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ABSTRACT 

A state-of-the-art review of the problem of determination of the fluctua

ting loads on rigid ciroular-cylindrical structures in uniform flows with and 

"without" free stream turbulence is presented.. Partioular attention is paid to 

the effeots of surface roughness of the struoture and of Reynolds number, and 

to the definition and charaoterization of the various flow regimes, suboritical, 

oritioal, superoritioal, and transoritioal. Flow three-dlmensionality and 

length-to-diameter, wall interference, and model-end-condition effects are 

also discussed. Problems requiring additional researoh are identified. 
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PART I 

FLOW AROUND CIRCULAR CYLINDERS: 

UNSTEADY LOADS 

INTRODUCTION 

While oonsiderable progress has been made in the analysis of the mean 

wind loading on oiroular oy1inders and other rounded struotures like ohimneys 

and oooling towers, specifioa11y with regard to surfaoe roughness effeots 

and to flows at high Reynolds numbers (see e.g. (l)~ (28), (57), (59», inves

tigations of the unsteady oomponents of the wind" loading on suoh struotures 

are still needed, in partioular with regard to the two aforementioned problems 

and to free stream turbulenoe effeots. On oooling towers, speoifioally, ten

sile wind stresses and oompressive dead load stresses are of comparable magni

tude and henoe their differenoe is quite sensitive to small ohanges in wind 

loading 1 information on the dynamic wind stresses (whioh may be of the same 

order of magnitude as.the static stresses) is therefore needed for design 

purposes and the problem has been the objeot of recent attention (see e.g. 

(5), (6), (36), (59». The oonsiderable reductions in the r.m.s. values of 

the pressure fluctuations in the presence of surfaoe roughness that have been 

reported (8), (18), (59), (73) but not fully interpreted due to the diffi

culty of obtaining comprehensive data highlight the need for a better under

standing of the flow phenomena. 

More generally, knowledge of the details of the pressure fluotuations 

occurring on the surfa~e of a solid boundary interacting with a oomplioated 

flow field is of considerable importanoe in a variety of practical problems~ 

Many problems in the area of aerodynamic sound can be associated with the 

interaction of the unsteady flow structure in the vioinity of the body sur

face with the body itself. The sound radiated by solid surfaces in the 

presenoe of unsteady flows (see e.g. (29» can be partly represented by a 

dipole distribution whose strength depends upon the characteristics of the 

surface-pressure fluctuations, the contribution from the dipoles being domi

nant in many oases. Sound tr,ansmission through a boundary surface depends 

essentially upon the characteristics of the pressure fluctuations acting on 

* Numbers in parenthesis indicate references beginning on page 40. 
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it, as does also of course the load on any structure interacting with a 

fluid flow, particular cases being the cooling tower design problem men

tioned in the preceding paragraph, the wind loads on other circular cylin

drical objects like smoke stacks, silos, and rocket launchers, and the loads 

on cylindrical elements of sea structures. 

The problems described are rather oomplex and not amenable to direct 

analytical treatment. Decomposition into simpler problems is necessary, 

in the hope that if the simpler problems can be solved, an appropriate com

bination of the solutions may reveal in at least an approximate manner the 

general behavior of the splution of the initial problem. Even after such a 

decomposition is made, one is still faced in the present case with complex 

phenomena, including separation and transition to turbulence, and experimental 

investigations are needed to guide the theory and to understand the flow. 

This review will focus mainly on investigations of fluctuating loads on 

rigid circular cylinders in uniform streams, particular attention being 

given to the effects of free stream turbulence and surface roughness. The 

effects of a velocity gradient in the oncoming flow are not discussed here 

in the interest of conciseness, and to permit focusing on the important effects 

of various turbulence charactedstics. Earlier related reviews can be found 

in (14), (38), (47), ,(49), (52), (63), and (67). 

GENERAL CONSIDERATIONS 

Independent variables for the problem just described are the Reynolds 

number, Re :;:: Ud/'J (0. = velocity of uniform stream, 'd ::: cylinder diameter, 

or mean diameter of the structure, and 'J:;:: kinematio viscosity of the fluid), 

the pertinent geometric parameters (for a circular cylinder spanning a cross 

section, the cylinder length-to-diameter ratio, ~/d,and the blockage ratio, 

d/b, where b :;:: test section width), the free stream turbulence characteristics 

(one needs at least a relative turbulence intensitYr Tu = ufO , where 

u = -V'u ti ahd'u ' :;:: longitudinal velocity fluctuation, and a relative tur

bulence length scale, L u/d or L u/d where L u and L u are respectively x 'y x y 
the longitudinal and lateral length scales of the u l fluctuation), and ade-

quate parameters describing the surface roughness of the struoture (at least 

a roughness height, k, or preferably an equivalent roughness height, ks ; 

see (26) for a discussion of this problem). The functional relationships 



- 3 -

between these parameters and the dependent parameters that characterize 

the loading on the structure exhibit drastic changes with Re. Four flow 

regimes, each characterized by a special boundary layer behavior, can be 

identified (but see a critique of the following definitions below): sub

critical (purely laminar separation) ~ critical (laminar separation followed 

by reattachment and delayed final flow separation); supercritical 

(transition occurring ahead of separation and moving upstream) ~ and trans

critical (transition located sufficiently close to the forward stagnation 

line so that the flow becomes independent of Re). The terminology (and 

the definitions themselves) vary among various authors, and the boundaries 

between the various flow regimes may not be sharply defined, depending in 

particular on the parameter considered. 

"For conciseness, important features of several investigations are 

summarized in Tab~e 1, without attempting to be exhaustive. (Additional 

relevant references are given in the text and in the bibliography.) Fung (30), 

Jones et al (41), and Richter and Naudascher (60) measured lift and drag 

forces over finite cylinder lengths using force-balance methods; in other 

investigations lift and drag were obtained through analysis of the simul

taneous pressure signals at sufficient points at instrumented sections of 

the cylinder. Jones et al (41) and Szechenyi (73) used pressurized wind 

tunnels with side wall slots or perforations to correct for blockage effects, 

while Richter and Naudascher (60) and Warschauer and Leene (81) used high

pressure water tunnels; closed-section wind tunnels were used in the other 

investigations, with the exception of some of Korotkin's (44) experiments 

which were carried out in an open section tunnel. Schmidt's (69, 70) model 

was a cantilevered cylinder with a blunt end; one of the cylinders (~!d = 6.9) 

investigated by Warschauer and Leene was also cantilevered. Fung's (30) 

cylinder model had unsealed, 0.02 in. wide and 0.9 in. deep slots between. 

the instrumented and outer cylinder sections (which had a significant effect 

on the flow in the wake according to Fung) • 
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TABLE 1: IMPORTANT FEATURES ON SEVERAL INVESTIGATIONS 

Reference Measurements Re_6 Regime dlb Jl./d kid T (%) LU 

xl03 
u x 

xl0 Sub. Cri. Sup. d 

Pung Lift and drag spectra 0.3- x .105 5.69 nsn* 
(1960) 1.4 

Humphreys Lift and drag fluctuations; 0.04 x x 0.152 6.56 nsn 1.0 
(1960) flow visualization 0.6 

Roshko Velocity fluctuation spectra; 1.5 x x x 0.136 5 .. 67 0.011 
(1961) mean pressures 9 

Tani Velocity flucuation spectra; 0.03- x x x 0.07 14.3 nsn 
(1964) flow visualization; tripwires 1.0 0.164 6.10 -3 "'" 0.9x10_3 

0 ... 317 3.15 2.3xlO 

Schmidt Lift and drag cross correlations 0.38- x .071 8.10 "sn 
(1965) and cross spectra 0.75 

Jones et Lift spectra 0.36 x x .187 5.34 0.002 0.2 
al (1969) 

Bearman Velocity fluctuation spectra; 0.10-
(1969) mean pressures 0.75 x x. .065 12.0 nsn 0.2 

Warschauer Correlations and spectra of 0.3- x x x 0.058 17.2 0.007 0.1 
and Leene pressure flucuations 3.9 0.118 8.5 0.003 
(1971) 0.118 6.9 0.003 

0.198 5.0 0.002 

van Nunen Pressure and lift and drag 0.5- x x x 0.167? 6 ? nsu 

et a1 (1971) spectra 7.7 

* Its": Nominally smooth cylinder (kid not known) 
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TABLE 1: IMPORTANT FEATURES ON SEVERAL INVESTIGATIONS 

(Continued) 

Reference Measurements Re_6 Regime djb J/,jd kjd T (%) LU 

x103 
u x 

x10 Sub. Cri. Sup. d 

Surry Pressure, drag and lift 0 .. 034- x .028 60 "s" 2.5 9.80 
(1972) cross correlations and cross D.044 10.5 0.36 

spectra; turbulent streams 10.0 4.30 
14.7 4.40 -

Batham Pressure correlations and 0.111 x x x .050 6.65 nsn 0.5 
(1973) spectra; smooth and rough 0.235 2.17 12.9 0.50 

models; turbulent streams 

.-
Bruun and Pressure and velocity 0.08- x x .131 9.82 "s" .16 UI 

Davies fluctuation spectra and correla- 0.48 .17 
(1975) tions; turbulent streams 10.5 0.55 

