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ABSTRACT 

TURBULENCE INDUCED CHANGES IN VORTEX SHEDDING FROM A CIRCULAR CYLINDER 

Turbulence effects on vortex shedding from a circular cylinder 

were investigated in a wind tunnel. 

Most of the literature on vortex shedding reports investigations 

in air flows where special efforts had been made to keep the turbu-

lence intensity very low (usually <.5%) in the free stream. Under 

such condi ti ons, vortex shedding from a circular cyl inder can be 

classified into four re9imes with a discontinuity condition between 

each two succeeding regimes. These regimes are identified by the 

span of Reynolds numbers, Re, and Strouhal numbers, St, by the angle 

of boundary layer transition, a, and by the transition point from 

laminar to turbulent flow in t he boundary layer or vortex. 

In this study, turbulence intensity, near the center of a wind 

tunnel, was increased from .3% to 25% by plates of similar geometry 

(many small holes) with blockage ratios from .50 to .97. TheRe of 

all flows was kept near 4 x 10 4 • Vortex shedding frequency, f, was 

observed simultaneously by a pressure transducer (with sensors on 

cylinder surface) and a hot wire anemometer (immediately downstream). 

Means of 50 to 150 cross-spectra defined f. Flow visualization, 

spectra and transducer output voltages with different a were utilized 

to estimate transition and separation. 

Four concepts were verified that are already in the literature. 

As the turbulence intensity of the upstream flow is increased: (a) 

the vortex shedding regimes occur at lower Re; (b) discontinuities 

lose any dominant f value that they might have had; (c) vortices are 
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destroyed closer to the cylinder; and (d) the size of cylinders 

influence turbulence effects on vortex shedding . 

Six things were observed that have not been published, to the 

best of the author's knowledqe: (a) analogous chanqes in vortex 

shedding processes can be obtained either by increasinq the air 

speed (while holdinq the turbulence intensity very low) or by in-

creasing the turbulence intensity (while holdinq the air speed ap-

proximately constant); (b) the frequency of the vortex sheddinq 

becomes relatively smaller, for the vortex sheddinq reqime, as the 

turbulence intensity is increased; (c) an estimate of the turbulence 

induced changes in vortex shedding can be made from Re of the flow, 

mean air speed, rms value of lonqitudinal speed fluctuations, inte-

gral scale of turbulence and cylinder diameter; (d) the "super criti-

cal" regime , associated with highest a and St, can be disrupted by 

sufficient turbulence intensity; (e) the extent to which turbulence 

can induce chanqes in vortex sheddinq is limited. 

A model of vortex sheddinq is hyoothesized which includes the 

concept that vortex sheddinq is continuous from Re near 40 until 

either the mean air speed and the turbulence intensity, or both, are 

increased until turbulence destroys individual vortices before they 

can be shed. 

i i i 
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l . INTRODUCTI ON 

Vortex sheddinq from a circular cylinder and other bluff bodies 

has been observed for a long time. In the 15th century, Leonardo da 

Vinci drew fairly accurate sketches of a vortex street. Strouhal, in 

1878, conducted experiments to show that the frequency of vortex 

shedding depended on the air speed and wire diameter rather than the 

elastic properties of a wire. In 1879, Rayleigh formulated a Rey-

nolds number, Re* (Re = UD/v), dependence of the shedding frequency. 

Von Karman made the greatest theoretical contribution to vortex shed-

ding knowledge. Using potential flow theory and an instability anal-

ysis in 1911 , von Karman established that vortices alternate in being 

shed from each side of a cylinder and have a fixed geometry. This 

has become known as the "Karman vortex street." The next page has 

photographs of several of them. 

Since von Karman 1 S theoretical analysis, much experimental work 

has been done. Initially, this was aimed at testing his analysis. 

Later, and still continuing, the experiments are seeking to extend 

the theory and understanding of vortex shedding, resulting stresses 

on structures, and influences on wake development. 

Limited theoretical studies beyond von Karman 1 S have been car-

ried out. These include more complicated potential flow approaches, 

such as free-streamline analysis and hodograph models (Roshko, 1955; 

Bearman, 1967)** and some analysis of viscous effects (Schafer and 

*Definitions are also in "List of Symbols and Abbreviations." 

**See "Bibli ography" for details of referenced articles. 
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Laminar vortex street, visualized by oil on 
water. From figure 1 .6, Schlichting, 1960; 
ori qi na 1 work by Homann._ 

Atmospheric vortex street in lee of Guadalupe 
Island, Mexico. NASA photograph S-65-45697 
bv Gemini 5 Astronauts , 1965. 

Turbulent vortex street, visualized by smoke 
streams in a wind tunnel. From figure 4.17, 
Robertson, 1965; oriqinal work by Lippisch. 

Wind tunnel model of atmospheri c vortex street, 
using smoke streams, by Barnett, 1972. 

Examples of vortex shedding as seen in Karman vortex streets. 
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Eskanazi, 1959). However, most theoretical development beyond von 

Karman's potential flow model has resulted from experimental obser-

vational data. 

In the literature, vortex shedding observations usually have 

been reported for wind tunnel flows where steps had been taken to 

suppress turbulence in the mean flow passing the cylinder. Turbu-

lence intensities less than .5% are typical. This was no doubt done 

because free stream turbulence can be a serious obstacle in obtaininq 

good observations of the vortex shedding process. Notable exceptions 

are recent reports by Simon, et al ., (1967), Surry (1969), Mujum-

dar (1971) and Ko and Graf (1972), who introduced turbulence into 

their wind tunnel flows; their work is discussed later. 

This dissertation has evolved from an interest in studying at-

mospheric processes by modeling them in a wind tunnel. Cermak (1971) 

presents a comprehensive review of the modeling theory and practices. 

The author (Barnett, 1972) simulated several features, in a wind 

tunnel, of atmospheric vortex streets in the lee of isolated islands. 

These results are summarized by the two lower photoqraphs on the 

preceding page. The atmospheric vortex streets display characteris-

tics similar to laminar vortex streets, created in wind tunnels be-

hind circular cylinders, with Re values near 150, using cylinder 

diameter, mean air speed, and kinematic viscosity. Hm;.~ever, the Re 

values in the atmospheric flows, using island diameters, mean air 

speed, and kinematic viscosity, are of the order of 10 9 or 10 10 • 

Considering that nearly all atmospheric flows are turbulent, 

these differences of Re values can be reconciled by using eddy 



4 

viscosity to calculate Re in atmospheric flows and retaining kinemat-

ic viscosity to deterime Re in simulated wind tunnel flows. Chopra 

and Hubert (1964, 1965) were among the first to apply this concept to 

atmospheric vortex streets. This has lead to good qualitative re-

sults in several other atmospheric simulations, as noted by Cermak 

(1971). However there are debatable aspects to this concept of Re 

equality, as pointed out by Snyder (1972). 

Because of the above debatable concept and because nearly all 

previous laboratory investigations of vortex shedding have been con-

ducted in air flow of very low turbulence intensity, it appeared 

useful to conduct a study in which the maximum practical amount of 

turbulence is introduced into wind tunnel flow past a cylinder and 

observe the changes in vortex shedding. This should contribute new 

knowledge concerning turbulence effects on vortex shedding processes. 

Such new knowledge is the goal of this dissertation. It is 

hoped that this new knowledge can, in turn, be applied to a better 

understanding of the atmospheric vortex street as well as to the 

solution of engineering problems concerning vortex shedding from 

buildings and structures . 

In this dissertation, increasing turbulence was systematically 

introduced into wind tunnel flows past a cylinder until the highest 

feasible turbulence intensity was obtained (near 25%) in the center 

of a tunnel. Vortex shedding from two different sizes of cylinders 

(4.5 11 and 2.75 11 diameters) was observed in various turbulent flow 

conditions. The tunnel had a test section 2 1 x 2 1 x 61
• 
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The development of turbulence intensities approaching 25% in 

the middle of a wind tunnel is higher than in any studies known to 

the author. In addition, this turbulence was produced by plates 

with many small holes and having very high blockage ratios, as high 

as .97. This also is different from most previous investigations 

which generally used square qrids with blockage ratios less than 50%. 

The approach used in this dissertation is: Step A, observe the 

effects of increasing turbulence intensity upon vortex shedding, at 

nearly constant Re, as displayed by changes in vortex shedding fre-

quency, angle of boundary layer separation, and point of transition; 

Step B, observe the turbulence conditions (mean air speed, rms of 

fluctuating air speed, integral scale of turbulence, eddy viscosity, 

micro scale of turbulence, etc.) of the air flows associated with 

significant effects observed in the step above; and Step C, analyze 

the first two steps to provide some predictive relations showing what 

increased turbulence would do to a vortex shedding condition, as well 

as an improved model of general turbulence effects on vortex shedding. 

The coordinate system is three--dimensional Cartesian, as shown: 

u -
z 

The x axis is horizontal along the main air stream down the wind tun-

nel; y is vertical, normal to the mean flow; z is horizontal, normal 

to the mean flow. The origin is 48'' downstream from the entrance to 

the wind tunnel test section and 12" from each wall of the tunnel. 

The cylinder's center coincides with the origin and its axis is alonq 

the vertical y axis. 



2. VORTEX SHEDDING 

2.1 GENERAL 

The best single review of the entire literature on vortex shed-

ding theory and experimentation is believed to be the article by 

Marris (1964). Mair and Maull (1971) include later developments. 

Gerrard (1966b), Bloor (1964) and Bearman (1969) have studied the 

mechanics of vortex street formation. Robertson (1965) explains the 

potential flow theory for vortex streets. Following is a summary, 

and Appendix A gives more detailed information. 

2.2 CLASSICAL VORTEX SHEDDING REGIMES 

Karman vortex streets have been observed from Reynolds number, 

Re (Re = UD/v); values of 40 to 10 7 , except for small transition 

regions from one vortex shedding regime to another. 

The periodicity of the vortex shedding is expressed non-dimen-

sionally by the Strouhal number, St (St = fD/U). The frequency of 

shedding, f, is from one side only. D is the cylinder diameter. 

Empirical information shows that St has some functional dependence 

on Re over most of the entire range 40 < Re < 10 7
• The preceding 

Re values are for free stream flows with a minimum of turbulence and 

past smooth cylinders. Consequently, Re has always been calculated 

by kinematic viscosity, v, sometimes referred to as Re(v). 

Figure 1 shows the observed relation between St and Re. This 

is a composite of information from several authoris, primarily Roshko 

(1954, 1961), Bearman (1969) and Achenbach (1968). Their references 

are further treated in Section A.l. The terminology and limiting 

6 
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Re values are not consistent in the literature . Consequently , I ha ve 

used some new terminology which I believe is more descriptive and de-

fines four 11 Classical 11 vortex shedding regimes which will include most 

of the data found in the literature. 

