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ABSTRACf 

The wakes behind a variety ofaxisymmenic bodies were investigated with flow 

visualization and hot-wire measurements. The main objective of this study was to 

correlate changes in the time-averaged features of the wake with changes in the 

characteristics of the coherent large-scale structure resulting from changing the solidity 

of the wake generator or by introducing periodic disturbances to force the wake. The use 

of an axisymmenic probe holder permitted instantaneous decomposition of the axial

velocity field into temporal and azimuthal Fourier modes. 

Increases in the body solidity resulted in nearly proportional increases in the size of 

the mean wake boundary. For the non-shedding (low body solidity) wakes, flow 

visualization shows that the amplitude of discernible large-scale structure is small in 

comparison to the wake diameter, and there is no evidence of a recirculation region. For 

the shedding wakes, flow visualization reveals large-scale structure with amplitude that is 

comparable in size to the wake diameter, and a recirculation region is observed that 

oscillates in axial extent Fourier analysis of velocity measurements discloses that the 

temporal scale of the coherent large-scale structure for a non-shedding wake decreases in 

value with downstream distance while the corresponding scale for a shedding wake is 

constant 

Significant changes in the both the time-averaged features of the wake and in the 

large-scale structure usually occurred only when the forcing frequency was near the 

natural sh~dding frequency (within ± 25%). Those time-averaged features changed by 

forcing include the drag, the mean- and variance-profile shapes, and the size of the wake. 

The mean profile was observed to change from a regular shape to that which resembles a 

variance profile. Forcing results in a number of peaks being present in 2-D spectra plots, 
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most of which are the result of non-linear interactions of the forcing wave with the 

natural shedding frequency. The flow visualization reveals that those peaks which are 

harmonics or subharmonics of the forcing frequency may be more prominent than the 

forcing frequency if they are closer to the natural shedding frequency of the unforced 

wake. 



1.1 Background 

CHAPTER 1 

Th.TTRODUCTION 

12 

Bluff axisymmetric-shaped bodies have a variety of practical applications in the 

field of fluid mechanics. A bluff body is defined herein as one whose wake contains a 

zone of recirculating fluid adjacent to the aft end of the body. Spheres are the 

prototypical member of this class of bodies and are the basic shape of golf balls, 

bathyspheres, etc... . Other common members and examples of their application include 

disks as flame holders in flow-through combustion systems and bullet-shaped bodies such 

as projectiles. While these bodies are often of a very simple design, the wakes that evolve 

behind them are fully three-dimensional and are not simply described for Reynolds 

numbers ( Red == dUoJv ) above several hundred. However, these wakes are distinguished 

by the presence of large-scale structures which give them a snake-like appearance when 

viewed from the side (e.g., see the flow visualization presented in Figure 4.1.1). These 

structures, which occur naturally behind bluff bodies, are of particular engineering 

interest because: 

• They efficiently mix the wake and 

• They are highly coherent and thus provide a unique footprint for wake 

detection. 

It is the uniqueness of these structures and a desire to understand their role in the wake's 

overall development that have motivated the present experimental study. 

To gain some appreciation of the role large-scale structures play in wake 

development, it is appropriate to consider how the near-wake features have been 

observed to change with Reynolds number. Most of the early studies of sphere wakes 
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have been summarized by Torobin and Gauvin (1959a,b) in their discussion of the 

fundamental aspects of solid/gas flow; other bluff-body wake behavior is qualitatively 

similar to that for spheres. The following description of the near-wake development is 

based on their summarization and on that of Batchelor (1985, Ch. 4). 

At small Reynolds numbers (Red::: 0.1 or less for spheres) the flow about the body 

is sufficiently symmetric up- and down-stream such that the forward direction of the flow 

is not apparent (e.g., from flow visualization); here the inertial forces are negligible in 

comparison to the viscous forces (U2/d «vU /d 2 ) near the body. With increase in 

Reynolds number the flow loses its fore-and-aft symmetry (the viscous forces become 

less dominant), a small recirculation region grows behind the body, and eventually a 
I, 

vortex ring forms where the boundary layer separates from the rear of the body ( Red ::: 

24 for spheres, Taneda, 1956). Further increases in Reynolds number cause the flow to 

reach a point where viscous diffusion of vorticity is unable to keep up with production at 

the body, causing lumps of vorticity to periodically break away (Red;::: 175 for spheres, 

from recent calculations by Kim, 1989), eventually as elongated vortex loops or filament 

pairs (Red::: 1()3 for spheres). Several researchers (e.g., Achenbach, 1974) have found 

that the Strouhal number (Std == dj /Uoo) of the periodicity varies little (less than a factor 

of 2) with increase in flow Red. For sphere wakes, there is another major change which 

occurs between Red of 2 x lOS to 3 x lOS, where the boundary layer becomes fully 

turbulent, causing the separation circle to move back towards the rear of the sphere. Bluff 

bodies that have sharply truncated aft ends are less affected by boundary layer transition, 

when it occurs. 

The Reynolds number utilized for the bodies studied in the present investigation is 

of order 1()4 (based on body diameter) and therefore the large-scale structures would 

correspond to the shedding of vorticity as elongated loops/filament pairs in the above 
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discussion. However, this description of the large-scale structures has been controversial. 

For example, Achenbach's (1974) interpretation of flow visualization of spheres 

( Red = 1()3) is consistent with the description of vortex shedding as distorted and 

elongated loops. But he states that the interpretation is inconsistent with Thompson's 

Circulation Theorem because it would result in net vorticity being present in any plane 

which is taken nonnal to the wake (mean flow) axis. Pao and Kao (1977) looked at the 

wake of a sphere at Red from 4 x 1()3 to 2 x 1()3 in a weakly stratified fluid (to enhance 

flow visualization) and inferred that the vorticity is shed as a double helix of counter

rotating filament pairS that fonn a closed-end loop at the beginning of the shedding 

process. Pao and Kao concluded that this interpretation is consistent with the circulation 

theorem. Thompson's theorem states that the time-rate-of-change of circulation 

following any closed material curve in an inviscid fluid is invariant, i.e., 

dr =0, 
dt 

which is equivalent to the statement (for a simply connected region) 

1L Jw -dA =0. 
dt 

The above integral is zero at every downstream location in Pao and Kao's wake, since 

the sum of the nonnal components of the vorticity vectors are zero at any cross-section 

which is perpendicular to the wake axis, and so the circulation theorem would appear not 

to be violated by a double-helix configuration. (However, questions have been raised as 

to the stability of this configuration by Jeffreys, 1930, and by Rosenhead, 1953.) 

Berger, Scholtz and Schumm (1990) have added a new twist to this discussion. They 

suggest that the structure of the vorticity shed from the body is destroyed in the vicinity 

of the stagnation point at the rear end of the recirculation bubble and reemerges as helical 

structure - presumably so organized by the dominant instability of this region of the 

wake. Furthermore, they interpret flow visualization pictures to be of random jumping 
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vortices in the direction of the helical twist, which would suggest that only a single helix 

exists at anyone time in the wake, as opposed to a continuously unwinding double helix. 

Implicit in the definition given at the beginning of this chapter is that bluff-body 

wakes are turbulent. Thus, gross descriptions of their development/evolution are usually 

based on a statistical, or time-averaged, analysis of velocity measurements. Estimates of 

velocity mean, variance, and cross-product values are typically used to: 

• Detennine the extent to which the wake is self-preserving, 

• Detennine the rate at which the wake spreads by establishing how the 

velocity and length scales vary with distance from the body, and 

• Examine the balance that exists between the various terms in :.'1e Reynolds 

Averaged governing equations, and thus the correctness of various 

assumptions that are usually associated with the similarity analyses for 

this class of wakes. 

The locations downstream of the body where the stream-wise mean and variance velocity 

fields each become self-preserving have been reported in the range 10 S x Id S 50 for 

disks and spheres by Cannondy (1964), Uberoi and Freymuth (1970), and Bevilaqua and 

Lykoudis (1978). (It is not clear why such a wide disparity in these reported values 

exists.) Full self-preservation requires that the individual velocity fields reach self

preserving forms and that only one length (10 (x) ) and one velocity ( Uo (x) ) scale are 

required to collapse each of the velocity fields to their self-preserving forms. While the 

results of Uberoi and Freymuth and of Bevilaqua and Lykoudis suggest that such a 

scaling applies for the mean and variance velocity fields, other results (that cover the 

same downstream measurement domain) suggest such that multiple velocity scales are 

required; e.g., the results of Higuchi (1976) and of the present work. 

The concept of a single velocity scale being sufficient to collapse each of the 
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velocity fields is a feature of the classical similarity analysis, wherein details of the initial 

conditions of the wake generator are not discernible in the far wake - only the drag on the 

body is important (see Townsend, 1956). However, Corrsin (1963) and Hinze (1975, Ch. 

6) have pointed out that the situation of multiple velocity scales is a likely scenario 

because the local Reynolds number (proportional to the product of Uo and 10) 

decreases with distance from the body. George and Arndt (1989) have suggested that 

wake similarity (and thus the power law governing the growth/decay of the 

length/velocity scales) changes throughout the wake. The latter contention is supported 

by the results of Hwang and Baldwin (1966). 

Surprisingly, only one study was found in the literature of an experimental 

investigation into the relationship between the large-scale structures and a time-averaged 

description of the wake development behind an axisymmetric body. Bevilaqua and 

Lykoudis (1978) compared the wake development behind a sphere (Red = 1()4) with 

that of a porous disk, or screen, of the same diameter which did not exhibit large-scale 

vortical shedding (based on flow visualization of the two wakes), but which did 

experience the same drag. The sphere wake was observed to develop self-preserving 

behavior more rapidly than that of the screen. Futher, at any downstream location, the 

sphere wake was considerably larger in cross section than the screen wake. The spread 

rate of these two wakes, as evidenced by the slope of log-log plots of Uo and 10 versus 

downstream distance, was found to be the same. However, the above information 

provides a very limited description of the structure-wake-development relationship 

because few details were provided to characterize the structures that were present in the 

two wakes. Besides the assessment that one body shed and the other did not, only 

estimates of the so called turbulent Reynolds number were provided. A natural extension 

of Bevilaqua and Lykoudis' study would be an investigation of the effects of a more 
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systematic variation of the degree of body bluffness. 

Experimental efforts to further quantify the nature of the large-scale structures and 

to examine their susceptibility to artificially introduced disturbances (commonly referred 

to as "forcing") have been reported by Fuchs. Mercker and Michel (1979) and by Berger. 

Scholz and Schumm (1990). Fuchs et al. employed two-point hot-wire measurements to 

investigate the coherence of the stream-wise velocity field in the near wake (x Id s 9 ) 

behind a disk (Red = 5 % 1()4); information on the azimuthal mode structure was 

obtained by varying the angle of azimuthal separation between the two probes. Their 

results indicate that the helical mode (m = 1) is dominant at the frequency 

( St d = 0.135 ) of highest coherence. which is the frequency associated with the large

scale structures. Berger et al. employed data collection and analysis techniques similar 

to that of Fuchs et al. to study the wakes of a disk at rest and oscillating in pumping 

(m = 0 ). nutating (m = 1 ). and pitching modes of mechanical forcing. The wake was 

observed to respond only to the m = 1 mode of forcing. and most dramatically at 

frequencies near the natural shedding frequency associated with the large-scale structures 

present in the unforced wake. When responding to forcing. the resulting large-scale 

structures were defined by a narrow peak in the frequency spectrum which was locked to 

the forcing signal; this behavior is in contrast to the slightly broader peak and phase jitter 

associated with the naturally occurring large-scale structures. At this point it is 

appropriate to note that measurements to this point in time have not provided 

instantaneous information on the modal content of the large-scale structures to 

differentiate positive from negative modes. Such information would be useful to 

determine if the large-scale structures are best described as a counter-rotating double

helix (the commonly held hypothesis). or as a single-helix with a randomly jumping twist 

direction - a hypothesis put forward by Berger et al. based on observations of flow 
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visualization. 

The large-scale structures that occ;ur naturally in the wakes behind bluff bodies, 

which are often referred to as self-excited flows, also occur in the wakes behind non-bluff 

bodies when introduced by appropriate forcing. The response of wakes and other shear 

flows to low levels of forcing has been reasonably well predicted by linear stability 

theory. Crow and Champagne (1971) favorably compared the predictions of a convected 

temporal stability analysis (real spatial amplification coefficient, a, and complex 

temporal coefficient, ~) for the case of axisymmetric azimuthal modes, to experiments 

with circular air jets which were forced. Wygnanski, Champagne and Marasli (1986) 

used spatial analysis (a complex and ~ real and with weak divergence of the flow 

accounted for) to predict the growth of disturbances introduced at the trailing edge of a 

flat plate. A common feature of these and other similar studies (e.g., Batchelor and Gill, 

1962, on axisymmetric jets, Michalke, 1965, on mixing layers, and Lessen and Singh, 

1973, on general axisymmetric shear layers - to name but a few) is that the response of 

the flows to forcing is well described by a stability analysis that allows the introduced 

disturbances to be convected away from their source. Thus, when the forcing is turned 

off, the flow field returns to its undisturbed state. 

Recently, Monkewitz (1988) perfonned a combined stability analysis (both a and 

~ complex) on a family of axisymmetric wake profiles, using a parallel flow 

approximation. His results show that a normalized wake deficit 

UoIUoo= l-u(r=O)IUoo~ 1 (see Figure 2.2.1 regarding nomenclature) leads to an 

absolutely unstable helical mode (m = ± 1). In fact, his analysis indicates that a wake 

without reverse flow (i.e., UoIUoo < 1) can be absolutely unstable. Since the shedding 

frequencies predicted by Monkewitz agree well with the experimentally observed values 

of Achenbach (1974) and Fuchs et al. (1979), it is suggested that the large-scale 
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structures are organized by an absolute instability in the near wake. The absolute 

instability is a localized and permanent feature of the wake from which disturbances 

propagate up- and down-stream to (in the limit of the analysis) contaminate the entire 

flow field. 

Huerre and Monkewitz (1990) have discussed the application of local stability 

analysis (e.g., Monkewitz) to experimental observations. Huerre (1987) implies that one 

consequence of the presence of an absolute instability condition is that the wake is less 

sensitive to external forcing of it's convectively unstable modes. The previously 

mentioned results of Berger et al. provide some support for this idea, in that they were 

only able to affect the wake when forcing at the shedding mode (m = 1) of the 

absolutely unstable mode. These observations help narrow the range of forcing modes 

that one might try in an experiment to modify the naturally occurring large-scale 

structures. 

1.2 Objectives 

In the present study, the relationship which exists between the large-scale structures 

and the time-averaged features of the axisymmetric wake were experimentally 

investigated by employing two methods to modify the structures. First, a sphere, a 

circular disk and a series of disk-shaped screens of varying solidity were used to modify 

the bluffness of the wake generator and in so doing passively modify the large-scale 

structures. Then, active modification of those structures was achieved with a bullet

shaped body that provides mechanical forcing of the flow via a rear disk; the disk was 

actuated by a motor contained inside the body. The large-scale structures were 

characterized in the near and far wake by smoke-wire flow visualization and by Fourier 

analysis of velocity data obtained with hot-wire probes. Some of the hot-wire data were 
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collected with a specially constructed axisymmetric probe-holder rake, by which an 

instantaneous decomposition of the wake structure into eight azimuthal modes was made 

possible. 