11.0 0.19 
3.8 0.35 

Szechenyi Lift spectra; smooth and rough 0.096- x x x .077 9.33 liS" 4.0 
(1975) models 4.2 .128 5.60 0.15- 0.3 

.179 4.0 2.00 

.230 4.38 

Korotkin Mean pressures; visualization 0.067- x x open section 5.0 nsn 0.5 
(1976) 1.67 25.0 

0.6 x 0.12 8.3 nsn 0.03 

Richter and Lift and drag spectra 0.02- x x .167 8.60 0.8 0.5 
Naudascher 0.04 .250 
(1976) .333 

.500 

Sonnevil1e Velocity, pressure and lift and 0.01- x .056 12.9 nsn 0.3 
(1976) drag cross correlation and 0.065 

cross spectra 
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CYL,INDERS IN LOW-TURBULENCE STREAMS 

A. Three-aimensional and Other Effects 

The physical changes that take place in the flow as Re increases 

are reflected in particular in the value of the drag coefficient, Cd" 

which drop's sharply as the laminar separation-turbulent reattachment bubble 

appears (but see discussion below) and then increases ana attains a con

stant value at large Re. Corresponaing transitional changes are exhibited 

by other flow parameters, as aepic:ted in Fig. 1, where selectea curves re

presenting measurements by various authors are presented to indicate the 

general trenas. A discussion of the functional dependence of Co and 

other mean-pressure-aistribution parameters (base and minimum pressure co

efficients, C band C , pressure rise to separation, C b - C , separation p ~ p ~ 

angle, ¢s' and angle of transition, ¢T' on Re and surface roughness is 

given in (34), (28), and (35) and specifically for cooling towers in (26). 

It is shown in' these re.ferences that the drag coefficient, Cd' while strongly 

dependent on relative roughness (in particular in the range of large Re, 

where Reynolds number independence obtains) is also rather sensitive to 

factors such as length-to-diameter ratio, tunnel blockage, end conditions 

of the model, and side wall conditions of the tunnel. In particular, it 

is suggested that the marked differences in the Cd data from various 

sources for smooth cylinders at large Re (see Fig. 2 reproduced from (34)) 

may be due to a large extent to wall interference effects associated with 

the use of slotted-wall tunnels to compensate for blockage. Such differenccis 

are not present in the data from the same sources for the pressure rise to 

separation, C b - C (see Fig. 3 reproduced from the same source), a quan-p pm ' 
tityclosely related to boundary layer characteristics and relatively insen-

sitive to blockage and end conditions effects (25, 26) and strongly dependent 

on relative roughness, in particular in the Re independent range. 

While the pressure rise to separation thus affords a basis, albeit. 

limited, for comparison of circular cylinder data (and also cooling-tower 

and other rounded-structure data) obtained under different experimental 

conditions, for meaningful evaluation of other mean flow data and, particu

larly, of flow fluctuation data,' there is still the difficulty of taking 

into account all the parameters that might have an effect on the flow. The 

vortex shedding phenomenon is extremely sensitive to three-dimensional 
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effeots, as will be presently discussed, and there may be significant 

~/d and end oondition effects on flow two-dimensionality (see below). 

The effects of ~/d on mean flow parameters have not yet been well doou-

men ted (see e.g. (25) ) • In the supercritical Re tange and for ~/d 

values between say, 3 and 8, Cd (correoted for blockage) appears to in-

orease with deoreasing ~/d in solid wall tunnels (25, 34). Even for 

large ~/d ratios, it would appear from results of Humphreys (37) and 

more reoent results of Korotkin (44), that the flow may exhibit a 3-D, 

cell-like structure along the oylinder span, at least in certain Re 

ranges. (Mattingly (50) has also found a spanwise periodicity with a 

wave length of a few diame'ters, without attempting any quantitative des

cription. ) 

Actually, indications of spanwise 3-D structures can be found in 

earlier experimental resultS:Roshko (62) at Re = 80 (see Gerrard (32) for a 

disoussion of low Re results and additional referenoes), mtkin et al (21) 

at Re from 2 x 10 4 to 6 x 104~ and Macovsky (48) at 104 < Re < 105. 

(Etkin et al found indirect evidence of spanwise variations, with correla

tion lengths of about 8d, from an analysis of aooustio radiation measure

ments, while Macovsky ob'served large spanwise phase chan~es ocourring at 

random and increasing in importance as Re approaohed 105.) Humphreys 

used long, thin silk threads, capable of stretching from the stagnation 
o point (6 = 0) to about 6 = 130 , to visualize the flow at Re from" 

4 x 104 to 6 x 105• At Re < 105 , the threads seemed to present no sub

stantial interference with the flow, flapping in and out with the wake and 

showing some spanwise irregularity, but without any identifiable pattern. 

At the onset of the oritical regime, Re N lOS (at which Re a well defined 

vortex street is still present for the bare cylinder), the threads, aoting 

apparently as tripping devices for the cross flow from laminar to turbulent 

separation regions, produced a distinot spanwise wave or oell pattern, very 

stable in time, formed of cells with and without reattachment, which made 

the oscillating lift practically vanish and severely reduoed Cd. Charac

teristic oell sizes were between 1.4d and l.7d. The threads broadened the 

oritioal region of decreasing Cd coefficients, as would an increase in 

surface roughness. As Re was increased beyond 105, the cells remained 

the same in size, but the boundaries jumped around with greater and greater 
5 rapidity, until by Re N 3 x 10 they could no longer be identified by visual 

observation. 
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The silk threads acted evidently as organizing agents for the flow. 

Similar instances of relatively small disturbances dominating an instability 

phenomenon to the exclusion of other factors, otherwise important, have been 

discussed by Morkovin (52). Lateral osoillations of the cylinder at approxi

mately its Strouhal frequenoy represent inoidentally a rather powerful organ

izing agent, which can increase the spanwise correlation of the vortex shedding 

and result in an inorease in the unsteady lift (see e.g. (14), (33)). 

According to Humphreys, however, the same type of cell formation could 

exist at the lower edge of the critical Re range with the threads removed, in 

this case without any well-defined periodicity but rather with the cells of 

turbulence moving about randomly on the cylinder surface, providing the basic 

mechanism for transition to turbulence in the boundary layer. Incidentally, 

Humphreys found oonsiderable end-condition effects (in spite of his cylinder 

model having ~/d = 6.56) in the sUbcritical Re range, which became less and 

less pronounced as Re approached the critical range. It should be noted that 

the evidence for the existence of the moving cell pattern is qualitative in 

nature, as Humphreys has pointed out. 

In a recent investigation, Korotkin (44) found regular and significant 

mean pressure nonuniformities along cylinder generatrices at angles 6 between 

900 and l300 , that is, just before and in the zone of separation, for Re of 
6 the order of 10. (Such regular nonuniformities in mean pressure have not been 

generally reported in the literature.) By using silk threads in the manner 

of Humphreys, Korotkin found the same type of honeycomb structure, but at 

much larger Re, of the order of 106 (cylinder Q,/d = 5) and also at subcritical 

Re, of the order of 5XI04 to 105 (cylinder ~/d = 25). While the honeycomb 

cells at subcritical Re were observed to change their location along the 

cylinder in intervals of 3 to 8 seconds, at , Re ~ 106 , the location of the 

cells appeared quite stable. Due to the presence of the cells at clearly. 

subcritical Re, Korotkin tends to attribute the 3-D cell-like structure of 

the flow to the concavity of the streamlines in the vicinity of the separation 

point, rather than to three-dimensionality associated with transition from 

laminar to turbulent flow in the separating and reattaching layer, as suggested 

by Humphreys. With a sharp pointed nose attached to the cylinder so as to 

reduce streamline concavity near the stagnation point, measured pressure 

distributions showed the presence of 3-D separation in the separation zone, 

just as without the nose. Korotkin concludes then that it is the concavity of 
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the streamlines near the separation point that is responsible for the gen

eration of Gortler vortices, which w?uld be produced both in the subcritical 

and critical ranges, and which would produce the 3-D cellular disturbance 

pattern. This would be in agreement with observations of Kestin and Wood (43) 

which show that the intensity of 3-D disturbances is highest near the sep

aration point, although these authors attributed the generation of vortex

like disturbances to the region near the stagnation point. 

The also recent investigation of Sonneville(71) at Re ~ 5XI04, in which 

velocity, pressure, and lift and drag cross-correlations and cross-spectra 

were measured, did not 'disclose any spanwise nonstationary behavior as de

scribed by Korotkin; statistically, the flow was two dimensional, and no 

phase differences were detected, in the mean, along the cylinder span, thus 

excluding any hypothesis of organized propagation. 