Figure 2 depicts these four vortex shedding regimes in Re 

values; St values; cylinder boundary layer± separation angle, a, from 

the front stagnation point; and turbulence characteristics in the cyl-

inder boundary layer and in the vortex street. It is emphasized that 

they apply to air streams with near zero turbulence intensity upstream 

from the cylinder. Following is a definition of these four classical 

regimes which will be used throughout this study. 

(1) 11 Laminar 11 vortex shedding regime (same as Roshko's 11 regu-

lar11): 40 < Re < 150, boundary layer and vortices are laminar; a 

near ±109° ; .10 < St < .18; St = .212- 4.49/Re. 

(2) 11 Sub-critical 11 vortex shedding regime (similar to Roshko's 
11 irregular 11

): 300 < Re < 3.0 x lOs; laminar boundary layer and turbu-

lent vortices; a ±72° to ±95°; .18 < St < .21. 

(3) 11 Super-critical 11 vortex shedding regime: 4.0 x lOs < Re < 

1.5 x 10 6 ; laminar boundary layer separation near ±105° with immediate 

transition and reattachment as a turbulent boundary layer; boundary 

layer separation near ±140° ; turbulent vortices; .40 < St < .46. 

(4) 11 Turbulent 11 vortex shedding regime: 2.5 x 10 6 < Re < 10 7+; 

boundary layer and vortices are turbulent; a between ±115° and ±120°; 

.24 < St < .29. 10 7 is the largest Re value at which vortex shedding 

has been observed. 

Three distinct 11 Changes 11 in flow regimes are indicated: one be-

tween 11 Laminar 11 and 11 Sub-critical 11 regimes; one between 11 Sub-critical 11 
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and 11 Super-critical , 11 and between 11 Super-critical 11 and 11 Turbulent. 11 

To avoid confusion with 11 transition, 11 meaning a change from laminar to 

turbulent flow, the term 11 discontinuiti' will be used for all (three) 

regions of change between the four vortex shedding regimes. In these 

discontinuities, the St and a values are less distinct; they become 

chaotic in the discontinuity between 11 Super-critical 11 and 11 Turbulent. 11 

2.3 MECHANICS OF VORTEX SHEDDING 

As air passes a cylinder (the cylinder is always perpendicular to 

the mean air flow) it forms two boundary layers on the cylinder, each 

starting at the stagnation point and extending around the cylinder. 

If the cylinder diameter is much larger than the boundary layer thick-

ness, the boundary layers are almost identical to the Blasius flat 

plate boundary layer. This case applies to this study. 

For Stokes flow (Re < 4) these boundary layers extend completely 

around the cylinder to the rear stagnation point. The streamlines 

past the cylinder appear to be the same as for potential flow . 

As Re increases, the boundary layers begin to separate from the 

cylinder surface before reaching the rear stagnation point. This 

separation angle works back to about ±110° by the time Re becomes 40. 

Simultaneously, the pressure begins to decrease just downstream from 

the rear stagnation point (base pressure). Also, two small, station-

ary, symmetrical vortices form just behind the cylinder and enlarge 

(if Re < 40). These are developed by the separated boundary (or 

shear) layers rolling up into vortices. 

At this point , with Re approaching 40, there are two conditions 

of flow instability in the lee of the cylinder. First, there is a 
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sizeable wake in whi ch the mean longitudinal flow is less than the 

mean free flow, giving a shear condition. Second, the separated lam-

inar boundary layers extend inside the wake as two streams of shear 

flow and form two stationary vortices. It is generally considered 

that when Re ~ 40, the instability in the wake first creates a vor-

tex street some distance downstream. As Re increases to 95, the vor-

tex street works upst ream and a change occurs such that the vortices 

in the street begin to originate in the separated boundary layers 

very close to the cylinder (see Tritton, 1959). At all higher Re, 

the vortices continue to form in the separated boundary layers, im-

mediately downst ream from the cylinder. 

In the sub-cri ti cal regime, there is little variation in St 

over Revalues from 300 to 3 x 10 5 • Gerrard (1966b) explains this 

by changes in the length and width of the "formation region" between 

the cylinder and the first organized vortex street. As Re increases, 

they change inversely with each other; their product is nearly con-

stant and St values vary directly with their product. 

If there is turbulence in the free stream, it can penetrate into 

the boundary layer on the cylinder and make transition occur at a 

lower Re. The effectiveness of this penetration increases with the 

turbulence intensity, but it is also influenced by the integral scale 

of turbulence. If the integral scale of turbulence is much larger 

than the cylinder diameter, D, the eddies may pass the cylinder with 

little effect on the boundary layer; if it is much smaller than D, 

the turbulence may be dissipated before affecting the boundary layer. 

Bearman (1972) and Hunt (1971) treat this. It is related to vortex 

stretching in stagnating flow, as discussed by Sadeh, et al ., (1970). 
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Bloor (1964) showed that Tollmein-Schlichting waves help cause 

the laminar vortices to become turbulent. Increased free stream tur-

bulence should enhance this transition. 

Roshko (1954) found that, for Re > 300, the vortex street dissi-

pates and loses its identity at shorter distances downstream. In-

creased free stream turbulence should cause this dissipation to 

happen faster (i.e., at lower Re). 

2.4 RELATION BETWEEN STROUHAL NUMBER AND DRAG COEFFICIENT 

The drag coefficient, Cd (Cd =drag force/pU 2A), depends upon 

both the fluid friction on a cylinder and the "base pressure" (pres-

sure deficit immediately behind the cylinder relative to the pressure 

in the undisturbed flow). As Re increases, the base pressure becomes 

more important, and for air flows past cylinders with Re > lOq (see 

Goldstein, figure 154), Cd and the base pressure effects can be con-

sidered identical. 

The base pressure is directly proportional to the width of the 

wake immediately behind the cylinder. Hence, Cd is directly propor-

tional to the width of the wake, at higher Re. The vortex sheddinq 

frequency is faster when the two shear lines (from separated boundary 

layers) are closer together. Thus the Strouhal number is inversely 

proportional to the width of the wake. 

Figure 3 shows Roshko 1 S (1961) representation of Cd and l/St as 

functions of Re; the similarity of the two curves is striking. 

From the preceding arguments it follows that, for Re > lOq, the 

product of St x Cd should be approximately constant. 



3. TURBULENCE PARAMETERS 

Turbulence was introduced into the wind tunnel test section by 

placing a series of plates (with different amounts of flow blockage), 

one at a time, across the entrance to the test section. Changes in 

the St values describing the vortex shedding from the cylinder in the 

tunnel were noted. Changes in a were observed for certain cases. 

Turbulence parameters describing the different flows, in which these 

changes took place, were then needed to make comparisons with these 

vortex shedding changes and to seek interrelations among the turbu-

lence parameters. 

Eight different types of turbulence parameters were measured to 

describe several turbulent flows. To allow representative comparisons 

of different flows, the cylinder was removed and the turbulence char-

acteristics measured by a hot wire sensor placed at the point which 

had been occupied by the center of the cylinder. 

The turbulence parameters are: 

(1) Turbulence intensity, Ti = u/U. If expressed as a percent-

age, the ratio has been multiplied by 100. When King•s equation is 

applied, 

(2) Spectra and correlation analyses. Gxx(f), power spectra, 

was used to identify dominant vortex shedding frequencies or in calcu-

lating the integral scale of turbulence. or for determining the micro-

scale of turbulence. 'T 

\ \'l'.~(~,t,Af)d~ 
(Af~ 'T ) 

0 

11 
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Rxx(T), the autocorrelation, was employed as a second method of find-

ing dominant frequencies or in calculating the inteqral scale of tur-

bulence. 
T 

"'R X. ·~ ('t) = L IITI T' ( '>( ( t) ')( ( t- "C) clt 
,. +CO .) 

0 

In addition, cross spectra, Gyx(f), and cross correlations, Ryx(T), 

were utilized to find dominant frequencies when both a pressure 

transducer and a hot wire sensor were used simultaneously to observe 

the same vortex shedding. These spectra and correlations were calcu-

lated, by numerical methods employing the Fast Fourier Transform, in 

a Fourier Analyzer (Hewlett-Packard, H-P, Model 5450A) from recorded 

analog data. Figure 4 is a photograph of the Fourier Analyzer 

System. The above terms are more fully explained in Appendix B. 

(3) Integral scale of turbulence, Lx. Lx = T0 U, where T0 is 

the lag time for Rxx(T) to first reach zero. Also, Lx = UF(o)/4 and 

Lx = UF(M)/4 where F(o) is the Fxx(f) value extrapolated to f = o, 

and F(M) is similar to F(o) but is the Fxx value where a distinct 

maximum of Fxx(f) exists at a low f value. 

(4) Microscale of turbulence, A. 

By Taylor's method: 
0 

Or Townsend's method: 
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(5) Eddy viscosity, Km. Km = u Lx is adopted because Km values 

are needed at the center of the tunnel, and Km = -uv/(dU/dy) would not 

be appropriate due to a theoretical zero in the denominator. 

(6) Taylor parameter, Ta. Ta = Ti x (D/Lx)' 2 combines both the 

turbulence intensity and the ratio of cylinder diameter to integral 

scale. Taylor developed this theoretically while investigating the 

critical Re, Re(c), which is theRe value for the beginning of the 

super-critical vortex shedding regime, for a sphere. 

(7) Special Reynolds numbers. Eddy viscosity [Re (Km) = UD/Km], 

using eddy viscosity; plate Re, [Re{p) = Ud/(1 - Br)v], for plate , 

effects, where Br is the area blockage ratio of the turbulence produc-

ing plate and d is a hole diameter; and the classical turbulence Re, 

IRe(A) = u A/v]. 

(8) Fluctuations in x, y, z direction. For one flow condition, 

comparisons of u and w were made by two methods. They are the yawed 

hot wire and the heat diffusion methods. The heat diffusion method 

was used for several flow conditions. v and wwere assumed to be 

comparable ; u was larger for most flows. 

Turbulence parameters are discussed in more detail in Appendix B. 



4. INSTRUMENTATION AND EXPERIMENTAL PROCEDURE 

4.1 WIND TUNNELS 

Data was gathered in a Meteorology Research, Inc., Model 2035 

low speed wind tunnel. Figure 5 is a general view of the tunnel, and 

figure 6 gives a diagram drawn to scale. It is an open circuit type 

with a test section 2' x 2' square and 6' long. The overall len9th is 

22 feet. The motor and fan are at the downwind end. The entrance has 

a honeycomb and a fine mesh screen followed by a 4:1 contraction. 

