oscillating the cylin
der in a uniform stream or hy suhjecting the cylinder 
to a constant mean velocity while OSCillating it in 
the desired direction. The decision to oscillate the 
flow or the cylinder while moving the cylinder or the 
current at a constant speed depends on the ranges 
desired for the governing parameters, the availahility 
of the equipment, and other considerations regarding 
vihration, Signal noise, filtering, and the accuracy 
desired. In any case it is now quite clear that no 
single test facility can possihly cover all desired 
ranges of the governing parameters. Hopefully, com
plementary and overlapping data will emerge from vari
ous test facilities in order to understand the role of 
relative rrean fluid motion superimposed on the oscil
latory flow about a hluff body. This will enahle one 
to assess the validity of the rrethods used in the 
determination of the so-called "hydrodynamic damping", 
(for small amplitude motions of the structures) ,and 
of the effect of ocean currents on the loading and 
hydroelastic response of risers and other offshore 
structures. 

The present investigation was undertaken to 
determine the forces acting on smooth and rough-walled 
cylinders, moving with a constant velocity, in a har
monically oscillating flow, (relative velocity U = Vc 
-Urn cose) and to examine in detail the applicability 
of the two-term Horison equation to the flow situation 
under consideration. Experiments have been conducted 
in a large U-shaped oscillating flow tunnel. The 
first phase of the investigation has shown that cur
rent significantly affects the drag and inertia coef
ficients, particularly in the drag-inertia dominated 
regime. 

EXPERIMENTAL mUIPHENT 

The oscillating flow system used to generate the 
harmonically oscillating flow has been extensively 
used at this facility over the past ten years. IO ,11 
Only salient features, most recent modifications, as 
well as the adaptation for this investigation are 
briefly described in the following. 

The length of the U-shaped water tunnel has been 
increased from 30 ft to 35 ft, the height from 16 ft 
to 22 ft, and the cross section of the test section 
from 3R inch hy 36 inch to 36 inch by 56 inch. A 
small butterfly valve, placed in a special housing 
between the top of the tunnel and the supply line, 
oscillates harmonically at a frequency equal to the 
natural frequency of the flow oscillations in the 
tunnel, (f =1/5.3419 = 0.1872 Hz). The oscillation of 
the valve is perfectly synchronized with that of the 
flow through the use of a feedback control system. 
The output of a pressure transducer (senSing the 
instantaneous acceleration of the flow) is connected 
to an electronic speed-control unit coupled to a DC 
motor oscillating the valve. The circuit maintains 
the period of oscillations of the valve within 0.0001 
seconds. The amplitude of oscillations is varied hy 
constricting or enlarging an orifice at the exit of 
the fan. The flow oscillates at a given amplitude as 
long as desired. 

In addition to the foregoing, three stainless 
steel guide rails have been mounted at mid height on 
each side of the inner side walls of the horizontal 
section. Two of the rails are fixed and one is free 
to move at a constant speed through the use of an 
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electronically-controlled hydraulic system, actuated 
by a constant speed motor. The moving rails protrude 
outside the tunnel a distance of about 20 ft. Force 
transducers (one at each side) are mounted on a block 
which is attached to the moving rod and ~lided hy the 
other two rails. The cylinders are attached to the 
force transducers with self-aligning hall bearings im
hedded in the middle one-third of the cylinders. 
Electrical connections are made under water and the 
signals are transmitted to the amplifier-recorder sys
tem with cahles going through the hollow moving rail. 
The cylinders may be mounted at any angle of inclina
tion between the ~lide rails. The entire system 
operates quite smoothly and no electronic filters are 
used in recording the data either on charts or on 
tapes or on flexible discs. 

The velocity of the ambient flow at the test sec
tion is determined hy four independent means: A dif
ferential pressure transducer which yields the instan
taneous acceleration and hence the velocity10 , a mag
netic velocimeter, a capacitance wire which yields the 
instantaneous elevation ,and a hot-film anemometer. 
These yield the velocity within ~2%. 

