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ABSTRACT

The evolutio n of forces act i ng on horizonta l C ylin ders suDjected to

imp act by an ha rmon i c a l l y  osc i l l at i ng f ree sur face has been i nvest i gate d

both theoretically and experimentally.

The exper iments were carried out in a large U—shaped water tunnel ,

w ith cylinder diameters rang i ng frcm 3.0 to 6.5 inches. The results

have been expressed in terms of two force coefficients. The first is

the slam ming coefficient which expresses the normalized force acting on

the cylinder at the time of impact; and the second is the maximum drag

coefficient which occurs when the cylinder is i mmersed approx i mately

.75 diameters in water. The sla mming coef ficient was founci to be e al

to 11, as predicted theoretically. It was also found tkat the slamming

coef f i c i en t may be amp l i f i ed to a v a l ue as h i gh as 2IT through the

dynamic response of the cylinder. The maximum of the normali zed force

in the drag dom i nated region was found to be approx i mately equal to ..O.

It decreased w ith increasing Froude numbers to a va ue of about un i ty .

It is recommended that further experiments be conducted with sanc—

roughened cylinders and the dependence of the rate of rise of the impact

force on the f l o w parameters be i nves ti gated.
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lNOMENCLATURE

A Amp l i tude of the wave mot i on

I mmers ed cylinder area

Normalized i mmersed cylinder area

Ch Buoyancy corrected drag coefficient

C5 Slamming coefficient

C I ni t i a l  va l ue  of t he sl amm in g coeff i c i en t

0 Cylinder diameter

F Ins tan taneous  tota l  fo rce

Fr Froude number

Natu ral frequency (Hz), Wn 2Tr

g Grav i tat ional  accele rat i on

K Keulegan—Carpenter number

L Leng th of cylinder

M Mass

m Ad ded mass

rn Normalized added mass

p Pressure

Re Reyno l ds n umber

r Radius of cylinder

s D i stance between press u re ta ps

I Wave per i od

t T i me

t Rise time
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Urn Max imum f ree su rface ve l oc i ty

v Ins ta n taneo us veloc i ty

v In i t i a l  ve l oc i ty

z Depth of cylinder i mmersion

z Normalized depth of cylinder i mmersion

Damp in g coeff i c i ent

Ti Instantaneous hei ght of wave surface above
mea n water level

fl0 
Height of cylinder with respect to mean water l eve l

p F l u i d  densi ty

Veloc i ty poten t i al

Li Natura l frequency (rad/sec )

v i scosity
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I. I NTRODUCT I ON

Informa tion concerning tre forces acting on bluff bodies suhjecTe~

to wave slamming is of significant i mportance in Mechanica l Engineeri n g,

Ocean Engineering, and Nava l Architecture. The desi gn of structures

which must surv i ve in a wave environment is dependent on a knowledge cf

the forces wn ich occur at im~act , as wel I as on the dynamic resronsa of

the system. Two typica l examp les include tne structura l members of o f —

snore d r i l l i n g  plat forms ar the sp la sn zone arc the often—encoun terec

slamming motion of ships.

The genera l prob l em of hydrod vn amic impac~ .nas Deen studi ed exten—

s ively [l~ mot i vated in part , no doubt , by its importance in orcra~ ce

and missile techno l ogy. Extensive mathematical models nave been developec

for cases of simple geometry such as spheres and wed~es,and these models

have been well sup~orted by experiment . Un ortunate ly, the speci ul •c~ se

of wave imDact has not been studied as extensivel y . Ka tH an anc Si l ~ err

DJ deve l oped a solution for the forces acting on a cylinder from tre in-

stant of impact to f u l l  i mmersion. alton and Nash [3 conducted slam—

m i r g experiments w ith a 0.r n~ n ~i u r~eTer cvi i  ~uer w T h  5m aIl umr i T ~~ue

waves oenera teci in a laboratory tan~ . Their data exhibited IarQe scatter

and showed no particular correlation with either the pred i ctions of the

hydrody namic theory or identifiable wave parameters. It appears that the

eva l uation of the slamm i ng effects with wavy flows is extremel y diff i c j !r

part lv because of the limited range of wave amn i itujes that can no

and par~ Iy because of tne difficult- ; of measuring the fl u i d  veloc ities

at +k C instant of im oac t .