The test section can be separated from the entrance section. Both are 

on rollers so they can be pushed apart for easy insertion of a plate. 

The cyli nder was placed vertically through the center of the 

tunnel, putti ng the center of the cylinder 48 11 downstream from the 

entrance to the t es t section. The center of the cylinder was also 

12 11 from each wall. The center of the cylinder coincided with the 

origin of the coordinate system. 

The turbulence producing plates were placed across the upstream 

end of the test section and then the entrance portion of the tunnel 

was pushed against them and clamped tightly . Steps were taken to 

make the entire wind tunnel secure from air leaks. 

For the open tunnel, the turbulence intensity was .3%. 

A larger, closed return tunnel, built for WSMR by CSU, with a 

vortex shedding anemometer and a Prandtl tube, was used for calibra-

tion purposes. Due to its rigid construction which prevented the in-

sertion of the plates, it was not practical to utilize it for intro-

ducing turbulent flows. 

14 
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4.2 TURBULENCE PRODUCING PLATES 

Table 1 lists the specifications of the turbulence producing 

plates. All were made by drilling many small holes (3/16" 

or 1/4" diameter) in sheets of metal or masonite. They gave block-

age ratios from .500 to .972. Figures 7 and 8 show plates .500 and 

.972, respectively. 

A square grid was modeled after one of Surry's (1969) in a close-

ly related study. This gave valuable comparisons that are considered 

part of the equipment check out and calibration (see Appendix C). A 

second square grid, with open areas and bars one half the size, was 

also utilized. Figure 9 is ''Surry's'' grid, with Br = .340. 

Al l plates are identified by their blockage ratio values. 

4.3 CYLINDERS 

Two cylinders, with 4.5" and 2.75" diameters, were employed. 

Figure 5 shows the 4.5" cylinder in the wind tunnel. Figure 10 

has it "broken" apart at the middle. This was necessary to change the 

pressure transducer pressure tubes from taps at one ±a to another. 

The taps are brass tubes glued in place through the cylinder wall and 

extruding about l/4" inside. Plastic tubing (3.5" long) connected the 

pressure transducer to the taps. They were changed from one set of 

taps to another manually. The taps extend from a= ±70° to a= ±160°. 

On the outside of the cylinder the brass tubes were filled with glue 

and sanded flush with the cylinder. Then a hole .02" diameter was 

drilled through the glue to complete the tap. The brass tubes have 

inner and outer diameters of .063" and .096"; the plastic tubing has 

inner and outer diameters of .070" and .128", respectively. 
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Both cylinders were constructed of plastic. Their surfaces were 

made as smooth as possible and the pressure tap holes gave minimum 

protuberances on the surface. On the 4.5 11 cylinder the pressure tap 

holes were staggereri from 111 to 211 below the seam. All holes were 12 11 

to 13 11 from the tunnel floor. 

The 4.5 11 cylinder was chosen as the smallest one in which the 

pressure transducer could be fitted and still leave room to change the 

connections to the pressure taps. The initial observations were made 

with this cylinder. 

As explained in Appendix C, a reduction of 8% was made to the 

free stream air speed to account for the solid blockage and wake 

blockage effects of the 4.5 11 cylinder. 

Because the 4.5 11 cylinder caused a large blockage in the tunnel, 

a second cylinder, 2.75 11 in diameter was used to compare the accuracy 

of the correction for solid blockage and wake blockage, see figure 11. 

It also offered a method of checking the St values for significant 

flow conditions. The 2.75 11 cylinder was the smallest one in which the 

pressure transducer could be placed. Taps were constructed separately 

at a= ±90°, ±130° and ±150°. Taps were exposed ends of the plastic 

tubing, 5.25 11 long, trimmed flush with the exterior of the cylinder. 

A correction of 5% was made to the free stream air speed. 

4.4 AIR SPEED 

4.4.1 PITOT TUBE 

A pitot tube and micromanometer (Mark 5, Airflow Developments 

Ltd) were utilized to calibrate the constant temperature anemometers, 

CTA, when there were no plates in the tunnel. The pitot tube entered 
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from the roof of the tunnel; its leading point was 18.75 11 upstream 

from the cylinder stagnation point and 611 down from the ceiling, 

(x = -21 11
, y = 611

, z = -1 11
). The pitot tube was not used for air flow 

less than 14 fps and most data were taken at 16 to 18 fps. 

The pitot tube air speed was calculated by the following equation 

which was derived from the Ideal Gas Law, Bernoulli's Equation, and a 

Gas Constant from dry air. This required the use of the virtual tern-

perature, Tv, to account for water vapor; ~p was observed by the rna-

nometer and P by a barometer. 

U (f ) = 92 35 [~p (inches water) x Tv ( 0 R)l'
5 

ps · x P (mbs) -j 

4.4.2 CONSTANT TEMPERATURE ANEMOMETER (CTA) SYSTEMS 

This includes hot wire anemometers and hot film anemometers. 

Both are resistance-temperature transducers and can be used to measure 

either the mean air speed, U, or the rapid fluctuations in air speed, 

u. For a full discussion, see Sandborn's text (1972). 

Two CTA systems were available: a DISA 55AOl hot wire anemom-

eter, and a TSI l054B hot film anemometer. 

The DISA system was equipped with a hot wire, platinum plated 

tungsten, 5 microns in diameter and 1.25 mm long. It provided all 

turbulence observations where the fluctuating voltage, e, was needed 

for calculating power spectra, autocorrelations, and related items. 

The DISA was also used for some observations of mean air speed. The 

overheat ratios were l .5 or 1.8. 

Most mean air speed observations were made by the TSI 1054B sys-

tem. It had a Model 1330-60 temperature compensated hot film sensor. 
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Th.i's sensor was .15 mm in dtameter and 3.0 mm long; it had gold plat-

ing on the sensing area over a quartz coated platinum film sensor on a 

glass rod. 

All of the CTA•s were calibrated by comparing them with the pitot 

tube. This gave an E vs U curve. This calibration was made in a 

clear tunnel (no plates) immediately before and after a CTA was used. 

In most cases, comparisons were made at speeds of 14, 18, 22, and 28 

fps. 

In addition, the TSI CTA was calibrated by comparison with a vor-

tex shedding anemometer, in the larger WSMR tunnel, using speeds of 2 

to 8 fps, and with its Prandtl tube for 10 to 30 fps. 

It was found that for both CTA•s, the calibrations for 14, 18 

and 22 fps could be accurately approximated by strai9ht lines if E2 vs 

~(or E4 vs U) were used on rectangular coordinates. This, of 

course, is an application of King•s equation, E2/R(R- RA) =A+ BUc, 

using an exponent of c = 0.5. 

The DISA calibration always drifted with time. It was assumed 

that this drift was linear with time and corresponding corrections 

were made in converting E2 to ~. 

The TSI hot film system, with a temperature compensating device 

built into the sensor circuit, was found to have very little drift in 

its calibration. Daily changes, when compared with the pitot tube, 

were less than 1% at 14 to 30 fps. Consequently, the TSI CTA was used 

as a transfer standard for calibrating the DISA hot wire CTA. A TSI 

calibration curve was prepared in the larger tunnel for speeds from 

2 to 30 fps. This curve was subsequently checked daily by the pitot 

tube in the smaller tunnel (for speeds of about 14 to 28 fps). 
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A daily correction fo r the entire curve was determined by this pitot 

tube comparison. See Appendix C for more details. 

Peterka's (1971) computer program provided least squares solu-

tions of the coefficients and exponents of King's equation. This, in 

turn, provided a more accurate calibration of the DISA CTA. 

The CTA DC voltage was read visually from a H-P digital voltmeter 

Model 3459A. To obtain a mean DC voltage during a long data recording 

(e.g., 10 to 15 minutes recording off or e), successive maximum and 

minimum DC voltages were tabulated. The voltmeter was adjusted to 

give a DC voltage every three to five seconds. 20 to 30 maximum 

and minimum voltmeter readings were chosen for tabulation. These max-

imum and minimum values were then averaged to give a mean DC voltage, 

E, for the entire data recording. E was converted to mean air speed, 

U, by the daily calibration curve, for the entire data collection. 

Each CTA had voltmeters which provided useful comparisons. 

Several attempts were made to record the DC voltage and then ob-

tain E from the Fourier Analyzer. This was simple to record and pro-

cess in the Analyzer. However, the maximum voltage output by the re-

corder was 2.5 volts while a typical HWA DC voltage was 7 volts. 

These differences required a delicate setting of the "record" and "re-

produce" attenuators so that the reproduced voltage could be multi-

plied by a factor to give the original HWA voltage. This procedure 

never provided a "good" HWA calibration curve of E vs U. Therefore, 

recording of DC voltage was not used. 

Thee voltages from the DISA, used for calculation of Ti, were 

obtained by readings of the RMS voltmeter in the DISA system. This 

voltmeter is built on the thermocouple principle and has a very long 
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time constant. The voltage selected was the one at which it seemed to 

settle after slowly reaching a maximum value and then falling back 

slightly. Usually, this voltage was compared simultaneously with the 

value from a TSr True RMS Voltmeter, Model 1060, set to a 3 or 10 sec-

ond time averaging period. Good comparison was consistent. 

4.5 VORTEX SHEDDING FREQUENCY 

The pressure transducer, Statham Model PM 283 TC ±0.15-350, with 

pressure ports at a= ±70° to a= ±160° by 10° increments (in the 4.5" 

cylinder), measured vortex shedding frequency, f, from the cylinder. 

The voltage variations from the transducer were amplified and then re-

corded in a H-P, Model 3690, Instrumentation Recorder. A low pass 

filter was utilized to keep out higher frequency noise. The recorded 

data was analyzed by power spectra, and sometimes autocorrelation, to 

determine the major shedding frequency. Approximately 10 minutes of 

data was recorded for each plate and for each set of pressure taps. 

This was done so that a mean of a large number of spectra or correla-

tions (60 to 120) could be made. 

For all significant flows, simultaneous measurements, by both the 

pressure transducer inside the cylinder and a hot wire in the cylinder 

wake, were recorded to get two independent observations of f. Cross 

spectra or cross correlations were employed to analyze them. A separ-

ate hot film anemometer was used upstream to observe U. 

4.6 DATA ACCURACY 

This is treated in detail in Appendix C and comes to these con~ 

elusions concerning the accuracy of data observations: 
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(1) Air temperature or virtual temperat ure (to account for water 

vapor) and atmospheric pressure can be observed to within ±.1%. 