The passive approach is similar to that of Bevilaqua and Lykoudis (1978) mentioned 

in the previous section, though their study was limited to two wake generators. The 

present study provides a detailed characterization of the large-scale structures, examines 

how they evolve into the far wake and relates them to time-averaged features of the 

wake. Also, data taken with the axisymmetric rake is used to characterize the 

instantaneous structure of the stream-wise velocity field. Flow visualization is used to 

identify distinctive features of the near wake and to relate those features to the structure 

of the far wake. 

A variety of methods were initially tested to modify bluff-body wakes; they all may 

be classified as attempts to force at mode m = o. None of them were judged to be 

successful based on an analysis of the streamwise velocity spectra. The method that 

succeeded is similar to that of Berger et al. (1990) in that it involved the introduction of 

m = 1 disturbances; however, the focus of the two studies are quite different Berger 

et al. concentrated solely on near-wake (x Id ~ 9 ) characterization of the large-scale 

structures and on the effects of forcing on those structures. The present study provides 

additional details of the large-scale structure and relates changes in the structure due to 

forcing to changes in the time-averaged features of the wake out to x Id ~ 30 . 
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The equations used to describe the evolution of shear flows have been developed in 

many of the standard texts in fluid mechanics. A summary of those equations for wakes 

behind axisymmetric bodies is presented herein to facilitate assessment of the data 

quality and to provide a basis from which the large-scale structures will be considered. 

Some of the similarity analysis of Section 2.2 is patterned after that of Hinze (1975, Ch. 

6) and the material on large-scale structures in the latter part of this chapter bears the 

influence of Bers (1983), Huerre (1987) and Huerre and Monkewitz (1990). 

The common point of departure for most of the analyses of this chapter is the 

statements of conservation of mass and momentum for constant density (p) and 

viscosity ( J.1 ) wakes, given by: 

V'U =0, and (2.1.1) 

~+U'Vu =-.l..Vp +vV2u . 
at p 

(2.1.2) 

In the above equations v == J..1Ip ,p is the pressure and block symbols are used to 

denote vector quantities; e.g., U represents the vector velocity field. Expansions of 

(2.1.1) and (2.1.2) for a cylindrical coordinate system are given in Appendix C of Panton 

(1984). The reference cylindrical coordinate system (x ,r ,ct») and nomenclature used to 

describe the wakes are presented in figure 2.1.1. It should be noted that the reference 

length scale 10 is based on an integral quantity instead of the usual half-wake width. The 
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use of an integral length scale allows for better collapse of the mean profiles for the 

forced wakes. 

2.2 Similarity Analysis 

The similarity analysis focuses on the x component of the momentum equation; it 

provides: 

• A relationship (the momentum integral constraint) between the drag 

exerted by the body on the flow and measurements of the velocity field, 

• A means of assessing the data quality by examining the balance that exists 

amongst measured components of the x momentum equation, and 

• Predictions for how 10 (x) and Uo (x ) evolve with distance from the 

wake generator. 

The analysis is restricted to the region where Uo« Uoo and is based on time 

averaged properties of the turbulent flow field which include mean, or Reynolds 

averaged, values of individual terms and of products of the fluctuating components (or 

velocity covariance). Over bars will be used to indicate that the variable has been 

Reynolds averaged (e.g., ii == + ofT U (t)d t) and primes ( ') will refer to the 

fluctuating component, or complement to the Reynolds averaged term 

(e.g., u == ii + u'). It follows that the Reynolds average of the fluctuating components 

(but not products of those components) yield zero resultants. Generally, the boundary 

layer approximation that x gradients are small in comparison to r gradients will be used, 

which reduces the number of terms to be considered. 

The momentum integral constraint arises from considering a control-volume 

integral of (2.1.2) modified by the addition of a body force term ..E... on the right-hand
p 

side to represent the force exerted on the control volume. The control volume V is a 
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cylinder with its axis aligned with the flow direction and centered about the drag body, 

extending far upstream, downstream to where -:7: S 0.1 and radially to a distance R 

which is further from the center-line than the wake "boundary". Application of Gauss' 

integral theorem to convert the volume integral to an integral of the bounding surface A 

with outward normal n yields: 

-1:.= 
p 

I{ vVii' - uu - u'u' Jon dA - I R.. n dA . 
A A P 

(2.2.1) 

The x component of (2.2.1) provides an expression for the mean drag force, D, 

exerted on the body by the fluid, i.e., i5 =-(Foix). There is no contribution to the drag 

from the curved-surface boundary of the control volume. It can also be shown that there 

is no contribution from the viscous stress component (the first component of the first 

integral). The contribution of the pressure term on the wake-end is evaluated by 

considering the following expression for the pressure, which is obtained from the 

Reynolds averaged r component of (2.1.2) and simplified with the boundary layer 

approximations. 

R.. + v'2 - JR 72-;;2" d!; = Ila.. = const. 
P r ~ P 

(2.2.2) 

On the other surface: the pressure is Ila.., uuon = Uoo 2 , and u'u 'on = O. Further 
P 

simplification of the x component of (2.2.1) results from considering a cylindrical 

control-volume integral of (2.1.1), to yield: 

- R{ -- R-,-, } ~ = J u(Uoo-ii) + v'2 - u'2 - J v 2-w 2 d!; r dr. 
21tp 0 r ~ 

(2.2.3) 
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Order of magnitude comparison of the velocity terms permits reduction of (2.2.3) to the 

following simple expression for the momentum integral constraint, which relates the drag 

(Ii ) on the body to the mean velocity profile of the wake. 

(2.2.4) 

e in (2.2.4) is the momentum thickness of the wake. U(U_-ii) may be approximated by 

U_(U_-ii) to provide an expression for the drag in terms of the similarity profile of the 

wake, 

=-,D=;-;-..,.. = Uo 10
2 r 1/ .. f 11 d 11 = const, 

21tpU_2 U_ 0 
(2.2.5) 

where the similarity profile f is defined to be 

f(n)- Uw-u n - r 
'I - Uo(x) , '1 - lo(x) • (2.2.6) 

'11 is the similarity variable and 10 is the integral length scale. It follows from (2.2.5) that: 

Uol0 2 = const. (2.2.7) 

The Reynolds averaged x component of (2.1.2) can be used to check data quality 

and to examine the balance that exists amongst the various terms. It is given by: 
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where the pressure tenn has been replaced using (2.2.2). Two tenns are missing from 

(2.2.8). The first is the derivative of the integral on the left-hand-side of (2.2.2). This 

tenn was omitted because w'2 was not measured, but it is estimated to be smaller than 

the dominant tenns by a factor of (10 Ix) . The second is one of the viscous stress terms 

v 9J ' which is estimated to be smaller than the other viscous-stress term by a factor of 

(10 Ix)2. To simplify estimation of the spatial derivatives in (2.2.8), each of the 

fluctuating velocity variables is separated into a similarity function and a characteristic 

velocity scale 

(2.2.9) 

where u 11(X) scales u'2, u 12(X) scales u'v' and U22(X) scales v'2. This 

representation differs from the traditional analysis, in which the velocity field is reduced 

by a single velocity scale. Substitution of (2.2.9) into (2.2.8), integration of the resultant 

equation in the radial direction from 0 to ", and division by "u 12 yields the desired 

expression for the momentum balance: 

g12 = 

U-Io dUo Tlf 
2U12 dx 

- .1 1oUo dUo 1lf2 
2 U12 dx 

-v~f' 
loU12 

(shear stress) 

(B-L approx. conv. accel.) 

(other cony. accel. terms) 

(viscous stress) 



------.------- -

27 

-.!illl!L { [_I_.41Lu..+.l.. dlo ].1. r;g 11 d~ - _1 dlo 11g 11} 
U 12 U 11 dx 10 dx 11 0 10 dx 

+.!£J.2k.{[-I-~+.l..dlo].1. r;g22d~ -...L dlo 11g22} . (2.2.10) 
U12 U22 dx 10 dx 11 0 10 dx 

(normal stress terms) 

Here, the prime ( ') in the viscous stress term denotes differentiation with respect to the 

similarity variable T}. To obtain (2.2.10), the Reynolds averaged version of (2.1.1) has 

been used along with (2.2.7) to represent v in terms of f, Uo and 10 • Equation (2.2.7) 

was also used to simplify the convective acceleration tenns. 

For the traditional similarity analysis, one assumes that the dominant balance is 

between the shear stress and the boundary layer approximation of the convective 

acceleration. In this case, (2.2.10) reduces to 

and thus 

g 12 = Uoolo dUo 111 , 
2U12 dx 

-.l!L dUo = const. 
U12 dx 

(2.2.11) 

(2.2.12) 

As previously mentioned, it is also traditionally assumed that the mean and turbulence 

fields are similarly scaled so that #.-IT = const . This constraint, combined with those of 
Uo 

(2.2.7) and (2.2.12), define the downstream evolution of the wake. Thus, 
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10 - X 113 and Uo - x-1J3 • (2.2.13) 

The local Reynolds number, formed from the product of the length and velocity scales, 

Re _= Uolo _ x-I13 , 10 
V 

(2.2.14) 

is a decreasing function of x. Thus, it would seem that viscosity will play a more 

important role in the latter (large x) stages of wake decay. 

2.3 Large-Scale Structure Modeling and Analysis Techniques 

Several methods have been employed to characterize the large-scale structures from 

the velocity measurements; most are slight variations of the basic Fourier analysis 

technique. The two-point cross-spectral analysis method employed by Fuchs et al. 

(1979) was used on a small subset of the data to provide a means of comparing the 

present results with that of previous studies. Two-dimensional Fourier transforms are 

used to characterize the time-averaged structure of the wake and a three-point 

decomposition procedure is used to study the instantaneous structure. Before discussing 

those analysis methods, some aspects of the stability of axisymmetric wakes will be 

outlined. The relative growth rates for the spectrum of measurable disturbances, as 

predicted by the stability analysis, provides perspective for the data analysis effort. 

2.3.1 Stability Analysis 

As discussed in Chapter 1, Monkewitz' (1988) analysis of axisymmetric profiles 

suggests that the naturally occurring structure behind bluff-body wakes is organized by 
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an absolute instability of the near wake. Monkewitz' analysis will not be repeated here 

since the experimental results do not provide infonnation on the near-wake velocity 

profiles needed for stability calculations. However, an convective analysis will be 

perfonned to identify unstable scales and their eigenfunctions for comparison with 

measurements from the low solidity wakes. 

The inviscid stability of the wake profile is modeled with the axisymmetric version 

of the Rayleigh equation, which is derived from (2.1.1) and (2.1.2) with v = 0 and the 

assumption of parallel flow ( t == 0 for the mean flow variables). As with the similarity 

analysis, u = ii + u' . Here, u ' is a wavy disturbance given by 

u' = A (r)exp{i(kx+mcjroot)} . 11- of (2.1.2) is treated similarly to u. Further 
p 

assumptions of the analysis are that: 

• it and p are laminar flow solutions of the inviscid versions of (2.1.1) 

and (2.1.2) and 

• u = iiix and lu'I« ii 

Substitution of the above definitions into the inviscid versions of (2.1.1) and (2.1.2), 

and linearization of the result (i.e., products of small quantities neglected) yields: 

ikAx + atr + .&:.. + im~ =O,and 
r r r 

(2.3.1) 

ik(U-fJ)/k)A + { ~~Ar +ikAp }ix + at,."i r + im,;,pi~ = 0, (2.3.2) 

which can be combined to yield: 

(2.3.3a) 
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with 

Ax = (2.3.3b) 

A = i at" and 
r (ii'-m/k )k r' 

(2.3.3c) 

A",- m A 
'I' - (ii-c.o!k )kr P' 

(2.3.3d) 

Boundary conditions for (2.3.3a) correspond to the condition that ~~ ~ 0 -- near the 

center of the wake (r = 0) and far away from the shear layer (large r). In this case 

(2.3.3a) simplifies to 

(2.3.4a) 

which is a modified Bessel's equation of order m in the variable kr. For m = ± I, as 

kr -? 0, A P - r , and as (2.3.4b) 

(2.3.4c) 

Alternatively, one could consider normalization of the terms in (2.3.1) and (2.3.2) as 

follows: 

• a = 10k, 13 = lLm, c = mlk , 
Uoo Uoo 
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• a = -i aA , ap = -i~ , and 
A, UoA, 

• 1140 = Uo • 
Uoo 

With the similarity profile definition (2.2.6), (2.3.1) and (2.3.2) may thus be combined to 

yield: 

a ' = a 2y; (1+(mlan)2} + a { Yu.f' +..1.} - a2yu (2.3.5) 
p p 140 (l-c-,,(Uo/) p (l-c-,,(Uo/) 11 (1-c-,,(Uo/) , 

As with (2.2.10), primes indicate differentiation with respect to 11. Equation (2.3.5) is in 

a form similar to Monkewitz' (1988) equation (AI); however, it can be simplified further. 

For g = (l-c -r'lc f ) and z = gap ,(2.3.5) reduces to: 
1Ut. 

z' = z2 {I + (mla11)2) + L - a2 , 
11 

(2.3.6) 

which may be considered the kernel function of the stability problem. Notice that 

solutions to (2.3.6) are independent of the velocity profile shape. To the author's 

knowledge, equation (2.3.6) is a new result. 

2.3.2 Data Processing 

The two-point analysis method of Fuchs et al. (1979) consists of forming the 

time-based cross-spectrum of data from two hot-wire probes which are separated only by 

azimuthal angle. Cross-spectrum so obtained for a variety of separation angles is then 

cosine transformed in the azimuthal coordinate to reveal the modal structure. For 

velocity measurements Uj acquired with probe j , whose reference azimuthal angle is 

C/>j , its Fourier transform Sj is given by: 
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(2.3.7) 

where c.o = 2m and f is the frequency. The cross-spectrum is then defined as: 

where Sk· is the complex conjugate of Sk, C and q are the co- and quad-spectrum, 

respectively, and &p = q,r-$k has been used to simplify the notation. An alternative 

representation of the cross-spectrum is given in tenns of the coherence function "tjk and 

the phase angle 'l'jk between the measurements. The cosine transfonn of (2.3.8), 

c (c.o,m) = 1.. JX c (c.o, &P) cos(m &P) d &p, 
1t 0 

(2.3.9) 

provides infonnation on how the amplitude of the cross-spectrum varies with m for the 

case in which the co-spectrum represents the Fourier transfonn of a purely even (in time) 

cross-correlation function. (2.3.9) is plotted nonnalized, either as C 6(';''» to highlight 

dependency on c.o or as C em ;co) to highlight dependency on m. C (m) represents a 
C(c.o) 

summation over all values of co and C (co) a summation in m . 

A standard two-dimensional Fourier transfonn was applied to all the data taken with 

the axisymmetric rake. The continuous fonn of that transfonn is represented by: 

The data will nonnally be presented as frequency-weighted and normalized power 
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spectta, e.g., St At .$(St,m;l1) = St IFt,$(St,m;11)/2/IFt,$(11)/2, where 11 = rllo refers 

to the dimensionless radial location of the probes. The subscripts t and ell when attached 

to either F or A refer to the direction of the transform. The number of subscripts 

indicates the type of transform - either one- or two-dimensional. Most of the data were 

obtained in 6O-second data sampling periods at a rate of 1024 samples per second. Those 

results that are presented as a function of frequency will have FFI' windows 1024 points 

in length that slide 256 points at a time and will be smoothed with five point windows in 

the frequency domain which slide one point at a time. 