10
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In ~ ss~~nco , the present research was undertak en to extend the work of

I’a I~~un and Nash and to improve the experimenta l method by using a large

— :~~i:e~ mate r tunnel. In addition , it was intended to demonstrate a cor—

~eIa~~ion :et~een theory and exoeriment by taking into account tre dynamic

resnunse o~ tne s-jstem . Specifically, the goals of t he project were as

o1 lOwS :

A . to examine the existing theoretica l models in determining wave

slam forces on circular cylinders;

5. o f u rn ish  data , obta i ned under contro l lea laboratory conditio ns ,

about the forces act i ng on smooth circular cylinders subjected to

impact with an harmonically oscillating water surface;

C. to determine the relative importance of the inertia dom i nated and

drac dom i nated forces during wave impact; and

0. to correlate such data witn respect to i dentifiable wave parameters

such as the Froude number , Fr; the Keuleoa n—C arpenter number , K;

and the Reynolds number , Re.

11
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I I .  THEORET I CA L ANA LYSIS

The traditional approach used in the design of off—shore structures

invo l ves the classica l Morison equation to determ i ne the forces due to

wave mot ion. However, wave i mpact is generally defined as the early

stages of the penetration of a sol id body into a wave surface. At the

in sta nt of contact the f l uid i n the v i c in i ty of the body undergoes large

accelera t i ons wh i ch g ive rise to large forces. As the body becomes more

fu l  l y i mmerse d , forces d ue to v i scous d rag an d sepa rat i on e f f e cts become

predom i nant. Thus the inertia and drag coefficients used in the Morison

equat i on are not consta nt,a nd the pro b lem becomes very d i f f i cu l t , eve n

for si mple geometries.

The genera l case of hydrodynamic impact is usually described by usin g

incompressible potential flow theory. For the case of a moving body with

mass,M,and ve l oc i ty, v0, impact i ng a qu i escent s u rface , the system momentum

is M v .  Neg l ecting non—conservative forces, the moment um of the system

is unchanged during penetration. However, the mass of the system

increases -d ue to the f l u i d  which s set in motion in tre vicinity of The

body . Also k wi, a “&d~ mass ”, m , it results in reduction of the

ve l oc i ty . Thus the system momentum after penetration is (N ± rn) v = M v .

The impact force at any instant is a function of m and 3m/st. The

sol ut i on,therefore, requires knowledge of the added mass and its time

derivative.

It should be noted that viscous effects, be i ng non—conservat i ve , w i l l

alter this somewhat. Additional ly, high speed entry (as w i t h  pro jectiles)

12
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may req u i re that comp ress ibi l i t y  e f fec t s  of bot h t he f l u id and t he a ir

above it be taken into account. However , for lo w spee d entry , these

effects  are g e n e r a l l y neg l ecte d,and the fluid motion is described by a

veloc i ty potent i a I ,~ , which satisfies V2 ~ 
= 0. The added mass term

can then be calculated. The problem remains extremely difficult , though ,

beca use t he free su rface tend s to “pi l e  up ” around the body. This

resu l ts i n an unstea dy flow prob l em with a time dependent boundary condi-

tion (the free surface). Approx i mate solutions have been obtained [4

for simple shapes (spheres, cones, cylincers , wedges , f l a t  p la tes , etc.)

by assuming a constant plane free surface and then applying a correct i on

for the distortion.

Kap la n and Silbert [2 developed the following re l ation for the force

acting on a horizonta l circular cylinder by a wave system which propa-

gates norma l  to it , (See F ig. I.):

= pg A. + (m + 
~ 

A~ ) ~ + 
am .2 (I )

in wh ich F represents the force acting on the cylinder; L, the le ngth

of the cyl inder; p, the flu i d  densit y; g, t he grav itat i ona l  accelera tio n ;

A. , t he i mmersed area; m , the added mass per uni t  cylinder lenat~~; p , The

instantaneous hei zht ~f the nave sur face above The mean water l evel; and

:, the instantaneous deoth ~f cy inder immersion. The t irst and second

deriva t ives of fl with respect to the time are denoted b’~ ~ anc ~j . The

added mass s g iven b y Taylor [5~ as:

m = ~~ pr 2c~~~(~;
c05

0~ 
+ ~

( 1 -cos 0) + (sin 0- 0)J (2)

in which r represents The radius of the cylinder , and 0 is defined as

shown in  Fig. I.