B. Definition of flow regimes 

The preceding, somewhat extended discussion of 3-D effects, together 

with the inherent unsteadiness of the flow around a cylinder, point toward 

the possible shortcomings of 2-D, steady-mean-flow descriptions, obtained 

by averaging over times which are large compared to the significant 

vortex-shedding periods. This is true, in particular, with regard to the 

definitions given in the preceding section of the various flow regimes: sub

critical, critical, supercritical, and transcritical, the boundaries of which 

still require further investigation. 

The transitions which divide the flow regimes are inherently related to 

transition to turbulence in the wake or boundary layer of the cylinder and to 

the development of single anddouble-shear-layer instabilities, as discussed 

in detail in reviews by Morkovin (52) and Marris (49), and in a paper by 

Bloor (15). The development of single~shear-layer, inviscid oscillation 

modes (originally created through viscous action) can be likened to a vortex 

induction process (52) in which inertially~controlled momentum and vorticity 

transfers occur in (and as a result of) a uniformly oriented vorticity field, 

perpendicular to the velocity vector. This process is essentially different 

from the vortex stretching and distortion of turbulence, brought about by 

nonlinear acceleration terms which vanish in 2-D flows. Turbulent and laminar 

shear layers exhibit similar inviscid-instability behaviors, with fast sub

sequent decays in the case of the turbulent layers due to turbulent mixing. 
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The double-layer instability responsible for the shedding appears at Re < 100 

«(52), (49), (15». Morkovin and Marris assume that in the range 

150 < Re < 300 transition to turbulence occurs in the free shear layers 

originating from the cylinder prior to their rolling up into vortices (which 

would therefore be turbulent from their inception). Bloor, on the other 

hand, in experiments in a low-turbulence wind tunnel (T = 0.03%), found that u 
only for Re > 400 did transi don occur in that manner, being preceded by 

the basically 2-D Tollmien-Schlichting waves. For Re < 400 , Bloor found 

transition to turbulence to occur in the fully formed street and to be associa

ted with basically 3-D irregular fluctuations. For brevity, the remainder of 

this review will be restricted to flows at Re larger than at least 104 ; the 

reader is referred to the three papers cited above and to papers by Gerrard (31), 

(32) and Roshko and Fiszdon (63) for accounts of events at lower Re. 

Laminar separation as described in the preceding paragraph, obtains up 

to Re of about 105; the large-scale double-layer instability exhibits a 

turbulent fringe but the initial segments of each layer are laminar and present 

secondary, small-scale vortices (single-sheet instabilities). These secondary 

vortices could affect the necessary lateral momentum transfer to reattach the 

separated layer, forming a long laminar (pulsating) bubble (52), (77). 

Alternately, the momentum transfer needed for reattachment could be provided 

by transverse turbulent fluctuations, in which case a short (laminar separation

turbulent reattachment) bubble is formed. In either case, final separation 

is pushed downstream, leading to narrower wakes and much smaller wake suctions 

and drag coefficients (see Fig. 1). 

The critical regime thus develops, the transition from the subcritical 

Re range occurring at Re between 105 and 3 x 105• The exact sequence of 

events at this first or lower transition is still not completely elucidated. 

In the subcritical flow range the boundary layer on the cylinder (laminar) 

separates at approximately 8 = 800 over a considerable range of Reynolds 
5 numbers, up to about Re = 10. (The drag coefficient, 

plateau over the same Re range.) According to Achenbach 

Cd ' exhibits a 

(2,4), OVer the 
5 5 Reynolds number range from 1.2xlO to 3xlO ,the angle of separation, 8s 

o 0 changes from 80 to about 110 with the boundary 'layer separating always 

in laminar fashion, this change being of course accompanied by an increase 

in base pressure and a considerable drop in Cd (see Fig. 1). Only at 
5 Re 3xlO the phenomenon of the laminar separation-turbulent reattachment 
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bubble would occur, the laminar boundary layer separating at es,lam = 1050 

and reattaching immediately as a turbulent layer, with final separation 

occurring at 6s = 1400 • The reader is referred to Achenbach's original 

papers for the physical arguments and data supporting these views. Here we 

point out only that over the range from Re = 1.2xl05 to Re = 3xl05 (the 

critical Re according to Achenbach's definitions, where Cd exhibits a 

minimum) a long laminar bubble in the sense of the preceding paragraph could 

well be generated which could account for the downstream motion of the 

separation point as observed by Achenbach. We denote (with Achenbach) the 

range of Re from about l.2xl05 to the'Re at which the bubble disappears (but 

leave this Re undefined except to say that it would be of the order of 106) 

as the critical Re range (see Fig. 4). In this transitional range (this 

would probably be a better name for it actually), the flow is very sensitive 

to any disturbances, which may explain the large variations in experimental 

data from different investigators. 

The supercritical flow range as defined here begins at the second or 

upper transition, where the bubble dis~ppears (Re of the order of 106). It 

is characterized by transition to turbulence in the boundary layer occurring 

ahead of separation and moving upstream toward the point of stagnation as 

Re increases. Transition occurs first downstream of the main cross section 

(transition angles 

section, it rapidly 

(2, 35). It should 

o 
6T > 90 ). Once transition occurs ahead of the main 

shifts toward the stagnation point with increasing Re . 
be noted that according to Achenbach's definitions 

transcritical range would begin at the Reynolds number that gives 

the 

The definiti~n tentatively adopted here for the transcritical flow range 

seems more significant from a physical point of view; it is, however," 

asymptotic in nature. Roshko's (61) original definition of the transcritical 

range embodies both the present supercritical and transcritical regimes; the 

word "postcritieal" has also been used in the literature to denote these two 

ranges. A universal terminology is needed to avoid oonfusing statements. 

We note in paFticuler that the word transcritical has also been used in the 

literature to denote the critical Re range (73). 

We note finally that" the fall of the tangential stress on the cylinder 

surface (as a function of e) to a minimum and subsequent immediate rise to 

a maximum, which characterize the laminar separation-turbulent reattachment 
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bubble, can be seen in the experimental results of Fage and Falkner (23) 

obtained using skin-friction tubes, dating back to 1931 and preceding 

Achenbach's (4) by 37 years. 

C. Unsteady loads 

While the dependence of the mean pressures on both Re and surface 

roughness has been the object of several studies for both cylinders and 

cooling towers (e.g. (1), (26), (34), (57», corresponding studies for para

meters characterizing the fluctuating loads (Strouhal number S, root-mean

square lift, drag, and pressure coefficients, respectively Ci, Cd' and 

C' , and more generally the correlations and spectra of the fluctuations) are in p . 
general still needed, in particular for critical, supercritical, and trans-

critical Re (a recent contribution is (59) where cooling-tower model and 

prototype data are reported). The information available shows that the 

dominant subcritical spectral peaks disappear or are greatly reduced in revel 

of ~harpness in the critical Re range (8,11,30,41,77). The disappearance 

of regular shedding is very likely due to the strong flow three-dimensionality 

introduced by turbulent spots or bursts originating in the (transitional) 

laminar boundary layers ahead of the separation bubbles, which disrupt the 

bubbles asymmetrically (41), leading to small axial correlations along the 

structure and to appreciable axial non-uniformities, which in turn result 

in a breakdown of the double-layer instability responsible for the alternate 

s~edding (8,11, 41). The regular shedding reappears (41, 61, 73, 76) as the 

boundary layer becomes turbule~t prior to separation, the bubbles disappear, 

and axial homogeneity is recovered (supercritical and transcritical Re ranges). 

The variation of S with Re sketched in Fig. '1 is in agreement with these 

ideas, the difference in S for subcritical and supercritical flows being due 

to the different wake widths. 

These ideas make the disappearance of regular shedding dependent on 

the turbulence characteristics of the stream and on surface roughness. Vor

tex shedo.ing could continue after the bubble regime appears if disturbances 

are minimized, with larger S values due to the much narrower wake (11,60). 

(Bearman's (11) measurements show that the velocity fluctuations in the wake 

in the one- or two-bubble regime have sharp spectral peaks, but with much 

smaller power at the Strouhal frequency than at a typical subcritical Re. 

However, only very weak velocity fluctuations at the shedding frequency were 
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observed near the cylinder surface at o 8 ::: 90 , which is consistent with 

the increase in the bandwith of the peaks of the lift fluctuation spectra 

in (60) as Re approached and passed the critical Re). The disappearance 

of the bubble may result in abrupt change::; in the parameters (as reported 

in (4) for the separation angle, 8s )' but the available data are not 

sufficient to determine any fUnctional dependence on Re accurately. 

The preceding ideas are not inconsistent with Humphrey's (36) and 

Macovsky's (48) findings conoerning the three-dimensionality of the flow 

as Re approaohed the critioal range. However, the possible three-dimensionality 

of the flow in the subcritioal Re range suggested by the results of Korotkin 

(44) casts doubts that require additional investigation for their elucidation. 