To examine the time varying m = +1 and m = -1 structure of the wake, a 

special three-point decomposition procedure was devised for the streamwise velocity 

component u . The decomposition provides discriminants for those two modes at the 

frequency corresponding to ro = roc • The velocity measured by probe q" U $, is 

modeled as the sum of a sine series, 

N 
u$(t) = lim ~ 

N~ m=-N 
n~ 

n 
~ Bm (cp,CIl) sin {m cjl+CIlt~m (ro)} . 

c.o=-n 

The self-normalized version of U $(t), given by 

H $(t ,ro) = (u$(t)-~}lrms(U$(t», 

can be filtered to pass only angular frequency roc and modes m = ±1 to yield 

(2.3.11) 

(2.3.12) 

In (2.3.13), H $(t ,ro) contains all the terms in H $(t ,ro), except for the CIl = COc and m = ± 1 
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components. Also, the b 's are the amplitude coefficients of the ± 1 modes at CI) = OOc and 

the ~'s are phase shifts relative to t = O. Data from probes at cp = 0, ~,x can be 

combined to yield discriminants for the m = +1 and m = -1 modes at frequency CI) = Cl)c, 

as follows. 

(2.3.14a) 

(2.3. 14b) 

where 't is the time reference of the combined signals due the time shift of the probe at 

cp = ~ by the amount 2~c . 

In practice, H ~(t ,00) for eacn probe is obtained by subtracting off its mean value and 

normalizing by its standard deviation. The result is then filtered in the frequency domain 

using a Gaussian-shaped transfer function with a e-1 roll-off width of 0.125 OOc; Cl)c 

corresponds to the frequency of coherent vortex shedding. This result for the probes at 

cp = O,~,x are then combined according to (2.3.14a,b), with that for cp = ~ time 

delayed by 2x from those for cp = O,x , to obtain the mode discriminants labeled as 
Cl)c 

Bh+l and Bh_l. In the plots of Figure 4.3.10, the ratio Bh+l/Bh_l is plotted for each radial 

location at the specified downstream location in the wake. 
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All of the experiments were carried out in the University of Arizona's low speed 

wind tunnel, which is depicted in figure 3.1.1. The 19.7-m long tunnel is a closed-circuit 

type with a 0.61-m wide by 0.91-m tall test section that is made up of a 1.22-m long 

removable mounting section followed by a 4.88-m long measuring section. The 

mounting section is actually two interchangeable sections mounted side-by-side on a set 

of floor-mounted rails. This' arrangement provides a section for holding the wake 

generating bodies; that section is in place between the contraction and the measuring 

section when measurements are taken in the wake. The other section is empty and moved 

into place when the hot-wires are to be inter-calibrated. The outside walls of the 

mounting and measuring sections are transparent to facilitate flow visualization. 

The test section's flow speed can be varied from 2 to 35 mls with a streamwise 

disturbance level of approximately 0.03 % of the free-stream velocity. The majority of 

the measurements were made at 7 m Is; some were made at 4 m Is • and a few at 12 m Is . 

The free-stream velocity is monitored using a pitot-static tube connected to a MKS 

Baratron pressure transducer unit The pitot tube was placed 51 mm into the flow from 

the floor at the entrance to the measurement section. The free-stream temperature is 

monitored to within a relative accuracy of ± 0.01 0 C and an absolute accuracy of ± 0.05 

o C using a platinum resistance thennometer placed at the center of the downstream end 

of the measurement section. The temperature is controlled with chilled water cooling 

coils located downstream of the fan at the end of the diffuser, and with a small electric 

heater located downstream of the test section. Positive control is required to maintain the 
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wind tunnel temperature to within a drift range of 0.03 0 C, which was required for 

adequate resolution of wake deficits as small as 1 %. 

A picture of one of the mounting sections with a bullet-shaped body suspended in 

the middle is presented in figure 3.1.2. The test body is suspended in the middle of the 

mounting section with 0.OO3-in tungsten support wires. The support wires pass through 

two sets of horizontal slots in the inside and outside walls, each slot spaced vertically 

0.46 m from the other, to be attached to two sliding frames. Each frame consists of four 

teflon sliders at the comers separated horizontally 0.15 m by PVC tubes and vertically 

0.58 m by aluminum angle iron. The frame parts are fastened together so that the frame 

is rigid. The frames slide via the teflon sliders on horizontally mounted steel rods which 

are mounted adjacent to the horizontal slots. This mounting arrangement provides 

dampening to streamwise motions of the mounted body and for fine adjustment of the 

distance between the aft end of the body and the measuring probes. The fine adjustment 

was especially desirable when the axisymmetric rake was being used. A cylindrical 

coordinate system with its origin attached to the rear end of the body (see figure 2.1.1) is 

used to reference all measurements presented in this study. 

3.2 Wake Generators 

Experiments to passively modify the wake development were performed using 

bodies that present a variety of boundary conditions to the oncoming uniform flow field, 

though each of the bodies was tailored in size so as to exert the same drag force on the 

fluid at Uoo= 7 mls. As discussed in Chapter 2 (equation 2.2.4), the drag of a body can 

be estimated by calculating the momentum thickness of the axial velocity profile in its far 

wake. The stability of this method for estimating the drag is evident in the plots of 9 

versus streamwise distance x , presented for each body in figure 3.2.1. The average 
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value of e for these bodies is approximately 7.5 mm. Those bodies, a sphere, a disk and 

three screens of solidity 0.49 S a S 0.84, as well as the two bodies used to actively 

modify wake development, are described in table 3.2.1 (a is the ratio of solid to total 

frontal area). The screens were rigidly suspended by interweaving two wires through 

their mesh. The disk and the sphere were suspended using four wires to dampen the 

unsteady streamwise hydrodynamic loads associated with periodic shedding of vorticity 

from the body. The wires were attached to the disk via four pegs mounted on the rear 

face of the body and were run though four 0.15-mm diameter holes in the sphere. The 

disk and screen wakes were investigated for their sensitivity to body alignment to the 

flow direction. For slight misaiigllment angles this was found not to be a critical issue. 

Two bullet-shaped bodies were used to actively modify wake development. The first 

body, shown drawn to scale in table 3.2.1, was assembled from off-the-shelf parts to 

provide a quick means of testing the forcing configuration. The body is 30.0 mm in 

diameter (aft end) by 58.5 mm in length (sold in hobby shops as a test bed for model 

airplane engines), and houses a small DC motor to actuate the forcing disk. The disk 

(same diameter as the aft end of the body) is connected to a motor shaft via a bent rod 

and a bearing sleeve embedded in the forcing disk. As the bent shaft rotates about the 

axis of the motor, the disk at the end of the shaft wobbles in the plane normal to the 

motor axis. The disk need not rotate during this motion because of the bearing sleeve and 

is kept from rotating with a piece of tape attached to the disk and the rear face of the 

bullet-shaped body. (Berger et al., 1990, coined the term "nutation" to describe this 

wobbling motion of the disk.) The body was tested nose facing forward into the flow and 

tested nose pointed downstream; in the latter case the model was part of a compound

body configuration, suspended 28.1 mm downstream of a 44.5-mm diameter disk (the 

forcing disk was also 44.5 mm in diameter for this case). The body was supported in the 
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Table 3.2.1. Desc rip t ion of wake generators. 

Body type Descr i pt ion Material d (rrm) 8
1 (rrm) 

Screens 
()"2 

Mesh ~ Cwlr .. ,inn) --
0.49 0.62 0.46 s. steel 37.5 7.54 
0.62 0.83 0.46 copper 30.9 7.34 
0.84 2.40 0.25 s. steel 30.9 7.87 

Disk 

~ 1'0' pvc4 28.0 7.52 

Sphere hard rubber 46.7 7.52 

Bu I lets 5 

C I~ 
D.C.motor 

plastic 30.0 4.11 

k-= 55.5-..f 

Q I~S:;~:;' hard nylon 38.1 5.13 

R""i"1"r MACA 0018 lot 
rodlu. 

a Illni nlln disks 

Call'ound5 TjD and 44.5 15 13.2 

Body 44.5 plastic bullet 

11.-28.1 

Notes: 

1.8= mr::mentlln thickness 0 U(I)= 7(ny's) (Defined by equation 2.2.4) 

2. ()"= solidity of screen = (solid area)/(total area) 
3. d. refers to the diameter of the screen's weave wires. 
4. PVC stands for polyvinyl chloride. 
5. Lengths specified in mm. 
6. Diameter refers to that of the wake-generating disk and forcing disk. 

Aft body is the same as for the 30.0 mm bullet. 
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wind tunnel by eight wires, four each in the nose and aft end. The wires were also used 

to supply power to the motor. 

The second body, shown drawn to scale in table 3.2.1, was used to obtain the 

forced-wake data reported in Chapter 5. The body was specially constructed of hard 

nylon and shaped as an axisymmetric continuation of a NACAOO18 airfoil profile, 38.1 

mm in diameter (aft end) by 78.8 mm in length, with an internally housed motor 

connected to a forcing disk in the same fashion as the first body so as to provide m = 1 

forcing to the wake. The 38.1-mm body has the following design features which were not 

a part of the 30.0-mm body. 

• The body has a bleed hole in its nose to provide stabilization of the 

forward stagnation point and convective cooling to the internally housed 

motor. 

• A stepper motor is used to provide a frequency-stable source for actuating 

the forcing disk. (The output of the first body's DC motor was observed to 

drift slightly in frequency, probably due to the unsteady hydrodynamic 

loads experienced by the disk.) 

• An optical coupler placed about one of the motor shafts is used in 

conjunction with a slanted hole drilled through the shaft to provide an 

unambiguous phase reference for the forcing. With this phase reference 

there could be no question of motor-rotation slippage due to improper 

adjustment of its power supply. 

This body was also supported by eight wires in the wind tunnel; these wires supplied 

power to the stepper motor and the optical coupler and a return path for the signal from 

the optical coupler. Two coupling shafts were used between the motor and the forcing 

disk to vary the amplitude of the forcing; one shaft has a 2-degree "bend" milled into it, 
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the other a 4-degree "bend". 

3.3 Velocity Measurements 

All of the wake velocity measurements were obtained using hot-wire anemometry, 

employing either 55POl straight-wire or 55P51 X -wire probes manufactured by Dantec. 

Measurements to evaluate the effects of passive flow modification were obtained 

principally with linear rakes of straight- and X -wire probes. Measurements to evaluate 

the effects of active flow modification were obtained exclusively with an axisymmetric 

rake of straight-wire probes. Each of the individual hot-wire signals were routed to the 

12-bit AID converter of the data acquisition system (a Masscomp MC-5520-pep 

minicomputer) for recording. The recording path was via anemometer bridges and 

various analog signal conditioning devices (filters and signal offset and amplifier 

circuits). The anemometers were Disa 55MOl, 56COl, or 56C17 units operating in 

constant temperature mode. Also recorded were the pitot-tube pressure measurements 

and, if the wake was being forced with the 38.1-mm bullet, the output signal of the 

optical coupler. 

3.3.1 Probe-Holding Rakes 

The first part of the experimental study was concerned with the effects of passive 

modification of the wake; two linear rakes were used exclusively during this period. At a 

later time, some measurements were made in the wakes behind the 0' = 0.5 screen and 

the disk using the axisymmetric rake. The linear rakes were mounted on a thin, forward 

swept, horizontal sting. The sting was attached to a wall-hugging traversing mechanism 

which provided for fine adjustment of the vertical and x location of the probes, to 

within 1 mm resolution. The straight-wire rake houses nine probes vertically spaced 
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approximately 10.1 mm. The X -wire rake houses five probes spaced approximately 13.5 

mm apart. Two additional wires, horizontally aligned and spaced approximately 0.1 m 

apart, were used to horizontally center the linear rakes in the wake at each x location. 

An axisymmetric rake, provided by Heinz Fiedler of the Hermann Fottinger Institut 

fur Fluiddynamik: in Berlin, was employed in the second half of the study to examine the 

effects of forcing on wake development. The rake, shown mounted to its support jig in 

figure 3.3.1, holds eight straight-wire probes spaced 45 degrees apart and a ninth center 

straight-wire. The radial position of the eight probes change in tandem by rotating the 

threaded bolts each probe is mounted on; this position is remotely controllable via a 

stepping motor located inside the central hub of the rake. The support jig consists of the 

following pieces. 

• A 64.8-m diameter by 0.13-m long cylindrical carriage that supports the 

rake. 

• A 12.7-mm by 41.3-mm by 1.52-m long linear bearing, on which the 

carriage traverses vertically, which spans the measuring section between 

holes located in the floor and ceiling at various x locations. 

• Two 0.30-m long linear bearings which support the above bearing via a 

pivot plate below the floor and a pivot point above the ceiling of the wind 

tunnel, and on which that bearing traverses horizontally. 

• Two 12.7-mm diameter rods which are attached to the carriage and the 

pivot plate, and through which run power and signal cables for the 

carriage and the rake. 

• Two tunnel wall-mounting plates, one 25.4 mm thick and the other 12.7 

mm thick, to which the horizontal bearings are attached. 

The angle of the probes to the flow is adjustable in the horizontal plane via the bottom 
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pivot plate and the top point, which connect the vertically- and horizontally-aligned 

linear bearings. Vertical positioning of the rake is provided by a stepper motor and a 

threaded bolt which actually connects the cable tubes to the pivot plate; transverse 

positioning is provided by another stepper motor and threaded rod combination which 

connects the pivot plate to the bottom horizontally-aligned linear bearing. This setup has 

to be reassembled at each x station for which measurements are to be made. 

3.3.2 Probe Calibration 

The pitot tube used to monitor the speed of the wind tunnel was also used. to 

calibrate the static response of the hot-wire probes. To perform a calibration the probes 

are either moved out of the wake (linear rakes) or the mounting section containing the 

model is rolled out and the empty section rolled into position (axisymmetric rake). The 

speed of the tunnel is then varied over the expected range of velocity values and the 

mean voltage for each wire and the pressure are recorded. The voltage values are least

squares-fit to the velocity calculated from the recorded pressure values and the average 

test-section temperature for that period. The least-squares-fit is to a second order 

polynomial. 

Calibration for the X -wire probes, which are used to measure two components of 

velocity, is similar to the above description for straight-wire probes except that the least

squares-fit includes variation in the flow angle expected for each axial location. Neither 

of the probes wires are aligned with the mean flow direction, so decoupling of the two 

signals into axial and radial (or azimuthal) components is required as a part of the 

calibration process. The nomenclature used below to explain the calibration problem for 

X -wire probes is graphically defined in figure 3.3.2. For: 

• Ueo, the speed of the mean flow, and $00, the angle of the mean flow with 



SIDE VIEWS 

(a) Straight-wire (1 velocity component) 

END 
VIEWS 

~ 

----------~~-- + ---

(b) x-wire (2 velocity components) 

(c) Nomenclature for x-wire cal ibration problen. 

