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~ Measurements of the vortex shedding frequency, the shedding angle,
the base pressure , the vortex formation length and the wake width were

obtained for both stationary and vibrating yawed cylinders in the range

of Reynolds numbers Re 160 to 1100. The influence of end conditions
was assessed for free-ended cylinders of varying end geometries and for
cylinders fitted with adjustable endplates. The cylinder lengths varied
from about 20 to nearly 100 diameters. Based upon the experimental results
and upon some fundamental considerations of the vorticity discharged at
separation it is concluded that the use of the Independence Principle is
not valid for separated , yawed cylinder flows except in two special cases.
The first case concerns the transverse vibration of the yawed cylinders
when the vortex shedding processes are captured in a manner equivalent to
the use of the Cosine Laws. The second instance is a result of substan-
tial end effects upon the wakes of finite-length , stationary yawed cylinde
In this case , a particular configuration--endplates aligned with the
flow--can produce results comparable to the Cosine Laws, but this config-
uration is shown to be Inconsistent with the Independence Principle by
vorticity considerations and by a simple model of the interaction of the
end flow with the base region flow.

I For the first time the universal~ Strouhal number concept for
scaling the vortex wakes of bluff bodies at normal inc idence is found
to be valid for inclined cylinders .~~A discussion of this finding 

indicates
that simple experiments , as done in \he past , could neither ascertain
the validity of the Independence Ptin~iple nor identify the exact 

flow
appropriate to an infinitely long yawàl stationary cylinder.
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THE INFLUENCE OF YAW ANGLE UPON THE VORTEX
WAKES OF STATIONARY AND VIBRATING CYLINDERS

1.0 INTRODUCTION

The infl uence of yaw angle on the vortex wakes of stationary and vibra-

t ing c i r c u la r  cy l i nde rs has bee n inves t igated in a range of Reynolds numbers

between 150 and 1100 . The issue under investi gation is the proper use of the

so—called Independence Princi ple or Cosi ne Laws fo r s c a l i n g the vor t ex wak e

phenomena and ultimatel y for desc ribing the vortex—induced vibrations of yaw ed

bl uff bodies . According to the Independence Princ ip le , which is derived from

the st ead y lamina r boundary l aye r  eq ua t ions for  a n in f i n i te ly long yawed cyl-

inder [5lj , ve loci ty and pressure gradients exist only in a plane norma l to the

cy l i n d e r  a x i s .  Fur the r , the flow deve lopment within this plane is equivalent to

the f l ow  abo ut a cy linder wh ich is perpendic ular to a lower free stream velocity.

The veloc i ty is then red uced by the cosine of the yaw ang l e .  In th i s  way the

three—dimensional problem is simplified to a well—studied two—dimensional prob—

lem governed by the normal component of the incident velocity. This convenient

resul t cannot be obtained theoreticall y for f l ows  th at possess boun d a r y  laye r

separa t ion , uns tead iness , turbulence or finite length effects. Since most flows

of prac tical interest contain one or more of these effects , emp irical relations

are us u a l l y sought.

The search for emp irical rela t ions has centered on efforts to support the

use of the normal component of velocit y to characterize yawed body flows regard-

less of separa t ion , unsteadiness , etc. The motivation for this approach is of

course i ts s imp lici ty, but the importance of the spanwise velocity component and

possible three—dimens ional aspects of the flow can be seriousl y underestimated .

As a resu l t there is no physical basis for assessing the accuracy of individual

experiments or for exp laining the differences that have arisen between reported

a results. To overcome this difficulty the present stud y was undertaken to exam-

ine , in some de tail , the three—d imens ional vortex wake flows behind severa l

Manuscript submitted June 30, 1978.
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ya wed cy lind ers. The Independence Princi p le is then examined in ligh t of the new

experimental data to find when and how it can justifiabl y be used . Also , an ex—

p lanat ion is offered to account for many of the discrepancies between previousl y

reported results. Finall y, the results of the present stud y are app l i e d  to the

problem of the vortex—excited vibrations to determine the manner in which exist-

ing models can be modified to include the influences of yaw ang le.

1 . .1 Review of the Problem .

The f l ow abo ut a c i r c u la r cy linder that is perpendicular (normal) to a

uniform , in cident flow is a classical probl em in fluid mech anics. The interest

in this problem stems from the manifold and comp lex flow phenomena that can oc-

cur for such a s imp le but common structural shape . In this section some of

the li terature for the norma l incidence case is reviewed and compared to the

r e l a t ive ly scant literature on the flow about yawed cy lind ers. In the absence

of yaw ed bod y results the norma l incidence case is discussed in relation to

the Independence Principle and some simp le phy s i c a l  a rg ume n t s. Wi th th i s  i n

mind the effects of turbulence , sepa rat ion , vibrations and finite length are

disc ussed individually and the relevant literature is cited . The yaw angle

and all other ang les are measured from the axis of a cylinder perpendicular

to the freestream f low direction and may take on positive or negative values .

A sketch with the appropriate nomenc lature is shown in Fig. 1.

1.1.1 The Effec ts of Turbulence Practical flow problems are most

of ten turbulent and rarely amenable to theoretical anal ysis. The fir st param-

eter encountered is , of cou rse , the Reynolds number which is a product of a

cha racteristic dimension and a velocity divided by a kinema tic viscosity. The

selec tion of a characteristic velocity and dimension depend upon the flow pro—

cess and conven t ion . In its usual or free stream form for cylinders , the Reyn-

old s number is based upon the free stream velocity U and a cy l i n d e r  diame ter

—2—
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D. For yawed cylinders the norma l component of velocity U = U cos e is of-- n o

ten taken as the reference value. In either case the body cross—sectional shape

must he spec it ied T i e p . -I r .-I t e l y as another parameter of the problem. Roshko [47]

has pr IpI lsed that all bluff bodi es can be considered as one class by properl y

s l i C t  ing a charact e r i stic velocity and a dimension for the flow . He based his

‘ universal” Reynolds and Strouhal numbers on certain wake parameters since all

b l u f f  bod y wakes exhibit similarit y for ma ny freestrearn Reynolds numbers . With

this approach Roshko unified the results of meas-Jrements on diverse shapes (cy l-

inder , wed ge , f l a t p la te) with or without wake interference (splitter plates).

Bearman [1] expanded on the approach and included other shapes and other wake

interference (mass injection ) while Richter & Naudascher [44] demonstrated that

blockage or freestream flow convergence can be taken into account . Most recent-

ly, Griffin [23] found that vibrating bluff bodies are also compat ible with the

concept. In the present stud y the term “R e y n o l d s  number ” by its e l f  w i l l  a l w a y s
U D

refer to the freestream Reynolds number Re __2_ for a circular cy linder of di—
V

ameter D. Unless otherwise clearl y noted the term “cy l i n d e r ” will mean circu-

l a r  cy l i n d e r .

Turbulent flow occurs in the wake of a cy l i nde r at norma l i n c i d e n c e  for

Reynolds numbers between 200 and 5 x l0~~. Thereafter , the transition to tur-

bu l ence moves fo rward  in to the att ached or unsepara ted boundary  laye rs on the

cy linder. The process can be described [5] as a transition to turbulence where—

in the transition steadil y moves from the f a r  wake to the att ached bounda ry lay-

er s wi th in c r e a s i n g  Reynolds number. An infinitel y long , yawed cy l i n d e r  can be

expected to exhibit somewhat similar behavior , but the occurrence of a spanwise

veloci ty component prevents a simple analogy with the unyawed cy li nder. This

4 can be shown as follows . If the development of the norma l and spanwise boundary

layers are uncoupled , as the Independence Princi p le assumes , then a spanwise

‘See Ch iu & Lienhard [9], bu t  beware of getting the cart before the horse [48].

—3—
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I

turbulent boundary layer will be encountered long before turbulence becomes im-

portant in the crossflow. As a consequence the normal and spanwise flows are

ne ce s s a r i l y coupled and the direct analogy breaks down . At lower , subcritical

Reynolds numbers (Re < l0~ ), for finite cy linders and small yaw angle s this

cou p li ng will be weakest and may partl y account for the reports of the apparent

dominance of the norma l component of velocity [10 , 29 ,32 , 421. The importance

of this coupling at hi gher Reynolds numbers can be seen in the works of Glenny

[20], Smith , Kao & Moon [53] and particularl y in the works of Bursnall & Loft-

ing 17 ) .  In each of these studies the results are consistent with the idea of

an earl y transition to turbulence in the boundary layer s due to the yawing of

the cy linder away from normal inc idence. The critical Reynolds number occurs

earlier than is predicted by the use of the Independence Princi p le and drag

measurements are greater than those predicted for subcritical Reynolds numbers.

These factors are discussed further in the section on flow separation .

Another important parameter in the turbulent flow around bluff bodies is

the leve l of turbulence in the freestream . The s implest characterization of

frees tream turbulence is the ratio of the RMS leve l u ’ to the rreestream
rms

veloci ty U .  An improvement on this characterization is to also determine the

freq uency spectrum of the turbulent fluctuat ions. It is usuall y assumed that
u
rms /

broadband , low leve l frees tream turbulence ( U <0.01) has at most a second—
0

order infl uence for non—t ransitional phenomena . This view is taken in the

presen t s tu dy.

1 . 1 . 2 Two—Dimensional and Three—Dimensional S~paration. Bluff bodies owe

their des ignation to the occurrence of boundary layer sepa ration and to the for—

mot ion of a la rge  reci rcu la t ing  f l ow reg ion af t of the body. The fluid forces ,

(e.g. the drag) on a bluff body are greatly increased by sepa rat ion be c aus e the

fore and af t pressure distributions become unequal and a net pressure or form

—4-



d rag is created . In fac t , for many Reynolds numbers the form drag far exceeds

the d rag  due directl y to viscou s shear at the surface. The pressure distribution

on a bluff bod y is large ly imposed through the boundary layers from the acce ler—

ating outer potential flow . With these insi ghts and the assumption of a uniform

base pressure distribution Kirchoff attempted to determine more realistic compu—

tat ions of form drag by using a potential flow mode l that incorporated a free—

streamline . The free—streamline emanated from the bod y surface and divided the

fl ow behind the body onto an outer potential flow and an unspecifi ed inner wake

flow as shown in Fig. 2. In this approach the base pressure was determined

from Bernoulli’ s equation evaluated along the free—streamline . Kirchoff took

the free streamline velocity U
F 

as a Constant everywhere so that it was equal

to the velocity It at infinity. As a result the base pressure 
~b 

must equal

the free stream pressure P and does not account for the base suction , P <po b o

that is known to occur. Riabouchinsk y [43] later addressed this difficulty by

“closi ng ” the wake of a flat plate by introducing an image p late some distance

downstream . The anal ytical advantages stem from symmetry but more importantl y 1
~F

and therefore 
~b 

are free to a~. ume reali stic values. Moreove r the base pres-

sure become s inversel y related to a characteristic long itudinal cavily or wake

dimension . Fig. 3 is a p lo t of Riabouchinsk y ’s results in a range of values of

the base pressure coefficient near the observed values for a flat plate.

More recen t ly, Roshko [461 reconsidered the bluff bod y pr ob lem and proposed

that

U = k U  , k > l  (1)
F o —

wh ich can be substituted into Bernoulli’ s equat ion to obtain the base pressure

p p + ~/ ( 112 — u 2 ) .  ( 2 )
b o 2 o F

Wri tt e n as a base pressure coeffi le n t  this become s

— 5 —
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2
p - P  U

C 
b o F 

2
= 

2 ~ 
— = 1 — k - (3)

b l/2 pU o  o

It is assumed that U = k U is a constant near the body and this must even—F o
tuall y be reconciled wi th the velocity at infinity. If this is done by introdu-

ci ng a step ch ange in velocity at the location where the free streamline become s

parallel to the free stream flow , then the result is a notch in the otherwise

circular mapp ing of the flow onto the hodograp h plane . Hence the term “no t ch ed

hodograph” theory. It is interesting to note that Roshko also computed an el-

li p tical hodograph that permitted a gradual change in ~~~ but the computed

streamline positions and pressure distributions in the early wake fail ed to

match observations as well as the notched hodograph method . In any case the

solution depends on the parameter k which must be determined by some other con-

sidera tion ; Roshko ultimatel y related it to a characteristic wake width as will

be disc ussed shortl y. The theories of Riabouchinsk y and Roshko not only provide

a means to obtain better agreement with experiments but also introduce some char-

acteristic(s) of the wake into the formulat ion . This places the intuitive not ion

of a cou p l i n g  be tween the fo rce s on th e bod y aad i t ’s wake on a more rigorous

basis. Although this discussion is based on two dimensional bluff body f l ows ,

the i n f l uence of yaw ang le upon either free—streamline anal y s i s ca n he assessed

qui te simpl y. The potential flow analysis will decompose according to the Inde-

pendence Principle wi th no further assumption other than the absence of axial

gradien ts. However , three—dimensional effects can still influence the Outcome

through changes in the wake parameters or differences in the separation process.

The traditional criterion for boundary layer separation is that the sur—

face shear stress must vanish. For two—d imens ional stead y, lam inar separa-

t ion this condition is sufficient , but in the presence of unstead i ness , tur-

bulence or a third velocit y component other conditions may be necessary . For

—6—
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examp le , it has been suggested that unstead y separation occurs when the shear

stress and velocity vanish together [60) . In the case of three—di mensional

stead y flows two types of separation have been postulated (60). The first ,

termed singular separation , is a result of both surface shear stress compon-

ents simultaneousl y going to zero . The second type of three—d imensional

sepa ration , termed ordinary , occurs when one stress component is much larger

than the ther. In the latter situat ion the projections of the streamlines near-

est the surface onto the surface will converge . From continuit y this convergence

in one p lane will be balanced by dive rgence in perpendicular planes and the flow

will beg in to depart from the surface. The separating f l ow w i l l , in gene ral , po-

ssess vorticity vectors whose direction is not parallel to the separati l line .

Also , the shear stress on the inside of the shear layer need not be zero. This

is quite different from the two—dimensional case and has not been taken into ac-

count during studies of the flow abou t yawed cy l i n d e r s .