For subcritioal Re, with coherent shedding and sharp spectral peaks, 

C' presents a maximum around 8::: 800 (8 = angle from leading generator) of 
p 

the order of 0.40, decreases to about 0.30 at 8 == 1200 , and then increases 

again somewhat in the wake region, presenting another maximum at about 

8 = 1600 (71), Re::: 45,000; (72), Re ::: 40,000). The increase in the wake 

region is not present in the data of Bruun and Davies (16) at Re = 2.4xl05 

(still subctitical, low turbulence stream) which give C',.. 0.20 at 8 = 1800 

P 
nor in the data of Batham (8) at Re::: 1.11xl05 where, on the other hand, 

an additional peak at 8 - 1050 following the maximum at 8 = 800 can be 

seen. Batham interprets the presence of these two peaks as indicating the 

formation of a separation bubble. However, the high vorteX-Shedding levels 

at Stro~hal numbers of about 0.2 exhibited by the corresponding spectra (which 

result in high C' values around separation) and the typically subcritical 
p 

mean pressure distribution would appear to indicate that the critical range 

has not been reached, although this would leave the second peak unexplained. 

It is interesting to note that at Re :::2.4xl05 (smooth cylinder), Batham 
000 detected strong shedding at 8::: 60 and e::: 90 , but not at e '" 75 • 

Since.Batham rotated his cylinder, he interprets this as implying transition 

to critical flow due to small changes in roughness resulting from the rotation. 

Indeed, transition phenomena are highly sensitive to small surface disturb

ances (11, 30, 70) and to freestream turbulence (11, 16). In addition, end 

and wall confinement eff'ects can be particularly significant at transitional 

Re (22,25,30,70), to the point of resulting in serious nonuniformities 

along the cylinder span (76), and all these factors must be considered in 

any data comparison, including possible flow asymmetries (see in paritcular 

(11), (58». 
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At Re ~ 45,000 Sonneville (71) has determined by spectral analysis the 

major components of the fluctuating pressures on the cylinder surface. His 

conclusions are in agreement with e'arlier data of Surry (72) and Bruun and 
o 

Davies (16). Most of the pressure fluctuation energy for e < 160· comes 

from a frequency band around the Strouhal frequency, f s ' This component, 
o which vanishes near e ~ 180 , appears as a signal with a dominant frequency 

exhibiting strong low-frequency amplitude modulations. A component at fre-

quency 2 f s ' weak in relation to the total fluctuation, can be seen in the 

spectra at angles e > 600 • Its e~ergy decreases rapidly away from e = 1800 , 

where it has a maximum. A very weak component at frequency '3 f can also s 
be seen in the spectra, in partioular near separation. All spectra (except 

perhaps around the stagnation line) present a low-frequency plateau, in

creasing in importance toward the baok of the cylinder, which Sonnevil1e has 

shown is direot1y related to low-frequency modulations of the shedding. These 

modulations are assooiated with slow changes in the region of formation of 

the vortices, that is, with slow evolutions of the shedding mechanism, at 

frequencies 10 times slower than the shedding frequencies themselves. More 

precisely, the continuous part of the spectra, important in particular at 

low frequencies, can be considered as having contributions from two components, 

one with weak longitudinal correlations, due to the f1~w turbulence (which 

in the wake region exhibits considerable broad-band high frequency fluotua

tions ((16), Re = 2.4xl0 5; (72), Re ~ 4X10 4), the other with longitudinal 

correlations of the order of the oorre1ations of the f component. The s 
latter contributes significantly to the longitudinal correlations and, because 

of its direct relationship to the modulations of the vortex-shedding fluctua

tions, it can be viewed as characterizing the three-dimensionality of the 

flow, together with the analogous phase modulations along the cylinder and 

the relative instability of the Strouhal frequency as depi"cted by the width 

of the peaks. 

It is interesting to note that hot wire traverses at distances from the 

cylinder wall of 0.013 d, 0.021 d, and 0.050 d, showed that in the turbulent 

region 110° < e < 1400 , immediately after (in the sense of increasing 8) 

the separated shear layers, the velocity fluctuations exhibited fully turbulent 

spectra, the turbulence apparently masking completely the Strouhal fluctua

tions (peaks not visible in the spectra). The longitudinal velocity 

correlations in this zone were accordingly negligible, which was not the 
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case for the pressure correlations, which remained of the same order of 

magnitude as the pressure and velocity correlations at angles e < 900 • 

The fluctuating lift in the subcritical range has peak values of , 
the order of the steady drag. Keefe (42) measured (sectional) C L '" 0.46 

, an order of magnitude lower. at Re = 5 x 104 , with C 'a, '" 0.04 

Bonneville (71) obtained C L '" 0.50 at about the same Re (both by inte-

grationof prespures and by estimation of local values from force measure-

ments for the whole cylinder length, using a correlation function estimate , 
obtained on the basis of his data and data of Burry (72)), and Cd'" 0 .13 r , 
much larger than Keefe's Cd' For brevity, the reader is referred to 

, 5 
Bonneville's report for a comparative analysis of C L data at Re < 10 , 

including results of McGregor (51), Humphreys (37), Keefe (42), Bishop and 

Hassan (13) (flume measurements), and Gerrard (32). Excluding Gerrard's 

results, which are totally different from the others ~errard has conjec

tured that this may be due to the very low free st.ream turbulence level of 

his wind tunnel), the trend that emerges from Sonneville's analysis is that 
, 3. 4 

C L increases as Re increases from ,5 x 10 to about 6 x 10 , rather 

rapidly between 5 x 103 and 104 (the reasons for this rather steep in

crease are not clear), and then decreases as the critical range is approached. 

There is a plateau-like maximum, say between 4 x 104 and 6 x 104 , with , 
a value of C L between 0.45 and 0.50. 

, 
Regarding the C d values, Bonneville has noted that Keefe's Cd'" 0.04 

represents only the energy at frequencies around the second harmonic, 2 f s · , 

of the Strouhal frequency, at which the drag spectra present a wide-band peak. 

While the spectral density of the lift presents two peaks, one at f , the s 
other at 3 f , with practically all the energy concentrated at the Strouhal 

s 
frequency, most of the energy of the fluctuating drag is concentrated over 

the low-frequency range, where the spectra present a plateau for Strouhal 

frequencies less than 0.02. The contribution from this low-frequency range 

to the root-mean-square value of the fluctuating drag is generally 3 times 

larger than the contribution from the peak at 2 f 
s 

There is no low-

frequency contribution, however, to the fluctuating lift, confirming the 

symmetry of the low~frequency components of the pressure fluctuations. As 

with the pressure, the low-frequency component of the drag fluctuations is 

associated with the low-frequency modulations of the vortex shedding fluc-

tuations at 2 f s 
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Batham's (8) results at Re = l.l"x 105 are C~ ~ 0.33 , 

Pressure fluctuation correlation lengths, LP , at a = 900 (T 
u 

, 
Cd ~ 0.1. 

< 0.5%) 

from various sources (16) appear to decrease linearly with increasing 

Reynolds number (with some scatter) from about 4d at Re = 104 to less 

than 3d at Re = 2 x 105~ Surry's (72) measurements at Re ~ 4 x 104 

(Tu = 2%) show correlation lengths of about 4d between a = 300 and 

a = 600 , decreasing to about 3.25 d at a = 1200 • At the rear of the 

cylinder the correlation lengths drop sharply, consistent with the vanish

ing of the Strouhal frequency component of the pressure fluctuations toward 

a = 1800 • 

Narrow-band correlations oan be used to isolate the longitudinal 

coupling of the vortex shedding phenomenon from the masking effects of 

free stream turbulence. They can be determined by correlating at two 

lateral stations the pressure fluctuations corresponding to a frequency 

band around fs (correlation of the peak at fs (71», or by measuring 

the ratio of cross spectrum to power spectrum, which for any pair of lateral 

stations will e~hibit peak coherence at the vortex shedding frequency (co

herence at f s )' Surry's data (72) show narrow-band correlation lengths, 

LPs ' about double the complete correlation lengths cited in the preceding 

paragraph (see also the discussion of turbulence effects later). These 

values seem somewhat high when compared with Sonneville's correlation 

measurements for a longitudinal spacing ~y = 1.9 d , which show the co

herence at fsto be about 20% to 30% higher than the complete correlation, 

at angles a between 300 and 120°. But the higher free stream turbulence 

in Surry's experiments may account at least in part for the difference. 