Figure 3.3.2. Hot-wire scheTQtics and col ibration 
nanencloture. 
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the probe axis, and 

• Uland U 2, the components of the mean flow vector normal to X -wire 

wires 1 and 2, which are at angles c!>1 and cI>2 with respect to the probe axis 

and have calibration polynomials given by P 1 (e I) and P 2(e 2) of the form: 

Pi(ei)=ai +b;ei + ciei 2 , 
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the velocity components parallel (u) and normal (v) to the probe axis are given by the 

following vector relation: 

Therefore, given U_, 9. e It and e 2 for a combination of at least eight different flow 

angles and speeds, the calibration coefficients (tan(c!>I), tan(cI>2), a It a2, bit b2, C 1 and 

C2) can be determined. Normally, nine points were used in a combination of three 

different velocities and three different flow angles to calibrate the X -wires. The rake was 

mounted on a goniometric arc with O.l-degree resolution to provide adjustment of the 

angle between the mean flow direction and the X -wires. 

Before the output from the hot-wire probes at each radial location can be used to 

estimate the wake profile, they have to be adjusted for slow drift in the wind tunnel speed 

that occurs during the period of data acquisition. This is especially important when trying 

to estimate the profile shape in small-deficit regions of the wake. The adjustment is 

accomplished by multiplying the velocity data by the square-root of the ratio of a 

reference pressure to the average pitot tube pressure, which is recorded along with the 

velocity data. 

Data acquired with the axisymmetric rake also has to be adjusted to compensate for 

the effects of flow blockage. which varies with the radial distance of the probes from the 
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center probe. The blockage effects in the data from each hot-wire are due to the presence 

of the other hot-wires and their probe-holder tubes. (Blockage variation is not a problem 

for the linear rake because the distance between each hot-wire never varies.) The effect 

of blockage is shown in figure 3.3.3, which presents data obtained in a uniform flow field; 

i.e., the wake generator was not present in the wind tunnel. The plot of measured 

velocity u(m/s) versus separation distance r(mm) from the center probe (each probe's 

data is represented by a different symbol) shows a pseudo-velocity profile caused by flow 

blockage. The peak blockage value is approximately 11 em/sec, which is 1.6% of the 

free-stream velocity, but is 79% of the peak of the 2%-deficit wake profiles reported in 

this .;tudy. The blockage value of the center probe is seen to fairly represent the average 

blockage value of all the other probes at each radial location; their peak scatter is 2.5 

em /s, which is 23% of the blockage value at that location. Thus, the measurements of the 

eight azimuthally-spaced outer probes were corrected for blockage using the difference 

between the velocity measurement of the center probe at each radial position of the outer 

probes and that of the center probe when the outer probes are at their furthest distance 

from the center probe. 

3.4 Flow Visualization 

The smoke-wire technique was used to provide flow visualization of the wakes in 

two-dimensional slices. The vertical plane that includes the wake (x) axis was 

visualized most often, though planes that are transverse to the x axis were also 

examined for the forced-wake investigation. The technique basically consists of 

vertically suspending a length of smoke wire, dripping oil down the wire, and applying 

an electrical current across the ends of the wire to cause the oil to vaporize (smoke). 

Because the oil beads up as it drips down the wire, the smoke convects off the wire in 
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horizontal streaks. Multiple smoke wires (three or five spaced 5 mm apart) were 

employed in the present study to provide a thicker sheet of smoke for better visualization 

of the highly-irregular three-dimensional wakes. The steel wires (0.152 mm in diameter) 

were suspended from floor to ceiling with spring-steel plates which kept them under 

constant tension. Power to heat the wires was provided by 125-volt, 2.5-amp and 40-

volt, 5.D-amp DC power supplies hooked up in series. 

To view the x-r plane, the vertical sheet of smoke particles emanating from the 

wires are illuminated by a rotating laser beam from a 2-watt argon ion laser, as depicted 

in figure 3.4.1. The laser beam is directed to a rotating mirror located in the center of the 

measuring section 2.4 m (for the far wake) to 3.5 m (for the near wake) downstream of 

the field of view. The mirror, mounted on a computer-controlled stepper motor, rotates 

the laser beam at 31.4 rad/sec once through the wake after the smoke-wires are 

activated. The sweep rate of the laser beam sets the exposure time for the photographic 

records of the smoke-particle streaklines. This method of illumination causes a vertical 

slant to be present in the recorded event with respect to the actual event The slant angle 

is a function of the rotation rate of the beam and the convection velocity, Uco, and it 

varies with axial distance from the rotating mirror. At 7 m/s, the downstream slant angle 

(from top to bottom of the wake) is 5.4 degrees or less for the far wake and 3.6 degrees or 

less for the near wake. Trigger delay switches were used to synchronize activation of 

both the camera, mounted outside the test section, and the smoke wires to the motion of 

the stepper-controlled laser beam. 

The set-up for the r-cj) plane differs from that for the x-r plane (depicted in figure 

3.4.1), in that the positions of the camera and rotating mirror were switched. The camera 

was positioned in the wind tunnel pointing upstream towards the body, and the mirror 

was placed outside of the measuring section so that, when it rotates, the laser beam slices 
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through the wake normal to the wake's x axis. The rotating mirror was 1.6 m from the 

center of the wake. Based on a 7 mls convection velocity, the vertical sweep of the laser 

beam illuminates a cross-section of the wake that is slanted 8 degrees downstream from 

top to bottom of the wake. The smoke wires were positioned the same as for the far-wake 

photographs (x Id = 20) and the cross plane illuminated by the laser was 0.254 m 

downstream of the smoke wires (x Id = 26.7). 
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CHAPTER 4 

PASSIVE FLOW MODIFICATION RESULTS 

This chapter contains the results of a hot-wire and flow visualization investigation of 

the wakes behind axisymmetric bodies of varying bluffness, or solidity (0). The principal 

objective was to use body bluffness (while holding the drag constant) to modify and 

examine the relationship that exists between wake deficit (in particular, the presence of 

reverse flow) and the large-scale structures associated with highly organized vortex 

shedding. For the cases studied, changes in body bluffness did not produce proportional 

changes in the characteristics of the large-scale structures. Rather, changes in the large

scale structure were dramatic when cr was changed from 0.62 to 0.84. The bodies studied 

include three screens (0= 0.49,0.62, and 0.84) and a solid disk (0= 1.(0), which have 

been described in Section 3.2 and are listed in table 3.2.1. The size of the bodies was 

tailored to achieve a constant momentum thickness of 9 - 7.5 mm. The measurements 

were obtained at 7 m Is , which corresponds to Rea - 3,500 for the four bodies. The mean 

flow field, turbulence intensities, and in some cases the Reynolds and nonnal stresses, 

were measured using a linear rake of hot-wire probes for a range of distances from 50 to 

500 9's downstream of the generator, with Uo varying from 0.1 Uoo to 0.01 Uoo. The 

Reynolds and normal stresses were used to construct a momentum balance for the wake 

behind a sphere with the same 9 as for the other bodies. Some measurements for the 0 = 

0.49 screen and the disk were also obtained using the axisymmetric rake so that the 

modal structure of these wakes could be investigated. Flow visualization results are 

provided for the x-r plane in Section 4.1; the smoke-wire technique employed was 

described in Section 3.4. Analysis of wake similarity is presented in Section 4.2 and 

analysis of the large-scale structures in Section 4.3. 
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4.1 Flow Visualization 

Side-view (x-r plane) photographs of the near and far wakes behind the disk and 

screen bodies are presented in figure 4.1.1. The smoke wires are visible under the 

darkened triangles at the top of each photograph, and the bodies are apparent to the right 

of the wires in the near-wake photographs. The most distinguishing feature between the 

bodies for which (J = 1.00 (disk) and 0.84 and the bodies for which (J = 0.62 and 0.49 is 

the shape of the large-scale structures associated with coherent vortex shedding. The 

wakes of the disk and high solidity screen are wider, more contorted, and appear to have 

a characteristic streamwise wavelength associated with the large-scale structures of 

approximately 25 9. The passage frequency of the large coherent structures associated 

with this wavelength yields Std = 0.15 for the disk (Red = 1.32 x 1(4). This value 

, compares well with the Std = 0.14 measured in a disk wake by Hwang and Baldwin 

(1966) at Red = 1.9 x 1Q4. In contrast to the wakes of the disk and highest solidity 

screen, the free stream boundaries of the wakes of lower solidity screens appear to be less 

irregular and contorted. Note that this observation applies to both the near and far wakes 

of the lower solidity bodies, indicating the absence of large-scale coherent structures 

which scale with the width of the body. 

The presence of smoke upstream of the smoke wire in the near wake of the disk and 

highest solidity screen (figures. 4.1.1c,d) is evidence of reverse flow, which may indicate 

that Uo >Uoo upstream of the smoke wire. Sequential photographs of the near wake region, 

taken with the spacing between the smoke wire and the body fixed, alternately show both 

the absence and presence of smoke upstream of the smoke wire, an indication that the 

axial extent of the recirculation bubble oscillates in time. No smoke is present upstream 

of the smoke-wires for the lower solidity screens (figures. 4.1.1a,b), and none was 

evident for a variety of spacings between the wire and body up to and including a 
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distance as small as 0.25 of the body diameter; this confinns the absence of reverse flow 

for the lower solidity screens. While no attempt was made to determine the value G = Go 

for which reverse flow exists, figures 4.1.1b,c suggest 0.62 S Go S 0.84. 

The main difference between the four bOdies is the degree of venting in the direction 

of the flow. It is clear that for a fixed Rea, a decrease in solidity produces a decrease in 

the maximum normalized wake deficit in the near wake with the eventual disappearance 

of the region of reverse flow which is attached to the rear of the body. The co-existence 

of contorted large-scale structures with a recirculation region is consistent with the 

findings of Monkewitz (1988) reguarding the effect of wake deficit on the occurrence of 

absolute instability of the near wake. 

4.2 Wake Similarity 

The differences in wake width observed in the photographs were quantified asing 

straight-wire measurements of the u velocity component, taken at different x locations 

downstream of the bodies. These measurements were obtained with the linear rake. The 

similarity velocity (Uo) and length (10 ) scales, introduced in figure 2.2.1, were calculated 

for each body so as to examine the degree to which the far wakes (UoIU_ S 0.1) are 

self-preserving and to compare their growth rates. Normalized radial profiles of time

averaged velocity, f (11), are presented for each body in figure 4.2.1 and combined 

profiles for the screens and for the screens with the disk are presented in figure 4.2.2. 

The normalized profiles for each body collapse fairly well, indicating the mean velocity 

field develops in an approximately self-preserving manner, though not as self-preserving 

as the mean velocity field in turbulent wakes behind 2-D planar bodies (Marasli, 1989). 

All of the screen wakes exhibit the same self-preserving form, as can be seen by 

comparison of the individual profiles of figure 4.2.1a-c with the combined profiles of 
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figure 4.2.2a. The disk profiles are flatter in the center of the wake and have a steeper 

transition slope to the tail region of the wake. These differences in profile shape show up 

in the combined plot of screens and disk profiles of figure 4.2.2b as a wider band of 

scatter to either side of the center transition region. 

The characteristic length (10 ) and velocity (Uo) scales, used to collapse the wake 

profiles of figure 4.2.1, are plotted in figure 4.2.3 to examine their axial evolution. 

Figures 4.2.3a and 4.2.3b are to log-log scale to emphasize the power-law dependency of 

the scales on axial distance from the body. Estimates for the growth exponents are of 

some concern because the local Reynolds number decreases with x . Figures 4.2.3c and 

4.2.3d present appropriately chosen functions (refer to equation 2.2.13) of the same data 

plotted to linear scale to emphasize differences in growth rate amongst the different 

wakes. The scales are normalized by 9 and Uoo, which were held constant for all four 

wakes. Each of the lines represent a least-squares fit of the data to the functional form of 

the ordinate and abscissa. For figures 4.2.3a and 4.2.3b, the quantity 102Uo was held 

constant. Figures 4.2.3a and 4.2.3b indicate the scales follow more closely the growth 

exponents of 1/2 and 1, which correspond to a momentum balance based on viscous 

stress diffusion, instead of 1/3 and 2/3 for a balance based on turbulent stress diffusion. 

However, in the traditional analysis (the results of which the exponent estimates are 

compared to above) a single velocity scale is all that is required to collapse the entire 

velocity field; this is a poor assumption, as will be demonstrated towards the end of the 

section. Figures 4.2.3c and 4.2.3d demonstrate that the bluffer the body (higher (J value) 

the wider the wake. The bluff-body wakes spread more rapidly because of the vigorous 

action caused by the coherent large-scale structures. Consistent with the photographs of 

figure 4.1.1, the plots show some clustering of the length and velocity scales to either 

side of (J = (Jo • (Note that some caution is in order when comparing the disk with the 
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screen wakes as a quantitative comparison is strictly valid only when their profiles have 

the same self-preserving form. However, the difference in the profile shapes appear to be 

slight, especially considering the difference in 10 between the disk and the 84% solidity 

screen wakes for the same x location. There is no question regarding comparisons 

amongst the screen wakes as they share the same self-preserving profile shape.) 

A review of previous studies (e.g., Uberoi and Freymuth, 1970, and Higuchi, 1976) 

revealed that most researchers calculate a virtual origin Xo to adjust the power law to the 

expected values. This can be accomplished by raising the quantity in question to the 

inverse power to which the data is expected to follow and plotting that result as a linear 

function of x to extrapolate for the corresponding value of Xo. The length and velocity 

scales have been raised to the 3 and 1.5 powers, respectively, (appropriate for 

axisymmetric turbulent wakes that behave according to the similarity solution) and 

plotted versus x in figures 4.2.3c and 4.2.3d. To obtain an Xo which reflects both the 

growth of 10 and the decay of Uo, the function l~oo (a linear function of x when 

equation 2.2.13 holds) has been plotted versus x in figure 4.2.4a. Values for Xo 

extrapolated from figure 4.2.4a are plotted in figure 4.2.4b versus (1; they show that the 

virtual origin decreases in value with increase in body solidity. However, it should be 

noted that if the quantity { Io,!!; } '}J3 is plotted versus x , then the extrapolated values of 

Xo are biased towards the similarity solution for viscous-stress dominated diffusion. A 

least-squares fit of the data with those values of Xo factored in is statistically as good as 

that for which the Xo 's are biased towards turbulence dominated diffusion (figure 4.2.4b). 

A log-log comparison of Uo for those two cases is presented in figure 4.2.5. Attempts to 

estimate Xo in an unbiased manner have so far been unsuccessful. 

The turbulent velocity field behind planar, two-dimensional bodies are self

preserving based on the velocity and length scales Uo and 10 of the mean flow field 



63 

0 
0 
N 

V (J= 0.49 
c (J- 0.62 

t/ o (J- 0.84 
II di sk 

~ICD 0 t / 0 
0 

" o 0 

~'l 
.[] 

- ::J 

" ,,0 
.0 

O'~ 
9" 

I 

0 

0 200 400 600 
x/S 

(a) Growth parameter. 

0 
It) I I I I I 

0 0 0 0 - -
CD 
........ 

0 
x 

0 
It} -

0 
~> 

0 I I I 

0.0 0.2 0.4 0.6 0.8 1.0 
(J 

(b) Virtual origin. 

Figure 4.2.4. Evolution of growth parameter 
for screen and disk wakes. 



N 

o 

(a) 

N 

o 

(b) 

Figure 4.2.5. 