(2) The frequency of vortex shedding , f, can be obtained to ±2% 

by power spectra and to ±1 % by correlation when the latter indicates 

one dominant frequency. 

(3) The mean air speed, U, is accurate to ±3% at speeds near 18 

fps. This accuracy decreases at lower speeds and improves slightly at 

higher speeds. Corrections for blockage effects add to the error when 

U is used in ca l culating St; this error may increase with the Ti. 

(4) The RMS of the longitudinal ve l ocity variations, u, is prob-

ably accurate t o ±5% or less at low Ti , but becomes less accurate as 

Ti increases . As a rule of thumb, i t i s suggested that the error 

range is quanti t at i vely the same as the Ti, when both are in percents. 

(5) The mi croscale of turbulence, A, is accurate to about ±10%. 

(6) The integral scale of turbu l ence, Lx, as calculated from e 

data by one HWA , is the least accurate of the basic parameters ob-

se rved. Compari son of the T0 and F(O ) methods, for the same data, 

suggest ±100%. However, in comparing Lx in different flows, but cal-

culated by the same method, it is assumed that the results of these 

compari sons shou l d be more reliable, estimated at ±20%. 

(7) Eddy vi scosity, Km ; the Taylor paramet~, Ta; and the spec-

ial Reynolds num ers, Re (Km), Re(p), and Re( A) are derived from one or 

more of the abo ve. They range from ±3% for Re(p) to ±32% for Ta or 

Re(Km) wi th 25% Ti. 

Al l of t he above values are conservative and most data should be 

much more accurate than these error ranges or uncertainty limits. 



5. EXPERIMENTAL RESULTS 

5.1 GENERAL 

Data collection started at CSU, It was observed that when a high 

blockage ratio plate (.958) was inserted across a tunnel, the dominant 

vortex shedding frequency became much smaller for the same air speed. 

The work has been completed at WSMR. A variety of plates and 

grids were built; a 4.5 11 cylinder allowed changing values of a for the 

pressure transducer; and it was possible to define the dominant shed-

ding frequency by averaging a large number of spectra or correlations. 

For an 11 0pen 11 tunnel (no plate across entrance to test section) at 

WSMR with Re = 4 x 10 4 , St values near .20 were observed. This is the 

classical 11 SUb-critical regime, 11 and is indicated by 11 A11 in figure 1. 

The much reduced freq uency behind plate .958 (and .972) was observed to 

give St = .10. 

Experimentation suggested that higher St values should result in 

flow conditions somewhere between the extremes of an open tunnel flow 

and flow behind plate .972. 

It was then hypothesized that, while keeping Re values near 

4 x 10 4 and steadily introducing more turbulence into the mean flow, it 

should be possible to induce changes in vortex shedding conditions (St 

and separation angles) that are analogous to the following five classi-

cal vortex shedding conditions (see also figures 1 and 2): 

(1) 11 Top Revalue of the sub-critical regime 11 

(2) 11 0iscontinuity between the sub- and super-critical regimes 11 

(3) 11 Super-critical regime 11 

(4) 11 0iscontinuity between super-critical and turbulent regimes 11 

(5) 11 Turbulent regime 11 

22 
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The above turbulence induced changes were observed with the 

4.5" cylinder. Then a 2.75" diameter cylinder was used to see if 

changes could be induced in vortex shedding from it. A smaller cyl-

inder was selected because it required a lesser flow blockage cor-

rection. In addition, it was fitted with 11end plates" (after 

Bradshaw, p. 180, 1964) to reduce end effects. 

Later, associated turbulence conditions of the air flows induc-

ing these ten changes (fi ve for each cylinder) were observed. The 

effective Reynolds number, Re(E), associated with each induced 

change was used to compare t he effects of individual turbulence 

parameters on vortex shedding. Re (E) was estimated from figure 1 as 

the Re value associated with the corresponding classical vortex 

shedding regime (in near zero turbulence intensity air flow). 

5.2 PRELIMINARY INVESTIGATIONS 

Several plates were constructed with different Br values. The 

4.5" cylinder provided pressure taps that could be varied from 

a=± 70° to a= ±160°. Figures 12, 13, and 14 show resulting spec-

tra, for ±90°, ±130°, and ±150°, for the open tunnel and for several 

plates with Br of .500 to .972. At all angles the open tunnel and 

plate .500 gave sharp spectra with equal St values. All of the other 

plates showed compl etely turbulen t spectra for a of 150° and 160°; 

the spectral changes we re gradual and cons i stent for all of the other 

plates at angles from a = ±70° to a= ±140°. 

Ti va lues inc reased steadily as the plate Br increased and Ti as 

high as 28% was observed upstream f rom the cylinder. (Very near to 

the cylinder much higher Ti values existed.) 
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All f values up to this point had been obtained by pressure 

transducer observations. The distinct possibility existed that these 

dominant f values were a result of the free stream turbulence rather 

than from vortex shedding. To resolve this question, a hot wire 

was placed directly behind the cylinder. Cross spectra of the simul-

taneously recorded signals from both the hot wire and the pressure 

transducer were utilized to find the dominant f. 

It is believed that one clear maximum f value in this cross 

spectra, especially when averaged over 50 to 120 spectra, could only 

be caused by an organized vortex shedding process. The random, tur-

bulent fluctuations observed by both instruments should be uncorre-

lated because one senses pressure changes on the cylinder surface and 

the other observes air speed changes a short distance from the cyl-

inder. 

Several figures (16 to 27) depict the results of simultaneous 

pressure transducer and hot wire measurements of vortex shedding 

frequencies from each of the cylinders in different induced vortex 

shedding regimes. Each figure shows four analyses of the same vortex 

shedding: power spectra of hot wire; power spectra of pressure trans-

ducer; cross spectra of the wire and the transducer; and cross corre-

lation between the instruments. 

The entire range of Re values of the air flows, indicated by 
11 R11 in figure 1, was .9 to 5 x 10 4

• 

The possible influence of cylinder or wind tunnel vibrations on 

the pressure transducer and hot wire observations was investigated. 

An accelerometer was attached to the cylinder and a cross spectra 

made with the pressure transducer signal. The accelerometer was 
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later attached to the wind tunnel motor and fan support, and a cross 

spectra was made with the turbulent wind variations, u, as observed 

by the hot wire, with the cylinder removed. In all cases, the cross 

spectra showed no significant relation between vibrations and the f 

or u observations. Consequently, vibration effects can be ignored. 

5.3 INDUCED CHANGES IN STROUHAL NUMBER 

5.3.1 OPEN TUNNEL FLOW (CONDITION A) 

Figure 15 presents results in the open tunnel at U = 19.4 fps, 

St = ,205 and Re = 3.8 x 10 4 for the 4.5" cyl inder. The spectra and 

correlations are all sharp and clean, and give identical f values. 

This is the classical "sub-critical" vortex shedding regime. The Ti 

of this flow is .3%. This condition is represented by point "A" in 

figure 1. 

With U = 30 fps, (Re = 3,6 x 10 4
) the 2.75" cylinder produced 

f = 25.3 Hz which indicated St = .193 and also is represented by "A.'' 

A figure of this is not included because its appearance was very 

similar to that of figure 15. 

5.3.2 INDUCED CONDITIONS FOR THE TOP OF THE SUB-CRITICAL REGIME 
(CONDIT ION B) 

Figure 16 shows flow behind plate .690 with U = 17.4 fps, St 

= .211 andRe= 3.4 x 10 4 . The spectra and correlation are slightly 

less sharp but still show a clear cut maximum f. This is induced 

vortex shedding near the top Revalues of the sub-critical regime. 

Re(E) ~ 2.1 x 10 5 • It is indicated by "B" in figure 1. 



26 

Figure 17 is the same for the 2.75" cylinder behind plate .748 

with U = 13.7 fps, St = .206 andRe= 1.7 x 10 4 ; it is indicated by 

"B ... " Re ( E ) ~ 2 . 2 x lO 5 • 

5.3.3 INDUCED CONDITIONS FOR THE DISCONTINUITY BETWEEN THE SUB- AND 
THE SUPER-CRITICAL REGIMES (CONDITION C) 

Figure 18 depicts conditions behind plate .748 at U = 16.9 fps, 

St = .249 and Re = 3.3 x 10 4 . The spectra have widened considerably 

and the correlation indicates randomness in the flow. However, the 

same dominant f can be seen in all. This is induced vortex shedding 

similar to the di scon t in uity condition between the sub- and the super-

critical regimes. Re(E) = 3.6 x 10 5 is estimated. It is shown at 

point "C" in figure l. 

All discontinuities are considered to consist of a mixture of 

three things: (l ) i ndividual vortices shed at the "lower" regime , 

sub-critical in this case; (2) individual vortices shed at the 

"higher" regime, super-critical in this case; and (3) random flue-

tuations caused by turbulence in the main flow. The changes in 

shedding from one regime to the other are due to small variations 

in the mean air speed and direction, slight varia4ions in the cyl-

inder shape and surface, and turbulent fluctuations which happen t o 

enhance an ind i vidual vortex as it is shed. By taking the mean of a 

large number of observations of f, a dominant St value can be foun d 

where it would not be apparent in individual observations off, such 

as by Lissajous figures or strip chart recordings. 

This explanation is compatible with Roshko's (1954) observati ons 

of the "lowest" discontinuity, between laminar and sub-critical 
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regimes, although turbulence in the main stream was negligible. He 

developed two Re vs St relations (St = .212 - 4.49/Re for the lami-

nar regime and St = .212 - 2.69/Re for the lower part of the sub-

critical regime) both of which approximately described the discon-

tinuity condition. 

The turbulence in the mean flow will always tend to spread the 

spectra of f because the turbulent fluctuations are more random. 

As the turbulence increases a point will be reached where the turbu-

lent fluctuations dominate and no single dominant f can be found. 

As shown later, this is common in the super-critical/turbulent dis-

continuity. 

This induced discontinuity, sub-critical/super-critical, appar-

ently is in the range where turbulence effects can first overshadow 

a dominant f value being observed by both a pressure transducer and 

a hot wire. 

In seeking an example of condition c~ for the smaller cylinder, 

many combinations of plates, a, U and hot wire position were used. 