The separation process for a yawed cy linder is at once un~~tead y, three—

dimensional and poss i b l y turbulent , so that a quantitat ive descri ption of the

flow is not possible at the present t ime . Nevertheless , an important qualita-

t ive difference between the separation mechanisms for yawed and unyawed cy li n-

ders can he identified . ~~erea s the  f l ow  separa t ion f r o m an unyawed cy linde r

is of the two—dimensional singular variety, the separation from a yawed cy li n-

der is of the three—dimensional ordinary type . Surry [551 has presented sev—

e ra l  pho tographs of surface flow patterns on yawed cy linders that clearl y show

fl ow convergence leading to ordinary separat ion . This important difference be-

tween yawed and unyawed separation is a direct result of the spanwise flow that

occurs on the yawed cy lind er. All else being equal , the presence of a spanwise

shear stress would tend to promote separation somewhat before the crosswise

shear stress vanished. In other words , one could expect sli ghtl y earlier sepa-

rat ion on yawed cy linders as compared to unyawed cy li nders and this would in

~~~~~



turn tend to increase the stead y drag above the value predicted using the In-

dependence Princi p le. In terms of the free—streamline theories this ought to

correspond to a sli ghtl y larger base pressure parameter k. Examinat ion of

Roshkos curves [Ref. 46, Fig. 5] near k 1.4, a typ ical value for circular cy l-

inde rs , reveals that a 1 degree change in the separation az imuth corresponds

to t~k 0.02 or a change in drag of about 6 percent .

Among the first measurements of stead y drag on yawed cy linders were those

made by ReIf & Powell [42] for Re “ lO~~. Based on wind tunnel force measure-

ments on inclined (0 < 80~ ) smooth and stranded wires , it was concluded that

the norma l or crosswise component of drag approximatel y varied as cos
20. Thi s

suggested the use of the norma l component of velocity to characterize the drag

as

C
Dn 

= normal component of d~~~~f~in i t  l e n g t h
(4 )

1/2 p (U coseY
0

U cosO D
f (Re ) , Re = 

0
n n v

which  is , of course , also a result of the Independence Princi ple. The approxi-

ma te nature of this conclusion is evident from ReIf & Powell’ s experimental

findings and is remarked upon in the text . A sing le se r ies of te s ts by ReIf &

Powe l l  on a smoo th cy l i n d e r clea r ly shows a monotonic increase of C
D
n 

wi th yaw

angle such that the drag was 10 to 20 percent higher  a t 0 6O e to 80’. Similar

t rends  h ave been repor ted by Bursna ll & Lofting [71 and Smith , Kao & Moon 153]

wi th regards to the pressure distribution on yawed cy li nders. Bursnall & Lofting

were pa rticularl y concerned with boundary layer transition for yawed cy lind er~

wh ere 0 ~ 60’ and they measu red  the  base p r e s s u r e  fo r  R e y n o l d s  numbers  in t h e

transition and subcritical ranges. They found that the critical Reynolds number

—8—
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could no t  be d e t e r m i ned s o l e l y b y t h e  norma l componen t  of v e l o c i t y  and that

s u b c r i t i c a l  base p r e s s u r e  c o e f f i c i e n t s  d i d  not  v a r y  as cos 2
0. S m i t h . K ao & Moon

employed  c i r c u m f e r e n t i a l  p r e s s u r e  m e a s u r e m e n t s  to compu te  t h e  p r e s s u r e  or f o r m

d r a g  as a f u n c t i o n  of yaw a n g l e  in a range  of s u b c r i t i c a l  R e y n o l d s  n u m b e r s .

They found that the norma l component of form drag was greater than that predic-

ted using the Independence Princi p l e ; C
D 

increased by as much as 25 percent

as 0 increased from 00 to 600 . Each inv esti gator has identified the span—

wise velocity as the underl y ing cause of the observations. The concensus is

that the spanwise flow promotes earlier turbulent transition in the wake for

subcritical Reynolds numbers by “tri pping ” the boundary layer and there by re-

ducing the critical Reynolds number. In this writer ’s opinion the difference

between the separation mechanisms for yawed and unyawed cy li nders is equall y

important because this difference occurs for all Reynolds numbers and can vary

with yaw angle. Further , these differences point to the influence of the span—

wise velocit y both in occurrence and in ma gnitude. In the following discussion

we shall see a similarl y important influence of the spanwise flow upon the wake

development .

The separated shear layers behind a bluff bod y roll—u p to form vortices

that , for most Reynolds numbers , alternatel y detach from the base reg ion of the

cylinder and move away downstream. The alternate shedding process causes an

oscillatory movement of the separation lines and ultimatel y prod uc es a s taggered

di screte vortex pattern in the wake. As a result of the separation line move-

ment , fluctuating lift and drag forces are generated at the shedding frequency

f and twice the shedding frequency, respective ly. Cl earl y th e  s h e d d i n g  fre-

quency  is an important parameter of the problem and was first systematicall y

documented by Roshko [45] for a variety of  unyawed cy linders. In the non—
f D

d i m e n s i o n a l  fo rm St 1 —f-— t h e  s h e d d i n g  f r e q u e n c y  depends primaril y upon
U
0

1
St is the Strouhal number.
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t h e  R e y n o l d s  n u m b e r .  The Independence Princi p le preserve s this relationshi p

b e t w e e n  t h e  S t r i l l - I l and Reynolds numbers for yawed cy linders if both quant i-

t ies incorporate the norma l components of velocity: St = f ~~~ and Re =

lI D n s n n
n 

Iv. As a practical matter st is essentiall y constant for Re between lO~

and 5 x 10~ , so that one would expect the shedding frequency to va ry as cos 0

in this range . A numbe r of investigators have tested this proposition and have

reported it to be the case. An interesting exception to tois trend is the rather

precise experiments of Van Atta [58] who concluded that the shedding frequency

versus Re
n 

did not follow the Independence Princi ple within his range of Reyn—

olds numbers Re < 300. Furthermore , his results are within the error bounds of

many other workers who report bounds and claim to have verified the Cosine Law at

large Reynolds numbers . The precision of Van Atta ’s experiment was in part pos-

sible because the wake velocity spectra are sharp ly peaked at low Reynolds numbers.

The al ternating vortex pattern in the wake of a cy l i n d er i s us ua l l y termed

a von Karman vortex street in recognition of von Karman ’s c l a s s i ca l  ana l y s i s

for sta gge red arrays of potential vortices. Von Karman showed the only li n-

earl y stable arrangement for an inviscid vortex Street W OS the familiar stag-

ge red pattern with a ratio of transverse to long i tudina l vortex spacings equal

to h/f = 0.281 [Ref. 34, pg. 155]. Al though this finding and others which have

followed are based on an infinitel y long, two dimensional inviscid vortex Street ,

it is possible to app ly these  or s l ightl y modified results to real vorte, wakes

under certain conditions. After the shed vortices move away from the babe re—

gion of the cy linder , vorticity is d i f f used away from the core of each vortex

as the pattern is convected downstream. Eventuall y the vor t ex cores expand .

begin to interact , and p r e c i p itate the breakdown of the regular vortex pattern.

However , before this happens a stable arrangement exists for several cycles in

the wake s h o r t l y af ter formation [221. In the stable region turbulent or lam-

inar diffusion effects are small except in the immediate neighborhood of the
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vo rt ex cores , and i t  is poss ib le  to a p p l y  an i n v i s c i d  fo rmu la t ion . One such

r e s u l t  is a r e l a t i o n  between the vortex Street convection velocity U , the in-

dividual vortex circulation K , and the transverse and long itudinal spacings h

and I. :

K
U = f £ = U — tanh — . (5)

C S 2L 9.

To the extent that the inviscid vortex street model is app licable in the two—

di mens ional case one can expect that it will be equall y valid for the yawed

cy l i n d e r because  the l i n e a r i ty of the po tent i a l  f l ow  ana lysis will alway s per-

mi t a spanwise flow to be superimposed up on a cross flow solution . Once again

this is equivalent to the use of tu e Indepe ndence Princi pl e and axial gradients

are not considered.

A real vortex street originates from a complex interaction between the sep-

arated shear layers in the base region of the cylinder. The complexity of this

in t erac t ion ca n be i n d i c a ted by a comparison between the vorticity d i s c h a rged

from the cylinder and the vorticity contained in the vortex street . The circu—

la t ion per unit length of the separating shear layers is U
F 

and the average ye—

locity is 1/2 U
F 

so that the total rate of discharge of circulation is 1/2 U~ .

The individual vor tices in the street meanwhile possess a circulatio n K and are

crea ted at a rate f on one side of the Street.
S

By defining -

vorticity in Street ~~~~~~~~~~~~~ 

2 
(6)

vor ticity discharged 1 / I

one has a measure of the fraction of discharged vorticity that actuall y appears

in the form of concentrated vortices . Various investigators [16 , 23 , 47] have

reported values of this fraction in the range £ — 0.15 to 0.85 which indicates

78 ” lO 04 00 9
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that much of the discharged vorticity is lost due to mixing in the formation re—

gion . Cl earl y, the vortex wake is very dependent on the comp lex formation pro—

cesses. Meanwuile , Roshko and Riabouchi nsky have shown that the base pressure

or fluid forces are also sensit ive to these processes. Roshko ’s “universal”

Reynolds number concept was the first successfu l attempt to b r i d g e  the formation

region and thereb y join the free—streamline theory to the vortex wake.

Roshko ’s concept is based on the observation that two parallel shear layers

req u i r e onl y two quantities to comp le t el y characterize them; the streamline veloc-

ity U
F 

and the distance between the layers d
F
. Si nce the layers will eventu—

a l l y roll— up to form a periodic wake , the characteristic frequency of this wake

must be proportiona l to the ratio 
U
F/d This defi nes a “universal ” St rouha l

numbe r S which is independent of the body that generated the shear layers ;

= ~~~ 
d

F 
( f l

U
F

Si m i l a r l y, a universal Reynolds number can be defined as ,

* 
U
F

d
F

(8)
V

The above concept is not readil y extended to include yawed cy linders be-

cause of the additic ial component of vort icity that is introduced by the sp an w i s e

• flow . The si mp les t approach is to i gnore  ch anges in f low d i r ec t ion ou ts ide  t h e

shear layers and view the shear layers in a p lane perpendicular to the resultant

vortic ity vector at separation . Based on the Independence Principle and Roshko ’s

appr oach the components of vorticity at separation are

0
2 ’ U — k U kU cosO (9)F

N 
n

and

• U U s i n O  ( 10)
x T o
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using the not ati on in Fig. 1. The angle y between the resultant vorticit y vector

and the cy linder axis is then given by

0 , tan 0
xtan y = — . ( 1 1)

0 , kz

If the mixing process in the formation region cancels equal percentages of 0 ,

and 0 ‘ then the orientat ion f vortex filaments in the vortex stree t is alsoz

d e f i n e d  b y y .  On t h e  o t h e r  hand  Ch iu ’ s [ 8 ]  computed  v e l o c i t y  p r o f i l e s , based on

t h e  I n d e p e n d e n c e  P r i n c i p le , fo r  a yawed cy l i n d e r  show t h a t  the distributions of

0 , and 0 , are  n i t  equa l  and , in  f a c t , t h e  m e d i a n  of 0 , c o r r e s p o n d s  to aboutx z z

the  80th percentile of 0 ,. Thus a mixing process that cancels the inner por-

t ions of the shear  l a y e r s  w i l l  c a n c e l  more  of 0 , t h a n  0 , .  An ex t reme t h a t  is

c o n s i s t e n t  w i t h  o b s e r v a t i o n  in t h e  two —d imens ional  case mi gh t  be t h a t  502 of

is c a n c e l l e d  a l o n g  w i t h  80% of II , so th a t

0 . 2  0 , 2 t a n  8
xtan y —. = _____ . (12)

0.5 o , 5k
z

Thi s relation and the proceeding one are plotted in Fig. ~ in terms of shedding

angle a — 0 - y and k — 1 . 4 .  These  e s t i m a t e s  are g e n e r a t e d  f r o m  very s i m p l e  ar-

g u m e n t s  based in large p a r t  upon the Independence Princi p l e. The result is a

r a n g e  of i n c l i n a t i o n  a n g l e s  for  the vortex Stree t filaments that is always less

t h a n  t h e  yaw a n g l e .  A numbe r of f l ow  v i s ua l i z a t ion stud i e s  of yawed cy lind er

wakes [10 , 30 , 55 ]  c o n f i r m  t h i s  o b s e r v a t i o n . However , i n c l i n e d  vo r t ex  l i n e s  are

not uni q ue to yawed cylinders and have been reported for unyawed cylinders by

numerous investi gators [18]. In the case of an unyawed cy l i nder , sl an twis e

shodding is usuall y attributed to extraneou s influences such as disturbances in

the freestream , non— uniformity of the cy linder , or the influences of end condi-

t ions. Since these effects are also present in yawed cy li nder experiments it is
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diffic ult to identif y and a n a l y z e  the basic  yawed cy linder flow patterns . For

examp le , the self—induced vortex street velocity (Eq. 5) must he perpendicular

to the vortex filaments , yet if the vortex filaments are inclined to the free—

stream direction then the vortex street will be convected at some ang le t o th e

freestream. From the results of Smith , Kao & Moon [53), the  f l ow di rec t ion
x x

profiles at downstream distances of— = 5 and — 10 differ very li ttle and po—
D D

sess a residual ang le of up to 10’ from the freestream direct ior.. This resid-

ual angle is indicative of slantwise shedding but bears no apparent relation to

the yaw ang le. Thus it is not possible to decide whether this is a result of

yaw ang le , extraneous influences or both.

1.1.3 The Effec ts of Finite Length Upon the Wake F. In addition to the

cross—sec t ional shape and the yaw angle one other geometric variable remains ——
the c y l i nder  leng th L or , non—d imensionall y, the cy linder ’s aspec t ra t io L/D. in

the limit L/D = — , the f l ow  over bo th yawed and unyawed cy linders is nominall y

two—dimens ional. A classic experimental difficulty is to prod uce the des i red

(n o m i n a l l y) two—dimensional flow at finite values of L/D when the presence of

end effec ts necessaril y in troduces a three—d imens ional flow . For the case of

an unyawed cy li nder two general remedies have been employed . In the first , a

large aspect ratio is selected and the end effects are assumed to be confined

to the extremities of the cy linder. Measurement s on the center section are

usually checked for spanwise uniformity and an effective cy l i nde r  leng th is

d e t e r m i ned .  Th i s  approach can be m i s l e a d i n g , as S tansb y [54] and Etzold &

Fiedler [151 have shown . Stansby meas u red the base pressure  of f i n i te aspec t

ra t io cy linders (L/D = 10 and 20) and showed that although the base p ressure

C
b 

was essen tially uniform over the center span , its value depended on the

end cond itions. Etzold & Fiedler examined the flow about an unyawed , c a n t i —

levered cy l i n d e r  for  Re 3 x l0~ and L/D < 10. A spanwise v e l o c i t y  com-

ponen t existed over the entire span for all the aspect ratios tested . At
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the largest ratios of L/D a uniform distribution of drag was approached near

the bottom of the cantilever , but the flow was nowhere two—d imens ional. The

second remed y for  u n d e s i r a b l e  end e f f e c t s  i n v o l v e s  the  use of th in end p l a t e s

a l i gned with the freestream to control the end flow . Presumabl y, the end plates

produce onl y three—dimensional disturbances of a size comparable to the boundary

layer on the plate while spanwise pressure gradients and velocity components are

large ly prevented . This remedy is widely used and criteria have even been sug-

ges ted for selection of the endp la te size and geometry (19 , 21 , 54 ] .

In the case of a yawed cy l i nder , the experimenter must recognize that a

very specific spanwise velocity component should exist but no pressure gradi-

ent s are permissible. As discussed earlier , both the separation process and

the wake development are likely to be sensitive to whatever spanwise veloc-

i ty and pressure gradients are present. This rules out flat end p lat es a l i gn ed

wi th the freestream for small aspect—rat io yawed cy linder s as a means to S imu-

la te i n f i n i te or very large aspect ratios . Thus the prime experimental tech-

niq ue in the zero yaw case cannot be applied in a strai gh tforward manner to the

yawed case. It remains to be seen whether curved endp l a tes or p lates set at an

a n g l e  to the freestream can produce the desired effect; the difficulty is then

to  d e t e r m i n e  wh ich e f f e c t  is the  desired one. During low Reynolds number ex-

periments on a stationary unyawed cy linder , Gerrard [19] mounted the cy l i n d e r

between airfoils that were sli ghtl y inclined to reduce the gap between them.

Evide nt ly the purpose of this arrangement was to insure a un iform flow over

the center span of the cy l i n d e r , but t h i s  may have promoted or at least in—

fl uenced the slantwise shedding that he observed. Cerra rd did comment that

t he  v o r t e x  s h e d d i n g  f r equency  at near l y seven diame ters f rom the a i r f o i l  wa s

m o d i f i e d  in a manner consistent with the altered direction of the  f r e e s t r e a m

v e l o c i t y  due to  the inclined airfoil. Stated another way , an i n c l i n e d  end —

p l a t e  on an unyawed cy l i n d e r  caused a local  f l o w  c o m p a r a b l e  to i n c l i n i n g  t h e
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cy linder. The observations of Stansby, Etzold & Fiedler and Gerrard taken to-

gether with the present discussion point to the importance of end effects and

imply that these effects can act over the entire span of a finite cy linder even

for  aspec t  rat ios l a rge  by u sua l  s t a nd a r d s  ( L / D > 10 ) .

Several investigators have studied the wakes of stationary finite—length

cy li nders at very la rge yaw angles near 90’. The problem addressed in these

studies can be described as slender body aerod ynamics for small inclination

ang les between the body axis and the freestream direction . The applicat ion is

to m i s s i l e  f l i g h t so t h a t  c o m p r e s s i b i l i t y  e f f e c t s  are i n c l u d e d  and th e R eyn o lds

n u m b e r s  are q u i t e  la rge . In a d d i t i o n , th e influence of nose cone r forebod y

geometry on the flow is of special interest. In papers  by Thompson & M o r r i s o n

(561 and Lamont & Hunt 137 ], subsonic flows are observed where the compress ibi l—

ity effects appear to be of secondary importance to the vortex dynamics . The

major feature of the wakes of these bodies is a fixed pattern of downstream

trailing vortices. A schematic of the flow pattern , adap ted from Thomson &

Morrison , is shown in Fi g. 5. On the basis of th is wake confi gurat ion two

m e t h o d s  of anal ysi s have been utilized. The fir st is an impulse flow analogy

[50] where the spatial changes in the wake are likened to the temporal wake

changes behind an impulsive ly s tar ted cy linder , while the second is a von

Karman vortex Street analogy where the convection velocity is exac t l y bal-

anced by a component of the freestreani velocity. The aim of both anal yse s is

to describe the stead y in—p lane and ou t—of—p lane forces on the cy linder , where

the in—plane forces are usually resolved into components norma l and parallel

to the  cy l i n d e r  a x i s .  The s pan w i se  d i s t r i b u t i o n s  of these  componen ts  depend

upon the nose geometry as expected . Of importance to the present stud y is the

o b s e r v a t i o n  t h a t  t h e  i n — p lane  normal  fo rce  c o e f f i c i e n t  along the span rap idly

approaches a uniform value that depends little on the nose geometry and is corn—

p a r a b l e  to  the  u s u a l  drag  c o e f f i c i e n t  for unyawed cy l i n d e r s .  The t r a i l i n g
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vortex pattern and therefore this result have been recorded for yaw angles as

little as 15’. The poin t to be made here is that two distincl y different flow

p a t t e r n s  b e h i n d  f i n i t e  cy l i n d e r s  have been observed fo r  o v e r l a p p i n g  range s of

yaw ang les. Furthermore , in—p lane force measurements (drag) cannot , by them-

selv es , differentiate between the two flow regimes; onl y detailed wake measure-

ments and/or flow visualization can identif y the occurrence and form of the

finite length effects.

1.1.4 Vortex—excited and Forced Vibrations of Cy li nders. When a rigid cy l-

inder vibrates in a uniform flow , a number of interesting fl uid dynamic phenomena

occur that depend on the frequency and amp li tude of the vibration . If the cylin-

der is a li gh tl y damped oscillator and possesses a natural frequency near the vor-

tex shedding frequency (or some multi ple or submulti p le of it), then these vibra-

ti ons can be self—excited and the responses of the fluid ‘md the cy linder are

coup led [41. Vortex—excited vibr ations have been a serious problem for designers

of s t acks , m a s t s , towed and moored u n d e r s e a  cables , heat  e x c h a n g e r s  and o f f s h o r e

s t r u c t u r e s .  The coup led  s t r u c t u r a l  and f l u i d  motions are difficult to stud y, so

one f r u i t f u l  approach  has  been to isolate the fluid response by ex t e r n a l l y vib ra-

t ing the cy linder. In t h i s  way the f r e q u e n c y  and amp l i t u d e  become i n d e p e n d e n t l y

controlled variables over a wide range that includes , but is not restricted to ,

self—exc ited conditions. It is worth noting that this approach has provided data

w h i c h  may be of use d u r i n g  future studies of vortex—excited vibrations in a shear

flow where , in ge n e r a l , the v i b r a t ing bod y will not experience self—excitation

f o r c e s  ove r the e n t i r e  s p a n .  The fo rced  v i b r a t ion a p p r o a c h  is u t i l i z e d  in the

present stud y.

The li terature relating to vortex—excited vibrations has been large ly con—

cerned with unyawed cy linders tha t vibrate transversel y to th - incident flow

direction . In—line v i b r a t i o n s  have a l so  been observed [49,61] and studied
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[26 .29 ,331 but they will not be considered here . Therefore the additional non—

dimensional variables of interest to this investi gation are the amp litude of

transverse vibration scaled in bod y diameters , a/D , and the ratio of vibration

frequency to the natural vortex shedding frequency, f/f . Another non—d imen-

sional quantity, termed the reduced velocity, is often used in p lace of the fre--

quency rat io when discussing self—excited vibrations at- a natural structural

frequency. The reduced velocity , V = U /f D can be related to the fre—
r 0 n

quency ratio as follows because f = f by def i n i t ion

f U f
U — s o — S — lv = o/ — — — — St (13)

r f D  

~n 
f D  f

It is well—known that a vibrat ing, unyawed cy li nder will “capture ” the vor-

tex shedding ove r a reg ion in the frequency—amp li tude plane as shown in Fig. 6,

taken from Koopmann [35]. This means that the natural vortex shedding process is

suppressed in favor of a shedding frequency that is equal to the body vib ration

frequency. As a result of th is locking—o n or synchronizatio i the wake structure

becomes more regular and is essentiall y two—dimen s ional. The spanwise cross—

correlations of the velocity and the pressure fluctuations all improve greatl y

[17 ,35 ,39 ,401 as the vortex filaments ali gn wi th the cy li nder axis. The vortex

wake c h a r a c te r i s t ics vary in relation to the amp li tude and frequency [24,28 ] .

Increasing the amp li tude of vibration causes the transverse vortex spacing, h ,

in the fu l l y—developed wake to decrease while the long itudina l vortex spacing , 9..

va r ies inve rse ly wi th the frequency rat io. The vortex circulation [12 ,241 also

chan ges ma r k e d l y and is a function of a “wake response parameter ” [25] d efined

as st = 
f / f  ( 1 + 

a I D )  st. The large r the value of this parameter the greater

the vortex strength.

Griffin [22] has shown that a sing le charac teristic length can scale much

of the downstream wake development over a wide range of amp l i t udes , f req uencies
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R e y n o l d s  n u m b e r s .  T h i s  c h a r a c t e r i s t i c  d i m e n s i o n  is t h e  v o r t e x  ‘or m a t i o n  reg ion

l e n g t h  
~~~ 