13
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The motion of the free surface , n, is related to the maximum ampli-

tude by :

n = A sin 2irt/T (3)

where A and T rep rese nt t he am p l i t ud e an d per io d of the f ree  sur face

oscillations. Equation (I ) can also be written in the form of a slamming

coeff i c i ent, C~ = 2F/pDL Um
2 as:

C = 
~~~ . ~~~~~

— — (
~ + ~ .)  ~ sin .~1! t ± .~2i cos2 ~~ t (4)s I 2 A T — I

Um 3z

w here

— 2 — 2A. = Air , rn = m/pr

~ = z /r , U 2TTA /T

With ~ 
= r(l —cos 

~L~~’ 
Equation (2) can be used to relate the added

mass to the depth of i mmers i on . Fi gure 2 is a plot of am/az as a func-

tio n of z/D. Clearly, am/az begins with an initia l  value of IT and drops

rap idly. The quantity gn/U~
2 

is related to the Froude number , Fr , by

Fr = U~
2/2gr. Thus C5 

= f(Fr , ~~
- ,

az
The rate of change of the norma l i zeci added mass with z depends on S

and hence on the time measured f rom the instant of impact (See Fig. 2).

For exam p le , for the case w here ri~ 
= 0 and -r = 0, 3~/3~ 

= ‘r and C~ 
= ir .

Conseq ue n t l y ,  the for the particular case under consideration , C° at the

instant of impact does not depend on either the size o~ the cylinder or

the F low parameters.

15
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The fact that the cyli ndrica l members of a structure in the splash

zone are not necessarily located just a t ~~~~ mean water leve l recuires

the determ i na t ion  of t he par t i c u l a r v a l ue of for  w hi ch t he s l a mm in g

force at the time of Impact is a maximum. It can be demonstrated through

the use of Equation (4) that the ma ximum impact force occurs for the

case of n0 = 0. For t h i s  p u rpose Equation (4) was eva l uated with the ala

of a computer program w h i c h  a l l o w e d  v a r i a t i ons i n  r/A a nd ri0/A. C5 
was

then plotted as a function of z/D from zero to unit y . F i gu re 3 is  an

example of one of these plots and is typica l for most cases. The variables

were:

- - r/A = 0.125

= 0.0, 0.4, and 0.8

As can be seen re ad il y from Fig. 3, C is largest at z/D = 0 for ~~/A =0.2

an d starts at a value of iT and drops to a minimum at z/D of approx i mately

0.5. It rises again as z/D approaches .0. Thus Equation (4) indi-

cates th at C
s’ and conseq uent l y  the impact force , i~ of an impulsive

nature beg inning with a finite va l ue (not zero) at the ins -rant of impact .

S in ce v i scous e f fects are neg l ected , one wou l d expect t he so lu t io n to

deviate f rom the actua l situation as the cylinder becomes more fu l l y

i mmers ed. Where this cecomes the case can onl y be determ i ned by experiment.

However , one can assume that the solution would be valid for sma l I

dept hs of immers i on , which is the case for the instant of impact up to

z/D of 0.02 or so. With this restriction , 
~ 

and m a re sma l l , as i s

s in 2irt/T. Additiona l ly, cos 27rt/T i s very near l y equa l to 1.0. There-

fo re C re du ces to :

=

17
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Fi g. 3. Theoretica l va l ues of C~ as a function of
z ’D for severa l va l ues ~f ri /A .
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It is not real istic to assume that the impact force rises frcm zero

to ii instantaneously. Severa l factors, specificall y the compressibilit y

of t he a ir between t he c y l i n der an d water su rface , entrapped gases in

the water, and surface i rregularities woul d account for some finite rise

time. Nonethe l ess, the rise time can be expected to be short, i.e. in

the order of mil liseconds. The exact nature of the rise is an interest-

ing question for further s~ -~dy. However , i n th i s ana lys i s 0~ is assumed

to vary linearly during a rise period , tr• For t > tr.~ 
C~ d rops f ro m iT

as a~/a~. Figure 4 is a representation of this assumption . Exactly bow

long of a t im e in ter val tr is w i l l  be discussed later.

Tne realization that the impact force is of an impulsive nature recuires

co n si ~era~~io n of tn- - f-act that ~n i s  f~ r:e does noT acr on a oe rreuni v ri g d

body , hut rather on a cylinder which is supported elast i~rul ly. The re-

spo nse of such a system app roac hes t hat of a r i g id body onl y if its

natura l frequency anproaches infinity . Additionall y, the response ot the

system to an impulsive force is heavily dependent on the exact nature of

the force itself as well as on the system natura l freauen:v .

I n  genera l , the instantaneous displacement , x(t),or a sy stem of mass ,

M,wi th a spr i ng constant , k,is given by (See e.g. 16 ] ) :

x (t) JF(~~)g (t_~ )d~ (6)

in which ~ represe n ts a dummy var i a b l e ;  F( i- ) , the drivin g force; and

g(t), the response to a unit step exc i tation . Equation (6) is readil y

recognized -as the DuHame l superposition integra l , wh ich can be expanded

as foll ows for g(t) = sin Li
nt:

19
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x(t) = - cos w tf  