Circular cylinders with diameters ranging from 
2.5 inches to 6 inches have been used. They yielded 
tunnel-height-to-cylinder-diameter ratios from hiD = 
56/2.5 = 22.5 to 56/6 = 9.33. The tunnel hlockage is 
not expected to be important in this range of hiD ra
tios. 

The data are electronically digitized and fed to 
a desk-top computer for the analysis of the force
transfer coefficients in terms of the governing para
meters (K, Re/K, kiD, and VK). 

GENERJU"IZATIONS OF MORISON'S EQUATION 

It has been customary to express the in-line 
force per unit length either as 

F = 0.5pDCdc(VC - ~ose)lvc - ~osel + 

(1) 

where Vc represents the current; U = -Umcose, the os
cillating flow; and, e = 2rrt/T. In general one has 

where Uw is the wave velocity, added vectorially to 
the current velocity (some designers use the projec
tion of the current velocity on the wave velocity and 
assume the ffiIm of the two to be in the direction of 
wave). 

Equation (1) is certainly not the only means hy 
which the time-dependent force may be decomposed into 
various components. It is possihle to use a three 
term equation such as 

2 _ 
F/(0.5pD!1m) = Cd Vr 2 - cdlcoselcose 

+ em(w2/K) sine • (3) 

of the present data in terms of this equation has 
shown that Cd exhihits unrealistically large values 
and that neither Cd nor em bear any resemhlance to 
those ohtained under no-current conditions. It is 
concluded on the hasis of the foregoing that F4. (3) 
is not very meaningful for the decomposition of the 
force exerted on a cylinder hy the co-existing wave
current field. In what follows, only the results 
hased on the modified version of Morison's equation 
rEq. (1)] will be presented. 

It is ordinarily assumed (as recommended by the 
Petroleum Institute) that Morison's equation applies 
equally well to periodic flow with a mean velocity and 
that Cdc and Cffic have constant, current-invariant, 
Fourier-or least-squares averaged values equal to 
those applicahle to rigid, stationary cylinders in 
wave flows. This, in turn, implies that Cdc and Cmc 
are independent of the hiased convection of vortices 
and its attendant consequences. The fact that this is 
not so is clearly evidenced by the results ohtained in 
this investigation. 

The Fourier averages of the drag and inertia 
coefficients have been calculated hy multiplying both 
sides of Eq. (1) once with cose and once with sine and 
integrating between the limits e = 0 and e = 2w. 

and 

2w 

2 F cose de 

00
2 

p m 
• • • • (4) 

£ (Vr-cose) Ivr-cosel cose de 

2w 

f 2 F sine de 

002 
0 p m 

2 2w 
sin2e de w f K 0 

• • • • • • • • • (5) 

where F represents the measured in-line force. Evi
dently, the above analysis assumes that the force 
coefficients are temporally invariant throughout the 
wave cycle. The validity of this assumption remains 
to be demonstrated through experiments over a wide 
range of the governing parameters. At present, this 
is not quite possihle and F4.(1) remains as a specula
tive generalization of .~brison 's equation. 

Equation (4) may be integrated partially to yield 

2w 2 
f (2 F cose)de/(poomr) 
o 

• . • . . (6) 

in which Cd and em are assumed to be given by their in which 
Fourier averages. Furthermore, neither Cd is assumed 
to be equal to the steady-state drag coefficient for a r = 2wVr , for Vr = Vc/Um ) 1 
uniform flow at the constant velocity Vc , nor em and 
Cd are ~ssumed to be identical to those obtained for a and 
strictly sinusoidal oscillation. Extensive analysis 
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+ (1/3)(sin39 0 + 9 sin9 0 ) ,for Vr ( 1 (8) 

where 

. . . . . . . . . . . . . .. (9) 

Equation (5) rray be reduced to 

2n 2 
Cmc = (2K/n 3) J (2F sin9)d9/(pDUm) •••• (10) 

o 

in which Vr does not appear explicitly since Vc is 
assumed to be time invariant. 