None gave a dominant f in the cross spectra. Figure 19 presents the 

best example (Br = .801, a= ±150°, U = 16.4 fps, hot wire at x = 20, 

z = .40). The pressure transducer showed a dominant fat 16.3 Hz, 

giving St ~ .23. The hot wire spectra was more like the turbulence 

in the mean flow with a maximum near 8 Hz. The free stream turbu-

lence is apparently strong enough to sufficiently disrupt the vortex 

shedding so that the hot wire senses no organized vortex street. 
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5.3.4 INDUCED CONDITIONS COMPARABLE TO THE SUPER-CRITICAL REGIME 
(CONDITION D) 

Figure 20 indicates induced vortex shedding similar to the 

"super-critical" regime. The spectra all identify a dominant f but 

the turbulence has become so large that the cross correlation no 

longer defines f. U = 8.1 fps behind plate .804 produced St = .329 

andRe= 1.6 x 10~+. It is shown by "D" in figure 1. Re(E) is esti-

mated at 1 x 10 6 • 

Figure 21 is the counterpart for the 2.75" cylinder, plate .861, 

U = 7,1 fps, St = .339 Re = 8.6 x 10 3 , shown by "D"." 

These induced conditions were both difficult to find. Many 

trials of different plates and wind speeds were required. In both 

cases, air speed was reduced through plates that previously were pro-

ducing discontinuity conditions between super-critical and turbulent 

regimes. This suggests that the super-critical regime may be 

especially sensitive to free stream fluctuations, u, v, and w. 

5.3.5 INDUCED CONDITIONS SIMILAR TO THE DISCONTINUITY BETWEEN THE 
SUPER-CRITICAL AND THE TURBULENT REGIMES (CONDITION E) 

No definition of a dominant St value was possible in this condi-

tion; it existed for a wide range of blockage ratios in the plates. 

Figure 22, where U = 18.7 fps, Re = 3.7 x 10~+, behind plate .945 

is shown, is used to depict the induced vortex shedding condition 

that is similar to the discontinuity between the super-critical and 

the turbulent regimes. No St value can be defined. It is represented 

by point "E" in figure 1. Re(E) = 2 x 10 6 , 

Figure 23 is the same for the smaller cylinder. Plate .945 was 

utilized with U = 20.9 fps, Re = 2.5 x 10~+. Re(.E) = 2 x 10 6 , 



29 

It is interpreted that the turbulent u, v and ware sufficiently 

strong to override all organized vortex shedding, especially since it 

is partially in the super-critical and partially in the turbulent 

regimes. 

The pressure transducer gives a wider spectra in both cases 

which could be interpreted as a combination of vortices shed by both 

regimes plus random pressure fluctuations. The hot wire in both 

cases has the strongest si gnal near 6 or 8 Hz which is among the 

frequencies of dominant power in the f ree stream turbulence (see 

figure 42). Th i s suggests that some organized vortex shedding may 

exist at the cylinder surface but it i s quickly destroyed by the free 

stream turbulence and the hot wire, less than one or two diameters 

downstream, observes mainly the free stream turbulence condition. 

5.3.6 INDUCED TURBULENT REGIME (CONDITION F) 

Figure 24 presents conditions behind plate .972 at U = 23.2 fps, 

St = .100 , Re = 4.6 x 10 4 and Re(E) = 5 x 10 6 • The spectra again 

define a dominant f but the cross correlation is not. This is in-

duced vortex shedding similar to that in the turbulent regime. It is 

.given by point 11 F11 in figure 1. This condition was relatively easy 

to induce for both cyli nders. This further indicates that the super-

critical regime i s especially sensitive or unstable to turbulence in 

the mean flow. 
It was found that the location of the hot wire behind the cyl-

inder becomes very sensitive at higher Ti conditions. At the start, 

in the open tunnel and plates with lower Br, the position of x = 1.50 

and z = .50, as recommended by Bearman, worked fine. (Some 
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sensitivity of position was noted for plates .801 and .861.) Be-

hind plate .972, the hot wire had to be placed much closer to the 

cylinder to pick up the dominant f recorded by the pressure trans-

ducer. Following Gerrard's analysis of vortex formation, this has 

significant implications in explaining the induced St values. In 

figure 24 the hot wire was at x- 1.50 and z = .50. But, as shown in 

figure 25, the best cross spectra behind the 4.5 11 cylinder was found 

when the wire was .250 downstream from a 130° pressure tap (x = .470, 

z = .380, or wire was .130 from cylinder surface). At x = l .50, 

z = .50, a much poorer cross spectra is given, figure 26. 

A similar position, x = .250 downstream from 90°, provided 

St = .128 for the 2.75 11 cylinder behind plate .972, U = 23.3 fps, 

Re = 2.8 x 10 4
, shown in figure 27, and indicated by 11 F ... '' in figure 

l. The smaller cylinder showed an induced turbulent shedding at 

U ~ 15 fps, but the U = 23.3 fps was used because it was the same as 

for the larger cylinder. Also it provided an f value clearly larger 

than the frequencies of major power of the main stream turbulence 

spectra. 

5.4 INDUCED CHANGES IN BOUNDARY LAYERS 

5.4.1 FLOW VISUALIZATION 

A flow visualization device was prepared, using 256 strands of 

fine silk thread on a black background and placed over half of the 

2.75 11 cylinder. The end of each strand was partially unraveled to 

increase its responsiveness to local air flow. This device was 

wrapped around the smaller cylinder so the threads were free to move 

with air flow in the boundary layer. Photographs of flows for the 
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open tunnel (classical sub-critical), induced super-critical, and the 

induced turbulent regimes are presented in figure 28. The motion of 

the threads is compatible with the separation and transition points 

for the sub-critical and turbulent regimes. The super-critical con-

ditions were not well represented, but this may have been because of 

the lower air speed used. 

5.4.2 VARIATION OF VOLTAGE WITH ANGLE OF PRESSURE TRANSDUCER TAPS 

The RMS AC voltage output of the pressure transducer at various 

a for flows in the open tunnel and for induced super-critical and 

turbulent regimes (points "A," "D" and ''F" in figure 1) were ob-

served. It is assumed that a maximum voltage should be obtained 

when the vortex shedding is best organized at the two corresponding 

pressure taps, shortly downstream from the separation point. Figure 

29 shows results, for angles of a= 70° to ±160° by 10° changes, on 

the 4.5" cylinder. The results show a maximum at a = ±80° in the 

classical sub-critical regime; the voltage is nearly constant for 

a = ±70° to ±120° for the super-critical regime; and a more pronounced 

maximum voltage occurs also at a= ±80° with the induced turbulent 

regime. These res ults are compatible with the separation character-

istics for each regime as given in figure 2. 

5.4.3 CHANGE IN SPECTRA SHAPE WITH ANGLE OF PRESSURE TRANSDUCER TAPS 

Figures 30 and 31 show the variations of spectra shapes for 

different angles behind plates .804 and .972, representing conditions 

"D" and "F" respectively. The spectra for plate .972 at 90° appear 

most pronounced and become turbulent at 150°. The spectra for plate 
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.804 are less definitive but suggest vortex shedding with one maxi-

mum frequency can occur at a up to 160°. 

The spectra for the open tunnel showed no change in shape with 

a. See figures 12, 13 and 14. 

5.5 OBSERVATION OF TURBULENCE PARAMETERS 

5.5.1 FLOWS TO BE INVESTIGATED 

The preceding investigations have provided ten different induced 

vortex shedding conditions, five for each of the two cylinders: con-

ditions 11 B11 to 11 F11 for the 4.5 11 cylinder and conditions 11 B .. 11 to 11 F .. 11 

for the 2.75 11 cylinder. Conditions 11 A11 and 11 A .. 11 in open tunnel flow 

are considered 11 no turbulence 11 conditions. 

Induced Regime 

Top of sub-critical 

Sub- and super-
critical discontin-
uity 

Super-critical 

Super-critical and 
turbulent discon-
tinuity 

Turbulent 

Flow Condition for Induced Vortex Shedding 

For 4.5 11 cylinder For 2.75 11 cylinder 

Plate .690, U = 17.4 Plate .748, U = 13.7 fps 
(figure 16) 11 B11 (figure 17) 11 B .. 11 

Plate .748, U = 16.9 Plate .801, U = 16.4 fps 
(figure 18) · 11 C11 (figure 19) 11 C .. 11 

Plate .804, U = 8.1 
(figure 20) 11 011 

Plate .945, U = 18.7 
(figure 22) ''E 11 

Plate .972, U = 23.2 
(figure 24) 11 F11 

Plate .861, U = 7.1 fps 
(figure 21) 11 0 .. 11 

Plate .945, U = 20.9 fps 
(figure 23) 11 E .. 11 

Plate .972, U = 23.3 fps 
(figure 27) 11 F .. 11 

Table 2 summarizes information concerning the vortex shedding 

characteristics of these flows; figures 12 to 31 give details. 

Ten different flow conditions are implied, but in two cases the 

same flow condition induced the same vortex shedding regime from both 
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cylinders, consequently only eight observations of turbulence data 

were required. One additional observation was taken for comparison 

purposes 

Turbulence Data 
Observation 

(No cylinder) 

#1: plate .690, U = 17.6 fps 

#2: plate .748, U = 12.9 

#3: plate .748, U = 17.2 

#4: plate .801, U = 15.9 

#5: plate .804, U = 9.7 

#6: plate .861, U = 8.7 

#7: plate .945 , U = 20.3 

#8 : plate .972, U = 20.2 

Related Flow Condition for 
Induced Vortex Shedding 

4.5" cylinder 2.75" cylinder 

"B" 

"8 ,,, 

"C" 

~~c ... ~~ 
"D" 

.. D ... '' 

"E" "E .. " 

IIF" "F"""'II 

The conditions "B" through "F" and "B .. " through "F .. 11 are also marked 

in figure l. 

5.5.2 BASIC OBSERVATIONS 

Because the normalized U and Ti can vary at different positions 

near the cylinder in different turbulent flows (as shown in figure 

32), it was necessary to remove the cylinder to observe turbulent 

parameters for compari son between the induced vortex shedding flow 

conditions. 

The cylinder was removed and the DISA hot wire placed at the 

origin -- the positi on previously in the center of the cylinder. 

Different plates and air speeds were used to produce the above flow 

conditions to be used with the ten induced vortex shedding conditions. 
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The followin g turbulence data were taken for each of the turbulence 

data observations: 

(1) Recording of e 

(2} Readings of E 

(3} Readings of e 
(4) Readings of de/dt 

5.6 ANALYSIS OF TURBULENCE DATA 

5.6.1 GENERAL FORM OF SPEC RA 

It became ob vi ous immediately that most of the power in the 

spectra for all of the eight flows was concentrated at frequencies 

below 100 Hz. Here is a typical power spectra for frequencies from 

zero to 5 Khz: 

G2<2~1 f 1 '"''"'"""r-:--.---r--:-,..--:-1.,..,~ .. .....,.,.,,""~ :r!lffil:P=trf1TJ1f;if1m+n:4fg=;-mnrm=m:m!:ffim:l 

Frequency 

A detailed exami nation was made of the power spectra behind 

plate .972 (#8), by: (1) observing the mean square voltage as the 

frequency range was changed by a low pass filter, and (2) by sum-

mation of Gxx (f) calculated by the Fourier Analyzer System. (See 

figure 33.) Both methods agreed within 4% except for the lower 

frequencies where it was not possible to read the figure accurately. 