F(t) sin w tdt

+ sin WtfF (t) cos W tdt (7)

in which Lin is the natura l frequency of the cylinder and supports.

Letting F(t) = F
0
f(t) and cha nging the variable of i ntegration to

0 = w t , one obtains

0/w

K x(t) 
= - cos Off(t) sin OdO + sin 0 f(t)cos OdO (8)

in which k = w
2M, the spring constant. The term on the left-hand side

can be interp reted as tne ratio of Tre instantaneous force senscu nv the

supports of the cy1  inder to tne actual mean t -orce ac t i ng on the cylinder.

I n  otner ~oris , the response or the s~ stem at t ime t is ~. X~~t )  .vn icn ma’;

ne ~if te renr frcm F For T 2 C  s i m p l e  case i n w nich F ( r )  is a ste:

t u n ct i o n  as snown be l ow ,

F
0 ________________________

t

equa tion (8) reduces to:

k x(t)
F 

= (I — cos w t) (°)n
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It is apparent from Equation (9) that the instantaneo us force sensed by

the system can be anywhere from zero to two times the actua l near force.

If one assumes, as before , that the impact force is as described by

Fig. 4, then Equat ion (8) must be eva l uated using C
5
(t) as F(t). Addi—

t i o n a l l y ,  damping can be taken into account by writing g(t) as [6]:

-~w tg(t) = e n s~ n Li
n
t (10 )

where ~ is the damp i ng coefficient. Thus Equation (8) can be rewritten

by rep l acing the forc i ng function , F (T ) , by C_ (9) as:

07w 0/w

k x(t) 
= - cosO ( + cosO ( C (0)e~~0cos0d0 ( I I )

C
o J S 1 ~S 0 0

Equat ion (II ) was solved with the aid of a s rrp l e computer p rogram which

used a trapezo i da l integration of variable step. Values or Lin were

taken as 358 sec 1 an d 628 sec~~ wh ich corresponded to the measured va l ues

of ~i for a 5.0 inch and a 3.0 inch diameter cylinder respect i vely, as

discussed l ater. The damping coefficient was 0.014 in both cases , a l so

corresoonding to measured va l ues. The rise time was var ied from zero to

approx i mately 0.025 seconcs. ~igures 5 through 8 are representative plots

k x(t) 
~or the 6 inch cylinder , for var i ou s val ues of t

r

FLgure 5 represents Equation (I I )  plotted for a rise time of 0.0001

seco n d ; Fi g. 6. for a rise time of 0.01 00 second; Fi g. 7, fo r a r i se

time of 0.0195 second; and Fig. 8, for a rise time of 0.0230 second.

Note that  for  a very short r i se t im e t he va l ue of k x (t) 
reaches a va l ue

C
of approx i mate ly  1 .7 at t = 0.001 seconds and then d~ ops off . Ao th~ rise

t ime increases , the va l ue of the first peak drops off , w i t h a “double

peak” appearing at a rise time of 0.0195 seconds.
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Fig. 5. kx(t)1C as a function of t

f o r  t = 0.0001 second
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Fig. 6. kx (t)/C ° as a functio n of t

fo r  t = 0.010 second .r
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F ig. 8. kx(t~Yc ° as a function of t

for t = 0.023 second.r
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The interp retation of the above results indic ates That, dependi ng on

the rise time of 05 (t), va l ues of the apparent slamm i ng coefficient , C~ ,

may lie  between roughly 0.5 and 1.5 of the theoretica l instantaneous

val ue of ii. Aga i n t hi s a p p l i e s  on l y to a small depth of i mmersion , cor-

responding 4-o the initial moments of impact. The significance of this

fact i s that va l ues of C° measured in the laboratory may show wide scat-

ter depend i ng on the r i se ti me for any g i ven experiment. Additionally,

if the surface is not perfectly plane , rise times may vary from experiment

to experiment resulting in an apparent non—repeatabilit y.

F igure 9 is a plot of k x(t)/C as a function of 
~n 

rr for both tne

fir st an d t he secon d pea k, using w~ va l ues for both a 6.0 inch and a 3.0

inch cylinder. From this fi gure , the drop in k x(t)/C for The first

peak with increasing rise time is apparent. It is also evident that the

effect of Lin is confined to a narrow range of 
~n 

tr val ues sma l ler t han

about 0.5. The force acting on the cy linder is amplified by the dynamic

response of the system for a value of 
~n 

tr smaller than 0.9 anc

attenuate d for  
~n 

~ val ues larger than 0.9. The second peak occurs

o n l y  for 
~n 

tr va l ues larger than 1.09. The va l ue of k x (t)/C~ i ncre ases

from 0.84 to about unity as f t
r increases from 1.09 to .5.
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I I I .  EXPERIMENTAL EQUIPMENT AND PROCEDURES

The equ i pment use d to generate the harmon i c a l l y  o s c i l l a t in g flow has

been use d extens i vel y at th is facility over the past two yea rs. The

apparatus is described in reference i7~~~
. The sal lent features ,

as well as the adaptation for this work, are b r i e f l y  descri bed i n t he

follo wing .

A. U TUNNEL

Figure 10 is a schematic diag r~m of the U tunnel. A bu t terf l y va lve

arrangement at the top of the left leg allows that side to be comp l etely