GOVERNINJ PARAHETERS 

A simple dimensional analysis of the flow under 
consideration shows that the time-invariant force 
coefficients Cdc and Cffic are functions of a Keulegan
Carpenter number, a Reynolds number (or the ratio of 
the Reynolds ntmmer to the Keulegan-Carpenter number, 
i.e., a = Re/K) , a parameter involving current veloc
ity (e.g., VcT/D or Vc/Um) , and the relative roughness 
kID. There are numerous possibilities regarding the 
definitions of the Keulegan-Carpenter number and the 
Reynolds number. The purpose of the search for a more 
suitable Keulegan-Carpenter number and/or Reynolds 
nlmIDer is to enhance the correlation of the data and 
to reduce the number of the governing parameters from 
four to three, possihly eliminating VcT/O or Vc/Um as 
an independent parameter. 

A partial list of the possible Keulegan-Carpenter 
numbers and Reynolds numbers is given below. 

a. K = l\nT/O Re = l\nD/v · · . · . · (11) 

h. ~ K (1 + IVrl) Re+ Re (1 + IVrl) (12) 

n 
c. Kg KflVr-cosel d9 for Vr ( 1 (13a) 

90 

Res Kg (02/vT) . . . . . · · . · . · (13h) 

d. Km = K (1 + IVrl) 
2 . . . · · . · . · (14a) 

2 
Rem = Re (1 + IVrl) or Re = Re+ (14b) 

Equation (13a) expresses the Keulegan-Carpenter 
nUMher in terms of the relative displacement of the 
fluid about the cylinder. Equation (14a) represents 
the ratio of the rraximUM convective acceleration to 
the rraximUM local acceleration. 

For a limited range of the governing parameters, 
the data rray appear to correlate well with one of the 
Keulegan-Carpenter numhers involving Vr fas in F4S. 
(12-14)] therehy eliminating the need for an addition
al Vc-dependent parameter such as VK = VcT/D or Vr • 
The results of the present investigation have shown 
that there is no single Keulegan-Carpenter number with 

which the drag and inertia coefficients may be corre
lated without the need for an additional parameter in
volving Vr • Thus, the four governing parameters for 
the flow situation under consideration are taken as 

Cdc 
fi(K, VK, a. kID) ••••••••• (15) 

RESULTS 

Figures 1 and 2 show that the drag coefficient 
for a smooth cylinder is strongly affected hy the cur
rent, particularly in the drag-inertia dominated 
regime. For example, for K = 12, the drag coefficient 
for the co-existing flow (VK = 6.17, corresponding to 
Vr = 0.51) is approximately 40 percent srraller than 
that corresponding to the no-current case. A similar 
conclusion is reached regarding the drag coefficient 
shown in Fig. 2. Taken together, Figs. 1 and 2 show 
that Cdc is not equal to its no-current value and 
strongly depends on K, VK, and the Reynolds number 
(note that Re = Ka and a = 1594 for Fig. 1 and a = 
2487 for Fig. 2). 

Figures 3 and 4 show the inertia coefficient for 
two smooth cylinders for a = 1594 and a = 2487. These 
correspond to the drag coefficients shown in Figs. 1 
and 2. It is clear that the inertia coefficient for 
the no-current case is about 50 percent srraller than 
that for the co-existing flow with K = 12 and VK = 
6.17. Furthermore, the effect of the current spans 
over a large range of K values. Taken together, Figs. 
3 and 4 show that the inertia coefficient is strongly 
affected hy K, a, and VK (or hy K, Re, and VK) and 
that there is a critical value of VK above which cmc 
does not increase with VK. 