With f from 0 to 5 Khz, 89% of the power was below 100 Hz and 96% was 

below 250Hz. For lower Br plates, these percentages were less. 
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Normalized power spectra for all turbulence flow conditions are 

given in figures 34 to 42. The lowest Br plate (.690; U = 17.6 for 

vortex shedding condition B, fig 36) has a spectrum with the power 

spread over a wide range of frequencies and a poorly defined maxi-

mum near 25Hz. For most of the higher Br plates, a distinct maxi -

mum of power occurs between 1 and 7 Hz. This low frequency maximum 

is interpreted as a result of the flow instability due to the high 

blockage ratios. The most extreme case of this appears to be behind 

plate .801 (figure 38, U = 15.9 fps) with a strong maximum at 1 Hz. 

As discussed later, the Lx value for this was very large. 

One extra normalized power spectra is included for special com-

parisons. Figure 35 (plate .690, U = 29.3 fps) indicates that an in-

creased air speed produces the low frequency maximum power where 

figure 34 (plate .690, U = 17.6 fps) did not have it. This is inter-

preted as showing that in the lower speed flow, the flow instabili-

ties had had time to dissipate. Consequently, air speed as well as 

distance downstream is important for the turbulence conditions. 

5.6.2 CALCULATION OF INTEGRAL SCALE, Lx 

This was the most difficult parameter to observe. It was ob-

served by one hot wire. 

Lx was calculated in two ways, by F(O) or F(M) from normalized 

power spectra and by To from autocorrelations. F(O) or F(M) are 

marked on the spectra in figures 34 to 42. The T 0 value for con-

dition c~ (plate .801 ; U = 16 fps) did not occur until a time lag of 

.3 sec which is unrealistic. The F(M) evaluation provided Lx = .36 

ft = 4.3" which is large but feasible. 
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The two methods of calculatin9 Lx are not specifically related. 

The spectrum scal e defined in terms of F(O) is Taylor 1 s length 

scale, originally defi ned as 

L. = r~(X\ dx 
0 

which leads to Lx(F):: V F(o)/4 

The autocorrelation scale, defined by T , cannot be related mathe-o 
matically to Taylor 1 s scale. As mentioned later, the Lx(F) values 

were almost exactly one-half of t he Lx(T) values. 

The spectrum scale defined i n terms of T0 should be compared 

L~ = v ~;("'r)d't 
() 

with 

but this gives unreasonable results due to the failure of Taylor 1 s 

space-time hypothesis in highly turbulent flow. Instead the em-

pirical relation was used 
L)( : V"to -= Lx ("'C) 

where T0 is the time fo r the autocorrelation of the turbulent air 

speed fluctuations, at one point, to first reach zero. 

See Section 8.3 for further discussion. 

The power spectra were made at Fm = 100 Hz, N = 1024 to obtain 

a small 6f = .195Hz. The autocorrelations were made with Fm = 500 

Hz, N = 2048 to obtain a small 6t = .001 sec . A low pass filter was 

used to prevent any significant aliasing. Better definitions of 

F(O) or F(M) and T0 were possible from these Fm and N combinations. 

The Lx values by T0 , Lx(T) and by F(O) or F(M), Lx(F), for the 

turbulence conditions related to the ten induced vortex shedding 
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conditions , are tabulated in Table 3. An indicated correction was 

made for t he 60 Hz harmonics in some cases. The harmonics made cal-

culations of Lx smal ler. The corrections were determined by delet-

ing the obvious harmonics in the Fxx(f) results, in the FAS, and 

inserting values which gave smooth curves; the resultin9 changes in 

EFxx(f) were noted and used as the basis for corrections for both To 

and F(O) or F(M). However, all data presented in figures 34 to 42 

are the ori9inal data with the harmonics left in. 

The Lx(T) and Lx(F) values were compared. The Lx(F) values 

were almost exactly one-half of the Lx(T) values and Lx(F) varied 

from 1" to 3" (except for condition C"') which seems to be a reason-

able size range for the average sized eddy in the turbulent flow. 

With the exception of Lx for condition c~, the other seven values of 

Lx(T) and Lx(F) had a correlation coefficient, r = .989, which indi-

cates qood consistency in the observations and analyses. The follow-

ing equation for r was obtained from Heel (1958), 

5.6.3 CALCULATION OF OTHER TURBULENCE PARAMETERS u, Ti, A, Km, Ta, 
Re( Km} , Re(p), Re(A) 

The methods of calculatin9 these have been defined in Section 3 

and discussed in Arpendix B. They are tabulated in Table 3. They 

were relatively easy compared with the Lx observations and consistent 

results were obtained. 



6. DISCUSSION 

6.1 GENERAL 

The res ul ts cons idered in the previous section, presented in fig-

ures 12 thro ugh 46, and summa r ized in tables 2 and 3, support three 

types of conclusions: 

(1) Increasing turbulence in wind tunnel flow past a cylinder 

can induce changes in vo rtex shedding that are analogous to the 

changes res ulting from increasing the air speed. 

(2) Several t urb ulence parameters, corresponding to each induced 

change in vortex shedding, have been meas ured and related to the Re(E) 

and Re(E)/Re values of t hese changes. 

(3) A hypothesis of the general effects of turbulence on vortex 

shedding from a circular cylinder can be formulated. 

In addition, three anomalies need to be considered. 

6.2 INDUCED CHANGES IN VORTEX SHEDDING 

6.2.1 INCREASED TURB ULENCE CAN BE ANALOGOUS TO INCREASED AIR SPEED 

The first result, at CSU, utilized a 6.2 11 cylinder in a 6 1 x 6 1 

wind tunnel wi th Re ~ 2 x 10 4 • Insertion of plate .958 across the 

entrance si gni fica ntl y reduced the St value of the vortex shedding. 

This was a change from t he classical sub-critical to the induced tur-

bulent regime. 
The CSU result was reaffirmed and extended by experiments at 

WSMR. Two cylinders, 4.5 11 and 2.75 11 in diameter, were used in a 

21 x 21 wind tunnel with Re ~ 4 x 10 4 • Spectra and correlation anal-

yses provided a more accurate observation of f for the St values. 

38 
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The WSMR experiments also induced the intervening super-critical 

vortex shedding regime and the two intervening discontinuity condi-

tions. 

The major conclusion of this study comes from these experi-

ments. 

By increasing the turbulence intensity from .3% to 25% and 

keeping Re between .9 and 5 x 10 4 , vortex shedding conditions can be 

changed from the sub-critical to an induced turbulent vortex shed-

ding regime. Using estimated Re(E) values from the classical vortex 

shedding, this increases the Re(E) by a factor of from 110 to 180. 

The reason for this is that the free stream turbulence impinges 

upon the boundary layer on the cylinder and increases vorticity in 

the boundary layer which causes transition and separation angle 

changes to occur at lower Re values . The diagram below compares 

the super-critical vortex shedding regime as it occurs in classical, 

low turbulence flow and as it occurs when induced by increased free 

stream turbulence. 

SUPER-CRITICAL VORTEX SHEDDING REGIMES 

CLASSICAL LOW TURBULENCE CASE TURBULENCE INDUCED CASE 

u 

Re: 50 X 10 4 

Ti: .5% 
St: .43 
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A similar diagram is given for the turbulent vortex shedding 

regimes. The turbulent eddies and fluctuations are considerably 

larger in this case. 

TURBULENT VORTEX SHEDDING REGIMES 

CLASSICAL LOW TURBULENCE CASE 

Re: 500 x lOtt 
Ti: .5% 
St: . 26 

TURBULENCE INDUCED CASE 

5 X lOlt 
25. % 

. 10 

6.2.2 RELATIVE DECREASE OF ST WITH INCREASING TURBULENCE 

In the induced super-critical regimes (D and D~ in fiqure 1) 

the St values were .33 and .34 respectively for the 4.5 11 and the 

2.75 11 cylinders, giving a decrease of 23% and 21 % from the classical 

value of St ~ .43. 

In the induced turbulend regimes (F and F~ in figure 1) the St 

values were. 10 and .13 or a decrease of 62% and 50% respectively 

from the classical St ~ .26. 

This is the first anomaly. 

The differences in the St values of the two cylinders in each 

induced regime approximately fit this empirical equation: 

St (induced) • St (classical) x 9.99 x [6x]·' x [R:(E)]·' (6.1) 
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where D i s the cyli nder diameter in inches; Re is calculated by mean 

air flow, by D and v; Re(E) is the Re value of the classical vortex 

shedding process analogous t o the turb ulence induced process and St 

(classi cal) is t he St value associated wi th Re(E). For the four 

cases, the following checks are made. The mean of the ratios is 1.00. 

For 411 cylinder: Ratio: 

.329 ~ .46 X 9.99 X [.168 J ol [~ J. 6 

= . 356; .329 -
.375 X 100 -:35"6 -

.100 ~ .26 X 9.99 [ 295 J . 1 
[ ~ J. 6 = . 152; . 100 -

X .375 X 500 . 152 -

For 2. 75 11 cylinder: 

0~: .339 ~ .46 X 9.99 X 253 . . 339 = 1 340 . ' -:2TI . 

. 119; :H~ = 1.076 

A plot of the data is shown: 
. 12 

~ 

.08 ~ ~~~ ~ b 
.04 [Re/Re(E)]· 6 . 10 

The relative decrease of the St value can be explained by the 

associated increases in turbulent intensities. All eddies in vortex 

streets come pri marily from the shear line or 11 VOrtex sheet 11
, 

immediately downstream from the cylinder, between the mean flow and 

the slower flow in the wake of the cylinder. (The shear in the 

cylinder boundary layer also contributes.) As the turbulence in-

tensity increases in the main fl ow, eddies mix into this shear line 
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and weaken its organized vorticity; consequently, the source of 

vorticity for creating the individual vortices becomes weaker for 

the same mean air speed. With a weaker source of vorticity, it takes 

longer to create an individual vortex for shedding, which means a 

smaller f and a smaller St. This concept is illustrated by two 

sketches: 

Classical Case of Super-
Critical Vortex Shedding 

0 
Shear 
Line 

Shear 
Line 

!" 
Turbulence Induced Super-
Critical Vortex Sheddin9 

Shear 
Region 

Shear 
Region 

r 
6.2.3 COMPARISON WITH GERRARD'S ANALYSIS 

These St changes are also consistent with Gerrard's analysis 

that St depends upon the product of two dimensions (roughly, longi-

tudinal x lateral) in the vortex formation region. 