Earlier measurements of pressure correlations by Prendergast and velocity 

correlations by El Baroudi (see (70), (72)' for references and comments) 

produced respectively LP values of about 4d and 6d at Re = 45000. Ex

perimental discrepancies over the correlat.i.on lengths are still seen to 

exist then even in subcritical flow. The phase between the fluctuations 

at f as measured by Sonneville, for ~y = 1. 9 d 1 is zero on the average s 
(no organized propagation in the spanwise direction) • 

, 
In the critical Re range C is considerably smaller than in the 

p , , 
subcritical range (8, 16) and so is CL (8, 30, 60, 70, 73), consistent 

I 

with the disappearance of organized shedding. Fung's (30) C L values 
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(see Fig. 1; these values represent forces over a cylinder section of , 
length about 1. 75 d) are fairly constant (C L ~ 0.135) for 

3 x 105 < Re < 1.4 x 106 • Batham's (8) values (sectional) are somewhat 
, 5 

smaller: C L ~ 0.09 at Re;:::; 2.39 x 10 (smooth cylinder) and also at 

Re ;:::; 1.11 x 105 (rough cylinder). (see discussion below of Batham's rough

cylinder resulta.) Schmidt's (70) measurements at Re around 5 x 105 

show fluctuating lift values about one-third of Fung's, a difference that 

could be due at least in part to differences in surface roughness and 

possible end effects (free-end versus gap effects; see (70) for a detailed 

discussion). Szechenyi (73) measured unsteady lift coefficients on smooth 

cylinders which decreased somewhat from C 'L ~ 0.09 at Re;:::; 6 x 105 to 

C'L N 0.06 at Re = 4 x 106• Although there is obviously some scatter in 

the data, which could be due to end-condition and small-disturbance effects, , 
the drastic reduction in C L values from the subcri tical to the critical 

Re ranges is clear. Neither Fung.nor Schmidt detected any significant 
6 shedding in the spectra (up to Re = 1.4 x 10 in Fung's case). The quasi-

random spectra of Szechenyi (73) show at most a weak shedding-frequency 

component, insufficient to determine a valu~ of S, in what Szechenyi calls 

the transcritical flow regime following the usage of the prefixes in aero

dynamics (the present critical range). Batham's results are a little more 

difficult to assess because only two Re Were investigated. According to 

the discussion here and Batham's description, both the smooth-cylinder 

results at Re;:::; 2.4 x 105 (recall the earlier discussion of these results) 
5 and the rough-cylinder results at Re = 1.1 x 10 are probably in the 

beginning of the critical range. In particular, considerably reduced vortex , 
shedding levels,accompanied by marked reductions in the C p 
coefficients,were observed by Batham in the latter case. 

, 
and C L 

Axial length scales for the fluctuating lift in the critical range 

are generally less than one diameter (70). Pressure correlation measure

ments of Prendergast (cited in (70» show clearly the decrease in correla

tion lengths as the transitional Re range is approached, in agreement with 

the disappearance of organized shedding. The unsteady drag coefficient, 
I 

Cd' decreases as C L with increasing Re and has rather small values 

in the critical range, of the order of a few per cent (8, 30, 58, 60, 70), 

consistent with Sonneville's finding that the low-frequency modulations 

of the vortex shedding contribute a large percentage of the energy in the 

drag fluctuations. 
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Richter and Naudascher's (60) investigation of the effect of large 

blockages on the flow in the critical Re range diso10sed the same 

sharp increase in Strouhal number reported by Bearman (11) as the separa

tion bubble appeared,for all blockage ratios investigated. The sharpness 

of the increase compared to the relatively more gradual variation of other 

parameters prompted the authors to sU9,gest its location as a definition of 

the critical Re (at which the critical range begins). Related to Bearman's 

observation that the power at the Strouha1 frequency was 33 db down, after 

transition, on the power at a typical subcritica1 Re, is Richter and 

which contains a Naudascher's plot of a frequency band, ~ , around f s 
given percentage of the total .r .mws. lift fluctuations. As Re increases 

through the critical range, 6 increases markedly, and so does the degree 

of randomness of the fluctuations. For a confinement ratio .of 25%, Richter , , 
and Naudascher's measurements give C L ~ 0,04, CD~ 0.01 (rather small 

values), anQ S ~ 0.43 (S = 0.46 in Bearman's (11) measurements). 
, 

Richter .and Naudascher note that the decrease in CD' C L 
, 

and CD 

as Re reaches into the critical range is more gradual than the sharp in

crease in S. This suggests an increasin9 three-dimensionality of the flow 

along the span, as Re increases, before the bubble forms. (As noted 

earlier, Achenbach (2) has suggested that the bubble appears only when 

CD reaches its minimum.) The fluctuating drag is more sensitive to this 

three-dimensionality than either the fluctuating lift or the mean drag, and 
. , 

thus the decrease in CD starts at lower Re. 

The re-estab1ishment of the narrow-band shedding in the supercritica1 

range for a polished cylinder (ks/d ~ 0.2 x 10-5) is rather gradual accord

ing to the unsteady lift measurement of Jones et a1 (41), who have grouped 

the lift forces on the cylinder into three regimes according to the shape 

of the auto-correlation and power spectral functions of the fluctuations: 

wide-band random (auto-correlation function has no more than one peak 
6 6 other than the peak at zero delay, 1.1 x 10 < Re < 3.5 x 10 ), narrow-

.band random (two or more consecutive peaks in the auto~corre1ation function, 
6 6 percentage decrement between peaks greater than 10%, 3.5 x 10 < Re < 6 x 10 ), 

and quasi-periodic (percentage decrement between consecutive peaks in auto

correlation function less than 10%, Re > 6 x 106). The corresponding 

Strouhal bandwidth (defined as the frequency interval between the half-

power points of the spectrum peak) is large (e.g., 0.15) in the wide-band 
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random regime and narrows rapidly as Re 

6 x 10 6 , with a typical value of 0.02 at 

increases from 

Re = 9 x 106 , 

3.S x 106 to 

The reappearance 

of shedding at large Re as first observed by Roshko (61) in the wake 
-S 6 of a sand-blasted cylinder (ks/d ~ 10 ) VUl.S quite sudden, at Re:: 3.5 x 10 • 

Below this Re the signal from a hot wire 7.3 diameters downstream from 

the cylinder axis and 0.7 diameters off the centerline presented no peak 

frequencies; above, a strong spectral peak appeared together with the lower 

double-shedding-frequency peak, typical of subcritical flows near the center

line behind the cylinder. 

A few results conce~ning frequency oharacteristics of fluctuating 

quantities in the supercritical (and transcritical) flow range are available 

in terms of Strouhal numbers (rather than Strouhal bandwidths) and can be 

compared (see Fig. S). Roshko's (61) 'S values are approximately between 
6 6 0.26 and 0.28 (increasing with Re) for 3.7 x 10 < Re < 8.4 x 10. Jones 

el al values (41), Mach number 0.3 or 0.2)show a larger increase with Re 

in the (narrow-band random) range 3.S x 106 < Re < 6 x 106, reaching 

S ::: 0.3' and appearing to remain constant up to Re::: 1;4 x 107• The rough

cylinder results of Szechenyi (73, 74, 7S) (see Fig. S (b) ), to be discussed 

more fully presently, asymptote at about S::: 0.26 for large Re for all 

roughnesses investigated. (It should be noted however that Szechenyi's 

measurements in a smaller, higher Tu wind tunnel yielded values of S 

roughly 25% lower, a difference Which remains unexplained according to Szechenyi.) 

For the larger roughnesses (k/d~ 10-3) the asymptote is approached clearly, 

from larger S 

show S ~ 0.3 

by the data. 

values, up to S::: 0.3. Szechenyi's smooth cylinder results 
6 at Re ~ 5.7 x 10 ; the trend for larger Re is riot defined 

Spectral peaks at large Re are shown also by the data of 

War schauer and Leene (81) (cantilevered cylinder in a water tunnel, bending 

oscillations possible) and Pr8pper (59) (prototype cooling-tower measure

ments) but quantitative comparison with these results is not possible 

because of the different experimental conditions and/or different geometries. 

Tani (76) has reported achieving supercritical flow conditions at Re::: 6 X 105 

through use of trip wires, with Strouhal numbers around 0.30 (See Fig. 5 (a». 

Regular shedding has been achieved also by Nakamura (54) at Re from about 

2 x lOS to 2 x 106 using large surface roughnesses (1.5 and 5 mm beads, 

kid x 103 ::: 2.5 and 8.S, respectively) and roughness strips made with the 
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1.5 rom beads (strip width 2 cm, kid = 2.5 x 10~3, angular position 50°). 

The Strouhal numbers, which appear to asymptote at 0.22 (distributed 

roughness) and 0.25 (strips), are somewhat smaller than those quoted above, 

and Nakamura tends to attribute this discrepancy to possible end condition 

effects, as a value of S = 0.27 was obtained for the distributed rough

ness by sealing the cylinder end gaps. 