w h i c h  is d e f i n e d  as the  d i s t a n c e  to t h e  i n i t i a l  p o s i t i o n  of a f u l l y

formed vorteX . The vortex formation length is also a function of the wake re-

sponse parameter.

Comparable forced body experiments do not exist for yawed cylinders , though

s e v e r a l  i n v e s t i g a t i o n s  of the s e l f — e x c i t e d  case have been made .  Dale & H o l l e r

[10] h ave published flow visualization photograp hs of stationary and self—excited

yawed cables towed in water for 8eynolds numbers between 30 and 500, and with as-

pect  r a t i o s  g r e a t e r  t h a n  125.  S ince  the  cab les  were f l e x i b l e  and curved , the

amp li tude of vibrat ion and the yaw ang le vari ed along the span. Two important

features have emerged from these experiments. Firs t , large transverse vibrations

did occur and , second , the vortex filaments that were shed at an ang le to t h e

curved stat ionary cable became aligned with the curved cable when it was vibra-

ting. The three-dimensional vortex street so generated appears to be convected

in the freestream direction and the individual Vortex filaments persist for ten

or more wavelengths in r~ e wake. However , the wake behavior observed in these

experiments cannot be generalized to other yawed cy linders because of the par-

ticular symmetry of the curved cy linders. Another stud y of a v i b r a t ing , yawed

cy linder was undertaken by Koopmann [36) who measured the re sponse of spring—

mounted , ri gid cy linders in a wind tunne l and reported that regular vibrations

d~ d not occ u r fo r yaw ang les greater than 15 ’. In vi ew of the aspect ratio

(L/D = 4) and the use of end pla tes aligned with the freestream it is not possi-

ble to generalize these results to other situat ions.

The most recent stud y of the cou p led problem provides more promising re-

sults. King (32) recorded the response of flexible , c ant i lev ered c y l i n d e r s  in

i water flume for Reynolds numbers in the range Re = 3 x l0~ to 2 x and yaw

ang les between +45 degrees. The aspect ratios are not stated , but they seem to

be no less than 20 and no greater than 40. King observed for these conditions
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that the vortex—excited response could be scaled by cos 8 and that the sta-

t ionary cy li nder drag scaled by cos
2 

8. He concluded that the Independenc e

Princi pl e is valid for both stationary and vibrating yawed cy linders. However ,

comp lete agreement was not ach ieved until a subs idiary set of cy linders was

tested under conditions that changed the bottom end conditions from those of

his main test apparatus. The presence of a bottom crossbeam during the main

tests reduced the response amplitude by as much as 50 percent from that expec-

ted using the Independence Princi ple and later measured during the subsidiary

tests. As King observed , the differences were not a simple matter of a reduc-

tion in the effective length of the cy linder. The indication seems to be that

the cross beam modified all or most of the vortex shedding along the span re-

gardless of whether the beam was on the upstream or downstream end. In view

of these findings and in the absence of detailed flow measurements , i t is dif-

ficult to assess the contribution of end effects in either the main or subsid i-

a ry  tes ts. Hence , there is some uncertainty regarding the extent to wh ich

King ’s results can be generalized to other situat ions.
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2.0. EXPERIMENTAL SYSTEMS

2.1 Wind Tunnel , Test Section , and Test cylinder s . The experiments were

performed in an open jet wind tunnel with a 6—5/16 inch (160 mm ) square exit.

Immediatel y preceding the exit was a 6 inch (150 mm) long clear acry lic test

sect ion that was employed to minimize changes in the freestream flow over the

length of a yawed cylinder. The sides of the test section could be removed as

needed. Upstream from the test section the air flow was conditioned by a honey-

comb flow strai ghtener , several fine mesh screens , and a 20:1 area—ratio con-

traction sect ion . A larger plywood box with access window s surro’i.ided the test

section and the f:ee jet on four sides to eliminate interference from room

d rafts. A photograph of the wind tunne l and supporting equi pment is shown in

Fi g. 7. As a result of these arrangements the flow ins ide and just after the

test section was uniform to with in 2 percen t of the mean value for all but th e

thin bouv dary layers of the flow . A res idual or freestream turbulence level of

less than 1.5 percent was measured in the test section ; within the frequency

band 20— 1 000 Hz a leve l of less than 0.5 percent was obtained.

The cylinders were mounted at the end of the test se,ticn such that a zero

yaw angle corresponded to a cy linder normal to the free jet. Various yaw angles

were ob t a i n ed by ti pp ing one end of each cylinder into the acry lic test section ,

+e , or occ as ionall y away from the test section , — 13 .  This sign convent ion is made

clearer by noting that the fixed end of each cy linder was imbedded in an exten-

sion of the test section floor that could be rotated to obtain the desired yaw

ang le up to a maximum of 60’. Th e cy li nders themselve s were either solid steel

dril l  rods or precision brass tubes. The brass tubes were used in con junction

w i th end p lates that could he soldered onto the tubes at various positions and

orie ntations. A special clamp ing arrangement was manu factured in order to as-

semble the cy lind er and end pl ate with some precision (+ 0.5’). The brass

end p lat e s  were i n d i v i d u a l l y m a c h i n e d  f r o m  1/16 i n c h  ( 1 . 6  mm ) t h i c k , 1 — 1 / 4
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inch  (32  mm) d i a m e t e r  b rass  d i s k s .  Each d i sk  was t a p e r e d  on the  u p s t r e a m  and

downstream edges. The streamwise dimension of the end plates was always greater

than 5 cy linder diameters and was usuall y greater than 8 cy linder diameters.

No attempt was made to polish the cy lind er or end p la te surfaces beyond their

manu fac ture d smoo th ness s ince i t has been shown tha t s l i ght to moderate surface

roughne ss is not a si g n i f i c a n t  v a r i a b l e  under  the present conditions [59]. A

photograph of two cy lind er—end p late combinations is shown in Fig. 8.

2.2 Forced Vibration Equi pment. The forced vibration experiments were per-

fo r med by oscillat ing a cylinder that was cantilevered from a trasversiilg bea m

loca ted at the top end of the acry lic test section . The beam was flush with

‘ne roof of the test section and had holes drilled to produce six yaw angles of

8 = 0, 10°, 20 °, 30 °, 40 °, and 50°. The beam was driven side—to—s ide by an elec-

tromagnetic shaker connected to one end of the b.am and the mot ion frequency and

amplitude were derived from a signal generator and a power amp lifie r. The shaker—

beam system had a limited oscillation amp litude in the frequency range of inter-

est (20 — 40 Hz), so the cy l i n d e r s  were occ as iona l l y tuned to respond in a natu-

ral fundamental mode in order to obtain large r amp litudes. As a result , the am-

p li tude of vibration some t imes varied along the cy linder span. The variation in

amplitude along the span was not a handicap since it has been shown that locked—

in vor tex shedding l a r g e l y depends on local amplitude [40].

0 The amplitude of motion at any point along the cy linder was measured by an

optical tracking device located abou t 3 feet (1 meter) downstream from the test

section . This instrument was capable of following the motion of one side of the

cy li nder if the background of the viewing area was bri ghtl y li t. The proper li ght—

ing was obtained by aiming 650—watt incandescent lamps through the wind tunne l con—

traction section . The electromagnetic shaker was mounted on vibration isolated

supports to eliminate any transmission s to the wind tunne l and sensor systems .

- 
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2.3 Flow Vis ualization Equi pmen t . The essential feature of the flow vis-

ualization system is a thin sheet of aerosol that spans the centra l vertical

p lane of the test section . The forced vibration apparatus described above was

used to p lace the  cy linder in the plane of the aerosol so that the spanwise

flow development could be observed and ph otograp hed .

The aerosol was generated by bubb li-~g compressed  ai r th r o ugh a l i quid — —

di(2—e th y lh e x y l)—ph thalate , or DOP —— to obtain a suspension of small li q uid

drop le ts. Liqu id DOP wa s used to dup lic ate earlier systems [24], but in prin-

ci p le other inert , nontoxic , noncorr os ive , nonvolatile and nonhygroscop ic li q-

uids would have been suitable. After generation the aerosol was passed through

a small jet that impacted on a flat plate. In this way the largest li quid drop-

lets were stri pped from the aerosol and the mean particle size was reduced to

less tha n 1 ~im [13]. A photograph of the aerosol generating arrangement is

shown in Fig. 9.

The aerosol was injected into the freestream flow by means of a slender

ai rfoil located in the contraction sec t ion of the wind tunnel. The airfoil

ver t i c a l l y spanned the center of the converging tunne l and the aerosol eman-

ated from the trailing edge along both sides of a wake sp litter p la te. With in

the airfoil the aerosol entered through both ends into a cavity that was sepa-

rated from the trailing ed ge slots by wads of fine mesh wind tunne l screen.