sea l ed off. Compressed air can then be adm i tted until the water l evel

is driven to the desired height in the opposite leg . Rapid opening of

the butterfly va l ve allows the water to oscillate at a natura l frequency

determined by the geometry of the tunnel. The tunnel contains aDp roxi—

rna t e ly  5000 gal  Ions  of water and the per i od , T, is 5.5 seconds. Amp i I—

tudes up to 4 .0 f-I- can be generated .

Previo us work with this tunne l has demonstrated its capabil it’1 in

studi es invo lv in g osc i l l a t i ng f l o w . Measurements have con f i rmed t hat

separat i on does not occur at t he corne rs an d there are no d i scont inu i t i es

where the individua l sections are joined , which m i ght ot he rwi se lea d to

disturbances in the flow. These factors were important to this pro ect

s ince uniformity of the free surface was a major concern .

B. TEST CYLINDERS

Three, f ive , s i x , and six and one half inch diameter aluminum

cylin ders were used in measuring impact forces. Measurin g 2.98 ft in

29 
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l eng th , they were constructed of a l u m i num p i p e , turned to the final

d i a meter , and polished to assure a hydrodynamically smooth surface .

Caps f itted -1-0 each end prevented water leakage into the cylinder.

Each cap conta i ned a double precision ball — bearing mounted flush with

- 
the face. As w il l  be noted l ater, the force transducers were attached

to the cyl inder via these bearings,and the purpose was to allow free

rotat ion of the cylinder.

C. FORCE MEASUREMENTS

Two cant ilever—beam force transducers were used to measure the in-

stantaneous in—line (drag ) and transverse (lift) forces. The output

cons isted of an electrica l signa l from strain gages attached to the

beam. The rounded end of the transducer assembly was designed to fit

snug l y in the bearings in the ends of the cylinders . Neoprene “0”

r ings were added to the end of the transducers to provide axial position-

ing of the cylinder within the tunnel.

Calibrat ion of the transducers was accomplished by hanging a loa d

from the center of the cylinder. This not only established the l eve l

of the electrica l output for a known load but also reaffirmed that the

transd ucers were correctly oriented.

As w i t h  other elements of the ex per im enta l appa rat u s, these t~ans—

ducers had been used frequently at this facility for over two years and

t he descr i p t ion  of the i r const ruct i on may be fo un d in refer ence [71

No changes have been noted in the calibration of these transducers since

- 
the i r i n s t a l l a t i o n , a fact wh ich establishes some degree of confidence

in their use.

Initial experimenta l efforts established that tne transverse ~~rces

were very sma l I compared to the in — l i n e  forces ,and consecuent~ i “easure—

ment of these forces was discontinued ea r ly in ~he
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D. MEASUREMENT OF FLUID VELOC I TY

Two press u re taps , one i n eac h leg of the t unnel , were connected Dy

tubing to a differen tial pressure transducer l ocated midway between the

taps. The acceleration of the fluid can be determined f rom ~P 
= PS

in which t~p represe nts t he pressure d i f f e r e n t i a l ;  p , the flui d  density ;

s, the di sta nce betwee n the taps; an d ~~
-
~~

- , the insta n taneous acce l erat ion

of the fluid. The maximum velocity end amplitude are related to tne

acceleration by :

(dU ) - 
2IT - (2IT)2 A (12)

d t m  T m  T

E. RECORD I NG EQUIPMENT

A three channel strip chart recorder was used to recoro s rru tanecusjy

the output of the in—line force transducer and the differential pressure

t rans ducer. The third channel of the recorder was also used to record

t he force measurements , but the signa l was first passed through a low —

pass f ilter to remove the oscillation of the cylinder at its natura l f re-

q uency, t hus pro v id in g an “average ” force record.

I nasmuch as the impact force to be measured consisted of a rather

short ri se t i me, the bandw i dth of the recorder was of some importance.

The freq uency res ponse of t hi s recor der was f l a t  tc 10 0 H:. In order to

v e r i f y  t he response under t he test cond i t i ons , several  expe r i men ta l  r uns

were made in w hi cn the force was both recorded using the strip cnart re-

corder and a tape recorder simu l taneously. The taped si~~nal was then

fed back to the strip chart recorder at 1/4 speed. This metn~ d es~ ured

that the freque ncy res ponse of t he str i p chart recorder was ~~scuate .
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F. EXPERIMENTA L PROCEDURE

The success or fa ilure of any experimenta l work depends on ca reful

at ten t ion  to those factors whi ch may ha ve a si gnificant effect on the

measurements being taken. For th i s reason ,extreme care was ta ken wi t h

al l  flow parameters.

Pr i or to f i l l i ng t he tun ne l , the cylinder was struck l ightly , and the