For smooth cylinders in the critical range 0.3 x 106 < Re < 3 x 106, 

the data exhibit no distinct spectral frequencies, and most investigators 

had difficulty in obtaining an identifiable dominant frequency (but see 

earlier discussions of the results in (11) and (60». This probably may 

be the reason for the poor agreement in the results of the few investiga

tions reporting strouhal number data in this range, which include Relf and 

Simmons and Delaney and Sorensen (Refs. in Jones et al (41) i see also the 

discussion in Roshko (61» ,Spitzer (cited by van Nunen et a] (58» ,van Nunen 

et al (58), and Bruun and Davies (16». The peaks in the spectra in these 

investigations, when present, probably have little energy associated with 

them,.in agreement with the results of Fung (30), Ezra and Birnbaum (22), 

and Schmidt (69, 70) already cited, in which nopeak S values could be identified 

in the critical range. Still, some unexplained experimentally-determined 

spectral peaks at S values which do not fall within the present framework 

of ideas, remain (see e.g. (58» • 

Schmidt (69) extended his data up to Re = 5 x 106 without encounter

ing any dominant periodicity. Similarly, Buell et aI's (Cited by van :Nunen' 

et al (58» pressure fluctuation measurements on a missile-type· model at 

2.2 x 106 < Re < 6.2 x 106 disclosed no dominant periodicities. These 

results reach into Jones et aI's narrow-band random regime, but in both 

cases there are differences in geometry, in particular because of the 

possibility of a tip effect, and the process of recovery of organized 

shedding could be quite sensitive to small differences in flow and model 

conditions. 
, 

As the shedding reappears in the supercdtical range, C L should 

increase (55) (in the subcritical range most of the energy of the lift 

fluctuations was concentrated at the Strouhal frequency). While the data 

of Jones et al (41) and van Nunen et al (58) do not bear out this expec

tation (see Fig. l(b», Szechenyi's (73,74) and Batham's (8) measurements 
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, 
on rough cylinders show C L ~ 0.09 in the critical range, increasing to , 
C L ~ 0.26 at transcritical Re (see below for discussion). The magnitude 

of unsteady lift as measured in (41) shows a very large scatter at Re 

from 1.4 x 10 6 to about 8 x 106 (in both the side-band random and 

narrow-band random regimes, extending somewhat into the quasi-periodic 

regime) with values between about 0.06 and 0.14, of the order of Schmidt's 

(69) 

Actually, 

values and somewhat smaller than Fung's (30) critical range values. 

appears to be multiple-valued, a condition that Jones et al 
, , 

attributed to possible flow asymmetries.. The C L data of van Nunen et al 

(58) fall broadly within the region of multiple-valuedness of Jones et aI's 

data: force-balance measurements are scattered between about 0.06 and 0.14, 

pressure-integration measurements between about 0.04 and 0.08. It should 

be noted that van Nunen et al found either no dominant peaks or very weak 

ones in velocity, pressure and lift (and 

the range 0.6 x 106 < Re < 6.9 x 106 • 

also drag) fluctuation spectra, in 
6 At Re = 7.25 x 10 , again only 

rather weak peaks were observed (at S ~ 0.27) in the lift and pressure, 

spectra. The contrast with the strong peaks in the results of Jones et al 

(41) and in the other references in Fig. 5 is striking. We note finally 

that Nakamura's (54) resultsat Re = 8.5 x 105 werec'L ~ 0.14 for 
10-3 ' , 0 

kid = 8.5 x and C L = 0.05 for the roughness strips at 50 with 
-3 kid = 2.5 x 10 , suggesting fairly different vortex shedding strengths 

in the two cases. 

Supercritical flow was achieved at relatively small Re in the 

experiments of Szechenyi (73, 74), Batha~ (8) and Nakamura (54) by in

creasing the surface roughness of the cylinder models (27,28,34). '(Tani -(76) 

used trip wires for the same purpose; Nakamura used also roughness strips.) 

Szechenyi gives a clear picture of the re-establishment of vortex shedding 

at large Re: the quasi-random spectrum characteristic of the critical 

range (which he callstranscritical) changes to a spectrum with a clear 

and dominant peak at the shedding frequency. For kid = 10-3 , for example, 

the peak reappears at Re ~ 2 x 10 5• Szechenyi observed further that at 

sufficiently high Re so that the flow wassupercri tical increasing kid 

beyond a certain limiting value broke up the single well-defined peak at 

the shedding frequency; the roughness particles were apparently so large 

that they disturbed the axial uniformity of the flow and disrupted the 

coherent shedding. (Nakamura (54) did not observe this phenomenon.) Inci

dentally, the interrelationship between coherent shedding and axial flow 
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uniformity has been examined at certain length by Naumann and Quadflieg 

(55,56), who investigated several types of 3-D disturbances, among them 

stepped (axial) separation wires with variable angular distances between 

them, cylinders with tapered and step-like changes in cross-sectional 

diameter, and cylinders with a free end. In pa):ticular, corrugated or 

broken separation wires were found to prevent effectively coherent 

shedding in all cases investigated, these results being consistent with 

the use of helical stakes on rounded stacks to reduce or prevent oscilla

tions (14). 
I 

The r.m.s. lift coefficient, C L ' is given by Sze0henyi in terms 

of the roughness Reynolds number, Rek = Uk/v. The data covers a fairly 

broad band, increasing from about 0.09 + 0.02 in the critical range to 

about 0.26 + 0.02 in the transcritioal range, leveling off at Rek ~ 1000. 

(The envelope of the experimental results corresponding to the asymptotic 
I 

values of C L is shown in Fig. 1 (b) .) A discussion of the analogous 

presentation given by Szechenyi for his steady drag data and of the role 

of the parameters Re and kid (Rek = Re kid) has been given in (34) and 
I 

is not reproduced here. The difference between the transcritical (C L .... 0.26) 
I 

and subcritical (C L .... 0.50) lift coefficients is very likely due to dif-

ferences in the strength of the shed vortices (55) related to the different 

separation angles and wake widths which obtain in the two regimes. But 
, I 

the general Qisagreement in C L values in the supercd tical regime re-

quires further investigation of these effects. 

Other' than Batham's (8) rough cylinder results at 
. 5 

Re = 2.4 x 10 

(probably at'the beginning of the supercritical range, see below) no 

pressure fluctuation measurements for supercritical flow seem to be avail-, 
able. As for subcritical flow Cp presents a maximum in the region near 

separation. The C levels at the two Re investigated by Batham, 
5 and 

p 5 
are not very different (maxima about 0.15, 1.1 x 10 2.4 x 10 , 

slightly higher at the larger Re, but occurring as separation about 150 

I 

further back). The C L values show a change from 0.09 at the smaller 

Re to 0.15 at the larger Re , consistent with the considerably increased 

vortex shedding level observed by Batham in the correspondingspeotra, 

which he ascribes to transition being more nearly complete at the separa

tion point and the boundary layer more homogeneously turb~lent (axially). 
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Because of the large surface roughness the transition from a laminar 

boundary layer prior to separation, to a turbulent one, may occur some

what differently than for a smooth surface (in particular, a bubble may not 
5 appear (1»), but the results point toward Re = 2.4 x 10 being super-

critical for kid = 2.17 x 10-3 , which agrees with Szechenyi's results. 

The measured Strouhal number of 0.23 at Re = 2.4 x 105 is somewhat low 

compared to data already cited. The measured lateral correlation scales 

are large, of the order of the subcritical values, due to the shedding: 

LP = 4d at G = 300 , decreasing to about 3d between G = 600 and 

G = 1500 (at Re = 1.1 5 P from 2d at G = 600 to less x 10 , L ranges 

than d at (1 = 1500 ) • Szechenyi (73) calculated lateral lift correla-

tion scales of the order of 9d, exceedingly large. 

The pressure fluctuation measurements of van Nunen et al (58), at Re 
6 up to 7.25 x 10 , although nominally extending into the supercritical Re 

range, are associat~d with spectra with rather weak peaks, in contrast with 

the results of Jones et al (41) and other results mentioned earlier.' The 

c' distributions show a peak in the region near separation, at (1 ~ 120°, 
P 6 6 

for 0.48'x 10 < Re < 0.76 x 10 , of the order of 0.15. The peak disappears 
6 at somewhat higher Re, to reappear again at Re = 2.69 x 10. At 

Re = 7.25 x 106, a maximum C p of the order of 0.20 at G ~ 1000 can 

be seen in the distributions. The signifi,cance of these results, in the 

absence of strong shedding, is not clear. Consistent with this absence 

(see discussion of critical values) are the low values of Cd measured 
6 by van Nunen et al (58), about 0.02 at Re> 4 x 10 • Batham's (8) rough 

, , 
1.1 x 105 

, 
cylinder results show little change in Cd from Re = (C ~ 

5 , d 
to Re = 2.4 x 10 (C d ...,. 0.037). All these values are much lower than 

the subcritical values. 