The combination of a cavity, screens and a sp litter plate was found to produce

a very smooth and uniform aerosol sheet . The cavity and wadding provide un i-

formity of flow over the span while the sp litter p la te inh i b i t s  uns t ead in ess

i n the airfoil wake. It is worth noting that the airfoil was assembled in a

few hours from material available at most any hobb y shop and as seen in Fi gure

9 the generator system is equall y simp le. A schema tic of the entire system is

presen t ed in Fi gure 10 and a ph otograph of the airfoil injector positioned in

the wind tunnel contraction section is shown in F ig .  1 1 .
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The aero sol was illuminated by two strobe lig hts located on the opposite

side of the sheet from the viewing position . This arrangement took advant age of

the good forward scattering characteristics of the aerosol [27). The strobes

were driven by the same signal generator that excited the electromagnet ic shak-

ers so that locked—in vortex shedding was easil y iden tified visuall y as a

“frozen” wake pattern . Flow visualization pho tog rap hs we re ob tai ned b y using a

35mni camera with an f2.8 , 35mm lens mounted to one side of the test sect ion. In

a f u l l y dark ened room the strobe lights were flashed once while the shutter was

held open. The li ght ing levels thus produced were sufficient to permit norma l

proces s ing  of common l y a v a i l a b l e bl ack and whi te f i l m (ASA 400) .

2.4 Anemometry and Signa l_ Processing Systems. Two channels of constant—

temperature , hot—wire anemometers (DISA types 55D05 and 55K) were emp loyed i n

the experiments. The hot—wire probes were sing le element sensors (DISA type

55P01) wi th 5 ian diameter plat inum p lated tungsten wires. The probes were

mounted on two traversing mecharisms that both permitted movement in each of

three orthogonal directions. Both mechanisms were equi pped wi th scales and

verniers so that all disp lacements were measurable to + 0.05 mm. One mechanism

was motorized and capable of moving along two orthogonal axes; this was accom-

p lished by means of a fixed—speed motor drive and a variable—rate stepping mo—

tor drive (DISA type 55H01 traversing mech anism with DISA type 52B0l sweep-drive

unit). The motorized drives were used to p lot or to record velocity profiles.

The anemometer si gna l s were li ne a r i z e d  by means of ana log  devices expressl y

made for this purpose (DISA type 55Db linearizers). The calibration and linear-

ization of these measuring systems were undertaken in several ranges that spanned

the experimental tunne l speed requirements of 0.2 to 3.0 rn/sec . The calibrations

were accomp l i s h e d  by placing one of several unyawed reference cy linders into the

wind tunne l and computing the flow speed from Roshko ’s empirical relations [391
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and the observed vortex shedding frequency. The calibration cy linder for a par-

ticular set of experiments was always of a different diameter than the test cy l-

inders for that set.

The sheddi ng frequencies were determined from spectra of the anemometer sig-

nal when the probes were positioned in or near the wake. The spectra were ob-

tained from a 200—line Honeywell—Saicor Realtime Spectrum Anal yzer and Di g i t al

Averager. The resulting spectrum in each instance was an average of ei ght or

more samp le spectra . On occasion the linearized and calibrated anemometer sig-

nals were recorded on a four—channel FM instrumentation tape recorder (Hewlett—

Packard type 3946A) for later ana lysi s. Mean flow velocities were obtained di-

rectl y wi th an integrating di g ital voltmeter (DISA type 55D3l) and fluctuating

velociti es were measured directl y using a true RMS voltmeter (DISA type 55D35).

2.5 Pressure Measurements. Pressure measurements were taken with a null

balance micromanometer whose vernier adjustments had a resolution of 0.01 mm of

water column or about 1.4 x lO~~ psi. Base pressures were obtained from a

single tap at the rear of the cy linde r about midway along the span. The free—

stream static pressure P and the stagnation pressure P were obtained with

the aid of a pitot tube . Base pressure coefficients were obtained from the ratio

P — P  P — p
c = 

b o b 
2
° (14)

P -. P 1/2pU
5 0 0
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3.0 RESULTS FOR STATIONARY YAWE D CYLINDERS

3.1 Shedding Freo~ ency and Shedding Ang le. The most important character-

istic of vortex shedding is the shedding frequency f or , in nondimensional form ,

the Strouhal number St = ~s 
D
/ By incorporating the Independence Prin-

c i p le into Roshko ’s empirical relations [45) for the Strouhal number — Reynolds

number dependence , the following results are obtained :

St
n 

0.212 (1 
- 

A
i )  (15)

where

U D
Re • n / = Re cos 8

n V

and

21.2 ,Re < 150 ,
A ( 1 6 )

12.7 ,300<Re < 1500
n

If the measured Strouhal number St is divided by the computed value of St ,

then the ratio 
St

/St
n 

should vary as cog 8 regardless of the Reynolds number.

Of course , the ratio St , w i l l  va ry  as cos 8 on ly so lon g as the Ind ependenc e
(St

Pr inc ip le i s valid. This approa ch was first used by Van Atta [58] because it

suppresses  R e y n o l d s  numbe r v a r i a t i o n s  and because  i t  g ives s u p e r i o r  r e s o l u t i o n

f o r  t h e  v a r i a t i o n  o iedd ing  f r e q u e n c y  w i t h  yaw angle , p a r t i c u l a r l y at large

va l ues of the ang le. For these reasons the results for stationary yawed cy lin-

de r s  are no rma l i z e d  by the ra t io St /St in the present stud y.

The shedding ang le a i s poorly defi ned unless the shed vortex filaments

are stra ight , or nearly so, and unless their orientation is steady. With two

exceptions both conditions prevailed in the present stud y. The fi rst exception

was observed fo r  cy l i n d e r s  w i th  l i t t l e  or no yaw a n g l e .  The vo r t ex  f i l a m e n t s  in

• t he  wakes of these cy l i nde r s  were o f t e n  wavy and e x h i b i t e d  some u n s t e a d i n e s s .

The second excep t ion  was the r e s u l t  of a t r a n s i t i o n  in the vort ~~< wake p a L t e r n

and will be discussed later in this , sec tion .
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The sheddi ng angle was determined from flow visualization photographs taken

during each shedding frequency measurement . The cy li nder and its wake were con-

tained in the plane of the aerosol so that the vortex filaments appeared as lines

of concentrated DOP . When the vortex filaments were strai ght it was a simple

matter to measure their inclination angle with respect to the vertical (e  = 0) .

I f  t he  f i l a m e n t s  were not s t r a i gh t  a m e d i a n  v a l u e  was es t ima ted , and e r ro r  bounds

included with the data point to encompass the ent ire range of ang les ob se rved.

The shedding angle is introduced at this point because it was found to be closel y

rela ted to the shedding frequency and because it is a simp le but effect ive char-

acterization of the variou s wake structures that we re observed.

3.1.1 Free—Ended Cy linders. Preliminary tests using end p la tes prod uced

conflicting results so it was decided to beg i n with free—ended cy l i nde r s and

address the end p late situation separatel y. Thus , the initial experiments were

de s igned to examine the wake structure as it was influenced by yaw angle as-

pect ratio , and free—end geomet ry for variou s Reynolds numbers . Fi g. 12 con-

t a ins  a l l  of the sh ed d i ng freq uency measurements obtained with free—ended cylin-

ders. The aspect ratio L/D extends from about 20 to nearl y 100 and the Reynolds

number Re from about 160 to 1100 . For yaw angles g r e a t e r  than lO °the spread in

results is large desp i te a frequency resolution of +4% or better depending on the

shape of the  s p e c t r u m  and on the ana l yze r range s e t t i n g . I t  is i n t e r e s t i n g  to

note that a simp le curvefit would probabl y pass c lose to the  cos 8 cu rve . Such

an appr oach is inappropriate as shown by Fig. 13 which is composed of the fluc-

tuating velocity spectra obtained for Re 1100 and L/D 90.

The vertical scale in each trace is arbitrary and corresponds to the signal

a m p l i t u d e  v e r s u s  f r e q u e n c y ,  i . e .  t h e  F o u r i e r  s p e c t r u m .  The f r e q u e n c y  c o n t e n t  and

• m a g n i t u d e  v a r y  g r e a t l y  w i t h i n  the  wake so these  m e a s u r e m e n t s  were t aken  j u s t  out-

side the wake within a diameter of the rear of the cy li nders where the frequency

c o n t e n t  is due to  the  s h e d d i n g  f r e q u e n c y  for v o r t i c e s  of l i k e  si g n .  Thus, t he
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observ ed spec t r a l  peak is defined as f .  The solid triang le on the frequen-

cy axis of each spectrum indicates the expected shedding frequency based on

t he  I n d e p e n d e n c e  P r i n c i p le .  The observed va lue of f become s p r o g r e s s i v e l y

larger than expected for increasing yaw ang le. At the same t ime the bandwidth ,

t a k e n  between the 70 pe rcen t  amp l i t u d e  p o i n t s , inc reases  more t h a n  t e n f o l d  and

the amp litude of f compared to the back ground spectrum levels decreases by a

factor of about three. These numbers are qualitat ive but are representat ive of

th e i n f l uences of yaw ang le upon wake spectra [53].

The d i f f e r e n c e s  be tween the  observed and expected shedding f req uencies

were not c o n f i n e d  to a Reyno lds  number of 1100 as can be seen in Figure 14.

This figure is a rep lotting of the largest aspect ratio data from Figure 12 .

E x c e p t  for t h e  Re = 160 data the spread is greatl y reduced and the shedding fre-

quency seems to follow cos 13 up to 35° whereupon it exceeds cos 13 but is less

than Van Atta ’s em p irical relation . One is tempted to conclude that the cosine

laws are valid for ang les less tha n 35° but this is not appropriate as will be

shown later. In any case it is quite apparent that the Independence Princi p le

cannot  account  for  t h e  behavior  at Re = 160 and t h i s  is the f i r s t  i n d i c a t i o n  of

the  form of . fini te—length effects.

For Re = 160 and yaw angles  between 10° and 30° t he re  are two p o i n t s  for

each ang le. Each pair of data poin ts corresponds to measurements in two shed-

ding modes behind the same cylinder. The modes are typ i f i e d  by the flow visual-

izat ion photograph of Fig. 15. In the pho to the tes t c y l i n d e r  is l ean ing  to

the lef t in a f low f rom lef t to ri ght. Two hot—wire probes , a reference and a

meas urement probe ,, are a lso  i n the ph o t o g r a ph together with a portion of one

strobe ligh t. The lines of aerosol in the wake indicate the instantaneou s po-

sit ions of the vortex filaments. The two vortex shedding modes are easily d i s

t ingu ished by a large difference in the shedding angle. The “upper ” or “t i p”

mode in the ph o t o g r a p h was f i r s t  observed at a yaw angle be t ween 10 ° and 15° .
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For i n c r e a s  ing  yaw a n g l e s  the “ t ip” mode progressed fur th , r “down ” t h e  cy l i n d e r

until 6 = 30°, where it appeared to cove r the ent i re span (about 90 diam eter s ).

It seems reasonable to interpret the “upper ” and “lower ” Vortex shedding modes as

being influenced and largel y uninfluenced by the free end , respective l y, however

this interpretat ion will he subject to some refinement shortl y. Onl y a single

mode was observed for Re>460 , which is consistent with the frequency measurements

and is indicative of a strong Reynolds number influence on the flow.

Further insi ght can be gained from a comparison between the .iianges in the

s h e d d i n g  frequency St/St and the corresponding changes in the shedding angle

a. F igs . 16 and 17 p r e sen t  these  c o m p a r i s o n s for  Re • 160 and Re 460, respec-

tivel y. After some examination of Fig. 16 it appears that frequencies less than

cos B co r respond  to s h e d d i n g  ang les g r e a t e r  t h a n  the  yaw a n g l e  w h i l e  f r e q u e n c i e s

g r e a t e r  t h a n  or equa l  to  cos 6 are a s s o c i a t e d  w i t h  s h e d d i n g  ang les less  t h a n  or

equal to the yaw ang le. If one accepts the interpretation that the “ti p” mode

is a consequence of end effects then shedding angles that are greater than the

yaw ang le become connected with end effects. This reasoning is consistent with

the earlier considerations (Section 1.1.2) of the vorticitv discharg ed into t he

wake. There it was shown that the shedding ang le ough t to be less that’, the yaw

angle in the absence of end effects. If one is to remain true to this interpre-

tation then one must also conclude that lesser end effects occur for 6<35 ° be-

cause t h e  s h e d d i n g  a n g l e  is o f t e n  g r e a t e r  t h a n  t h e  yaw a n g l e  i n  t h i s  range  as

w e l l .  I t  is not p o s s i b l e  to d r a w  any f i r m  conclusions oth er than to say t h e r e

is an apparent interrelationshi p between the shedding angle and the shedding

frequency and to say there is an a s s o c i a t i o n  of end e f f e c t s  w i t h  s h e d d i n g  ang-

les gr ea ter tha n the  yaw an g l e .

The p r e c e d i n g  d i s c u s s i o n  concerns f r e e — e n d e d  c y l i n d e r s  of f i x e d  l e n g t h

wi th a flat free—end . The next series of experiments were performed in order

to  s t u d y the  e f f e c t s  of va ry ing  l e n g t h , i . e .  a spec t  r a t i o  L / D  ove r a w i d e r
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range and to examine the influence of different free—end geometries. These end

~come tries included a hemispher e and a 4Y cone , which were selected for their

simplicity and symmetry. The Strouha l number ratios St/St for these cy li nders

consist of the data in Fi g. 12 minus the data in Fig. 14. Much -~f the apparent

scatter of the data in Fi g. 12 can now be attributed to the progression of end

effec ts “down ” the span of the cy linder , but the entire story is more complex.

At low Reynolds numbers and large yaw ang l es th e wakes  of the cy linders were not

always a vortex wake of the von Karman type . Instead , a stead y trailing vortex

pattern often emerged as shown in the typ ical flow vis ualization photograph of

Fi g. 18 . This fl ow pattern is of the type studied by some earlier investi gators

of the missile fli ght problem [37,561 and discussed previously (see Fig. 2). of

interest here is the low Reynolds number occurrence of the phenomenon and the

fact that it was observed for yaw angles as small as 40°. From the entire set

of f l o w  v i s ua l i z a t ion pho tog r a p hs i t is possible to outline three regimes of wake

flow which include regular alternate vortex shedding , a stead y trailing vortex

pattern , and a transit ion between the two reg imes.

The outlines of the reg imes as functions of Reynolds number , yaw angle ,

and aspec t  r a t i o  are presented in Figs. 19a through 19c for the hemispherical ,

coned and f l a t  ends , r e s p e c t i v e l y .  Each v e r t i c a l  bar on the  graphs represents

on e ser i es  of photographs of a cylinder wake at one Reynolds number and various

yaw angles. For examp le , conside r the leftmost bar in Fig. l9a which corres-

ponds to a cy lind er with a hemispherical end at a Reynolds number about 200.

For yaw angles from —10 ° t o 25 ° the wake is of the typical von Karman vortex

pattern. For ang les between 25° and 40 ° there is a transition to the stead y

trailing pattern which becomes c l e a r l y e s t a b l i s h e d  for  6 > 4 Y .  At o t h e r

Reynolds numbers two or three adjacent bars are used to represent two or

t h r e e  s e r i es  at t h e  same Reynolds  number  and end c o n d i t i o n  hu t  w i t h  d i f f e r e n t

—30—

-~~-~~ - --—~~~~~ — - - - -
~~~~
--- - --~~~~~-——-~~

-
~~~~~~~~~~~~~ -— — -- - --~~ - •



dia meters to produce different aspect ratios . The three bars at Re = 460 cor-

respond to a 2:1 range in aspect rat io and demonstrate that the transition be-

tween vortex patterns is not dependent on the aspect ratio and is indeed an end

effect. In the case of different aspect ratios it was the onset of each reg ime

that is indicated in the graphs beca u se the “lo nger” cy linder (in diameters)

will have to be rotated to a larger yaw angle before the stead y trailing pat-

tern encompasses the entire span . In other words the transition starts at the

free end , progresses along the cy l i n d e r , and is followed by the formation of a

s t ead y trailing pattern over the upper portion of the cy linde r. The photo-

graphic series corresponding to the Re 160 bar in Fi g. 19c serves to illus-

trate the changes that take p l a c e .