--;-::::i:.::JL.-.L..""----:;1 0 2 

(x-xo )/9 

turbulent biased to 
Xo • n 
diffuslo . 

102 

(x-xo )/8 

x biase d to viscous o • 
d iffusIon. th 

scale grow f velocity . on 0 
CaTlJ

a 
r I s nze ra x o. t for no exponen 5 

64 



65 

(Marasli, 1989). Previous experimental investigations (Uberoi and Freymuth, 1970; 

Bevilaqua and Lykoudis, 1978) have generally supported this same concept for 

axisymmetric wakes. Hinze (1975) and more recently George and Arndt (1989), suggest 

the possibility that at least two velocity scales, Uo and a scale for the turbulent field u 12, 

could be required for self-preservation of the streamwise component of the mean 

momentum equation for wakes behind axisymmetric bodies -- a case of incomplete 

similarity. Measured distributions of u '2 normalized by Uo 2(x) for the G = 0.49 screen 

are shown in figure 4.2.6a. The direction of the arrow in the figure shows the direction of 

separation of the profiles with increasing x values; this spread indicates that the 

normalized distributions do not collapse. It is clear that Uo decays more rapidly than the 

rms of the velocity fluctuations. Figure 4.2.6b shows the same distributions but here 

normalized by the average peak value u 11 for each distribution. The improved collapse 

of the self-normalized profiles indicate that a new velocity scale is required and that, at 

best, incomplete similarity exists. 

Since the turbulent Reynolds stress -pu'v' was not measured for the disk and screen 

wakes, the scale u 11 is used to characterize the turbulent velocity field. (The use of u 11 to 

characterize the u'v' field is justified by the results of x -wire measurements obtained in a 

sphere wake, presented below.) A comparison amongst the disk and screen wakes of the 

evolution of u 11112 relative to Uo is provided in figure 4.2.7. The two velocity scales are 

observed to be distinct and non-converging to the end of the measuring domain for each 

of the wakes. Note that the size of the turbulent scale relative to that of the mean scale 

varies with G. The ratio of u 111/2 to Uo is approximately one for the disk wake and 

decreases with decreasing G to one-third for the G = 0.49 screen wake. Thus, when 

comparing the wakes at downstream locations where the defect velocities are the same 

size, the bluffer bodies have a higher average level of turbulence available for continued 
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mixing and spreading of the wake. 

Given the ambiguity regarding the growth rates falling between those for viscous

and turbulence-dominated growth and the fact that at least two velocity scales appear to 

be necessary for self-preservation, the streamwise momentum balance was examined. A 

sphere wake was chosen for the study as it has been reponed more frequently in the 

literature than the disk and screen wakes. The size of the sphere was chosen to have the 

same momentum area as the disk and screens, thereby maintaining Rea constant. 

Transverse distributions of mean and turbulent velocity fields were obtained using a rake 

of x -wire probes, which has been described in Section 3.3. 

The collapse of the mean profiles and the axial evolution of 10 and Uo are shown in 

figure 4.2.8, which may be compared with figures 4.2.1, 4.2.3a, and 4.2.3b, the 

corresponding results for the screen and disk wakes. The self-preserving sphere-wake 

profile is similar to that of the disk, being fuller in shape than those for the screens. The 

evolution of the length and velocity scales is nearly the same as those for the disk wake. 

As is the case for the other bodies, Uo does not adequately collapse the u '2 field, nor does 

it collapse the u'v' field. The appropriate collapsing scales, u 11 and u 12, are distinct from 

Uo and non-converging to the end of the measuring domain, as is shown in figure 4.2.9. 

However, the figure also demonstrates that the ratio of u 12 to u n is nearly constant, and 

thus that u 11 adequately scales the turbulent shear-stress field. 

The task of constructing a momentum balance consistent with equation 2.2.10 is 

graphically depicted in figure 4.2.10. The momentum balance requires the normalized 

mean profile if, figure 4.2.lOa), normalized normal-stress profiles (g n = u '2 and 
un 

g 22 = v'2 in figures 4.2.10b and 4.2.1 Dc), the normalized shear-stress profile 
U22 .,...., 

(g 12 = .J!L data points in figure 4.2.1Od), and estimates for the axial derivatives of the 
U12 

normalizing scales. The derivatives were estimated from power-law representations of 
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the evolution of the normalizing scales. The level of clutter in the plot of momentum 

balance terms was reduced by curve-fitting each of the profiles (except g 12) to 

appropriate analytic functions at each x location, as are depicted by the solid lines 

through the data points in figures 4.2.lOa-c. Those functions and estimates for the axial 

derivatives are then combined as prescribed by the terms on the right-hand-side of 

equation (2.2.10); they are represented by the different curves of figure 4.2.1Od. The 

curves are compared to the data for the shear stress which is the left-hand-side of 

equation 2.2.10. Note in this figure that the shear stress data is completely balanced by 

the curve which represents the boundary layer approximation to the convective 

acceleration term. 

The balance represented in figure 4.2.lOd is for x 19 = 236; however, that same 

balance exists throughout the measurement region of the sphere wake as is indicated in 

figure 4.2.11. Except at x 19 = 34, none of the other terms in equation 2.1.10 are observed 

to contribute to the momentum balance. Thus, the balance indicated by figure 4.2.11 

corresponds to that given in equation 2.2.11 and traditionally assumed for turbulent 

wakes. 

The momentum balance presented above was used to confirm that these wakes 

behave in a manner consistent with the traditional similarity analysis for turbulent 

axisymmetric wakes. The nature of that balance was originally questioned because 

separate velocity scales were required to collapse the dominant convective acceleration 

and turbulent shear stress terms in the momentum equation. Because the local Reynolds 

number is a decreasing function of downstream distance (equation 2.2.14), one possible 

explanation for the multiple scales was that the far wake undergoes relaminarization. 

Since the observed momentum balance refutes that possibility, and since two distinct 

velocity scales are required, it would appear that the traditional approach of applying 
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separation of variables in the similarity analysis (equations 2.2.6 and 2.2.9) is not 

appropriate. From this conclusion it follows that a state incomplete similarity exists, as 

was pointed out by George and Arndt (1989). 

4.3 Large-Scale Structures 

Other investigators have quantified some aspects of the large-scale structure in 

axisymmetric wakes by employing two-point hot-wire measurements, and data 

processing consistent with equations 2.3.7 and 2.3.8, to estimate the coherence as a 

function of azimuthal separation angle, ~, between the probes. Data obtained with the 

axisymmetric rake in the disk wake have been processed similarly and are compared with 

the results of Fuchs et ale (1979) in figure 4.3.1. Their results are presented as solid 

square symbols in each of the three plots of the figure and were obtained in the wake of a 

disk at Red = 5 % 1()4 , x Id = 9 and rId = 0.83. The present results were obtained at 

Red = 1.32 % 1()4 , x Id = 29 and rId = 1.28 ( r 110 = 11 = 0.85). 

The major features present in the three plots of figure 4.3.1 are similar for the two 

data sets, though some differences are evident. The self-normalized coherence spectra of 

figure 4.3.1a, between probes located on opposite sides of the wake (~ = 1800), both 

exhibit distinct peaks near the "shedding frequency" ( Std = 0.13 ); however, the width 

of the peak is wider for the data of Fuchs et ale while the floor of the spectrum is higher 

for the present measurements. The wider peak may be attributable to the higher Red of 

the measurements, whereas the higher floor level may be due to the difference between 

the data sets of the relative position in the wake of the measurements. The real part of the 

cross-spectrum at the shedding frequency (circumferential correlation function) is plotted 

versus probe separation angle in figure 4.3.1b, and its azimuthal transform is plotted 

versus azimuthal mode number in figure 4.3.1c. The data from the present investigation 
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are seen to fall within the scatter of that of Fuchs et al. in figure 4.3.1 b and so the 

results are judged to be in reasonable agreement. The mode plot of figure 4.3.1c indicates 

that the high coherence at Std = 0.13 of figure 4.3.1a is concentrated at mode 1, but it 

does not provide information on how the coherence is distributed between m = ±1. 

Because some of the measurements were acquired simultaneously with eight probes 

housed in the axisymmetric rake, the full mode spectrum (up to the Nyquist limit) can be 

obtained by applying a discrete version of the two-dimensional Fourier transform of 

equation 2.3.10 to the data. The 1- and 2-D power spectra will be presented normalized 

(A t and At .eII) by the total variance over the domain covered by the figure (i.e., summed 

in the range of the independent variables to the left of the semicolon in A as in figure 

4.3.2) and are usually frequency weighted. The 2-D spectra are decomposed into modes 

m = -3 to +3 and mode 4. The I-D spectra are presented for each of the eight 

azimuthally separated locations cjI = ()O to 3150 • 

Presented in figures 4.3.2 and 4.3.3 are rasters (by azimuthal location and by mode 

number) of 1- and 2-D spectra for the disk and G = 0.49 screen wakes, and a slice of the 

2-D spectra at the frequency of peak amplitude. These data were acquired at x 19 = 105 

and 11 = 1. The disk wake is distinguished by spectral peaks in the m = ±1 mode spectra 

at St 9 = 0.36 (St d = 0.13) and at peaks in the 1-D spectra at the same St 9. In contrast, 

the m = ±1 mode spectra for the non-shedding screen exhibit a broad, lower amplitude 

peak near St9 = 0.052, while the corresponding I-D spectra display no evident peaks. 

The amplitudes of the m = ±1 modes dominate the disk wake at the shedding frequency, 

Stn , as is shown in figure 4.3.2c. The modal spectra for the disk wake show differences in 

shape at frequencies below Stn , with the even mode spectra being considerably flatter 

than those for the odd modes. The low-frequency structure of all the mode spectra for the 

screen wake appear to be similar in shape. 
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Contours of constant SteAl.' as a function of nonnalized radial location 1') and 

either frequency (at m = 1) or mode number (at Sto = Stn ) are presented in figure 4.3.4 

for the disk wake and in figure 4.3.5 for the 0' = 0.49 screen wake. The nOlmalized wake 

velocity-defect profile (U_-ii)IU- is provided for each wake beside the contour plots for 

reference. For the disk wake, the contours in the St 0-1') plane emphasize the dominance 

of the m = + 1 (and -1), St 0 = 0.036 scales in the spectra. The peak is centered near the 

radial location 1') = 1, which is also the location of highest velocity gradient and where 

the peak in the variance profiles occur. For the screen wake, the contour levels for the 

m = +1 (and -1) and Sto = 0.052 scales are largest near 1') = 0 and then diminish in 

prominence with distance from the center of the wake. Interestingly, there is a break in 

the Sto-11 plane contours at the edge of the screen wake which may be due to the 

influence of the wake on the surrounding potential flow field. 

The sharp peak in the the spectra at Stn persists throughout the far wake of 

axisymmetric bluff-body wakes, as is illustrated in figure 4.3.6 for the disk. Presented is 

spectral amplitude at m = +1, as rasters by x location and contour plotted in the x-Sto 

plane. Note that the frequency at which Sto = Stn remains constant in value throughout 

the wake, as emphasized by the x-St 0 plane contour lines which are vertical near Sto = 

0.036. This invariance is expected for a globally driven or absolute instability. In 

contrast, the contour lines for the 0' = 0.49 screen wake, figure 4.3.7, are slanted towards 

the lower frequencies with increasing distance from the body. This feature is consistent 

with a locally driven instability, or convectively unstable wake, as is demonstrated in 

figure 4.3.8. Figure 4.3.8a contains plots of amplification rate versus frequency for the 

mean velocity profiles at x 19 = 100 and 500, which spans the range of downstream 

locations that data were acquired for the 0' = 0.49 screen wake. The amplification rate, 

-Im(k), is the imaginary part of the eigenvalue k that satisfies equation 2.3.3a and the 
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body for 0" = 0.49 screen wake. (m - +1 • "1 = 1) 
See notes for contour and raster plots 
in Figures 4.3.4 and 4.3.2. 
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boundary conditions, for each frequency f (or circular frequency co). (For the 

calculations presented here, the mean velocity profiles were least-squares-fit to the 

function u = Uoo-Uosech 2(c l'll+C3113).) As the downstream distance is increased, figure 

4.3.8a shows that the resulting range of amplified frequencies decreases. When 10 is used 

to weight the frequency values, figure 4.3.8b shows that the resulting range of normalized 

frequencies that are amplified is about the same for the initial and final downstream 

locations. The frequency locations of the spectral peak, Sta(x), obtained from the data 

presented in figure 4.3.7, is compared to the range of amplified frequencies predicted by 

linear stability theory, those frequencies between the point of peak amplification rate and 

zero amplification rate (neutral point), in figure 4.3.8c. It is seen that the frequency of the 

measured spectral peak is approximated by the location of the neutral point. 

As discussed in the Chapter 1, there is some question as to the manner in which 

vorticity is shed into the wake behind axisymmetric bluff bodies. Two of the hypotheses 

are: 

• That vorticity is shed as a single helix which alternately "unwinds" from 

the rear of the body, first in one azimuthal direction (m = + 1) and then in 

the other (m = -1) or 

• That vorticity is shed as double helices which "unwind" in opposite 

directions at the same time. 

While none of the present measurements were obtained in the region of vortex shedding 

into the wake, data collected with the axisymmetric rake will be used to investigate 

remnants of the shedding at x/a == 100 in the wakes behind the disk and non-shedding 

screen. The data were processed in the manner outlined in Section 2.3 to obtain 

discriminants for modes m = -1 and m = + 1. Those discriminants may vary over time 

intervals as short as several periods of the band-pass filter's center frequency, depending 
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on the bandwidth of the filter. 

The discriminant analysis is first demonstrated for the m = +1 forced wake behind 

the bullet-shaped body in figure 4.3.9 because that wake is dominated by the m = + 1 

mode; it thus provides a figure-of-merit to assess the results for the disk and screen 

wakes. 

Figure 4.3.9a is of the same format as that of figure 4.3.2 and demonstrates the 

dominance of the m = +1 mode over the m = -1 mode for the case of forcing at St d = 
0.27 and m = +1. Figure 4.3.9b is of the same format as that of figure 4.3.4c and 

demonstrates that the radial location of peak amplitude is in the vicinity ofTl = 0.75. The 

different stages in construction of the mode discriminants is presented in figure 4.3.9c. 

The bottom three rasters are the self-normalized velocity signals from three hot-wire 

probes that are located at azimuthal positions <I> = 0, x/2, and x. The scale of the ordinate 

is in terms of standard deviations of the H cjl(t ,co) signals and the dashed lines correspond 

to the position of the mean values. The velocity signals are filtered and combined as per 

equations 2.3. 14a,b to obtain the mode discriminants rastered on lines four (m = +1) and 

five (m = -1). The discriminants are rectified and doubled in amplitude to obtain rasters 

six (m = +1) and seven (m = -1), and then smoothed and differenced to obtain the top 

raster. The dashed line in that raster represents a zero difference in the amplitude of the 

two discriminants. For those time periods when the dashed line and the solid raster line 

are colinear, the two modes contribute equally to the spectral structure (at Std = 0.27). 