natura l frequency and damping coefficient were determ i ned. The tunnel

was then fill e d , i mmers ing  t he cy H nder severa l d i amet ers, and aga i n the

natura l frequency was recorded. Thus the value of was obtained both

in air and in water. I n the ca lc u lat ions the val ue of u i n a i r wasn

used s i nce at imp act an d sho r t l y  thereaf ter , the cyl i nder behaves as

though ii- were not i mmersed.

S i nce the height of the mea n water level with respect to the bottom

of the cy l inde r was shown by t he a no l ys is to be important , the water

leve l in the tunnel was adjusted careful ly by slowly f i l l i n g  or empty i ng

the tunnel unt il a slight ripple occurred at the water surface due to

contact w ith the cylinder. This method assured that the mean water l evel

coi ncide d with the cylinder bottom surface.

Of paramount importance was the condition of the free surface at

the instant of impac t with the cylincer. I deally the surface should be

perfectly plane with no surface disturbances. It is this requirement

that lends a certain degree of difficulty in the experimenta l procedure.

Unt i l the f l uid in the tu nnel  has comp l eted one cyc l e  or so, the period

of oscillat i on is not established . This require s that the cylinder be

i mmersed at least once before the period of oscillation has settled down ,

resultin g in some surface disturbance. The observations of the wave

impact indicated that one slam generated minima l surface J i Jr ’:arce5 ,

33  
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w ith the disturbances increasing with subsequent impacts. For this

rea son , a l l  data were recor ded for t he f i rst i mp act o n l y , and successive

impacts were discounted . Approx i mately ten minutes were allowed between

each exper i men tal  ru n i n  or der to a l l o w the water su r face  to reac h a

quiescent state.

The str i pc hart recorder was ru n at a speed of 200 mm per second , eac h

d ivi sion representing 0.005 second. Fi gure I I  i s  a ty pi cal  exa mp le  of

the data obtained . The top t race is the f i l t e r ed force trace,and the

botTom one is the unfiltered force trace. Fi gures 12 and 3 show addi-

t iona l unfiltered force traces for various ini t i a l  flow conditions.

C. REDUCT I ON OF DATA

Two force coeff icients were defined in this investigation. They are:

2F (13)
pDLU —

m

and

= 
2F gOlT

Ch PD LUJ m
2 ~~~2 

(14)

The first of these refers to the slamm i ng coefficien t as defire c by

Equation (4). The secono coefficient rep resents tne second m axim um

the normalized force w ith the buoyancy subtracted. This maximum -occurs

after the cy l inder is f u l l y  immersed.

As mentioned previously, the str ipchar t recorder was run at .00 mm

per secon d , thus each mm corresponded to 0.005 second. The measured

force was then read each 0.005 second up to 0.5 seconds or so, depe ndin~

on the diam ~~~ r :-~ lbe cv l inder. These po ints were then evaluated wi t -h
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the aid of a computer program which so l ved Equation (4) and plot — ed

C5 as a function of z/D. Fi gure 1 4 is typ i cal  of suc h p lots , wh i ch s hows

t he measured va l ue of C
5, t he t heoret i cal  va l ue of C~ from Equation (4),

and the normalized buoyant force.

The f i l t e r e d force trace ob scu red t he magn i t ud e of the ini t i a l  i m pact.

However , after the i nit i al pea k, the filtered trace was found to corre-

spond to the average va l ue of the unfiltered trace. Therefore, t he data

po i nts du r i ng t he e a r l y  stage of i mp act we re read f r om t he u n fi l t e red

trace ,and tne remainder were read from the filtered trace. m e  main rea—

son for this is the obvious difficult y i n in terpret i ng the average va lu e

nnL:n is obscured by the osc illation of the cylinder .

I
I
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IV. DISCUSSION OF RESULTS

The i n i t i a l  va l ue of t he s l a m m i ng c o e f f i c i en t, C~ , was plotted as a

funct i on of var i ous parameters such as the Frou de number , Fr = ; t he

Reynol ds  number , Re = UmD/V ; and the Keu l egan—Carpenter number , K =

UmT/D~ 
These plots have reveale d that there is no i dentifiable corre-

l a t i on between C~ and the said parameters. In fact, it is the rea l iza—

ti on of t h i s  lac k of correlat i on t hat le d to t he consi de ra t io n of the r i se

t i me, tr~ 
Su bseq uent ly ,  the amp l i f i cat i on or atten ua t ion  of C~ was calc u-

lated by dividing C~ by i ts theoret i cal val ue of T . Then the correspond-

ing f t
r 

values were determined from Fig. 9. F i g ure 15 i s  a p lot  of

~n 
-I•r 

as a function of the inverse Froude number gD/Um
2
~ 

Even though

t here i s consi dera b le  scatter, th is figure shows that for small va l ues

of Um~ 
or la rge  va l ues of D, the r i se ti me is larger and thu s y i el ds

smaller amplification (See Fig. 9J. For large r im~act veloc iti es o r