The pho tograp h s are shown in Fi g .  20 and c l e a r l y ind i c a te the two modes of

t h e  v o r t e x  shedd ing  reg ime ( 6  < 35°) followed by a transition regime (35 °<e’(5O°)

that ultimatel y leads to a stead y trailing pattern (6>50 °). An interesting in-

s i ght into the transition process can also be gained from a stud y of the photo-

grap h s. Typ i ca l l y, the shedding angle just prior to transition is greater than

t h e  yaw a n g l e  (“ t i p ” m o d e ) .  At a s m a l l  yaw ang le the  v o r t e x  f i l a m e n t s  c l e a r l y

begin to 1oop over at the “top” of the wake after the fashion postulated by

Gerrard [161 some years ago. If the yaw ang le is increased further the loops

e v e n t u a l l y detach from the shedding vortex filaments and form a wavy l i n e  th a t

streams out behind the cy linde r. The loop ing process then occurs “lower ” in

the wake along the cylinder. At still larger yaw ang les the loop ing process

continues to move down , more wavy l i n es are fo rmed , and the first wavy l i n e s

strai ghten to form a stead y trailing pattern . The loop formation alternates

such that the trailing vortices emanate from alternating sides of the cy linder

w i t h  oppos ing  c i r c u l a t i o n  (see F i g .  2 ) .  R e t u r n i n g  to  the  o u t l i n e s  of the  var-

i ous regime s in Figs. 19a-c there is an indication of a Reynolds number influ-

ence tha t diminishes with increasing Reynolds number. The most striking
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feature of the three graphs is the basic similarity between the hemisp herical

and coned—end results as contrasted with the flat—end results. As will be dis-

cussed in the next section this is probabl y a result of the difference in span—

wise flow engendered by the flat end as compared to the hemispherical and coned

end s . -

The fi nal series of experiments with a free—ended cy linder was undertaken

to .cons ider another question relating to the influence of finite length. Since

all the measurements were obtained by incli ning a fixed length cy linder , sonic

measurements were repeated for a cylinder length that varied as (cos 6) 
1

Af ter some initial difficulty it was determined that small changes in the dis-

tance of the free—end from the wind tunne l wall could prod uce ve ry different

results as shown , fo r exa mp le , in Fig. 21. When the cy linder was in contact

wi th the w a l l  the Strouha l  numbe r ra t io wa s close to or below cos ~~~ , w h i l e  a

cy linder that was disp laced several diameters from the wall appeared to follow

Van Atta ’s em p irical curve until 6 = 55°. Also , the scatter of the results was

g reater than  had previousl y bee n the case. During these experiments the aspect

ratio was large (L/D>90) by usual standards , and ye t the influence of the tunne l

wall seemed to extend over the entire span.

3.1.2 Cy linders Wi th End Plates. The results of the free ended cylinder

experime nts indicated the form of end effects and that these effects could be

sig nificant for the entire span even for large aspect ratios , so a series of ex-

perimen ts was undertaken using cy linders fi tted with end p l at es.  It was q u i c k l y

determined that the conditions at the upstream end of the cylinder dominated the

flow , therefore subsequent tests concentrated on that end of the cy linder and left

the downstream end effective ly imbedded in a wall. In the belief that the span—

wise flow along the cy lind er was responsible for the variou s phenomena just dis—

cussed , t he  end p l a t e  ang le was va r i ed  in an a t t e m p t  to  i n f l u e n c e  t h e  spanwise

fl ow. The end p late angle 8 was measured from the vertical (8 0) such tha t 8 •
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90° co r r esp onds to an end p late aligned with the freestream and B 90° + 0 cor-

responds to an end plate norma l to the cy lind er axis. The end plate angles wer

estimated from the photograp hs , but the angles appear onl y as a parameter and the

form of the results do not depend on the accuracy of this measurement .

The shedding frequency and shedding angle measurements for two Reynolds num-

bers Re = 160 and 460, and two yaw angl~’.s 0 30° a nd 50 °, are shown in Figs . 22

and 23. Several features are common to all of the fi gures . First , there is an

essentiall y inverse relationshi p between the shedding ang le and the shedding fre-

quency. Second , the sensitivity to end p laN’ ang le is greatest when the end

p lates are approximatel y a l i gned with the free stream (B 90°— 11 O °). Third , it

is possible to obtain results ident ical to the use of the Independence Princi ple

identical to van Atta ’s emp irical shedding frequency relation within a very

small range of end p late angles. In fact it is also possible to have shedding

frequencies comparable to an unyawed cy li nder. Clearly , the use of flat end

p la t es on ya wed cy linders must be undertaken with some care and even in the best

of circumstances could produce results that are difficult to interpret. This

sensitivity of the shedding frequency to the end condition is no doubt respons-

ible for the wall influence in the constant aspect—ratio tests of the previous

section and probabl y accounts for much of the unexpected scatter in those mea-

surements. A comparison between Figs. 23 and 24 indicates that t h e  sensitivity

to end p late orientation lessens with ircreasin g Reynolds number hut this trend

could not be pursued withou t exceeding the capacity of the flow visualization

aerosol generator. A series of flow visualization pho tographs that approximatel y

matches the conditions of Figs. 23a and 23b is shown in Fi g. 24. The individual

pho tograp hs are presen ted in two column s in order of increasing B except for the

firs t pho tograp h which shows the wake of the free—ended cy linder under the same

conditions.
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In order to evaluate these results in the context of an infinitel y long

cy lLnd er it becomes necessary to understand the mechanism by which the flow is

alte red by varying the end condition . This is discussed in some detail in A p-

pendix A and the salient points are presented here . An inclined end p la te w i l l

deflect the freestream flow somewhat and this can be used to define a “pseudo ”

flow direction and magnitude . However , this is not sufficient to account for

the large changes that occur or for the strong influence of Reynolds number.

Thus one is ultimatel y led to consider the flow induced in the base region by

the difference between the base pressure 
~b 

and the pressure on the end p late P .

For end p late ang les  B less than or equal to 90° the pressure on the p l ate will

be equal to or greater than the static pressure P which in turn is greater

than P
6
. Thus a flow ‘down ’ the cy linder will be promoted . For end p late ang—

les greater than 90° P is less than P and for certain combinations (see A p—
p o

pendix A) of the yaw ang le e an•j the end p la te ang le Bthe plate pressure will

also be less than 
~b

• In the latter case the flow in the base reg ion w i l l

tend to ch ange dir e ct ion and flow ‘up ’ the cy linder. This will aff ect the mix-

ing and vortex formation processes in a manner analagous to the wake inference

experiments in the two—d imensional bluff bod y f lows . Also , i t mi gh t be expec te d

that the vortex street would have to ad just its flow directions via changes in

t h e  sh ed d i n g  ang le ato match the base region flows. Similar reasoning app l i e s

to the free—ended cy li nders where the hemispherical and cone ended cy linders tend

to promote a different spanwise base flow than the flatended cy linder.

These considerations along with the eat h e r  vorticit y di scharge considera-

t ions can be comb i ned with the observed wake behavior to draw some definite con-

cl usions. First , a number of flow patterns can be realized for a g iven  cy lin-

der , yaw angle and Reynolds number; the particular flow in any case is dictated

by the end condition(s). Second , an irt .’r re la tion shi p between shedding angle

and shedding frequency exists such that St/St < cu° 6 co r r e sponds  to a > e and
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St/St
n 

> cos 0 corresponds to a < 0. Third and most important , the confi gur—

a t  ions and co n dit i o n s  most appropriate to an infinitel y long cy linder ought to

produce shedding ang les less than the yaw angle which in turn requires that the

shedding frequency be greater than that given by the Independence Princi p le .

3.2 Vortex Wake Parameters and Base Pressure . The previous experiments

provided a stud y of the influence of yaw ang le and finite length upon the shed-

di n g f requency and wake confi guration of circular cy linders. To comp lete the

:~tud y it was desirable to measure the base pressures , and the wake parameters

and d
F
. l e v e r , it was not possible to accuratel y measure pressures for

comb inat tons of velociti e s and diameters less than a Reynolds number of Re =

500. Thus some of the specta cular changes observed in the flow at low Reynolds

numbers could not be matched with base pressure measurements. Nonetheless ,

trends were matched that can probabl y acc ount for all of the phenomena seen and

discussed previousl y.

The wake width d
F 

and the formation length were measured beh ind severa l

t ree—ended cy linders with a flat free—end . This geometry was selected because

of its simp licity and because the extensive baseline data in the earlier sections

showed that St/St
n 

> cos B arid a < 0 for this confi guration when Re > 400. The

formation length L
F 

is defined as the distance from the cy linder axis to the

i n i t i a l  posi tion of a full y formed vortex and can be measured by any of the fol—

lowing criteria:

• The minimum of the mean pressure on the wake axis [451

• The maximum of the second harmonic of the fluctuating vel ocity on
the wake axis 1 6 1 ;

• The minimum of low frequency modulation of the vortex signal [5];

• The minimu m transverse spacing f rom th e wake a x i s  of the  peaks of
the maximum fluctuat ing velocity [11.

The second criterion was employed in the present stud y. The li nearized out—

put from the anemometer was hand pass filtered at a center frequency of 2f with
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upper and lower ciitolf s (3db down ) at  + fs/lO , resp ic tiv e ly. A typ ic -i l trace of

the filtered RMS value of 2f is shown in Fig. 25a . The probe traversed in t h e

freestrearn direction. Once the value of ~ was determined , t h e  f i l t e r  was re-

moved from the circ u i t  and an RMS velocity profile was measured across the wake

at x The t r a n s v e r s e  p r o f i l e  c o r r e s p o n d i n g  to  Fi g .  25 a i s  shown in F i w .

25b. The trare~vers ,- - distan ce betwoen the maxim a of the RMS yr o file is defined

as the wake width d
F 

at fo rmation [23 , 52J . This width is not pr ci selv equal t o

the distance between the free shear layers that has been called d
F 

earli e r, but

the differ ences are s m a l l  and it h~ s become customary t o use the two quantities

i n t e r c h a n g e a b l y [23 [. According to the Independence Princi ple the wake w i dt h

oug h t  not to be influenced by yaw angle and the forma t ion length , im -isured norma l

to the cy lind er axis , should also be independ -ti ’ of yaw angle. In the present

ra nge of Reynolds nui ’hors both d
F 

and are dependent on Re and this intro-

duces some additional complicat ion . However , i t  should be p ossible to reconcile

this with the use of Re
n 

if the Independence Princi p le i s valid.

The measured values of d
F 

and 
F

Cos B are presented in Figs . ~6a and

26b , respective ly, as a f un c t ion of R e
n
. Clearl y, the Cosine Laws have failed

to scale the r e s ul ts properl y. Both the wake width and the formation len~ th be—

come less than expected as the yaw angle is increased. The freistrt ’am Reynolds

numbe r Re tends to scale the wake width results better than Re hut this is
n

probab l y peculiar to this range of Reynolds number because Smith . Kao , & ki on

have also reported a narrowing of the wake with inc reasing yaw angle. l~ased on

Roshk o ’s free— streamline theory [47] one would expect increasing base pressure

to be associa ted with decreasing wake width. On the other hand , expe rience with

othe r bluff bod y fl ows [1] has shown that the base pressure decreases as tI for-

mation length shrinks. The apparent paradox presented by Figs . 26a and 26b can

be resolve d by noting that this presentation of formation length has included a

cos B ~~~~~ to the Independence Princi p le. Dividing the data in Fig. 26h by cos
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r -

0 remove s the Independence Princi p le so that ~~~ , measured in the freestream

direction , increases with yaw angle and the two wake measurements become c - ~—

sistent . This also suggests that perhaps the fre stream flow direction may be

the dominating influence and perhaps U ought to be discarded altogether.

However , the use of Re is necessary to appropriatel y shift the curve shapes

in Figs. 26a and b . Therefore , the norma l component of velocit y is the proper

characteristic velocity for a yawed cy linder. It should be noted that the un—

yawed data in Figs . 26 a and 26b compare well to previous reports [5 ,40,46].

The base pressure measurements were a difficult matter. The largest mea-

sured pressure difference was less than 2 mm of water column and typ i c a l l y the

pressures were less than 1 mm of water. Althoug h the manometer indicated a

resolut ion of 0.01 mm it - was found that , in practice , the resolution was more

nea r l y 0.02 — 0.03 mm. Meanwhile , the accuracy iron experiment to experiment

was no better than +0.03 mm . Thus the relative changes in base pressure during

a particular experiment could be judged better than the absolute value of base

pressure under any conditions. This is evident in the base pressure measure-

ments shown in Fi gure 27 for an unyawed cy linder during two separate experi-

ments. The two symbols represent separate experiments and demonstrate the

difficulties discussed above. Nonetheless the measured base pressure coeffic-

ients for the unyawed cy linder compare remarkabl y well wi th re ports of base

pressure for similar Reynolds numbers [461. They also reflect the strong Reyn-

olds number dependence that is typ ical of this range of Re.

The yawed cylinder base pressure measurements were obtained from a series

of yaw angles for one cy linder at two values of the freestreant velocit y corres-

ponding to Re = 550 and 750 . The base pressure coefficients ar presented in

Fi gu re 28 in terms of the Independence Princi p le definition ,

P — P
c = 

b ~ , U U cos e (18)
n

n 1/2~ tJ 2
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which ough t to collapse the data onto the curve of Fig. 27 by using R e .  As

suggested by the wake width and formation length measurements the measured base

pressure doe s not follow the Cosine Laws . In fact the base pressure is lower

than predicted which will produce a drag greater than predicted. The excess of

drag over that predicted by the  Indep ende nce P r i n c i ple is i ndicated by the ratio

of ~p6 
to C evaluated at Re

n 
Re. The values of this ra t io which are plotted

n
in Fig. 29 versus the yaw ang ie demonstrate an excess of drag that increases by

12—24 percent at B = 60°. Also p lotted in the figure are similar data obtained

from the published results of Smith , Kao , & Moon and Relf & Powell; both studies

done at larger Reynolds numbers. Smith et al observed~ somewhat larger drag in-

creases but the trends are unmistakable and the agreement with the results of

ReIf & Powell is good . These favorable comparisons also serve to extend the

present findings to larger Reynolds numbers.

The base pressure coefficients for the unyawed cy linder were plotted against

formation length with the aid of Fig. 266. The result is shown in Fi g. 30 and

confirms an inverse relationshi p between base pressure and the formation length

found in other experiments [1] and suggested by Riab ouchinsk y ’s anal ysis. Of

interest here is a comparison of this relationship to the yawed cy linder results.