When the raster lies above the dashed line, mode m = + 1 is dominant; below it, mode 

m = -1 is dominant. Instead of taking the difference between the rectified signals, their 

ratio is taken and plotted to logarithmic scale as the second raster from the bottom of 

figure 4.3.9d. The other rasters presented in the figure represent the result of the 

processing sequence illustrated in figure 4.3.9c, but for the other radial locations at this 
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axial station. For these rasters, the dashed line represents the point at which the ratio of 

the two discriminants is 1, and each tic on the ordinate axis represents a factor of ten 

increase in the magnitude of that ratio. A change in the positive direction from the 

dashed line corresponds to the m = + 1 discriminant being larger, while a change in the 

negative direction corresponds to the m = -1 discriminant being larger. Note that the 

different rasters do not share the same reference time and so time-based comparisons 

between the rasters are not appropriate. Comparison of figures 4.3.9a and 4.3.9d reveals 

that even though the m = +1 amplitude (at Std = 0.27) dominates the m = -1 amplitude 

by almost two orders of magnitude in the averaged spectra, the dominance occurs only 

on average for the mode discriminants. In fact, there are periods when the m = -1 

discriminant is an order of magnitude larger than the m = +1 discriminant. For this 

particular case, it appears that the cross-over from m = +1 dominance to m = -1 

dominance occurs, on the average, once every 30 filter (and forcing) periods, for up to 

seven periods in duration. 

Figure 4.3.10 compares the ratio of mode discriminants for the disk and (J = 0.49 

screen wakes. The discriminants are rastered as a function of time (normalized by Stn, 

the center frequency of the band-pass filter) in the same manner as that for the forced 

wake of figure 4.3.9d. Identifiable features in the plots for the two wakes appear to be the 

same. For both wakes, the period of time for which the m = + 1 discriminant is larger 

than the m = -1 discriminant is about the same as for the converse situation, and the 

maximum excursions from the dashed line (where the discriminants are of equal 

amplitude) are about the same in both directions and comparable in amplitude to that of 

the forced wake. Cross-over from m = + 1 dominance to m = -1 dominance occurs 

approximately twice every 30 filter periods. There are extended time periods for which 

the ratio of the discriminants is 1 (by comparison with the maximum excursions), but 
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periods of nearly equal length are also evident for the forced wake. 

The hypothesis that vortex shedding occurs as unwinding double helices (pao and 

Kao, 1977) would get some support from a result that the two discriminants remain in a 

state of parity, but this was not found to be the case for either the shedding or non

shedding wakes. Even so, the time traces of figure 4.3.10 suggest that shedding occurs as 

double helices during some of the time periods. During other periods, one of the modes 

clearly dominates the other. Since the principle features of the mode discrimination 

analysis are the same for the shedding and non-shedding wakes, there is no evidence to 

suggest that the strength of the coherent vortex shedding affects the natural interaction 

that occurs between the two modes. It is interesting to note that even for the case of a 

wake forced in one azimuthal direction, the other mode occasionally dominates. 
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CHAPTERS 

ACTIVE FLOW MODIFICATION RESULTS 

Presented in this chapter are the results of an effort to force the wake behind a body 

whose unforced state exhibits characteristics that are consistent with the presence of an 

absolute instability. The objectives of the study were to see if forcing could be achieved 

by means more subtle than shaking of the entire body (Berger et al., 1990) and to 

examine the effects of such forcing on the mean flow field and on the naturally occurring 

large-scale structures. Forcing of mode 0 was unsuccessfully attempted using a disk

shaped body with an attached speaker. Forcing of the m = 1 mode (either +1 or -1) was 

successfully achieved using a bullet-shaped body with an aft-forcing disk attached via a 

bent shaft to an internally housed stepper motor (see table 3.2.1). Rotation of the bent 

shaft causes the aft disk to wobble, or nutate, cyclicly in the axial direction, completing 

one cycle for each 360 degrees of shaft rotation. Forcing frequency and amplitude were 

used as parameters in the study but it was found that the wake was not sensitive to 

modest changes in the forcing amplitude, which was varied by changing the bend angle 

of the shaft in the range of 2 to 4° • The forcing frequency, Stc , was varied from 0.25 Stn 

to 2.00 Stn , where Stn is the natural shedding frequency of the unforced body. (All 

Strouhal numbers presented in this chapter are based on the body diameter, so the 

subscript d is understood and has been dropped.) The characteristic frequency of 

shedding for this body was found to correspond to St = 0.26, with no perceptible change 

in value when the aft forcing disk was removed. Most of the measurements were 

obtained at 7 mls (Red = 17,800), though some measurements were at 4 mls to examine 

the effects of forcing at Stc /Stn > 1.25. The momentum thickness for the unforced wake 

is 9= 5.13 mm. All of the hot-wire measurements were obtained with the axisymmetric 
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rake and straight-wire probes. Flow visualization results are provided for the x-r and 

r-ij) planes in Section 5.1; the smoke-wire technique employed was described in Section 

3.4. Analysis of wake similarity is presented in Section 5.2 and analysis of the large-scale 

structures is in Section 5.3. 

5.1 Flow Visualization 

Side-view (x-r plane) photographs of the near and far wakes are presented in figure 

5.1.1 for the cases of no forcing and 0.25 ~ Str /Stn ~ 1.25. As with figure 4.1.1, the 

location of the smoke wires is indicated by the darkened triangles at the top of each 

photograph, and the body is visible upstream of those wires in the near-wake 

photographs. For the unforced case (figure 5.1.1a) the axial wave length of a typical 

structure is estimated to be 3.6 d, which corresponds to Stn = 0.28, the passage 

frequency of the naturally occurring large-scale structures. This estimate is based on an 

average over several wave lengths as the individual structures vary in length. Forcing 

causes the large-scale structures to phase-lock with respect to the periodic motion of the 

forcing disk. Evidence of this phase-locking was obtained by varying the time lag for 

actuation of the flow visualization equipment relative to the output of an optical encoder 

attached to the shaft of the forcing motor, and observing a corresponding phase shift in 

the position of the structure vis-a-vis the smoke wires. One consequence of phase-locking 

is that the characteristic wave length varies little from one structure to the next. 

The wavelength of the most prominent large-scale structure for each forcing case 

does not always correspond to the forcing frequency. Instead, it may be either a harmonic 

or subharmonic of that frequency, whichever is closest to Stn of the unforced wake. For 

example, forcing at Str/Stn = 0.25 (figure 5.1.1b) results in structure with a wavelength 

that corresponds to Stn, which is the forth harmonic of the forcing frequency. Forcing at 
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Str IStn = 0.50 (figure 5.1.1c) results in structure at both St = Str and St = 2.00 Str. 

Forcing above the natural shedding frequency may result in the subhannonic being most 

prominent. For forcing at Str IStn = 1.50 and Str IStn = 2.00, the most prominent 

structures correspond to St = 0.50 Str, as can be seen in figures 5.1.2b and 5.1.2.c. Note 

that for Stc IStn = 1.50, Stn is not a subhannonic or harmonic of Stc; thus for this 

example, Stn is not coincidentally the subhannonic or hannonic of Stc which is closest 

to Stn • Only when the forcing frequency is closer to Stn than its harmonics, or 

subharmonics, is the corresponding wavelength the most prominent large-scale feature in 

the wake (figures 5.1.1d,e,t). Forcing affects the size of the wake, as measured by the 

average distance of the large-scale structures' extremities relative to the center of the 

wake. The wakes for which Stc IStn S 0.50 are observed to be smaller in width than 

those for which Str IStn ~ 0.75. The largest wake corresponds to the case for which 

Stc IStn = 1.00, though the wakes appear to be nearly the same size for Stc IStn ~ 0.75. 

Finally, the photographs provide evidence of a recirculation region (smoke upstream 

of the smoke wires) behind the body for the unforced wake (figure 5.1.1a). The presence 

of the recirculation region along with the large-scale structures suggests that a region of 

absolute instability is present behind the bullet body, similar to those behind the disk and 

a= 0.84 screen bodies (figures 4.1.1c,d). However, note that no smoke is present 

upstream of the smoke wires for any of the forced-wake cases (figures 5.1.1b-f and 

5.1.2a-c), all of which have the same axial spacing between the smoke wires and the 

body as for the unforced case. Thus forcing causes the recirculation region to be 

shortened in axial extent 

The x-r plane photographs provide only a partial picture of the large-scale 

structures. Cross-plane (r~) photographs were taken to aid in the interpretation of those 

taken in the x-r plane, and are presented in figure 5.1.3. Each picture of figure 5.1.3 
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Figure 5.1.2. Flow visual ization at 4 m/s for: 
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consists of five unifonn vertical lines of smoke above and below the wake and a region in 

the middle which marks the turbulent boundaries of the wake. The pictures are for x Id = 
26.7, which is a distance of 6.7 d downstream of the smoke wires. 

The cross-plane photographs, like those of the x-r plane, show that forcing 

increases the radial extent of the wake. The wake appears larger for Str IStn ~ 1.00 than 

for Str IStn ~ 0.5. However, the most striking difference amongst the photographs is that 

for Str IStn = 1.00; the wake is observed to consist of two turbulent regions above and 

below a center laminar region, while for the other cases the center region appears to be 

turbulent. The relative quiescence of the center region is also evident in the 

corresponding cross-plane photographs of the far wake (figures 5.1.1e and 5.1.2a), 

especially just downstream of the smoke wires. 

5.2 Wake Similarity 

The results of the flow visualization indicate that forcing has an dramatic effect on 

the appearance and size of the large-scale structures that are present in the wake. Forcing 

also changes the momentum thickness (9) of the wake, as is demonstrated in figure 5.2.1. 

On average, 9 increases slightly with increase in Str , but there is a relatively large jump 

in the value of 9 as Str IStn changes from 0.75 to 1.00. Since all of these cases were 

obtained at U_ = 7 mIs, this jump in 9 corresponds to an increase in the drag. 

Measurements at Uoo = 4 mls show that the drag remains high in value out to Str IStn = 

2.00. 

A comparison of nonnalized mean profiles for the unforced and forced wakes is 

presented in figures 5.2.2 and 5.2.3. Note the change in the profiles between Str IStn = 
0.50 and Str IStn = 0.75, from a typical profile shape to one that resembles a variance 

profile. Williams and Amato (1989) noticed a similar effect on bluff-body 2-dimensional 
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wakes when they applied unsteady bleeding to force the boundary layer of a cylinder. 

This change in profile shape is the reason an integral measure of 10 is used as the length 

scale (definition given in figure 2.1.1) instead of the usual half-wake width. The observed 

collapse of the profiles with axial distance from the body, using the integral measure of 

10 , is as good as that achieved using the half-wake width for the regularly shaped profiles, 

and the collapse is much better for the variance shaped profiles. Careful examination of 

each profile in figures 5.2.2 and 5.2.3 reveals the following. 

• The normalized self-preserving velocity profiles for each case of figure 

5.2.2 appear to have the same shape. Least-square curve-fits to the data 

nearly over-lay for each case. 

• The normalized self-preserving velocity profiles for each case of figure 

5.2.3 are generally similar in shape but differ significantly in the center 

region of the wake. The curve-fit values for f (11=0) vary from 0.50 

(Str IStn = 1.00) to 0.87 (Str IStn = 0.75). 

For both profile types, the maximum defect velocity is used as the velocity scale. For the 

regularly-shaped profiles, the maximum defect velocity, Uo, occurs at 11 = 0; for the 

variance-shaped profiles, it occurs near 11 = 1. The mean profile reverts back to the 

typical (unforced) shape for some forcing frequency in the range 1.25 < Str IStn S 2.00, 

as is illustrated in figure 5.2.4. Figure 5.2.4a is a repeat of figure 5.2.3b for Str IStn = 

1.00, except that Uoo = 4 m Is. When the forcing frequency is increased to Str IStn = 
2.00 (figure 5.2.4b), the mean profile takes on the more typical unforced shape, though 

there appears to be a sharp change in slope near 11 = 0.8. 

10 , chosen as an integral measure consistent with this study's axisymmetric 

geometry, has been shown to provide good collapse of the velocity profiles for each of 

the forcing configurations (figures 5.2.2 and 5.2.3). The collapse was observed to be 
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better than that based on estimates of the half-wake width, especially when dealing with 

profiles of dissimilar self-preserving shape. Even so, comparison of the length and 

velocity scales for profiles of dissimilar shape is problematic. With this precaution in 

mind, a comparison of these wakes will now be attempted. 

The effects of varying the forcing frequency on the axial evolution of 10 and Uo are 

presented in figure 5.2.5. The plots utilize log-log scaling in order to more easily 

examine the power-law dependency of these scales on axial distance from the body. The 

lines in the plots are least-square fits to the data of the form log(y) = log(a ) + b log(x). 

The clustering in these plots is nearly the same as for the profile shapes. For 0.00 

S Str /Stn S 0.50 and for 0.75 S Str /Stn S 1.25, the profiles have the same general 

shape and the length and velocity scales group together in terms of their values and their 

exponents of growth/decay. The exception to this pattern is for Str /Stn = 2.00 (not 

presented in figure 5.2.5), which has the same profile shape as for Str /Stn S 0.50 but 

whose length and velocity scales group with 0.75 S Str /Stn S 1.25. It is interesting to 

note that the length scales for 0.00 S Str /Stn S 0.50 are smaller in value than those for 

0.75 S Stc /Stn S 2.00, which is consistent with a visual grouping by wake width in 

figure 5.1.1. 

Presented in figure 5.2.6 are the variation of the vinual origin Xo with Str , and the 

wake-growth parameter (10 U.,JUo d) plotted versus x adjusted for Xo. The vinual origin is 

the x -axis intercept given by a linear least-squares fit of (10 U.,JUo d); it decreases with 

increasing forcing frequency and takes on negative values for 0.75 S Str /Stn S 1.25. 

The wake-growth parameter combines two measures of the wake's growth -- the spread 

of the wake and on the decay of the defect-velocity profile. It is a linear function of x if 

10 - x 1/3 and Uo - x-213 , the x-dependencies given by the similarity analysis for 

turbulent axisymmetric wakes. The wake-growth parameter spreads more rapidly from 
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the virtual origin for 0.75 ~ Str IStn ~ 1.25 than for 0.00 ~ Str IStn ~ 0.50. Since this 

parameter nearly mimics the behavior of 103, and 10 (X) collapses the mean velocity field, 

it follows that the wakes for which 0.75 ~ Str IStn ~ 1.25 grow more rapidly than those 

for which 0.00 ~ Str IStn ~ 0.50. A minor caveat to the above statement is the behavior 

of 10 and (loUooIuod) for the Str IStn = 0.75 wake. Its 10 is the smallest of the group 0.75 

S Str IStn ~ 1.25, while its (10 Uooluo d) is the largest (10 Uooluo d) is relatively large for 

Str IStn = 0.75 because lIUo is also relatively large. This feature of the Str IStn = 0.75 

wake is consistent with that of its momentum thickness, which clusters nearest to the 9's 

for 0.00 ~ Str IStn ~ 0.50 (figure 5.2.1). 

The pattern of clustering observed for the mean velocity field is also present for the 

profile shapes of the turbulent velocity field, as represented by the plots of normalized u '2 

presented in figures 5.2.7 and 5.2.8, though the differences between the two groups are 

less prominent. For 0.00 ~ Str /Stn ~ 0.50, the profile value at 11 = 0 varies from 0.8 to 

0.9 of the peak value found near 11 = 1; the corresponding mean-profile shapes are all 

regular. While for 0.75 ~ Str IStn ~ 1.25, the profile value at 11 = 0 varies from 0.3 to 

0.6 of the peak value found very close to 11 = 1; the corresponding mean-profile shapes 

are all variance shaped. The variance profile for Str /Stn = 2.00 (not presented here) is 

shaped like those for 0.00 ~ Str /Stn ~ 0.50, as was the case for the mean profile. 