Evidently, additional data are needed to cover a 
wider range of Re and VK values. The data shown here 
are sufficient to prove that the use of Eq. (1) with 
the drag and inertia coefficients ohtained under no
current conditions is incorrect and rray lead to large 
errors, particularly in the drag-inertia dominated 
regime. The data also show that the drag and inertia 
coefficients ohtained from tests at sea (where there 
are always some currents) cannot be compared with 
those ohtained under laboratory conditions with zero 
current. In fact, the present data with current sub
stantiates the fact that the drag coefficients oh
tained from tests at sea will always be smaller, par
ticularly in the drag-inertia dominated regime, than 
those ohtained under laboratory conditions. 12 Orbital 
motion of the fluid particles in waves in the ahsence 
of current has a similar effect on the drag coeffi
cient. 13 Thus, current and orhital motion may be 
regarded as the primary mitigating effects of the 
ocean environment ~s far as Cdc is concerned since the 
current and orbital-motion combination is not likely 
to reverse their individual effects. 

The inverse is true for the inertia coefficient 
in the drag-inertia dominated regime. Outside this 
region, the inertia coefficient for the co-existing 
flow rray be smaller than that for the no-current case 
(see Fig. 4 for K larger than about 20). 

Figures 1 through 4 show conclusively that cur
rent has profound effects on both the drag and inertia 
coefficient. This effect (resulting from wake hiasing) 
cannot be ignored, particularly in the drag-inertia 
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dominated regime. For most offshore structures and 
piles this will correspond to the region below the 
free surface where the wave-induced velocities may be 
of the same order of magnitude as the local current 
velocity. 

Figures 5 and 6 show the drag coefficient for two 
sand-roughened cylinders as a function of K for vari
ous values of VK. The most striking feature of these 
figures is that the wake biasing reduces the drag co
efficient significantly in the drag-inertia dominated 
regime, in the range of Reynolds numbers encountered. 
For K larger than about 20, the effect of roughness is 
predominant and the wake biasing does not materially 
change the drag coefficient. 

Fi~lres 7 and 8 show the inertia coefficient for 
two rough cylinders for various values of VK. As in 
Figs. 3 and 4, the effect of the current is to in
crease the inertia coefficient in the drag-inertia 
dominated regime and to decrease it in the drag
dominated regime. Figure 8 also shows that the in
crease of the inertia coefficient with VK in the drag
inertia dominated regime depends on the Reynolds num
ber, i.e., the larger the Reynolds number, the smaller 
is the dependence of the increase of cmc on VK. 

In summary of the foregoing, it is evident that 
current has profound effects on the variation of the 
drag and inertia coefficients with K and Re, particu
larly in the drag-inertia dominated regime. This 
effect cannot be ignored in the design of offshore 
structures. The results explain partly the reason as 
to why the ocean test data always yield smaller drag 
coefficients and larger inertia coefficients than 
those obtained under controlled laboratory conditions 
with no current. It is also evident that the use of 
various heuristic linearization methods in approxi
mating the influence of current on the nonlinear 
hydrodynamic force must be hased on a better under
standing of the physics of the phenomenon. 

MORISON'S EQUATION 

As noted earlier, the use of Horison's e:}uation 
for the combined wave and current loading is a specu
lative generalization of the original two-term ~brison 
equation, devised for wave loading alone. It has been 
shown in the foregoing through the use of the data oh
tained under controlled laboratory conditions that the 
drag and inertia coefficients for the co-existing flow 
field are significantly different from those for the 
oscillating flow alone, particularly in the drag
inertia dominated regime. Thus, one may ask as to how 
well the measured force is represented by the ~ified 
Morison e:}uation [Fq. (1)1 even if one were to use the 
drag and inertia coefficients ohtained through the use 
of Eqs. (4) and (5) rather than those ohtained under 
no-current conditions (i.e., harmonic flow alone). 

Numerous calculations have been carried out for 
both the 8m)()th and rough cylinders for various values 
of K, VK, and e. The results of two sample calcula
tions are shown in Figs. 9 and 10. Each figure shows 
the measured force, the force calculated through the 
use of Eq.(l) with the drag and inertia coefficients 
from Eqs. (4) and (5), and the force calculated 
through the Iffie of Eq.(l) with the force coefficients 
for the harmonic flow alone, i.e., for the identical 
values of K, e, and k/D, but for VK = O. 