This was again determined with the aid of Fig. 26b and is plotted in Fig. 31. An

i nverse relationshi p also exists but evidentl y a different one than the norma l

incidence case represented by the dashed line. The formation length p lotted in

the figure is the formation distance norma l to the cy linder , 
~~~

, 
cos ~ A p lot

D

of does not improve agreement between the yawed and unyawed cy linder da ta be-

cause the yawed data is shifted too far to the ri gh t. The possibility remains

that some intermediate direction , defin ed by the shedding angle , is appropriate

but this was not investi gated.

In eff ect , the Independence Princi p le re p laces U h. U in all rel at ion-

s h i ps for the norma l incidence case and then assume s that these same relations
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will hold for the yawed cy linder. Thus the Cosine Laws predict that Roshko ’s

universal Reynolds number is valid if the nondimensional quantities

f d f D  U d U
= 

s F s  n F b ( 1 9)
U U U D U

6 n 6 n
n n

a rid

R 
U
b 

d
F = 

R e .  k . d
F , k

( 2 0 )
v D

are emp loyed . The present experiments have shown that the Cosine Laws fail to

describe the observed f , the  obse rved d , and the measured C . However , its F

was not iced that the observed variations could be off—setting w~thin the unive r-

sal Strouhal number , S .  For the unyawed cy linder values of S were computed

using the measured quantities f , U , C , and d
F 

together with the cy linder di—

ameter D. For the yawed cylinder values of S were also computed using f , U ,

C 6 ,  dF
, and D. Some difficult y was encountered with the wake width d

F
; this

diffic ulty was caused by the dependence of d
F 

on both the yaw angle 0 and the

Reynolds number Re which changed together in a single experiment . Rather than

impose a small variation in d
F 

that was not warranted by experimental accuracy

it was decided to set d
F
/D = 1. 1 throughou t the computations. This implies that

the effects of Re
n 

and B are completel y balanc ing, which upon re ference to Fi g.

26 is a fair approximat ion that may sli ghtl y ove restimate d
F 

at the largest yaw

ang les , i.e. th e lowest Re
n
. It must be emphasized that this approximat ion i:

valid onl y in this particular range of Re
n
. The universal Strouhal numbers S

and S computed according to the above method , a re p lotted in Fig. 32 and agree

qui te well with one another for both yawed and unyawed cy linder s. Moreove r , the

results of both yaw ed and unyawed  cy li nders agree very well with the results of

p revious investi gati ons of norma l incidence bluff body flows that in~~1ude bot h

wake interference and resonant vibrations. To apprec i ate the degree of collapse

of t h e  d a t a  one migh t c o n 8id e r  t h a t  in t h e  p r e s e n t  yawed cy l i nde r  e x p e r i m e n t s
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the  base p r e s s u r e  c o e f f i c i e n t s  v a r i e d  by as much as 60 p e r c e n t , t h e  wake w i d t h s

by as mu ch as 20 perce nt , and the Strouhal numbers St
n 

by as much as 50 percent.

Desp i t e  these large changes virtuall y a l l  of t h e  va l u es of S~ and S obtained

in the present investi gation are within 6 percent of the mean and with in 10 per—

* * . . .
cent of the S versus R relat ion found previousl y for a wide variety of two—

dime nsional bluff body flows [23].
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4.0 RESULTS FOR VI8RATINC YAWE D CYLINDERS

The stationary cy linder experiments demonstrated that the separated flow is

very sensitive to end conditions and that the condition s most representat ive of

an infinitel y long cylinder do not produce flows in accordance to the Indepen—

dence Princi ple. Ki ng ’s data for vortex—excited , vibrating yawed cy linders [32]

we re also influenced by end conditi ons. For one of two sets of conditions King

was able to scale both the onset and magnitude of y awed cy linder vibrations by

— using the Independence Princi p le . For the second set onl y the Onset of vibra-

t ions could be scaled by cos 8 and then onl y approximatel y; the vibration ampli-

tudes were greatl y reduced in this latter case. Therefore, one aim of the present

stud y was to reconcile for the differences in King ’s two sets of results and to

assess which set of results is representative of the general response of yawed

cy linders that are resonantly exc i t ed by vortex shedding.

An outcome of King ’s experiments that is consistent with the present sta-

tionary cy linder experiments is the verification of U = U cos 8 as the proper

characteristic velocity fo r ya wed cy linders. Hence , the non—d imens ional reduced

vel ocity (see Section 1.1 .4 , Eq .  13) beco mes

U
v = ___

~L (21)
r

where 
~d 

is the  d r i v i n g  f r e q u e n c y  in the  p resen t  fo rced  v i b r a t i o n  e x p e r i m e n t s .

Once the yaw ang le B and tl ° peak—to—peak amp li tude of vibration a/D are selected ,

the reduced ve locity is the independen t variable for which the wake responses are

t o  be d e t e r m i n e d .

4 . 1  Lock—in _ R~~~ !nes. The onse t  of v o r t e x — i n d u c e d  v i b r a t ions cor responds  to

the “capture ” of the natural vortex shedding by the cy linder motion . Identifica—

t ion of the se “l ocked—in ” or s y n c h r o n i z e d  condi t ions f or yawed cy linders was the

f i r s t  goa l  of t h e  fo r ced  v i b r a t i o n  e x p e r i m e n t s .  The p rocedure  was to o s c i l l a t e  a
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yawed cy linder at particular values of frequency 
~d 

and amplitude a/D and then

to vary the flow speed in search of the wake capture. The capture of the vortex

shedd i ng was evidenced by a suppression of the natural shedding frequency f =

f in f avor of f = 

~d 
or some multi p le of This was determined by posi t ion —

ing a hot—wire probe to one side of the wake and recording the fluctuating velo-

city spectrum at each flow speed . The question of end effects was addressed by

performing the test a number of t imes with different end conditions. For compari-

son purposes the stationary cy li nder shedding frequencies were recorded as a func-

t ion of flow speed for each confi guration . It was antici pated that different

end conditions would produce different stationary cy linder freq uency curves

which could be compared to the variou s forced responses. The first tests were

performed at Re = 160 and B = 30° wi th end p l.i te in clinat ion - ang les of B 85°

and B 95°. These end p late ang les were selected in the belief that the station-

a ry  cy l inder frequency was most sensitive to changes in B for 8 = 90°. There was

surprisingl y little difference in the measured shedding frequencies for the two

end p late confi gurations because , as later anal y s i s  show ed ( see A ppendix A) , the

greatest sensitivity to end p late inclinat ion is actuall y nea re r  8 110 °. T h is

was not a serious error and was compensated for by the results of the Re 160 ,

8 = 50° tests that followed.

The data from the B = 30° tests are p lotted in Fig. 33 in terms of the fre-

quency  r a t i o  and t h e  reduced v e l o c i t y  V . The open symbols correspond to
j

d 
r

the stationary cy linder results (f = f )  and , as discussed above , are essentiall y

the same f i r  B = 85° and 9 5 .  Moreover , the frequenci os are just slightl y greater

than those expected from the Independence Principle; these are indicated by the

solid li nes in the figure. The solid lines are presented in two segments corres-

ponding to Re from 50 to 150 and from 300 to about 500. The solid symbols in

the figur e represent the forced vibration responses for 
~d 

— 37 Hz and a peak-

to—peak amplitude a/D 1.0. Below V
r 

4.0 the wake frequency response is
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essen t i a l l y that of the stat ionary cy linder(s). For V
r 

> 4.0 the wake frequency

~v 
jumps to the oscillation frequency 

~d 
which is characteristic of lock—in or

wake capture . Until V
r 

6.5 the frequency remains locked onto 
~~ 

At V
r 

6

the second harmonic of become s pronounced and by V
r ~ 

7.0 it is the dominant

response. Further increases in the flow speed evoke similar changes involving fre-

quencies at c = 2
~d 

and at f
v 

3
~d~ 

The responses for the two end p late config-

urations are quite similar for V <l5 . Above this value the 8 = 85° cy linder re-

verts to the stat i onary cy linder response while the B = 95° cy linder proceeds into

an f = 4f response. These differences occur for conditions which are not char—
v d

acteristic of vortex—excited resonant vibrations , as will be discussed later , but

it is interesting to note that end effects are eve r present. The general influ-

ence of end effects could not be assessed , owing to the incorrect selections of B ,

but lock—in was observed to occur at ~v/ = 1 in the range V 4.0 to V 6.5
r r

which does include the typ i ca l  ra nge of V
r 

for self—excited , two—dimensional lock—

in , i . e .  V
r 

5—6 ( 3 2 , 3 3 ] .

Before considering the remaining lock—in experiments it is interesting to

e x a m i n e  some of the wake spectra corresponding to the B = 95° d at a of Fi g. 33.

The sample spectra are presented in Fig. 34 and the discrete progression of the

wake frequency response can be seen for increasing values of V .  The coexist-

ence 1 harmonics at one flow speed can be seen , for examp le , in the second trace

at V = 7.5. Comb i nations of the forced and stat i onary cy linder wake responses

can be seen in the fourth , sixth , and seventh traces. These spectra can be com-

pared to the data in the previous figure with the aid of the scales drawn over-

head . One striking feature of the wake response spectra that is typical of locked—

on vortex shedding is f t  na rrow—banded character of the forced responses as com-

pared to the bandwidths for the s t - I t ionary cy linder. This is analagous to the

two—dimensional case. A lso there is a similarity I - t w , en the increase in station-

ary cyli nder frequency bandwidth with yaw angle and the increase in bandwidth for
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the stat i onary , unyawed cylinder due to increasing l~ -y n ol ds number , i . e .

turbulence.

Since the choice of end p la te angles $ 9U~ + 5° did not produce dif fe rent

stationary cy linder frequencies , experiments at Re 160 . 9 = 50° we re ) e r f i r I l l . I

fo r B = 85° a nd 8 = 105 °. This turned Out  to  be a select ion in the opp osi te ex-

treme because the B = 85° cylinder exhibited a trailing vortex pattern for Re <

200 . Nevertheless the forced vibration wake frequency me.lsIlremen :s f r  the fy i

cy linders were comparable and this was taken as evidence of the relative unimpor—

tance of end conditions upon the wake frequency response. In ord er to simp lif y

the remaini n t experiments , a third cy linder that had a tr ee end was hHefly t e s t - I

under these conditions. The results for all three cy linders are plotted in Fig.

35. The open symbo ls , denoting the stationary cy linder frequencies for the free—

ended and B 105° cy linders , are comparable and exceed the Independence Princi ple

prediction (solid line ) by about 20 percent . This is in - complete accord w t h  the

— i r l ier stationary cy linder data. The forced responses of all three cylinders are

c o m p a r a b l e  e x c e p t  t h a t  t h e  B 85 ° cy li nder “hold s on” to the lower mult ip le of

for larger values of V .  This will not be important to self—excited con-

di t ions beca use , as will be discussed , the spanwise coherence of the flow suffers

in the latter case. Once again the 
t
v/ f 

= 1 wake capture takes place in the

range  V
r 

a 4 to 7 which includes the typical norma l incidence range of V
r 

=

to  6.

At this point it is necessary to identif y wh ich subranges of the forced wake

responses are l i k e l y to coincide with resonant vortex—excited conditions. In the

two-dimensional norma l incidence case , forced vib rat ions are known to capture the

vor tex shedding for frequencies above and below the stationar y cy linder or “nat-

ural” shedding frequency. However , self— excited oscillations onl y occur for fre-

quencies below the natural structur al frequency beca use in that range the phase

between the motion and the fluctuat ing lift force is such that work is done on
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the c y l i n d e r  by the fluid forces (4]. The converse is also true , in that work

i s f i ne by the cy linder on the fluid for frequencies greater than the natural

shedding frequency. Withou t identif y ing a natural shedding frequency for yawed

cyli nders it is still possible to apply this concept to the yawed cy linder re—

sp iTl .s .s of the pr esent stud y by not ing that self—exc i ted condi t ions at v/
f 

= 1 ,
d

2 , 3, 4 , etc. will correspond to the larger values of V
r~

In order to supp l ement the Re = 160 data similar experiments were conducted

for Re 460. The amp litudes of vibration for these experiments varied from a/D =

0.15 to -i /I) = 1.0 and only a single , free—ended , cy li nder was tested. This cy l-

inder was selected in order to simp lif y the experiments and the choice was just i—

f ied by the relative lack of end effects at Re = 160 and the earlier observation

that end effects diminished with increasing Reynolds nwnber. The results at am-

p lit udes a/D = 1.0 and a/D = 0.50 were quite similar to the earlier data , so that

onl y the a/D = 0.15 results are presented in Figures 36 and 37 for yaw ang les of

B = 30 ° and 50°, respective ly. These amp litudes are insufficient to captur e the

shedding process for conditions other than 
f
v/

f
d 

l. Moreove r , the extent

of lock—in is quite small ; encompassing a narrow span of onl y Vr 
4.5—6 .0 , but

th i s  still includes V = 5—6 as before.
r

The preceding forced vibration experiments have shown that lock—in occurred

for many conditions and in a numbe r of modes. At the same t ime the wake responses

at 
f
v/

f
d 

1 were large ly insensitive to end conditions. Moreover , the yawed

cy linder values of the reduced velocit y corresponding to lock—in always included

the corresponding range of norma l inc idence values for self—excited vibrat ions.

Howeve r , a d i f f i cu lty in defining a “natural” s h e d d i ng frequency for the yawed

cy li nder and the influence of vibrat ion amp litude made it difficult t i  d i rectl y

compare the yawed and unyawed lock—in regimes.

The latter difficulties were overcome by some detailed lock—in experiments

at Re = 460 usIng a free—ended cy linder. Five yaw a n g l e s , 0 a 
~~

°
, 20°, 30°, 40°

—45—

~

- - :  ~- ~~~~
° -

~~~~~~~~~ ~



and 50°, were examined f i r  amplitudes ranging from 0.10 to l.OD. In addition

t i  t I e  frequency criterion f = n 
~d’ 

n = 1 ,2 , 3 . . . , a second criterion was

emp i v i d  to account for the phase between the ‘notion and the lift fotce . This

was done by observing the phase hetween the vortex shedding signal in the wake

and the motion signal. It was required that frequency capture be accompanied by

a fixed phase relat ionshi p between the signals as evidenced by a st eady L i s s a~ ous

p a t t e r n  on an oscilliscope. This is , of course , a necessary condition for sus-

tained , large amp litude , self—excited vibrations to occur and is always the case

for lock—in at norma l incidence. A visual confirmation of the lock—in that met

the above criteria was produced by the fl ow visualization system which “froze”

t h e v i b r a t ing cy linder wake . Satisf y ing these two simultaneou s criteria typi—

call y ruled out wake responses for 
f
v/

f 
> 1 , but on those occasions when 

t
v/

f

= 2 and a stead y Lissajous pattern was established flow visualization of the wake

revealed a very comp lex three—dimensional wake structure.

Since mo”t self—excited oscillations occur for f 
~d’ 

further experiments

were restricted to the lowest lock—in regime . An onset and a terminal velocity

far the lock—in could be determined for each yaw angle and amp litude by slowl y

v a ry ing the flow speed . In order to compare the present results with previous

norma l incidence data (see Fig. 6) it was necessary to define an appropriate

“natural” shedding frequency. Use of the corresponding measured stationar y cy l-

inder frequency did not scale the data as well as the use of the expect ’ fre-

quency bas ed on the I ndependence  P r i nc i p le . There fore the results for the bound—

ries of the locked—in vortex shedding for yawed cy l i nde rs a re p lotted in Fig. 38

as functions of the vibration amp l i tude and the parame t er (V
r
•St

n
)
_ 1
~ The

Strouhal number St was computed from Roshko ’s r e l a t ion ( s ) u si ng the Reyn o lds

numbe r Re . The Strouhal number St defines a frequency f w h i c h  is to be ex-
n n s

pected from the Cosine Laws so that
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A direct comparison with the norma l incidence case is possible as indicated by

th e dashed lines in Fi g. 38. An interpretation of f will be taken up short-

l y, but first the essential s imilarit y between the yawed and unyawed results is to

be noted . The lock—in range does shrink somewhat with increasing yaw angle , but

this will not diminish the magnitude of the self—excited response , rather it will

s i m p ly d e l ay  its onset or hasten its comp letion a small amount for increasing flow

speed .

An explanation of f or , equivalently , an accounting for the apparent va—

lidity of the Independence Princi p le involves a consideration of the vortex shed-

ding ang le a during the vibrations. Up to this point in the discussion the shed-

ding ang le has been treated as a kinematical parameter that specifies the vortex

street inclination . It ’s physical importance res ides in the fact that it also

r - f I - c t s  the spanwise coherence of vortex shedding and also ultimatel y reflects

the spanwise c ir r e l at ion of the fluctuating lift force. In the case of flow at

norma l incidence the wake capture is accompanied by parallel vortex shedding over

lar ge cy linder spans which is , in par t , responsible for the large vibration am-

p litudes that occ u r. If the Independenc e Princi p le is to he valid for describing

both the onset and the magnitude of vortex—excited vibrations then the vortex—

shedding must be parallel to the yawed cy linder as well.