In contrast to the above results, the variance velocity scale appears to be unaffected 

by the forcing, as evidenced by the collapse of u 11 onto a single line in the plot of figure 

5.2.9. This result suggests that the level of input forcing may be considered small in 

comparison to the level of fluctuations that are naturally present in the wake. The motion 

of the tip of the disk could be used to provide an upper bound for the peak level of input 

provided by the forcing. If 
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Xtp (t) = a sin(wt) (5.2.1) 

gives the axial position of the disk tip at time t, then 

Utp (t) = a Cl)Cos( Wt ) (5.2.2) 

is the velocity for displacement distance a (2.67 mm for the 4 degree disk) oscillating 

with angular frequency w at the disk tip. The variance of this motion is given by 

U ll-tp = 0.5a 20)1.. (5.2.3) 

For Str /Stn = 0.25,0.50,0.75, 1.00, and 1.25, U (}j!' = 0.0004,0.0018,0.0040,0.0071, 

and 0.0112; most of these numbers are large in comparison to U ll1U_2 at x Id = 10 

(approximately 0.0033 from figure 5.2.9). 

A second estimate of the forcing input present in the wake can be obtained from a 

phase-lock analysis of the data, as is presented in figure 5.2.10. In this analysis, the 

phase of the recorded forcing signal is used as a reference for ensemble averaging the 

instantaneous velocity data to obtain the phase average of U (figure 5.2. lOa). The 

variance of the phase average is then calculated and plotted as a function of radial 

location (V symbol in figure 5.2.10b) to determine a scaling value for the profile (largest 

of the azimuthally averaged values, which is represented by the square symbol at 11 = 

0.78). The scaling value, U ll-pl, is then normalized by U_2 and plotted versus 

downstream distance (figure 5.2.1Oc) in a manner suitable for comparison with the total

variance scale presented in figure 5.2.9. Since the quantity plotted in the figures is 

lIu n-pl (and l/u 11), a decrease in the forcing frequency is seen to decrease the level of 
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fluctuations correlated with the forcing activity. The relative decrease observed in figure 

5.2.1Oc is generally consistent with that calculated using (5.2.3); however, the phase

locked portion appears to represent - 20% of the total variance for 0.75 S Str IStn S 

1.25, but only - 1.5% for Str IStn = 0.25. Because of differences in shape between the 

total-variance and phase-locked profiles (compare figure 5.2.lOb with 5.2.8b) , 20% is 

probably too high an estimate for the portion of the total variance for 0.75 S Str IStn S 

1.25. But since there is no discernible difference in total variance (figure 5.2.9) amongst 

the different forcing cases, it appears that there must be an associated decrease in the 

uncorrelated variance with increasing forcing frequency -- differences in shape at the 

center of the total variance profiles not withstanding. 

In summary, it appears that the effects of forcing on the total-variance field are 

confined to the center region of the wake (11 < 1), and an increase in the forcing 

frequency appears to increase the level of the phase-locked portion of the total variance 

field at the expense of the uncoITelated portion of the total variance field. 

5.3 Large-Scale Structures 

The wake behind an unforced bullet is similar to that for the other bluff bodies 

examined in Chapter 4, in that flow-visualization photographs (figure 5.1.1) show the 

presence of a recirculation region in the near wake and prominent large-scale structures 

throughout the wake. The streamwise spectra of these wakes are also similar. 1- and 2-

dimensional spectra for the unforced bullet wake are presented in figures 5.3.1 and 5.3.2 

for cases with and without the forcing disk attached; they may be compared with figure 

4.1.15 for the disk wake. (Most spectra plots presented in this section have been averaged 

with a five-point sliding-window in the frequency domain. Each exception to this 

statement will be noted as such.) 
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The spectra of figures 5.3.1 and 5.3.2 are nearly identical, except for the presence of 

relatively low-amplitude broad bumps at m = ± 1 and around St = 0.05 for the case 

without the forcing disk attached. Those bumps are associated with vibration of the 

probe-holder jig, which was corrected before data was acquired for the case with the 

forcing disk attached. The similarity of the spectra for the two cases suggests that the 

cavity between the forcing disk and the aft end of the body was not active for U_ = 7 

mls. In contrast, for U_ S 5 mls changes in both the mean wake profile and the 2-

dimensional spectra were noticed when the forcing disk was attached -- but only for the 

unforced case. From this result it is inferred that oscillation of the forcing disk affects the 

instability associated with the cavity. 

The presence of naturally occurring large-scale structure is evident in both the l

and 2-dimensional spectra at St = 0.26. The peak is somewhat less prominent at m = ± 1 

than for the disk wake (figure 4.1.15), for which the body has a less streamlined front 

end. Raster and contour plots by radial location of the m = +1 spectral amplitude (for the 

forcing disk attached, as will be the case for all of the figures to follow), presented in 

figure 5.3.3, show a peak near 11 = 1 for the large-scale structure. This peak persists at 

the same Strouhal number, but decays in amplitude, with axial distance from the body, as 

is illustrated in the plots of figure 5.3.4. Thus, while Stn is the frequency of the most 

prominent structure, the structure at that frequency is not convectively amplified within 

the measurement domain. The invariance with downstream distance of the frequency 

location of Stn is a feature of a global absolute instability for naturally evolving wakes, 

as was pointed out in Chapter 4 for the disk wake (figure 4.3.6). 

The flow visualization results of Section 5.1 indicate that when forcing is applied 

the wake may respond with structure at frequencies that correspond to harmonics or sub

harmonics of Stc if those frequencies are closer to Stn than is Stc. In fact, peaks may 
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appear at many locations in the spectra besides at the forcing frequency, depending on 

the proximity of Str to Stn and the spatial position (x and TJ) of the measurement. To 

illustrate this point, 2-dimensional spectra for Str /Stn = 0.75, without sliding-window 

averaging in the frequeno/ domain, is presented in figure 5.3.5. Figure 5.3.5a shows the 

defect velocity profile (normalized by Uoo) at xld = 8.7, and figures 5.3.5b,c are of 2-

dimensional spectra from both sides of the defect-profile peak (TJ - 0.8). To the inside of 

that peak, the most prominent spectral peaks are at m = 1, St = 0.20 (the spectral 

location where forcing was applied) and m = 0, St = 0.07 and 0.20. The latter two peaks 

are much less prominent to the outside of the defect-profile peak, but four other major 

peaks are easily distinguished in modes -2,-1,2,3 and many other minor peaks are also 

present. An interesting result of forcing at this frequency is that the peaks in the spectra 

do not occur simultaneously in both the positive and negative modes. Since the mode 

number shows up as a squared quantity in the linearized stability analysis (equation 

2.3.3), it follows that the response to forcing in these cases is due to non-linear 

interaction (Cohen, 1986). In the figures that follow, a five-point frequency-domain 

sliding-window average has been applied to the data to filter out the minor peaks in the 

spectra. The analysis will focus on the vicinity of TJ = 1, where the peak in the variance 

profiles occurs (see figures 5.2.7 and 5.2.8). 

The angular direction of forcing can be reversed with a corresponding change in the 

sign of the mode of resultant spectral peaks; this is illustrated in figure 5.3.6 for the case 

of forcing at Str /Stn = 0.5. Part a of the figure indicates (via the arrow) the radial 

location for which the spectra are presented in parts b (m = +1 forcing) and c (m = -1 

forcing), and shows that the direction of forcing has no effect on the shape of the mean 

velocity profile. Verification of the direction of forcing comes from the sign of the mode 

associated with the spectral peak at the forcing frequency. For m = +1 forcing there is a 
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resultant rise in the m = -2 spectra near St = 0.1; this peak is also present for m = -1 

forcing, but occurs at the positive mode (m = +2). 

When characterized by response to forcing in the spectral domain, the wakes fall 

into three distinct groups for which: Str /Stn S 0.5, 0.75 S Str /Stn S 1.25, and 

Str /Stn = 2.0. Two-dimensional spectra for the first group of wakes are presented in 

figure 5.3.7. In this, and the next two figures, the data were obtained near 11 = 1 and at 

xld = 8.7. The peaks that consistently stand out in the spectral plots over a range of 

xld's at 11 = 1 have been summarized in table 5.3.1 for each forcing frequency. The first 

group of spectra are characterized by the presence of a very narrow peak at the frequency 

and mode of forcing, which are box shaped in the plots due to the sliding-window 

average, and by relatively wide-banded peaks at m = ± 1 and near Stn (0.93 Stn ) which 

are similar in shape to the peaks found in the unforced wake. Though forcing at these low 

frequencies does modify the recirculation region of the wake (figures 5.1.1 b,c), it appears 

that the resulting near-wake region still is the source of an absolute instability but of a 

slightly different characteristic frequency. If the conditions for an absolute instability 

remain for this class of wakes then one may ask whether evidence of a recirculation 

region would show up in photographs like those of figures 5.1.1 b,c, but for which the 

distance between the smoke wires and the rear end of the body is shortened. 

When the forcing frequency is further increased to the range 0.75 S Str /Stn S; 1.25, 

figure 5.3.8 (perhaps best characterized as a range of frequencies near Stn ), the Stn -like 

peaks at m = ±1 disappear. In their place are many narrow peaks at various frequencies 

and modes, in addition to that due to wake forcing at the forcing frequency and at m = 

+ 1 (indicating the direction of forcing). In general, the frequency-weighted spectra are 

flat at the high frequencies, which is in contrast to that for the low-frequency forcing 

cases (figure 5.3.7). There appears to be a symmetry exhibited in the spectra of the 
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Tobie 5.3.1. Summary of praninent structures found 
in forced wakes. 

s t f IS tn = o. 25 Str ISt n = 0.50 S t f Is tn = O. 75 
m StLSto m StLSto m StLSto 
+1 0.25 +1 0.50 +1 0.75 
±1 0.93 ±1 0.93 +1 1.00 

+2 1.50 
+2 0.75 
+3 0.52 
-2 0.26 
-1 1.00 

St f IStn=l .00 St f IStn= 1 .25 St, ISt n = 2.00 
m StLSto m StLSto m StLSto 
+1 1.00 +1 1.25 +1 2.00 
+2 2.00 +2 0.35 +1 0.83 
+2 1.00 +2 2.50 +2 1.00 
+3 1.00 +3 1.60 -1 1.00 
-2 1.00 -1 0.92 0 1.17 
-1 1.00 0 1.25 

0 1.00 0 0.50 
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wake's response to forcing about the point Stf /Sto = 1.00. This symmetry is best 

demonstrated in contour plots of spectral amplitude, which are presented in figure 5.3.9; 

they are for the same data from which the raster plots of figure 5.3.8 were generated. For 

Stf /Sto = 0.75 (figure 5.3.9a), there is a diagonal pattern of local peaks (the center of 

closed contours which are elliptical in shape) that starts at m = +3 and St = 0.14 and 

ends at m = -1 and St = 0.26. A similar pattern exists for Stf /Sto = 1.25, except that 

the diagonal now runs from m = -1 to m = +3, pivoted about the peak at m = +1 with 

respect to the Stf /Sto = 0.75 case. Note also that a low frequency peak at m = +2 for 

the Stf /Sto = 1.25 case is present (at a slightly lower frequency) but at m = -2 for the 

Stf /Sto = 0.75 case. 

Finally, when the forcing frequency is increased to Stf /Sto = 2.0, the outstanding 

peaks in the spectra (with the exception of the peak at the forcing frequency) are all 

clustered near St/Sto = 1.00 and in mode from m = -1 to +2, and are fairly broad in 

shape, as is observed in figure 5.3.10. The high frequency region of the frequency

weighted spectra return to a negative slope, like those for the low-frequency forcing 

cases. 

The plots presented in figures 5.3.7, 5.3.8, and 5.3.10 suggest that one effect of 

forcing is to reduce the spectral amplitude at the frequency (and mode) of the naturally

occurring coherent structure for the unforced case (St/Sto = 1.00, m = +1). The plots of 

figure 5.3.11 generally show that such a reduction occurs throughout the downstream 

measurement domain (at 11 = 1) -- not only at St/Stn = 1.00 (figure 5.3. 11 c), but also (to 

a lesser degree) at harmonics and subharmonics of Sto , except for the cases for which 

forcing has been applied at those frequencies. The size of the reduction is measured 

relative to the amplitude of the unforced case, which is represented by the downward 

pointing triangles (V) in the plots. For those cases in which Stf is a subharmonic of S10 , 
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the amplitude of the spectrum at St = Str is observed to increase in the vicinity of two 

downstream locations; near xld = 14 and near xld = 25 (figures 5.3.11a and 5.3.11b). 

A similar comparison amongst the forcing cases at St/Stn = 1.00, but at m = -1 and 

m = 0, is presented in figure 5.3.12. The pattern of amplitude reduction for m = -1 is 

very similar to that for m = +1 (figure 5.3.11c), except that now the amplitude is reduced 

for the Str /Stn = 1.00 forcing case. The reduction is equal in size to that of the 

Str /Stn = 0.75 and Str /Stn = 1.25 forcing cases, which are the largest for m = +1. The 

amplitudes for m = 0 and St/Stn = 1.00, figure 5.3.12b, are perhaps slightly increased 

for Str /Stn = 0.25, 0.50, and 1.00 but show a more noticeable decrease for Str /Stn = 

0.75 and 1.25, relative to the unforced case. 

The spectral peaks summarized in table 5.3.1 are those at the forcing frequency and 

others that resulted from the forcing. Some of those other peaks are in the vicinity of Stn , 

which is the frequency of the naturally occurring structure in the unforced wake. The rest 

are describable as the result of non-linear interactions: between the structure at the 

forcing frequency and itself, between that at the forcing frequency and that of naturally 

occurring structure (which may be at a slightly different frequency than would be the 

case for the unforced wake), and between either that at the forcing frequency or the 

naturally occurring structure and some of the structures that resulted from the interactions 

described above. A model for these interactions has been described by Cohen (1986). It 

arises from considering an expansion of the axisymmetric form of the Navier-Stokes 

equation using an asymptotic series representation for the dependent velocity and 

pressure terms. The interactions occur as a consequence of the presence of secular tenns 

in the second order equation of the asymptotic expansion. Usi~g the notation of (2.3.5), 

the interaction of artificially excited disturbances is given by 
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(5.3.1a) 

(5.3.1b) 

Under the assumption that the amplitude of the naturally occurring structure has reached 

a saturated state and therefore does not grow or decay with time (fJ real), the above 

equations can be used to identify the various spectral peaks that result from forcing the 

wake. 

The data of table 5.3.1 can be grouped together by range of forcing frequency (using 

the dimensionless Strouhal number St, instead of fJ) for purposes of generalizing the 

interactions that occur amongst the input disturbances, as has been done in table 5.3.2. 