A careful examination of each figure shows that 
the two-term Ibrison e:}uation, modified as in Fq. (1), 
represents the measured force in a co-existing flow 
field as adequately as the original Morison e:}uation 
in a no-current field, provided that the force coeffi
cients appropriate to each case are determined and 
used in F4. (1). Figure 9 also shows that the use of 
Eq. (1) to represent the effect of the current in the 
drag-inertia dominated regime with the force coeffi
cients obtained under no-current conditions is far 
from adequate. Figure 10 shows that for sufficiently 
large values of K (K larger than about 20), the use of 
F4. (1) with the force coefficients obtained under no
current conditions yields an in-line force which is 
essentially identical to that obtained with the force 
coefficients calculated through the use of Eqs. (4) 
and (5). Evidently, additional experiments and analy
sis are needed to cover a wider range of Reynolds num
bers, relative current velocities, relative roughness, 
and Keu1egan-Carpenter numhers. 

ffiNCLUSIONS 

The results presented herein warrant the follow
ing conclusions: 

(1) The drag and inertia coeficients for the no
current case are not identical with those ohtained for 
the current-harmonic-f10w case (co-existing flow 
field), particularly in the drag-inertia dominated 
regime. The wake biaSing, resulting from the current, 
increases the inertia coefficient and decreases the 
drag coefficient. The variation of the force coeffi
cients is governed by the Keu1egan-Carpenter number (K 
= UmT/D), Reynolds number (Re = UmD/v), (or e = 
n2/vT), relative-roughness (k/D), and the relative 
current displacement ( VK = VcT/D). 

(2) The force coefficients ohtained from tests at 
sea (where there are always some currents) are neces
sarily different from those ohtained under no-current 
conditions. The comparison of the two sets of data 
are not warranted in the drag-inertia dominated 
regime. The results presented herein show that the 
drag coefficients resulting from the ocean tests must 
be smaller than those resulting from the strict1y
harmonic-flow experiments with no current. The in
verse is true for the inertia coefficient., However; 
the increase of the inertia coefficient does not com
pensate for the decrease of the drag coefficient as 
far as the maximlM force and its phase relative to the 
maximum velocity are concerned. Thus, the use of the 
force coefficients ohtained under no current condi
tions is not warranted in calculating the hydrody
namic loading of srrooth and rough cylinders in wave
current environment. 

(3) The two-term ~brison equation, modified for 
the current [as in Eq. (1)], represents the measured 
force in a co-existing flow field with an accuracy 
almost identical to that of the original Morison equa
tion for the no-current case, provided that force 
coefficients appropriate to each case are used. For 
Keulegan-Carpenter numbers larger than about 20, the 
effect of current on force-transfer coefficients and 
on the calculated in-line force is neg1igihle, within 
the range of the parameters encountered in the present 
investigation. Additional experiments are needed to 
cover a wider range of the governing parameters, in
cluding the case where VK is larger than lmi ty. 
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NOOENCLATURE 

A Amplitude of flow oscillations 
Cd Drag coefficient 
em Inertia coefficient 
Cdc Drag coefficient for Vc * 0 
r~ Inertia coefficient for Vc * 0 
n Diameter of the test cylinder 
F In-line force 
f Frequency of flow oscillations, f = lIT 
K Keulegan-Carpenter number, K = tkT 10 
k Mean roughness height 
Re Reynolds number, Re = ~/v 
T Period of flow oscillations 
t Time 
U Instantaneous velocity of flow 
Um Maximum velocity in a cycle of oscillating flow 
Vc Velocity of the steady current 
VK VcT/D 
Vr Vc/Um 
B frequency parameter, B = rJ2lvT = Re/K 
e 2rrt/T 
v Kinematic viscosity of water 
p Density of water 
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