The sh dding angle was determined from photograp hs of the wakes of the vi-

brating cy linders and some typ ical results are p lotted in Figure 39 for Re a 460.

Wi thin the range s of V
r 

and a/D where lock—in occurs the observed shedding angle

is essentiall y equal to the yaw angle. Outside the lock—in range the yaw angle

may vary under -some other influence. The r e s u l t s  in Fi g .  39 were obtained by vi-

b rating a free—ended cy li nder but with one exception all other vibrating cy linder

- 

.
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sh ed d i n g  ang les were within a few degrees of the yaw angle
1
. The ex ception to

capture occurred in the Re = 160, = 50° experiments with an end p late angle

85 °. In this instance the shedding ang les inc reased steadil y th r o ugh lock—i n and

exc eede d the yaw ang le by as much as 15 percent; this can be considered a conse-

quence of the excessive spanwise flow engendered by the end p late. The results of

this section indicate that the use of the Independence Princi p le jQ appropriate

fo r yawed cy linder vibrations and that King ’s conclusions are generall y valid.

Mor eover , it appears that the small amp li tude response observed by King for one

set of end conditions can be attributed to a decrease in the spanwise coherence ,

i. e. 
~ 

#8 , bro ught abou t by severe three—d imensional end conditions.

The success of the Independence Princ i ple in characterizing vortex—excited

yawed bl uff bod y vibra tions is not a result of the Princi ple ’s general validity,

but rather it is a consequence of the wake capture process itself. When a yawed

cylinde r vibrates it can capture the shedding frequency and it can capture the

shedding angle. If it cap tures both , as it must for large amp litude self—excited

v i b ra t ions to occ ur , then the appropriate “natural” shedding frequency corres-

ponds to the shedding frequency of a stationary yawed cy l i n d e r  wi th parall el

sheddi ng. This frequency is predi cted by the Independence Princ iple but is not

the frequency observed for an infinitel y—long, yawed cy linder because , as shown

i n the previous sections , the infinitel y—long , stationary yawed cylinder is ex-

pec t ed to have a s h e d d i n g  ang le less than the yaw angle and this in turn produces

sheddi ng frequencies greater than those predicte c by the Independence Princi p le.

4.2 Vortex Wake Parameters. The results presented in the preceding section

demons t r a ted th at the Cosi ne Laws can be u sed to sc a l e the on set and the  ex t en t

of locked—in vortex shedding . It also was shown that in the absence of seve re

three—dimensional end conditions the spanwise coherence of vortex shedding and ,

‘The cap tuii -e of the shedding angle by the oscillations observed in this study
is a ge neralization of the same phenomena observed in the flow visualiz ation
ph o t o g r a p h s  of D a l e  & H o l l e r  ( 1 0 ) .
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consequentl y, the unstead y lift force were unaffected by i.iw angle because the

vortex shedding angle was captured by the oscillations. In order to comp letel y

describe vortex—excited , yawed cy linder vibrations it i - s necessary to know how

the fl uid forces vary during lock—in. It was i t  possible to measure the fluc-

tuating fluid forces in the present experiments owing to Ii-  small magnitudes of

the forces in air. Moreover , the need for large vibration amp litudes p laced re-

strictions on the allowable vibration frequencies which in turn required low flow

speeds. These circumstances made it impossible to obtain base pressures durin g

the lock—in experiments. Thus no attempts were made to measure directl y eith er

stead y or unstead y fluid forces during vibrations .

Based on a known correspondence between the fluid forces and t b -  character—

i- ~tic wake length scales , 
~F 

and d
F~ 

it is poss ible to infer changes in the

forme r by measuring variations in one or both of the lattet . The correspondence

hu tween changes in wake dimension s and fluid forces is the basis of Riabouchin —

sky ’s and Roshko ’s an a l yses and was observed in the present stud y for stat ion—

ary , yawed cy linde r flows. Also , the formation reg ion length is known (22] to

v a r y  in relation to the amp litude and frequency of vibration during locked—in

vortix shedding at norma l incidence. Therefore it is reasonable to suppose

that if the formation region length t
F behind vibrating, yawed cy linders was

observed to vary in the same way as behind vibrating, unyawed cy l i n de r s  th u -n a

correspondence in the fluid force amplification can be concluded .

Measurements of the formation reg ion length were obtained for yaw ang les

of B a 40° and 9 a 50° over a small range of Reynolds numbers near Re = 460.

The data are p l otted in Figs. 4Oa and 40b as functions of the reduced ve locit y

V
r 

and the vib ra ! ion disp lacement , respective ly. A t ~ f i x e d  amp litude of osci-

l l a t ion , as in Fig. 40a , the formation length t.~, increases with reduced velo-

ci ty V
r~ 

This can be compared to the known results at norma l incidence [221

by recalling that V
r 

f/
f from the previous sect ion , so that L

F 
is inde ed
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inver sel y propor tional to for cy linder vibrations at bo th yawed  and

norma l incidence. The vortex formation region lengths measured in the wakes of

ya wed , v i b ra t ing cy linders can be compared to the Stationar y cy linder measure-

ments at the same Reynolds numbe r R e .  These latter results appear in an

earli er section of this stud y. A t V
r 

5.0 the formation lengths are 
~~ 

= l.26D

and 
~F 

= 2.6D for the vibrating and stationar y cy linder ’s , respectivel y . At V
r

= 6.0 the two formation lengths become 2.160 and 2.90, respective ly. This reduc-

tion in the length of the formation region is direct evidence of an amplification

in fluid force.s during til e locking—on (12 ,25]. At fixed values of the reduced ve-

locity the length of the formation reg ion decreases with vibrat ion amp lit ude in

the same manner as has been found for a cy linder at norma l incidence [221. The

formation reg ion length for the vibrating cy li nder in Fig. 40b can be compared to

the stationary cy linder results by not ing that the stationary cy linder data are

li sted on the fi gu re. Once again the decrease in 1
F 

with increasing amplitude

of oscillation is a measure of the amp lification in the fluid forces during the

locki ng—in or wake capture.

Although these results imp ly a direct correspondence between the ampiifica—

t ion of the fluid forces during lock—in for both yawed and unyawed cy lind ers , the

absolute magnitudes c~ the fluid forces are not determined here . The log ical de-

duction . is that , g iven the same amplification of fluid forces for both yawed a nd

unyawed vibrations , the actual force magnitudes for the two cases can be related

through their stat innary cy linder counterparts. After all , these are the fore-

values that are being amp lified by the vibrations. The dif ~~icu1tv with this con-

clusion is that it is not possible to decide whether the uppropriate stationar y

yawed cy linder forces are the measured values or those predicted by the Cosine

Laws . The existence of this choice is analagou s to t h e  e a r l i e r  prob l em i n  s e l e c t —

ing a ~nat u ral shedding f r eq uency for the vibrations of yawed cy l i n d e rs

and stems from the capture of the shedding angle during the oscillations. The
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selection which is consistent with the earlier interpretation is to use the sta—

t iunu ary cy linder forces predicted by the Cosine Laws. In this case all facets of

the vortex—excited vibrations of yawed cylinders can be scaled from the vibra-

tions at normal incidence via the Cosine Laws . It must be noted that this con-

clusion is not directl y proved by force measurements , rather it is based upon

consist ent physical interpretat ion of measured flow characteristics. Additional

support for this conclusion can be found in King ’s results where measurements of

the vort u x—excited vibration responses of yawed circular cy li nders were properl y

sc a l ed by the use of Cosine Laws .
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5.0 SUMMARY AND CONCLUSIONS

The results of the present investigation into the vortex wakes of yawed cir-

cular cy linders have been compared with the results of adopting the Independence

P r i n c ip le. This princi p le states that the proper characteristic velocit y for

yawed bodies is the component of the freestream velocity perpendicular to the

cylinde r and that if this velocity is incorporated into any and all relations

found for the norma l incidence flow , then these same relations will also de-

scribe the flow ove r a yawed cy linder. In practice the influence of end condi-

t ions upon the Independence Princi p le has been unknown , so that a -~tud y of thei r

effects was undertaken as part of the present investigation .

The first conclusion of the pr -sent stud y is that the use of the Indepen-

dence is not valid for separated , yawed bod y flows except in two special cases.

The first instance pertains to forced or self—excited transverse oscillations of

yaw ed , c i r c u la r cy linde rs. This finding imp lies -u simple extens i on of existing

vortex—induced vibration models [4) to include the influence of yaw ang le. The

second instance tnvolves thu influence of end conditions wIi ~ - r u -b y a particular

cylinder—end p late configuration call r li ce a flow pattern consistent with the

Independence Principle. However , this particular configurati on — end p lates

aligned with the fru u- stream flow — is not consistent with the flow over an in-

f i n i tel y lo ng cy linder. Interestingl y enoug h , this cont i g,irat ion or a similar

one has often been adopted during previou s invest i~~’.lf juiti s of the yawed huirl y prob—

‘ I
lem and may a c c o u n t  fo r  the vary ing  r e p o r t s  i f  the v a l i d i t y  u t the In lu-pe nd ence

P r i nc i p le. These r e s u l t s  are based on a numbe r i t  e x p e r i m e n t s  and .i i a l y ses  sum-

marized below. Another important fi n ding of rh. pr ’iu nt stud y i s  that the univer-

sal St r u /-al number concept originall y a i l s - -u i i  - i t  by R o s I k u  I -  - r  b I n  f t body flows at

norma l incidence c-i n be m odified to include v~ wed cy linders.

Measurement s of the vortex shed’i ng t ru - p u - n  y, t h e  s h e d d i n g  angle , the base

press uire , the vortex formation region length and the wake width wer .- obtained for
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stationary , yawed cy linders (0 = 0
0 _60 0) in the Reynolds number range Re 150—

1100. The experiments were performed for various end conditions , including free—

ended cylinders and cylinders fitted with adjustable end p lates . The results were

very sen itive to end conditions , especiall y at the lower Reynolds numbers of the

present stud y.

An interdependence between the shedding frequency and the shedding angle was

found and was used to determine , from simp le discharged vorticity considerations ,

the type(s) of end conditions appropriate to the s imulation of an infinitel y long

cy linder. A later consideration of the interaction between the end flow and the

bas e region flow (Appe ndix A) y ielded similar conclusions. In the case of a cy l-

ind er with end p l a tes , the appropriate configuration involve s inclined end p lates ;

the amount of inclinat ion depends on the yaw angle but is not precisel y specified .

Nevertheless for these confi gurations the shedding frequency is greater than ex-

pected trom the Independence Princi ple while the shedding ang le , the vortex for-

mation length , the ba-se pressure and the wake width are all less than expected .

*W ithin the framework of a universal Strouhal numbe r S [23 ,49,521 these varia-

t ions are offsetting, and the present results for yawed cy linders agree quite

*well with previous reports of S for a wide variety of bluff bodies at norma l

inc idence. Since the Independence Princi p le automaticall y sa t isf i e s  ~l i i s univer-

sali ty concept it was concluded that a numbe r of flows could be realized for fi—

ni te length yawed cy linders; the flow in any particular case is dictated by the

end conditions . Thus , the v a l i d i ty of the P r i nc i p le could not have been deter-

mined by any p r e v i ous inve st igation .

M e a s u r e m e n t s  of t h e  wake response f req uency , the shedding ang le and the

vortex formation region length~ we re obtained for vibrating yawed cy linders

1
Base pressure measur ements were not possible for the vibrating cy linders
owing to the experimental requirements of low frequency oscillations which
in turn required air speeds too low for measurable pressures.
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in the range of Reynolds numbers between Re = 160 and 460. Wake capture was ac-

companied by a frequency lock—in be tween the vortex wake and the cylinder motion

and was also accompanied by vortex shedding parallel to the cy linder axis un less

the end flows were severe ly three—dim ensional. Due to the parall el shedding t h e

proper characteristic frequency is eq ual to the shedding frequency predicted by

the Cosine Laws. Therefore , the locked—in vortex wakes of vibrat ing yawed cy li n-

ders in the ma j or i t y of cases can be desc r ibed by means of the Independence Prin-

c i ple even though the Princ iple fails for the stationary cylinder. Measurements

of the bounds of the lock—in reg ime for  yawed cy linders compare well to the norma l

i n c i d e n c e  case .

6.0 RECOMMENDATIONS

Reco mmenda t ions fo r f u r the r  s tudy fall into two categories: those which will

add d i r ec t ly to an understand i ng of the fluid dynamic processes , and thos e w h i c h

will supp lement the measurements of the present stud y.

In the first category a basic stud y of the differences between yawed and un—

yawed bo undary  laye r separation and base region flow is desirable. The influence

of end conditions also should be considered and could lead to a better definition

of “severe th ree—dimensional end flows ”. This is a comp licated task which might

be simplified through the use of bluff bodies with fixed separation points such

as f l a t p la tes or wedges. In these cases the free—s t reamline velocity at sepa—

ra t ion U
b 

c an be measu red d i rec t ly and can be used to determine if the influ-

enc e of yaw ang le is wholly upon the separation process , wholly upon the vortex

forma t ion processes , or is some combination of these. The manner of end influ-

ence could be determined in the same sense. Flow visualization is recommended

as an in t egra l  part of such an inves t igation . Perhaps a multi—colored aerosol

or dye could be used to identif y flow paths and directions or even to indicate

the mixing processes that occur.
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A recommendation that falls into the second category i s a v e r i f i c at ion o f

the universal Strouhal number concept fir vibrating yawed cy li nders. The valid-

ity of this concept is imp l i ed by the present experiments , but it is not con-

firmed owing to the absence of base pressure measurements for the vibrat ing cy l-

inder. Verification need not involve base pressure measurements if , as Griffin

[23] has done in the norma l incidence case , a correspondence between base pres-

sure and vortex strength can be determ ined or assumed. The vortex strengths can

be computed from the fit of a suitable vortex street model to the measured veloc-

ity profiles in the wake [25]. Another recommendation is to examine the vortex

street wakes behind ya wed cy linders to see how the usual two—dimens ional vortex

street anal yses carry over to the inclined vortex streets observed in this stud y.
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Fi gure  4 — E s t i m a t e s  of t h e  expec t ed  s h e d d i n g  ang le b e h i n d  a yawed cy l i n d e t
acco rding to simp le vc -rtici ty considerations.
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Fi gure 5 — A sketch of the stead y trailing vortex pattern behind a fini
length cy li nder at large incidence; from Ref. [37].
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Fig ure 24 — A series of flow visual izat ion photographs showing (he inf luence
of endp late angle upon I l i , -  wake flow for Re 1i~(I , anti a yaw angle U = 40 -
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Fi gure 25 — Profiles of the f1uctu atin ~ v e l o c i ty in the wake of a stationary

yawed cylinder for a Reynolds nu t~ber Re = 425 , y aw .~ng le 0 = 30’.

a) The RMS velocity d i s t r i b u t i o n  of 2f along the wake
axis with a characteristic peak at —

b) The RMS velocity distribution across the wake tne a~ ured at
= L

~
. • The wake width d

F 
is deterr~ined frota this trace.
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Fi gure 29 — The ra t io of the base pressure coefficients measured for yawed

cy li nders to those expected from the Independence Princi ple.

Legend for data:

0 — Re 550
X — Re 150
A — Smith , Kao , & Moon [53)
0 —  Reif & Powell [42)
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Fi gure 33 — Wake frequency measurements as a function of the reduced velocity

V for stationary and vibrating yawed cy linders for a Reynolds

numbe r Re 160 and a yaw angle e 30.