Cross correlation measurements are obviously needed at large Re 

0.032) 

and/or with large roughness to resolve existing discrepancies and to map 

fully the characteristics of the flow and the unsteady loading in the super

critical range. Incidentally, the criterion Uk/v> 200 pr~posed in (73) 

as a condition for supercritical flow does not appear to be suppOrted by 

the 'results in (41) and (61), even taJeing into account the uncertainty in 

the definition of k , and its validity should be tested further. A sharp 

defiriition of the boundary between critical and supercritical flow probably 

required a Strouhal band width criterion (41, 60) to characterize the 

spectral peaks. 
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FREE STREAM TURBULENCE EFFECTS 

The interest of the study of the relationship betweeri the turbulent 

inputs to a body and the resulting forces and pressures on it resides in 

the application to the prediction of the response of a structure to at

mospheric turbulence~ Relatively few experimental studies are presently 

available, however, for large rounded structures in general (and for other 

large bluff bodies as well). Theoretical analyses are even fewer. In 

the case of lattice structures, such as guyed and free-standing lattice 

towers, or of slender structures such as cables and transmission lines, 

if the size of the individual structural members is small relative to the 

oncoming-flow eddy dimensions, the flow around them can be assumed quasi

steady and locally uniform. This allows the use of steady-flow aerodynamic 

characteristics to predict the behavior of these line-like structures in 

the along wind direction, as suggested by Davenport (17), Vickery (79) and 

Etkin (20). The adequacy of the various assumptions of the method has been 

examined more recently by Vickery and Kao (80), Bearman (9, 10) and Hunt 

(39, 40). Obviously, for large bluff bodies (dimensions of the order of 

the characteristic eddy sizes in the oncoming flow) such an appro?ch is 

inapplicable. Actually, the relationship between the fluctuating pressures 

on the body and the fluctuations in the approaching velocity field (in 

particular, gusts which do not envelop the struqture) is not well understood. 

Related problems are the effects of free stream turbulence on the near wake 

structure and on 'vortex shedding t and the distortion effect of the body on 

the turbulence structure approaching it, all of which should depend on 

the scale as well as on the intensity of the turbulence. 

A theory of turbulent flow around two-dimensional bluff bodies, in which 

a calculation method for the turbulent velocity outside and upstream of 

the regions of separated flow is developed under certain conditions on 

Reynolds number and on the intensity and length scale of the upstream tur

bulence, has been put forward by Hunt (39, 40). Essentially, the theory 

ignores wake and boundary layer effects, assuming that the turbulent 

velocity fluctuations in the wake, in the boundary layers, and in the 

external flow are statistically independent. The analysis yields the 

fluctuating velocities and pressures (spectra and correlations) in the 
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external region, due to the presence of the body, in terms of the proper

ties of the upstream turbulence. The results (which apply ·to the upstream 

face of a body, particularly in the area around stagnation) show that the' 

modification of the incident turbulence by the body occurs in two ways. 

i) through vortex stretching caused 

(the major effect as L u Id + 0), and x 
by the body (the predominant effect 

by the mean. flow field about the body 

ii) by a simple blocking of the flow 
u as Lid + ~). A combination of these x 

effects was observed by Bearman (9, 10) in experiments with a flat plate 

for LU/d N 1 (1.2 < LU/d < 2.4), the axial turbulent velocity component x x 
showing attenuation of energy at low wave numbers and amplification at 

high wave numbers. Space limitations preclude fUrther discussion of these 

and other theoretical and related experimental results (64, 65, 66). In 

particular, Sadeh and Bauer (64) have recently provided elaborate visual 

evidence of vortex stretching and vorticity amplification in stagnation 

flow round a circular cylinder. Further experimental work seems to be needed, 

however, especially in regard to nonlinear effects and the (nonstagnation) 

effects of incident turbulence on boundary layers and wake. 

Experimental studies of the effects of incident turbulence have en

countered Reynolds number and turbulence length-scale limitations. In 

most wind tunnels, with appropriate grids used to produce the desired free 

stream turbulence, to obtain LU > d the cylinder diameter must be suffi-x . 
ciently small, and this implies relatively low Re. The fact that with 

sufficiently large surface roughness one can'obtain supercritical flow at 

relatively low Re has not yet been fully exploited to explore experimentally 

the supercritical regime. 

The measurements of Surry (72) at subcritical Re (about 4 x 10 4 ) 

were carried out in homogeneous grid-turbUlence fields with longitudinal 

intensities greater than 10% and longitudinal correlation scales ranging 

from 0.36 d to 4.40 d (see Table 1). Two-point pressure correlations were 

measured at sufficient number of points (157 angle pairs were examined 

for each lateral spacing) and then integrated to obtain the statistical 

properties of the fluctuating lift and dr.ag. The mean pressure distribu

tions on the cylinder disclosed appreciable effects of both intensity and 

length scale of the turbulence. Surry found that his results could be 

logically ordered in terms of Taylor's parameter, T = (u/U)/(D/Lu)1/5 
Y 
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in agreement with the idea that free stream turbulence tends to promote 

boundary-layer characteristics associated with higher Re. As· T increased 
u from 0.015 (empty tunnel) to 0.161 (L Id:::: 0.36), S was found to increase x 

from 0.19 to 0.22 and Cd to decrease from 1.31 to 0.93, the mean pressure 

distributions changing consistently toward those associated ~ith higher Re. 

However, the parameter T was originally derived with some crude approxi

mations and its application to bluff body flows requires additional clari-
I 

fication. Actually, in a somewhat simplified manner, the effect of free 

stream turbulence on the flow round a bluff body can be thought of as having 

two aspects; the interaction between free stream turbulence and the separated 

shear layers and the near wake on the one hand, and the direct effect on the 

flow in the cylinder boundary layers, which may lead to changes in the posi

tion of transition and separation, on the other (these two mechanisms in 

general would be coupled). The boundary-layer interaction effect leads to 

the concept of an effective Re, and it is in this sense" that the parameter 

T , which Bearman (12) has correlated with the critical Re at which the 

flow changes from subcritical to critical, can help organize the experimental 

data. It is not likely, however, that this parameter can describe entirely 

the effect of the approach turbulence, nOr is it likely that the changes 

described in this and the following paragraphs can be explained just by 

adducing a change in effective Re. In fact, large-scale incident turbu

lence could affect drastically the shear-layer and near wake flow, and thus 

the shedding process •. 

It is interesting to note in this connection that in the case of cooling

tower flows with large surface roughness a comparison of model and prototype 

data (26, 28) appears to indicate very small, if any, free-stream turbulence 

effects on certain mean pressure distribution parameters, in particular on 

the parameter Cpb - Cpm discussed earlier in this review. 

Surry's pressure fluctuating spectra showed that the primary effect 

of the large-scale turbulence inputs on the shedding was to broaden and 

lower somewhat the s~ectral peaks (which were present in all cases). For 

the small scale input only the lowering was present (and the shift in S) • 

The measurements of Bruun and Davies (16) (see below), on the other hand, 

did not disclose any changes in the spectral peaks for T :::: 3.8% 
5 5 u 

(Re = 0.8 x 10 ) and T :::: 0.16% (Re = 2.4 x 10 , different). 
u 
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• I 

The C p distributions measured by Surry are fairly different for 

different turbulence inputs, the values in the frontal area around stag

nation being dominated by the incident turbulence (8, 10, 72) in agreement 

with the theoretical predictions discussed earlier. For LU/d::: 0.36 
I X 

(T ::: 0.161) C P in the wake reg~on dropped to values smaller than for 

the empty tunnel, the maximum C p '" 0.4 being approximately the same but 

occurring much fUrther downstream; this behavior is consistent with the , 
idea of a higher effective Re for this flow. The C distributions p , 
for the larger-scale inputs are more "uniform": for u/U ::: 14.7%, C ::: 0.3 

1800 
P 

at stagnation, ::: 0.45 at the peak, and = 0.35 at G = . 
Root-mean-square lift and drag coefficients were obtained by surry 

for the turbulence input with the largest scale and intensity. Comparison 

of these results with Sonneville's (71) results in a smooth stream shows 

that while the fluctuating drag force is much larger in the turbulent stream 
I , I 

(C d '" 0.125 in sonne~ille's measurements, Cd'" 0.26 in Surry's) the 
• 

lift is hardly changed by the turbulence, Sur ry' s value ~eing C +- NO. 53 

.(the smooth stream measurements reviewed earlier give C L values between 

0.45 and 0.50). The qualities of the input turbulence appear to dominate 
. , 

the drag response, without significantly changing C L' although there may 

be changes in the lift spectral distribution (see also below). The domination 

of the lift response by the shedding is depicted further by the lift cross 

spectra (peak band widths are fairly broad, however); the drag cross spectra 

diminish rapidly with increasing lateral spacing and frequency, and the 

peak at 2 fs appears to be buried by the turbulence response. 