For the open tunnel (sub-critical, case A, figure 15) Bearman's 

recommended position of x = 1.50 and z = .50 for the hot wire was 

utilized and found satisfactory. In several other flows, it was a 

good position but in higher turbulence flows it was not. For the 

induced super-critical case with the smaller cylinder (D~, figure 

21), the best hot wire observation of the vortex shedding was at 
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x = 2.50 and z = .40. Both cylinders required the hot wire to be 

very close, x = .360 and z = .50, or x = .470 and z = .380, for the 

best cross spectra in the induced turbulent vortex shedding condi-

tion (F and F~, figures 25 and 27). Then comparing the three: 

Sub-critical (both cylinders) St ~ .18; xz ~ .750 2 

Induced Super-critical (smaller cylinder) St ~ .32; xz ~ l.OODz 

Induced Turbulent (both cylinders) St ~ .10; xz ~ .18Dz 

There is a direct relation between St and the product xz, compatible 

with Gerrard 1 S concept. 

6.2.4 STABILITY OF INDUCED TURBULENT VORTEX SHEDDING REGIME 

The induced turbulent vortex shedding regime was relatively 

easy to obtain. It was observed several times behind plates .972 

and .958. A definite maximum f was ohserved from air speeds of 

10 fps up to 22 fps. Higher speeds were not attempted because of 

excessive wind tunnel vibrations. This vortex shedding condition 

appeared to be stable. 

6.2.5 SENSITIVITY OF SUPER-CRITICAL VORTEX SHEDDING REGIME TO 
INCREASED TURBULENCE 

It was found, for both cylinders at WSMR, that the induced 

super-critical condition could not be obtained with air speeds as 

high as those in the other induced regimes. In fact, they were 

found by decreasing the air speed past plates that were inducing 

the super-critical/turbulent discontinuity. 

This is the second anomaly. 

The super-critical vortex shedding separates a laminar bound-

ary layer near ±105° which undergoes transition to a turbulent 
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boundary layer, reattaches to the cylinder and finally separates at 

±140°. If there is sufficient free stream turbulence, the au;az 

structure or the required aP/ax condition for reattachment of the 

separated boundary layer could be sufficiently changed, between 

105° and 140°, to prevent reattachment. Because the first separated 

boundary layer has not started shedding vortices, this would destroy 

the vortex street and prevent its observation, even immediately down-

stream. This concept can explain why the hot wire did not observe 

vortex shedding in the sub/super-critical discontinuity for the 

smaller cylinder, but did for the larger cylinder. 

A logical extension of this concept is the suggestion that with 

sufficient turbulence in the main flow, the super-critical vortex 

shedding regime should cease to exist. A large discontinuity condi-

tion would then occur between the induced super-critical and the in-

duced turbulent vortex shedding regimes. 

6.2.6 EFFECT OF DIAMETER OF CYLINDER 

The diameter of the cylinder has two effects upon how well or 

how far vortex shedding can be induced. 

For the same U, Re varies directly with D. the 4.5 11 cylinder 

is therefore 64% closer to induced changes than is the 2.75 11 cyl-

inder. This is consistent with the fact that the 4.5 11 cylinder had 

a major cross spectra, f, in the sub-/super-critical discontinuity 

and the 2.75 11 did not. If the cylinder is small enough, some in-

duced changes may not be possible because the 11 Re spread 11 or the 

Re(E)/Re ratio is too great. 
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The 0/Lx ratio and very small sizes of either 0 or Lx should be 

a limiting factor for free stream turbulence affecting the cylinder 

boundary layers. For the 4.5 11 cylinder in this experiment, the 

ratio varies from 3.8 to 1 .3, and from 2.6 to .64 for the 2.75 11 

cylinder. According to Hunt 1 S data (figure 64), the u/uupwind 

changes should be between 1.5 and 0.7 when the eddies approach the 

stagnation region of the cylinders which ind icates a mean ratio near 

unity. Hence, the 0/Lx ratio for this experiment should not greatly 

affect the efficiency of turbulent eddies entering the cylinder 

boundary layer. 

6.3 RELATIONSHIPS BETWEEN TURBULENCE PARAMETERS AND INDUCED CHANGES 

Two sets of t urbulence parameters are produced. First are the 

Re(E) values associated with each of the ten induced vortex shedding 

conditions (B, B~ ... F, F~) and the associated Re(E)/Re values. 

Second, for each flow condition, measurements were made of turbulence 

parameters Ti, Lx, Km, Ta, Re(Km), Re(p) and Re(A). The data are 

tabulated in table 3 (continued). Various relations between Re(E), 

Re(E)/Re and each turbulence parameter can be investigated. This 

was done initially by plotting the data on linear, log-linear, and 

log-log charts. Only the log-log plots are shown, figures 45 and 

46, because the curves are more nearly linear on those graphs . 

6.3.1 Re(E) AS A FUNCTION OF Ti, Lx, Km , Ta, and Re( Km) 

As a first analysis, 28 relations were obtained by a least 

squares solution to 

Ln(Yi) =A+ C Ln(Xi), or Vi = BX·c 1 
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The 28 relations a e 

For 4.5 " cylinder: 

Re (E) = f(Ti); f(Lx); f (Km); f(Ta); f[Re(Km)]; f[Re(o)]; f[Re(A)] 

Re (E )/Re = f(same seven turbulence parameters) 

For 2.75 " cyli nder: 

Re(E) = f(same seven turbulence parameters) 

Re(E)/Re = f(same seven turbulence parameters) 

All 28 relations are listed in tab le 6. Two indicators of 

"goodness of fit" are included: one is the correlation coefficient, 

r, between Ln(X.) and Ln(Y.) and the other is the sum, E, of the 
1 1 

least squares. The seven 11 bes t" relations are listed here (r > .95) 

and are the ones with monotonic data: 

For 4. 5" cyl inder: Re(E) = f(Lx); f[Re(Km)]; f(Ta); f(Ti); 

f(Km) 

For 2. 75" cylinder: Re(E ) = f(Ti ); f(Ta) 

A more general func tiona l re lation would be of the form 

Y = D + Exf, of which t he above eq uati ons are a special case with 

D = 0. The more gene ral form is non-linear and therefore more com-

plicated to sol ve. A Newton-Raphson iteration was applied to solve 

for D, E and F that provided a least squares fit to the X, Y data. 

See table 7 for detail s. This requires a first estimate of D, E and 

F to start the iteration. An estimate can be provided by a Slope-

Intercept numerical solution for three data points, as explained in 

table 7. A first esti ma te is also given by the above solutions, 

letting D = 0. 
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Followin9 is a list of the seven best relations as obtained by 

the above solutions toY.= BX.c; and by the Newton-Raphson itera-
1 1 

tion, where 0 = 0, E = B and F = C were first estimates. The cor-

relation coefficient is for Yi vs (D + EX;f) and Yi vs BXic· The 
sum, r, of least squares is for scaled values of Re(E) (to avoid 

"ill-conditioned matrices" in the Newton-Raphson solution) and the 

actual values of the turbulence parameters -- consequently, the nu-

merical values of rand r will be different from those in table 6 

where LnX. and LnY. were utilized with some normalization. However, 
1 1 

r and r are significant for comparing their related functions, 

either in table 6 or in the following "log-log" form of Newton-

Raphson, "N-R" form: 

For 4.5" cylinder: 

Re(E) X 10- 5 = 250.0 (Ti)L 21t 7 (by log-log) 

Re(E) X 10- 5 = 2.835 = 615.9 (Ti)l,877 (by N-R) 

Re(E) X 10- 5 = 1304. (Lx)2,767 

Re(E) X 10- 5 = -.9982 + 1449. (Lx)2,787 

Re(E) X 10- 5 = 33.10(Km) . 7 79 0 

Re(E) X 10- 5 = 4.786 + 2 4 . 2 7 ( Km) 1. 6 6 5 

Re(E) X 10- 5 = 273.4 (Ta)1o361 

Re(E) X 1 - 5 = 1.364 + 506.4 (Ta) 1·759 

Re(E) X 10- 5 = 176.3 [Re(Km)r . 8 56 0 

Re(E) X 10- 5 = 2.782 + 349 .4 [Re(Km)]-1,26 0 

For 2.75" cylinder: 

Re(E) X 10- 5 355.6 [ Ti J 1. It It 2 

Re(E) x 10- 5 = 2.763 + 756.3 [ Ti J 1. 9 8 2 

r r 

.9787 79.9 

.9916 31.8 

.9877 49.1 

.9880 37.2 

.9682 100 . 

.9898 31.4 

.9778 84.2 

.9873 39.1 

.9862 52.9 

.9950 15.7 

.9842 49.2 

.9918 25.3 
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Re(E) x lo-s = 431 .0 [ Ta ] 1 ·s42 

Re(E) x lo-s= 2. 335 + 915.0 [ Ta ] 2·0 s7 

.9835 54.7 

.9916 26.9 

It is seen that the Newton-Raphson analysis improves the corre-

lat i on coefficients only by about 1%. The simpler Re(E) = B(Turbu- · 

lence Parameter)c relat i on is a good approximation. The exponent 

was found to be very sensitive in the Newton-Raphson calculations. 

The Taylor parameter, Ta = Ti(D/Lx)· 2, was monotonic with Re(E) 

for both cylinders. This recommends it as a good turbulence param-

eter to relate to vortex shedding changes . Ti also was monotonic 

with Re(E) for both cylinders. 

Re(Km) = (1/Ti )(D/Lx) is a very similar parameter to Ta. Both 

are functions of u, U, D, and Lx , which are important parameters in 

describing turbulence effects on vortex shedding. 

6.3.2 PREDICT IVE RELATI ON BETWE EN TURBULENCE FACTORS AND INDUCED 
CHANGES IN VORTEX SHEDDING 

The precedi ng discus sion shows t ha t Re(E) can be satisfactorily 

used to describe the turbulence induced changes and that Ti and D/L~ 

are indicators of turbulence effects. The use of Re(E) implies that 

Re is another relevant factor because it describes the original 

state from which t urbulence changes start. In the next section it is 

shown that the ratio Re(E )/Re is not a good factor to describe in-

duced changes. With this information, dimensional analysis consid-

erations immediately suggest the followi ng type of relation as feas-

ible fo r predicting turbulence in duced chanqes in vortex shedding: 

Re(E) = Re + [C 1 x (u/U)C 2 x (D/ Lx)C3] 
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Usin9 the results of the precedin9 section and a little experi-

mentation, the following values of C1 , C2 , and C3 were found to give 

an approximate relation for all ten cases B - F, and B~ - F~. 