Legend for data:

o Stationary
Endplate angle , B 9Y {

• Vibrati ng (a/D l.OD p—p)

( 0 Stationary
End pla te ang le , B 85 

~
~ U Vibrating (a/D 1.OD p—p )
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Fi gure 34 — Typical  wake v e l o c i t y  spec t ra  corresponding to the vibrating cyl—

inder data in Figure 33. End pla te ang le B • 95’.
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Figure 35 — Wake frequency measurements as a function of the reduced velocity

V for stationary and vibrating yawed cylinders. Reynolds number

Re • 160 , yaw angle 0 50.

Legend for data:

End plate an&le, B — 85 A — Vibrating (aID *1.OD p—p)

( 0 — Stationary
End plate angle , B = 105’ ~( I — Vibrating (a/D 1.0D p—p )

( o — Stationary
free-end ~( • — Vibrating (aID 1.OD p—p)
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Figure 36 — Wake frequency measurements as a function of the reduced velocity

V
r 

for stationary and vibrating yawed cy linders. Reynolds number

Re = 460, yaw angIe 0 30’.
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Figure 37 — Wake frequency measurements  as a f u n c t i o n  of the reduced ve loc i t y

for s t a t i o n ary  and vibrating yawed cy linders. Reynolds number

Re 460, yaw angle e 50.
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• — vibrating (0.15D p-p)
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• Fi gure 40 — Measuremen t s  of the vor tex f o r m a t i o n  reg ion length  tF 
for v i —

• brating yawed cylinders as a function of

• a) the reduced velocity V (at constant amplitude
of vibration ,

b) th e amplitude uf vibrat ion (at constant reduced
velocity).
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APPENDIX A — INFLtJENCE(s) OF END CONDITION S

An exac t discussion of end flows is beyond the scope of this stud y but a

qualitative analysis can exp lain many of the observed features. The most con-

venient place to start is with the end p late confi gurat ions of the present stud y

because the controlling parameter , the endp la te angle B , is obvious and can be

varied independentl y of the cy lind er yaw angle 0.

~
yiinders_With End plates

An inclined end p late will detlect the freestream flow in front of and be—

hind the yawed cy li nder. The deflection in front will have the effect of vary —

ing the angle and magnitude of the incident flow. The variations will he great-

est nearest to the plate and will decrease to a matter of a few degrees or a few

percent over most of the cylinder span . This is at odds with the observation

tha t the entire span is uniforml y and strongl y influenced . Moreover , the de-

flec tion influence will be weakest for B 90’ which comple tel y contradicts the

experimental results . Lastly, this effect cannot account for the Reynolds num-

ber dependence found in the experiments.

it is well—known that the wake processes are very d~~ endent on Reynolds

number in the present range because the vortices , which are lamina r below Re

150 , are turbulent upon formation by Re 300. Thus the diminishing influence

of end effec ts with Reynolds number is concomitant with the transition to turbu-

lence in the wake of the cylinder. This points to the wake formation processes

as the most likely candidates to account for the influence of end conditions. A

simple deflection of the wake flow nay exp lain some of the observation s but , as

in the deflection of the flow in front , it is not a strong enough influence near

B ~ 90’ to effec t most of the ch anges that occur. A more promising exp lana t ion
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involves the interaction between the flow over the endpla te and the base region

flow of the cy linder. This will be taken up after a brief discussion of the base

region flow structure.

In two—d imensional bluff body flows the base region is bounded by the os-

cilla t ing free shear layers that alternatel y roll—up to form vortices. During

the vortex formation process outer potential fluid is swept into the forming vor-

tex street as shown schema t icall y in the sketch of Figure Al. At any instant all

veloc ities are contained in the plane of the figure . In contrast , the yawed cy l-

inder base flow is inherent ly three—d imensiona l owing to the additional spanwise

vortici ty and the chang ing direc tion of the freestream flow as it accelerates

around the cy linder and its wake. The complex nature of this flow can be seen in

the flow visualization photographs taken by King [32] and Ch iu [8). An attempt

to illustrate the major features of this flow in a sketch is presented in Figure

A2. One feature of the sketch is the ‘ fan ” or “soiral” of the flow magnitudes

and di rections at separation which can influence the wake formation in a number

of ways. For examp le , the outer potential flow that is swept into the forming

wake will have axial components. Also , the vort icity within the shear layer

• has a direc tional distribution as well as a distribution of magnitude.

Another aspect of ~i e sketch is an axial flow with in the base region which

is int uitively expected and is , in fact , equal to lJ~ = U sin 0 according to the

Independence Princi p le. Whether the base flow is equal to U~ or to some other

value is of lesser importance than the fact that it must exist and it ought to be

“down” the cy linder. If the flow abou t an infinitely long cy linder is to be

matched using a finite length cy linder then the spanwise flow in the base region

• must be provided by the termination(s) of the cy linder. Near the end this must

be a result of a pressure gradient driving the fluid into and then down the base

• reg ion . In the cage of a cylinder with an endp late , the driving pressure gradient
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will be the result of the difference between the pressure on the p la te P and

the pressu re wi th i n  the base region 
~~~ 

Ac tuall y, this type of flow was one

aspec t of the problem studied by Etzold [14] for cantilevered circular cy li n-

der s (L/D < 10) at norma l incidence.

In order to pursue this discussion further some simplificat ions are nec-

essary. First , the press ure on th e end p la te will be assumed to be uniform , un-

affected by the presence of the cy l i nder , and equa l to the pressure on an in-

f i n i t el y l ong  inclined fla t p late. Second , the base pressure of the cy l i n d e r

will be taken as the undisturbed value on the face of the plate toward the cy l-

inder. This rudimentary approach is not onl y justified by necess i t y but also

by the results that can be obtained . The pressure on the face of the plate

is g ive n by

P P + l/2pU
2
C , ( A l )

p o

where C is the pressure coefficient of the pla te and is a function of B. The

base press ure of the  cy l i nde r is s i m i l a r ly de termined ,

p = p + l/2plJ
2cos

2O C . (A2)b o o Pb
n

The dr iving pressure difference is simp ly ,

~P P — P l/ 2~U
2 (C — C cos 2O) (A3)

or 

p b °

l / 2 p U 2 
= C — C cos 2 0 .

°
n

According ly, we have

C > C cos~ $ (A4)

nand

c < c cos 20 (AS)

n
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as conditions for flow into or out of the base reg ion , respectivel y. This is

an in teresting result because it has app lication to the norma l incidence case

as well. In that case C = C and in order to prevent axial flow on
pb pb

a two-dimension model we require

C = C  (A6)
pb

$ or , since C
Pb 

is negative , the end p l a t e  ought to be ti pped into the flow.

Support for this not ion can be found in the careful experiments of Graham

[21] who studied the two—dimensionality of the wake flow beh ind a D—section bluff

bod y fi tted with endp l at es . His  spanwi se v el o c i ’ y correlations improved mark-

edl y for endpla tes with an inclination of sli ghtl y greater than 40 with respect

to the freestream , i.e. 8 94°. It is interesting to note that Gerrard ’s expe

imental confi guration [18] ti pped the end pl ates the other way (B < 90’) which

wa s probabl y responsible for many of the three-dimensional phe nomena he observed ,

inc l ud ing  ste ad y ,  s la ntw ise vor tex shedd ing  fo r an unyawed cy lInder. Similar

C are
results can be obtained for yawed cy linders if the variations of C and

known for 8 and 0, respec t ive ly. The latter can be found from the experiJntal

results of the present stud y but it is su f f i c i e n t in th i s anal y s i s  to t ake C

—1. The varia tion of C with B can be estimated from the experimental measurem~nts

of Fage & Johansen [16]. Their da ta are p lo tt ed in Fi g. A3 along wi th a dashed

line which is a somewhat speculative representat ion of the behavior for all val-

ues of the angle 8. In this connection it must be noted that for B > — 30
0 

the

pressure varies significa ntly over the face of the plate but within the sp iri t of

th i s  ana l ysis the distribution of P is of secondary importance. The essential

result is that C(B)~ 
— cos

2
0 g ives the end pla te inclinat ion angles for which the

flow in the base region ough t to ch ange direction . For the two yaw angles 0 =

30’ and 50’ the corresponding end p la te ang les are B 110’ and B 105’. Wi th i n

the accuracy of B in Figs. 22 and 23 these values of B correspond fairl y well with

the locations where the observed shedding freq uency changes from below to above
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the value predicted by the Independence Princi ple and the shedding ang le goes from

a>0 to a<0. More over , the sensitivity of this mechanism to small changes in B is

greatest for 8 90 0 —120 °, which compares very well with the data in Figs. 22 and

23. As a final observation this mechanism will not only be sensitive to Reynolds

number because the base flow is influenced by turbulence but also because the co-

efficien ts C and C are themselves Reynolds number dependent .

We can a lso use’~this approach to help select the end p late orientation(s) that

best correspond to an infinitely long, yawed cylinder. On one hand , the flow must

be “down” the cy linde r so that we require

C > C cos
2 
0. (A7 )

n

On the other  hand , the pressure on the p la te ought tc be less than P to pre-

vent excessive flow down the cylinder and therefore

0 > C > C cos
2 
0 (A8 )

n

Acc ording to all of the end p la te experiments thi8 inequality corresponds to the

condi t ions

St/St > cos 0
0

and (A9)

Th is reasoning comp lements the vortici ty discha rge considerations that were em-

p loyed earlier to select a < 0 as the condition appropriate to an infinitel y l o n g

yawed cy linder. Use of ei ther reasoning with the data of the present experiments

invalida tes the Independence Principle for separated flows.

This analysis has assumed that the base pressure 
~b 

rema i ns cons tan t w h i l e

the end p late inclina t ion angle B is varied . This is not likely to be the case ,

since the universal Strouhal numbe r concept requires that changes in the shedding
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f r eq uency f be accompanied by cha nges i;t the wak e wid th a n d / or ch an ges i n

base pressure parameter k. A sing le experiment was undertaken to investigate

th i s  poin t by simu l t aneo usl y measuring the vortex shedding frequency, the

shedding ang le and the base pressure as functions of the end p la te inclination

angle 8. The data , obtained for a Reynolds number Re 550 and the yaw angle

O = 30°, is prese nted in Fig. A4. The results for the Strouhal number ratio

St/St and the shedding angle a compare well with the earlier data in Fig. 23a

which was obtained under similar conditions. The base pressure coefficient C

also varies and reflects the frequency variat ion , even including an unexp la i ned n

“bump” near B 100’. This fi gure conclusive ly demons trates the strong interac—

tion that occurs between the end conditions and the wake flow of finite—length ,

yawed cylinde rs. This result also serves as further warning that spanwise un i-

for m i ty is not an indication of the absence of end effects; Stansby 154] demon-

strated this for the norma l incidence case. Lastl y ,  this data lends additional

support for the not ion that within the universal Strouhal number concept a multi—

tude of flows can be realized for finite—length yawed cy linders; the part icular

f l o w  in any case is de termined by the end conditions.

Cyl inders with a Free—End

An exp lanat ion of the end effects for a free—ended cylinder is comp l i ca ted

by the th ree-dimensional separation processes tha t  occur  at the  end . It is in-

t u i t i v e ly satisfy ing to say that the coned and hemispherical ends will tend to

promote a greater spanwise flow than the flat end because of the shapes in—

volved .  In a sense the coned and hemisphe r i ca l  ends become more s t r e a m l i n e d

for i n c r e a s i n g  yaw angle  whereas  the f l a t  end become s “bl u f f e r . ”
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O n s

It is worth mentioning a few other configurat ions that have been utilized

in previous investigations and to briefl y discuss their effects. Van Att a used

two co n f i gurations; one that passed the cy li nders through slots in the wind tun-

nel walls and one that emp loy ed end p la tes. In view of the very large aspec t ra-

tios (L/D = 500—1000) of his experiments it would appeat that end effects were

minima l and that is why he did observe that St/St > cos 0. ReIf & Powell’ s
n —

smooth cy li nder had two rounded free—ends and was mounted by means of a sp ind l e

at the mid point. End effects were discounted by reducing the effective length

by 4 d i a met ers a t each end or e q u i v a l e n t ly a 10 percen t reduction in span for

a l l  yaw angles. According to the results of the present investi ga t ion and to

those of Thompson & Morrison or Lamont & Hunt , it is en t i rely possible that

Roif & Powell’ s cy linde r was not shedding vortices at the larger yaw angles.

Smi th , Kao & Moon placed their cy linders in an air jet with end p la tes

outside the jet. In this case there will be an equal tendency for “room” air

to e n t e r  t h e  base reg ion  from both ends .  If  t h i s  occur red , then  a two ang le

shedding pattern could have formed . Alternatel y ,  the base flow could have

been determined by an asymmetry of the jet . Whatever the cause , p a r a l l el shed~

di ng did not occur as indicated by the flow direction profiles in the wake.

Moreove r , the measured flow directions are consistent with a shedding ang le
I 

I 
less than the yaw angle and this accounts for the reported excess form drag

over the Cosine Law prediction .

The experiments of Dale & Holler and those of King are interesting in

that all were performed in water such that the free surface was one boundary

of the wake flow . Air entrapment in the base region can pose a problem for

sufficientl y low base pressures (see King ’s original BF{RA report) but other-

wise the free surface provides a means to su~ tain preseure differences as well
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as s a t i s f y i n g  the  vorticity theorem condition that vortex lines cannot terminate

wi thin a fluid . A spanwise base region flow must be permitted but its control

can perhaps be more precisel y adjusted at the downstream end . The greatest dis-

a d v a n t a g e  to th i s  c o n f i gura t ion i s tha t the wa ter su r f a c e  can ac t as a “reflect-

ing ” plan e and introduce the strong influence(s) of symmetry . In other words

the experimental arrangement is merely a physical representation of half of the

f l o w  tha t occur s for  a be nt cy linder. This was one diffic ulty encountered in

attempts to generalize the results of Dale & Holler or for that matter the re-

sults of King. The importance of the symmetry infl uence is demonstrated in the

next appendix.

II
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Fi gure Al — A sketch of the two—dimensional vortex formation processes.
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Fi gure J~2 — A sketch of the three—dimens i onal vortex formation processes.
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I

A P P E N D I X  B — BENT CYLINDER FLOWS

A disc ussion of variou s configurations of some practical importance led to

the suggest ion of a bent cylinder as a likely candida te for further experiments.

This geometry offered two additional advantages; no “upstream end” and a sym—

metrv much like the experiments of Dale & Holler [10). A bent sect ion that

formed a 120° ang le was selected since it was possible to obtain a zero yaw

angle for each leg. No particular attention was g iven to the bend i t s e l f  and

the result was a smooth , curved section of 3—4 diameters radius between the two

legs that each had an exponed (to the flow) length of at least 44 diameters .

The sheddi ng f r e q uenc i e s  we re no rma l i zed  by the zero yaw frequency and are

plotted in Fig. 81 for the two Reynolds numbers of 160 and 460. The corres-

ponding flow visualiza tion photographs a re shown in Fi g. B2. The photographs

are arranged in columns according to Reynolds number and inclinatio n angle. For

Re — 160 the wake is ba re l y i n f l uenced by incli nation angle. The shedding ang le

is essentiall y constant near a — 0 and the shedding freq uency shows some symmetry

about 0 — 30 w h i l e  never  dr opp i ng be low 96 percen t of the 8 = 0 value. For Re

— 460 the shedding ang les conf o.rm more to the cy linder shape and the shedding

frequency ratio drops to a minimum of abou t 0.89 at a yaw angle near 8 32°.

These observations are consistent with a strong influence of symmetry over

rath er large spans and compare very well with the flow visualization photo-

grap hs of Dale & Roller. Out of curiosity the cylinder was rotated about the

axis of the lower leg at 0 — 30° to destroy the syasnetry . The new shedding

f r e q u e n c y  in th i s  ins tance is represen ted by the square  symbol in Fi g. 81 and

compares well to the earlier free—ended results.
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