Narrow-band lateral pressure correlations measured by Surry to isolate 

the effect of the incident turbulence on the shedding showed a definite 

reduction in the case of the large-scale inputs (Lu/d '" 4) but very little 
x 

change for the small-scale incident turbulence, compared with the empty 

tunnel results. This again indicates that the prime interaction at this 

small scale (Lu/d NO.4) is with the boundary layer, as suggested earlier 
x . , 

by the pressure fluctuations spectra and C values, and not directly p 
with the separated shear'layers and the wake. Typical lateral length 

scales obtained from the narrow band correlations were of the order of 

6 diameters for the small-scale incident turbulence and 4 to 5 diameters 
I 

for the large-scale inputs, between angles e of 30 to 150 degrees. 
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In the light of these results it is clear that the action of inci

dent turbulence cannot be considered simply as equivalent to an increase 

in Re, particularly for large-scale turbulence. Additional investigations 

are needed at subcritical Re, continuing the work of Surry, for detailed 

comparison with SonneviUe"s (71) results. 

Bruun and Davies' (16) results for the 3.8% turbulence intensity 

stream (see Table 1) were subcritical, with Re = 8 x 10 4 and Cd = 1.12. 

The level of the low frequency part of the pressure spectra for 0 < 900 

was found to be higher than the corresponding level of their subcritical 

smooth stream results (Re = 2.4 x 105), the largest increase occurring 

around stagnation. At e = 0, a small vortex shedding peak could be seen. 

(Surry's results show that this peak disappears with increasing tu.rbulence 

intensity.) Furthermore, the level of the low-frequency part of the 

pressure s~ectrum at e = 0 was higher than the level of the corresponding 

turbulent velocity spectrum, due to the vortex-shedding contribution. Re-

"evaluation of Surry's data confirmed this result, which puts a question 

mark on the assumption of independence of the pressure fluctuations in the 

frontal part of a bluff body from vortex shedding and wake processes as , 

used in the theoretical analyses described earlier. Sonneville's (71) find-

ings about the role of the low frequency modulations of the shedding proceSs 

support these conclusions, and suggest as well a direct interaction of the 

incident turbulence with the shedding in view of the noted increase in the 

spectra at low frequencies. In general Bruun and Davies' subcritical re

sults confirm Surry's, although there is no complete quantitative agreement, 

which may be due to the differences in Re. The decrease' in the broad 

band correlation lengths due to the incident turbulence and its effect 

on the boundary layer flow and on the shedding process and near wake, was 

also observed. 

in the wake. 

The maximum C 
, 
P 

was about 0.50, descresing to about 0.35 

In the critical Re range the incident turbulence appears to affect 

the pressure fluctuation levels on the whole of the cylinder (8,16). 
I 

The effect is comparatively less on the rear of the cylinder, but c p 
still changes by a factor of 2 in the wake region according to (16) for 

incident turbulence of about 10% intensity (see Table 1; comparison in (16) 

is with a flow with T = 0.17%, at Re = 4.8 x 105 , critical). On the 
u 
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, 
area around stagnation, on the other hand, C is nearly linearly p 
dependent on Tu ~ No vortex shedding was detected by Bruun and Davies (16) 

for the three critical flow cases investigated (T = 10%) and their results 
u 

are generally similar to those of Batham's (8) critical flows. The axial 

pressure-correlation lengths are much shorter than when vortex shedding 

is present, between about 0.2 d and 0.7 d for all angles G, and are 

closely related in the frontal part of the cylinder to the correlation 

lengths of the incident turbulence (8,16). Measurements of the pressure 

fluctuations at the stagnation point by Bearman (9, 10) (the model was a 

flat plate with a potential flow afterbody) have shown that at low wave 

numbers the level of the pressure fluctuations can be predicted by applying 

Bernoulli I s equation. For L u »d, the validity of linearizing Bernoulli I S 
x 

equation for calculation of the stagnation pressures (a method that gives 

C' (9 = 0) = 2 T for LU/d + ex) , see (10» has been examined by Bearman p u x 
(10), Hunt (39), and Bruun and Davies (16), with negative results other 

, • I 

,than the one just mentioned for low wave numbers. A plot of C P (9- = 0)/2 Tu 
u "u versus L /d (16) shows ordinate values of about 0.80 for L /d = 2. More x x 

importantly, the measured pressure spectra falloff below the velocity 

spectra rather than showing an increase as predicted by the analysis. The 

more realistic calculations of Hunt (39, 40) give better agreement (16) 

with the measured spectra. 

Batham (8) carried out pressure fluctuation measurements on a smooth 
5 . 5 and a rough cylinder, at ReI = 1.1 x 10 and Re 2 = 2.4 x 10 , in grid 

turbulence with LU/d;: 0.5, LU/d = 0 .. 2 and T = 12.9%. For the 
x y , u 

smooth model the spectra exhibit no peaks; the C distributions in the p 
frontal area of the cylinder again appear to be dominated by the incident 

turbulence and are in general agreement with Bruun and Davies' (16) results. 

Some evidence that at ReI the fluctuations in the wake influence the 

overall pressure distribution is provided by the circumferential pressure 
. , 

correlations measured by Batham. Also, at ReI ' C L = 0.14 is higher 
, , 

than C L = 0.09 at Re 2 ' but both are typical critical regime values. 

Batham's measurements with the rough model are important in that, at 

Re 2 ," they appear to be the only available measurements of the effect ,of 

incident turbulence on a cylinder in the supercritical regime. At Re2 
the spectra show well-defined peaks, as did the spectra for the rough 
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, I 

cylinder in the smooth stream at the same Re. Furthermore, the C p 
distribution is similar to that observed on a rough cylinder in turbulent 

flow at Re ~ 7.1 x 105 (unpublished results of Tunstall cited by Batham) 
, , 0 

and exhibits a second C p peak. at e ~ 150 , probably associated with a 

high frequency energy content at this angle. 

The spectral peaks at Re 2 do not seem significantly affected by 

the incident turbulenoe; they actually seem somewhat larger for the turbu

lent stream, possibly due to earlier transition in the boundary layer result

ing in a wider wake. (The smooth-stream rough-cylinder flow at Re2 is 

probably at the beginning of the supercritical range.) Complete-signal 

pressure correlation lengths around the front of the cylinder were smaller 

due to the incident turbulence, which had relatively small scales. At 

Re 2 ' the higher level of coherent shedding gave rise to larger correlation 

lengths from e = 600 to & ~ 1500 , about 2.5 d. Narrow-band correla

tions were not obtained by Batham. The rough-cylinder turbulent-stream 

levels at for e are larger than the corresponding 
I 

levels at ReI ' due to the presence of coherent shedding, and C L ~ 0.27 
I , , 

at Re2 , as opposed to C L ~ 0.15 at ReI. The CD levels are not 

much different for the two Reynolds numbers: 0.086 at Re 2, 0.072 at 

ReI' The difference could be due to low frequency modulations of the 

shedding as described by Sonneville for subcritical flow. 
f 

It should be noted that C p at Re2 is much larger in the rough-

turbulent than in the rough-uniform case, in agreement with the higher , 
level of coherent shedding; also, , C L = 0.15 in the rough-uniform case, 

smaller than C L = 0.27 cited above. 
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CONCLUSIONS 

While the dependence of the mean pressures on circular cylindrical 

structures in uniform flow, on both Reynolds number and surface roughness, 

has been the object of several recent investigations, corresponding 

studies for pa:rameters oharacterizing the fluctuating loads (Strouhal 

number, r.m.s. lift, drag and pressure coefficients, correlations and 

spectra of the fluctuations) are in general still needed, in particular 

for critical, supercritical and transcritical Re. The definition of the 

various flow regimes and the manner of transition between regimes, both 

subcritical-critical and critical-supercdtical, require further investi

gation. In particular, a Strouhal band width c:riterion to characterize 

spectral peaks is probably needed for a sharp definition of the boundary 

between the critical and supercritical regimes. Of special interest in 

connection with the characterization of flow regimes and transitions are 

three-dimensional effects on the flow and the influence of the inherent 

flow unsteadiness. A secondary but nonetheless important need is that of 

a universal terminology for this "new" research topic. 

Cross correlation measurements at large Re and/or with large roughness 

are needed to resolve e:xisting discrepancies and to map fully the charac

teristics of the flow and the unsteady loading at supercritical Re , as 

has already been done to a certain e:xtent for subcritical flows. But ex

perimental disorepancies still exist even for subcritical flow, and these 

require elucidation. 

Relatively few studies are presently available regarding free stream 

turbulence effects on the flow around large circular structures. In the 

transcritical Re range, with transition occurring very close to the 

forward stagnation line, further (small) changes in its position by the, 

incident turbulence would not affect the boundary layer flow. But the 

direct effect of incident turbulence fields (of different scales and in

tensities) on the pressure fluctuations on the body, and the indireot 

effect through possible modification of the flow in the turbulent boundary 

layers and in the separated shear layers and the near wake (and thus on 

the shedding process) require additional investigation, including the in

fluence of surface roughness of the distributed, longitudinal-rib, or 

trip-wire type. 
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