Each peak in the spectra is categorized as being either an input disturbance, F for the 

fundamental forcing frequency and mode (m = +1) or N for the naturally occurring 

structure, or as the result of interaction between disturbance waves and labeled 

sequentially as 11,12, etc .... For Stc /Stn :s;; 0.5, the common disturbances are either F

or N -type. For Stf /Stn = 0.5 there is indication of a slight change in the spectral shape 

at m = -2 and St = O.4Stn (see the discussion for figure 5.3.6), which could arise from 

interaction of the F disturbance and the N disturbance at m = -1. For 0.75 :s;; Stf /Stn :s;; 

1.25 the basic input disturbances are an F -type and an N -type which is generally near 

Stn at m = -1. The first of the common interaction waves is labeled 1 1 and is described 

by the F disturbance interacting with itself. The next largest disturbance, 12, is described 

by the interaction of 1 1 with N; it is a second level interaction because one of the input 

waves is not a principal structure (F - or N -type), but rather the result of a previous 

interaction. There is another interaction which is not quite common to the three forcing 

frequencies of this set, and so was not listed in table 5.3.2; N -F describes it for 



Table 5.3.2. Grouping of forcing cases by cammon wove 
types and resultant interactions. 

o . 25 ~ S t f /S t n ~ 0.50 
St or 

'IY.rut·m interaction 

F 
N 

+1 
±1 

St, 
0.93 Stn 

O. 75 ~ St, /St n ~ 1.25 
St or 

'IY.rut m interaction 

F +1 
N -1 

11 +2 
12 +3 

St, 
- Stn 

2 F 
11 - N 

S t , /S t n = 2. 00 
St or 

'IY.rut m interaction 

F +1 St f 
N1 -1 St n 

N2 +1 0.83 St n 

11 +2 F N1 
12 0 F N2 

Note: There are three catagories of wove types. 
F is at the forcing frequency and mode, 
N is the natural structure at m = +1 or -1, and 
I results fran interaction of F, N, and I type waves. 
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Str /Stn = 0.75, while F-N describes it for Str /Stn = 1.00 and 1.25. Other interactions 

are not common to all members of this set but are none-the-Iess describable by (5.3.1). 

For Str /Stn = 2.00, if the structures at m = -1 and St = Stn (N 1) and at m = +1 and 

St = 0.83 Stn (N 2) are both considered to be naturally occurring, then the structure at 1 1 

is describable by F -N 1 and at 12 by F -N 2. 

For 0.75 S Str /Stn S 1.25, the interaction Il-N that results in 12 (table 5.3.2) is 

one in which the relative amplitude of the structures change with downstream distance, 

as can be seen in the plots of figure 5.3.13. In the figure, the downward pointing triangle 

and the square symbols represent the spectral amplitude of the input waves N and 1 I, 

respectively, and the circle represents the amplitude of the resultant interaction wave. For 

the first two cases (Str /Stn = 0.75 and 1.00), the trend is for the amplitude of the 

resultant wave to decay less rapidly than that for the input waves. This suggests that the 

wave interaction is not confined to the initial region of the wake, but is instead an 

ongoing interaction throughout the wake. A reference line has been included in each plot 

to show the slope the data would follow if the full velocity spectrum were self-preserving 

and followed the scaling of the defect velocity given by the similarity analysis for 

turbulent axisymmetric wakes. Such self-preservation is not the case here since the 

relative amplitudes of the three waves are observed to change with downstream distance. 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 
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The wakes behind a variety of axisymmetric bodies were investigated with flow 

visualization and hot-wire measurements. The main objective of this study was to 

correlate changes in the time-averaged features of the wake with changes in the 

characteristics of the coherent large-scale structure resulting from efforts to modify the 

wake. Modification was achieved either by changing the bluffness of the wake generator, 

hy changing its solidity, or by introducing periodic disturbances to force the wake. For 

the case of wake forcing, a bullet-shaped body with a forcing disk attached to the rear 

was used as the wake generator; the body houses a miniature stepper motor. The use of 

an axisymmetric probe holder pennitted the instantaneous decomposition of the axial

velocity field into temporal and azimuthal Fourier modes. Both flow-modification 

techniques generally produced relatively dramatic changes in the large-scale structure. 

Increases in the body solidity resulted in nearly proportional increases in the size of 

the mean wake boundary. Flow visualization observations suggest that an almost bimodal 

relationship exists between the solidity of the wake generator and the presence of 

coherent large-scale structure. For C1 S 0.62, the so-called non-shedding wakes, the 

amplitude of discernible large-scale structure is small in comparison to the diameter of 

the wake, and there is no evidence of a recirculation region behind the wake generator. 

Combined temporal and azimuthal Fourier transfonns of the velocity data were required 

to adequately identify the temporal scale of the prominent large-scale structure for a 

non-shedding wake. For C1 ~ 0.84, the shedding wakes, flow visualization reveals large

scale structure with amplitude that is comparable, or slightly larger, in size to the mean 

wake diameter. Also, a recirculation region is observed that oscillates in axial extent. 

Only a temporal transfonn of the velocity data is required to reveal the temporal scale of 
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the large-scale structure for a shedding wake. Fourier analysis also discloses that the 

temporal scale for a non-shedding wake decreases in value with distance from the body; 

the temporal scale for a shedding wake is constant. The differences in the characteristics 

of the large-scale strucrure between the non-shedding and shedding wakes are typical of 

differences that exist between convective and absolute instabilities. 

Several other features of the shedding and non-shedding wakes were observed 

during the course of the investigation. Though there is some scatter in the data, the mean 

and fluctuating velocity scales for both wake types appear to be decaying distinctly out to 

the axial limit of the present investigation (U_ ~ 0.01). Thus these wakes appear to be 

governed by at least two separate velocity scales. A single velocity scale collapses the 

mean and the variance field of two-dimensional wakes (Marasli, 1989), and such collapse 

has traditionally been assumed for the axisymmetric case. However, similarity analysis 

for the 2-D wake yields a constant local Reynolds number, while for the axisymmetric 

case the local Reynolds number decreases with distance from the body. This decrease 

suggests that the axisymmetric wake does not achieve a state of dynamic equilibrium, 

which may be required for the mean- and variance-velocity fields to collapse under the 

same scaling. 

An attempt was made to assess the nature of vortex shedding in axisymmetric wakes 

by forming discriminants to follow the temporal variation of the amplitude of the m = ± 

1 modes at the natural shedding frequency. The results suggest that shedding occurs as 

counter-rotating double helices during some time periods, and as single-mode dominant 

during other periods, with neither mode of shedding being noticable more predominant 

than the other. The principal features of the mode discrimination analysis were the same 

for the shedding and non-shedding wakes, which suggests that the strength of the 

coherent vortex shedding does not affect the natural interaction that occurs between the 
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two modes. 

Attempts were made to change the amplitude as well as the frequency of forcing 

that was applied to the wake. However, the wake was found not to be sensitive to modest 

changes in the forcing amplitude -- achieved by modifying the bend angle that the 

connecting shaft makes with the forcing disk. In all cases, the mode of forcing was m = 
1 (either + 1 or -1). The forcing frequency, Stc , was varied from 0.25 Stn to 2 Stn, where 

Stn is the natural shedding frequency of the unforced body. Changes in the both the 

time-averaged features of the wake and in the large-scale structure generally occurred 

only when the forcing frequency was changed from one range, 0.0 ~ Stc IStn ~ 0.5, to 

the other, 0.75 ~ Stc IStn ~ 1.25. There are two caveats to that statement. The first is that 

the drag (as represented by the estimate for 8) showed a step-like increase in value as Str 

increased from 0.75 Stn to 1.25 Stn • Also, flow visualization results indicate that forcing 

at any frequency in the range 0.25 ~ Str /Stn ~ 2.00 reduces the axial extent of the 

recirculation region, though the amount of reduction was not determined. 

Perhaps the most dramatic result of forcing is the effect it has on the mean profile 

shape. For 0.0 ~ Str IStn ~ 0.5 and Str IStn = 2.0, the profile is regularly shaped, but for 

0.75 ~ Stc IStn ~ 1.25, the shape is similar to that of a variance profile. For the latter 

case, flow visualization shows that the center of the wake is more laminar in character, as 

evidenced by the undisturbed streaklines in that region. The 10 's and Uo's used to 

collapse the mean profiles cluster in value with larger values for 10 (smaller Uo) 

corresponding to 0.75 ~ Str IStn ~ 1.25. While the differences in the the values of the 

characteristic scales for the two cases are rather large (factor of 2), the associated 

differences in the mean-profile shape raise questions as to the meaningfulness of such a 

comparison. As with the mean-profile shape, the variance-profile shape changes, though 

only modestly, as Str moves from the range 0.0 ~ Str IStn ~ 0.5 to 0.75 ~ Stc IStn ~ 

-. 
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1.25. The change is analogous to that for the mean-profile shape -- the center defect 

region of the variance profile decreases in value as Str moves to the range 0.75 

S Str IStn S 1.25. Curiously, changes in forcing frequency show no effect on the value 

of the velocity scale that collapses the axial variance field, U II, though increases in 

forcing frequency result in an increase in the phase-locked portion of that scale, which 

may be a sizable fraction of the total value. 

Flow visualization demonstrates that forcing results in the frequency of the most 

prominent large-scale structure being either a harmonic or subharmonic of the forcing 

frequency, if those frequencies are closer to Stn of the unforced wake than is Str. For 

Str in the range 0.75 S Str IStn S 2.00, forcing results in a number of peaks being 

present in 2-D spectra plots, most of which are the result of non-linear interactions of the 

forcing wave and other waves which probably correspond to the natural structure of the 

forced wake. The interaction mechanism is considered to be non-linear because the 

resultant peaks do not occur simultaneously in the positive and negative modes, though 

m shows up as a squared quantity in the linear analysis for the axisymmetric 

configuration. As with most of the other effects of forcing, the type of interactions that 

result can be grouped according to whether Str is in the range 0.25 S Str IStn S 0.50, 

0.75 S Str IStn S 1.25, or Str IStn = 2.0. Those interactions have been summarized in 

table 5.3.2. 

There are parallels, in terms of observed effects in the wake, between increasing the 

body-solidity parameter and increasing the forcing-frequency parameter (in the range 

0.00 S Str IStn S 1.25). If the size of the wake generator is held constant (instead of 

being tailored to achieve constant 9), then increasing each parameter would result in a 

larger drag on the body. Also, increases in these parameters appear to increase the 

diameter of the wake. Finally, increases in these parameters result in a decreased value of 
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the virtual origin, xo, necessary for the growth exponents of the characteristic scales to 

take on values consistent with the traditional similarity analysis for turbulent 

axisymmetric wakes. 



141 

REFERENCES 

Achenbach, E., 1974. Vortex shedding from spheres. 1. Fluid Mech., g 209. 

Batchelor, O. K. and A. E. Oill, 1962. Analysis of the stability of axisymmetric jets. 1. 

Fluid Mech.,.M. 529. 

Batchelor, O. K., 1985. An introduction to fluid mechanics. Cambridge University Press, 

Cambridge. 

Berger, E., D. Scholz and M. Schumm, 1990. Coherent vortex structures in the wake of a 

sphere and a circular disk at rest and under forced vibrations. 1. Fluids and Structures, 

~231. 

Bers, A., 1983. Space-time evolution of plasma instabilities - absolute and convective. In 

Handbook 0/ Plasma PhYSics, edited by M. N. Rosenbluth and R. Z. Sagdeev, North

Holland, Amsterdam. 

BeviJaqua, P. M. and P. S. Lykoudis, 1978. Turbulence memory in self-preserving 

wakes. 1. Fluid Mech., 89, 589. 

Carmondy, T., 1964. Establishment of the wake behind a disk. 1. Basic Engr., Trans. 

ASME 860, 869. 

Cohen, J., 1986. Instabilities in turbulent free shear flows. PhD. Dissenation, Univ. 

Arizona. 

Corrsin, S., 1963. Turbulence: experimental methods. In Handbuch der Physik, VllI/2, 

edited by S. Flugge, Springer-Verlag, Berlin. 

Crow, S. C. and F. H. Champagne, 1971. Orderly structure in jet turbulence. 1. Fluid 

Mech., ~ 547. 

Fuchs, H. V., E. Mercker and U. Michel, 1979. Large-scale coherent structures in the 

wake of axisymmetric bodies. 1. Fluid Mech., 93, 185. 



142 

George, W. K. and R. Arndt, 1989. Advances in turbulence. Hemisphere Publishing, 

New York. 

Higuchi, H., 1976. An experimental investigation on axisymmetric turbulent wakes with 

zero momentum defect Ph.D. Dissertation, Cal. Tech .. 

Hinze, J., 1975. Turbulence. McGraw-Hill, New York. 

Huerre, P., 1987. Spatio-temporal instabilities in closed and open flows. In Instabilities 

and non-equilibrium structures, edited by E. Tirapegui and D. Villarroel, Reidel, 

Dordrecht, Holland. 

Huerre, P. and P. A. Monkewitz, 1990. Local and global instabilities in spatially 

developing flows. Ann. Review Fluid Mech., ~ 473. 

Hwang, N. H. C. and L. V. Baldwin, 1966. Decay in axisymmetric wakes. J. Basic Engr., 

88D,261. 

Jeffreys, H., 1930. The wake in fluid flow past a solid. Proc. Royal Soc. London, 128, 

376. 

Kim, I., 1989. Numerical study of the onset of instability in the flow past a sphere. Ph.D. 

Dissertation, Univ. Arizona. 

Lessen, M. and P. J. Singh, 1973. The stability of axisymmetric free shear-layers. J. 

Fluid Mech., 60, 433. 

Marasli, B., 1989. Spatially traveling waves in a two-dimensional wake. Ph.D. 

Dissertation, Univ. Arizona. 

Michalke, A., 1965. On spatially growing disturbances in an inviscid shear layer. J. Fluid 

Mech., ll. 521. 

Monkewitz, P. A., 1988. A note on vortex shedding from axisymmetric bluff bodies. J. 

Fluid Mech., 192,561. 

Panton, R. L., 1984. Incompressible Flow. John Wiley & Sons, New York. 



143 

Pao, H.-P. and T. W. Kao, 1977. Vortex structure in the wake of a sphere. Phys. Fluids, 

~ 187. 

Rosenhead, L. 1953. Vortex systems in wakes. Adv. Applied Mech., ~ 185. 

Taneda, S., 1956. Experimental investigation of the wake behind a sphere at low 

Reynolds numbers. J. Phys. Soc. Japan,!L 1104. 

Torobin, L. B. and W. H. Gauvin, 1959a. Fundamental aspects of solid-gas flow, part I: 

Introductory concepts and idealized sphere motion in viscous regime. Can. J. Chem. 

Engr., R 129. 

Torobin, L. B. and W. H. Gauvin, 1959b. Fundamental aspects of solid-gas flow, part IT: 

The sphere wake in steady laminar fluids. Can. J. Chem. Engr., R 167. 

Townsend, A. A., 1956. The Structure of Turbulent Shear Flow. Cambridge University 

Press, London. 

Uberoi, M. S. and P. Freymuth, 1970. Turbulent energy balance and spectra of the 

axisymmetric wake. Phys. Fluids,.li, 2205. 

Williams, D. R. and C. W. Amato, 1989. Response of a cylinder wake to localized 

symmetric disturbances. J. Bulletin of the American Physical Society, 34,10, 2281, 

Presented at APS-DFM meeting, Palo Alto. 

Wygnanski, I. J., F. H. Champagne and B. Marasli, 1986. On the large scale structures in 

two dimensional, small-deficit, turbulent wakes. J. Fluid Mech., 168,31. 