for sma l l e r  cy l i nders , the rise time is considerably smaller , sr- c

amplification factor approaches 1 . 7. It should :-e r--t e c

once more th at surface  i r r e g u l a r i t i es , disso l ved air , a t u cTher exceri—

menta l uncertainties do not permit a more accurate determin ation of the

rise time. One must add that the rise time may v3r~ als o with the

physica l characteristics of the fluid  above the free surface , the ang l e

of i nc l ina t ion  of the cy l i nder , the length to diameter ratio , etc. 3e

t hat as i t may, the Froude number appears to be the dominant cararieter

as in a l l  f ree surface flow problems.

The physica l reasoning behind the correlation of the norma l iced rise

time , f t
r~

W it h 9D/Um
2 is as follows. The d istu r bances in the free

40 
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F ig. 15. f tr as a function of gD/U~~ = I/Fr.

41 

- -~~ - ----- ~~~----- - - - --~~~-- - - - --~~~~~--- - _ _ _ _



________________ - - - - - 
= —~~~~~~~~~~~~~~~ ~~ -~~~~~

surface dur ing the first passage of the flow increase with increasing

diameter. On the other hand , the larger the amp l i tude, t he lo nger t he

time for the disturbances to attenuate. Thus , the ri se t im e decreases

w ith increasing amplitude. F in al l y ,  the larger the accele ration of the

f low , i.e. A (2Tr/T>
2 re l at i ve to t he g r a v i t a t i ona l  accelerat i on , the

faster is the rate of attenuation of the disturbances [8,9~. A simple

d imensiona l analysis shows, therefore , that 
~n 

tr increases w i th

gD/A(T2IA). S i nce Urn i s proport io na l  to A/T, one finds that f~ tr is

a funct i on of gD/Um

A c a r e f u l  com par i son of t he meas u red an d c a l c u late d force t races

du r i n g  t he e a r l y  stages of im pact le nds amp l e  credence to t he id ea of

rise time . Figures 5 through 8 and II through 13 show that for very

short r ise times there is a single sharp pea k in the force trace. For

intermediate rise times (See Figures 7 and 12.) a double pea k occurs.

F i n a l l y ,  for l a rger  r i se t im es (See F i gures 8 and 13.) the first pea k

pract i cal ly  di sa ppea rs, and the response to the slamm i ng force is

attenuated by the system .

I t  i s event f rom the forego in g tha t  t he determ i n a t i on of t he i n i t i a l

s l a m m i n g  force is extreme ly  di f f i c u l t  beca use of i ts magn i f i cat i on or

attenuation by the dynamic response of the system . The evidence presented

above shows that the normalized slammin g fcrce shcul: be assumed equa l to

It and that the response of the system be determ i ned through a straight-

forward vibration analysis. Such an analysis w i l l  y iel d the largest

fo rce amp l i f i c a t i on for  a nor ma l i ze d r i se r i me o f f t ~ 0.25. 
rorn r

des i gn pu rposes , the maximum slamming coefficient ma’1 be -as large as l. ’T.

Following the in i t i a l  impact , the net force acHng on the cvi in d er

beg ins to decrease since the 3rn/~ z contri Dut i on decreases. 2uri no

142
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t h i s  stage of the f l o w  the c y l i nder undergoes dampe d osc i l l at io n s at i ts

natura l frequency. As the free surface rises further , the buoyant  force

increases ,and the separation effects  begi n to g ive r i s e  to la rger  d rag

forces. The buoyancy subtracted fl u i d  force reaches its maximum at z/D

values from about 1.5 to 2.0. Even though the present flow situation ,

in w h ich t here is a free surface ,ca nnot be d irect ly compa red w i t h an

i m p u l s i v e  f l o w  abo ut a c i r c u l a r  c y l i n der , the r i se of the drag force to

a max imum at z/ - 1.75 is very much like the rise of the drag coeffi-

cient to a maximum at a relative f l u i d  displacement of 2.0 in impulsive

f l o w  E~ o1. The sai d rise in the drag coefficient is because of the for-

mation of two symmetrica l vortices behind the cylinder. As the motion

con t i nues ,the vort ices become asymmetrica l and shed alternatin gly.

The max imu m force corres pond i ng to the secon d pea k has been

corrected for  buoya ncy, norma lized by .

~~
- PU m

2DL ,an d plotted as a

funct ion of the Froude number in Figure 6. Two facts are apparent:

~i rst , the scatter in the data is considerably less than that correspond-

ing to the i n i t i a l  im pact; seco nd , Ch See Eq ua t i o n (l~~).i :ecreases

with increasing Froude numbe r to a va l ue of about unity and remains

nearly constant for a l l  Froude numbers f rom 0.5 to 2.0. 

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



-_- - -—--- --__ ------ -- - -- - - ----------- ~~~~~~~-

a
‘.4

‘i Ia

‘ ‘- I..p~ D UC C C  C
S

I_I ~_)

C C  = 
-~~

..

• 4 4 U  4
4

S

a
4 U-

.4-

0
4 •~ C

0
a

4 ~4•
•~~~~4 4  

.4-

U I  i
•• • ‘I’.

~
r

C-)

•

:~~4

• “I U-

./1 1 a

• _•g
• ‘I

• . 1 

a
‘3

a 0 0 a

0~ —

144

p.’.
--— —..------- - - --- - - - - -——------- -“ —— - - _ _ _

~~
__

~~~~~~~~
__

~~
__ a___



— -
~~~

——
~~~~~

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

V. CONCLUSIONS

The theoret i cal  and exper i menta l i nvest i gat i on of f l o w  i mpact on

c i rcu lar  cy l inders warranted the follow i ng conclusions;

I . The dynamic response of the system is as important as the impact

force an d one can not be determ i ne d w i thout  t a k i n g  the other i nto

consi deration.

2. The ini t i a l  va l ue of the slamming coefficient is essentially equa l

to i s  theoretica l value ~~; IT , and T~e s-~sTem res:orse ma-/ be

amplified or atten-~ated cecending uDon it s dy nami c characteristic.

3. The norma l i zed rise time appears to be a funct i on of the Froude

number .

4. Follo wing the impact , the cylinder undergoes damped oscillations

at its natura l frequency.

5. The buoyancy corrected normalized force in the drag dom i nated

reg ion reaches a maximum at a relative fl u i d  displacement of

about z/D . 1.75. Subsequently, the shedding of vortices as

well as the deceleration of flow reduces the maximum drag coe tti—

c ient to be l ow unity.

~~. Since it does not appea r that the rise time can be determined

theoret ic a l l y, the dyna mi c response of the system shou l d cc

analyze d using the theoretical value of the slamming oceft icient

an d the experimentally determined rise times.
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