Re(E) = Re + [3836 x 10" x (u/U) 1 • 5 x (D/Lx) "25 ] 

Formula (6.2) is checked for the ten cases as follows. 

(6.2) 

For 4.5" cylinder: 

B: 21 X 10" ~ [3.4 X 10"] + [3836 X 10" X (.021) 1 ' 5 X (3.788)" 25 ] 

= 19.7 X 10"; Ratio= 21.0/19.7 = 1.066 

C: 36 X 10" ~ [3.3 X 10"] + [3836 X 1 0" X ( . 036) 1 ' 5 X (3.205)' 25 ] 

= 38.4 X 1 O"; .938 

D: 100 X 10" ~ [1.6 X 10"] + [3836 X 10" X (. 067) 1 ' 5 X (2.232)· 25 ] 

= 82.9 X 10 4 ; 1. 206 

E: 200 X 10" ~ [3.7 X 10"] + [3836 X 10" X ( . 160) 1 ' 5 X (1.582)' 25 ] 

= 279 X 10"; .717 

F: 500 X 10" ~ [4.6 X 10"] + [3836 X 10" X (. 244) 1 • 5 X ( 1 . 271 ) . 2 5 J 
= 495 X 10 4 ; 1.010 

For 2.75" cylinder: 

B ~: 22 X 10" ~ [l.7xl0 4]+ [3836 X 10" X (.032) 1 • 5 X (2.575 ) ·25 ] 

= 29.5 X 10 '< ; Ratio = 22.0/29.5 = .746 
c~: 38 X 10" ~ [2.0 X 10 4

] + [3836 X 10" X (.045) 1 • 5 X ( .6643) ' 25 ] 

= 35.1 X 10 4 ; 1 .086 

0~: 100 X 10 4 
~ [0.9 X 10"] + [3836 X 10" X ( . 066) 1. 5 X ( 2. 028 ) • 2 5 J 
= 78.5 X 10 4 ; 1. 247 

E~: 200 X 10 " ~ [2.5 X 10"] + [3836 X 10" X ( . 160) 1 ' 5 X ( . 96 70) . 2 5 J 
= 246 X 10 4 ; .813 

F~: 500 X 10 4 ~ [2.8 X 10 4] + [3836 X 10 4 X ( . 244) 1• 5 X ( .7769)· 25 ] 

= 437 X 10 4 ; 1.144 
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The predict ive relation of equation (6.2) fits all ten data 

points within ±28% and the mean of a 11 ten cases is . 9995. The ten 

data points of (u/U) 1 ' 5 vs (D/Lx)' 25 are plotted below. 

Equations (6.1) and (6.2) are among the major results of this 

investigation because they tie together induced changes in vortex 

shedding, Re(E) and St(induced) with Re, St(classical) and turbu-

lence factors u, U, D and Lx. 

6.3.3 NO OTHER MONOTONIC RELATIONS 

No further analys1s was at-

tempted on the other 21 relations 

because each had one or two data 

points that were not monotonic 

and five data points were insuf-

ficient to attempt a higher de-

gree polynomial analys is. One of 

the non-monotonic points was assoc-

iated with the low air speed at the 

induced super-criti cal regime for 

both cylinders. Because of this, 

all Re( E)/Re relations were not 

monotonic. The second non-monotonic 

condition resulted from the very 

hi gh Lx value behind plate .801 for 

the 2.75 11 cyl inder in the induced 

sub/super-critical discontinuity. 

' f• I t I ·1. I I' 

• 100 

i- I 
T 1 

~~ - _.____ E: =R 
.0025 . ' 

,5 1.0 

[D/Lx]• 25 

2.0 
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As a result, the Lx, Km and Re(Km) values were abnormally large. 

The values are shown in table 3 (continued) and referenced to case 

C". 

The unusually large Lx value is the third anomaly. 

It is possible that this large Lx value was due to a large DC 

drift in the hot wire turbulent recording of e. Mujumdar reported 

difficulties similar to this and resolved them by offsetting the 

zero line in the Rxx plots (e.g., figure 44). This is rejected for 

two reasons. First, a large DC output (10 to 13 volts) was found in 

the e output from the DISA hot wire and was 11 bucked out 11 by insert-

ing a variable DC power supply until the DC output was less than 

±.5 volts. This was necessary to keep from overloading the ampli-

fiers required for good data recording -- a large DC drift would 

have prevented the data recording. Second, the plates with Br near 

.80 actually caused more flow blockage than did the plates with 

higher or lower Br. This was first noted by the maximum power re-

quired by the wind tunnel fan to obtain 16 fps. At first, it was 

considered that the eddy sizes interacted with the fan blaces to 

make them inefficient, but this was discarded when non-dimensional 

measurements of static pressure drop across the plates (26P/pU 2
) 

showed a distinct maximum for plate .804. 

No satisfactory explanation is apparent, but several factors 

appear to be relevant to an explanation: (a) the boundary layer in-

side each hole of the plates may change from laminar to turbulent 

for U=l6 fps and Br~.80, increasing the momentum thickness of the 

boundary layer and having the effect of considerably reducing the 
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size of the holes; (b) for higher Br plates, the distance between 

adjacent holes is much larger, which could reduce the interaction 

between individual jets and allow air to come through more easily; 

(c) for the highest Br plates, jets could have speeds of the order 

of 500 fps which could introduce compression effects which would not 

appear for the Br ~ .80 plates with a maximum jet speed of near 

90 fps. It is suggested that this anomaly could be a new disserta-

tion subject. 

Plate .804 had l/4 11 diameter holes while plate .801 had 3/16 11 

diameter holes, which may explain why an abnormally large Lx was not 

observed for the corresponding condition for the 4.5 11 cylinder. 

6.4 COMPARISON WITH CLOSELY RELATED EXPERIMENTS 

6.4.1 SIMON 
Simon (1968a) prepared an 11 informal report 11 for the Martin 

Marietta Corporation which the author learned about only after this 

dissertation was being prepared for final printing. Simon and his 

associates had conducted investigations relative to wind-induced 

oscillations of Saturn Boosters in the vertical launch position. 

This included studies on the effect of surface roughness, turbulence 

and Mach number on the flow regime boundaries for two-dimensional 

flow around circular cylinders. Simon found that ... 11 The effects 

of surface roughness and turbulence are very lar9e and can therefore 

be used to obtain any desired flow regime, even at relatively low 

Reynolds number (Re = 10 5
).

11 

Simon•s investigations parallel and corroborate much of the work 

reported in this dissertation. My work goes considerably further 
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into the subject. The details of the approaches and results are 

quite different. See Simon, Howard, and Peterson (1967) and Simon 

(1968), as well as section A.5.4 of this dissertation for further 

information. 

6.4.2 SURRY 

Surry's (1969, 1972) experiments about the turbulence effects 

on the aerodynamics of a circular cylinder provided valuable guidance 

in the early part of this study. A scaled version of one of his 

grids was used as part of the instrumentation check out. Similar St 

and Ta values were obtained. 

6.4.3 KO AND GRAF 

It is interesting to note that the Ti for both of my induced 

super-critical regimes (maximum St) was between 6 and 7%. This is 

close to the 4% that Ko and Graf (1972) found for the minimum Cd 

values. The two should be related because St x Cd is approximately 

a constant for high Re values. However, it is believed that the 

numerical value of Ti associated with such changes should vary with 

cylinder size and the plate qeometry. 

6.4.4 MUJUMDAR 

The results of Mujumdar (1971) are not easy to explain. He 

found St values of .205 ± .005 for .5% < Ti < 15% and for 6 x 10 3 

< Re < 1.2 x 10 4 . Figure l and the results of my studies indicate 

that Mujumdar's St values should have varied from .210 to .192 due 

to Re changes alone. If his maximum Ti occurred with this maximum 

Re, an induced change of St to about .185 should be expected. On 
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tne other hand, my observations of St, with Ti = .3% and Re = 4 x 10 4 

were approximately .200 rather than .180 shown in figure 1. Several 

possible explanations can be considered: one, the St curve may be 

flatter in that range of Re values than is given in figure 1, in 

which case my results and Mujumdar•s would support each other; two, 

turbulence may have little effect for inducing changes in the St 

value because of the smallness of Mujumdar•s cylinder; and, three, 

the rather large blockage of my cylinders may have introduced errors 

in calculating U and St. A good explanation is not obvious. 

6.5 GENERAL EFFECTS OF TURBULENCE ON VORTEX SHEDDING 

A hypothesis about the general effects of turbulence on vortex 

shedding can be formulated from the results and discussion. In gen-

eral, increasing turbulence in the main stream has these effects on 

vortex shedding: (1) vortex shedding regimes occur at lower Re val-

ues; (2) single dominant f values in discontinuities begin to dis-

appear; (3) the induced super-critical regime is disrupted by pre-

venting reattachment of the separated laminar boundary layer; (4) 

the relative size of St values for each regime decreases; and (5) 

the vortex street i s destroyed closer to the cylinder. 



7. CONCLUSIONS 

7.1 GENERAL 

Turbulence effects on vortex sheddinq from a circular cylinder 

were investigated in a wind tunnel. Turbulence intensity, Ti, near 

the middle of the tunnel, was increased from .3% to 25% by using 

plates with many small holes and having plate blockage ratios from 

.50 to .97. The Reynolds number, Re, of all flows was kept near 

4 x 10 4 , using mean air speed, cylinder diameter and kinematic vis-

cosity. Investigations of vortex sheddino with turbulence as high 

as 25% and behind plates with plate blockage ratios as large as .97 

have not been published before to the best of the author 1 s knowledoe. 

Most of the literature on vortex shedding are reports of inves-

tigations in air flows past smooth cy1inders where special efforts 

have been made to keep Ti values very low, usually< .5%. Under 

such near zero freestream turbulence conditions, vortex shedding can 

be classified, by the ranqe of Revalues, into four 11 Classical 11 vor-

tex regimes with a discontinuity condition between each two succes-

sive regimes. Strouhal number, St, values as well as characteristic 

angles of boundary layer separation and point of transition to tur-

bulence also characterize each regime. The classical, low turbulence 

vortex shedding regimes are summarized here with Re and St values: 

. 10 < St < . 18 

. 18 < St < . 21 

.40 < St < .46 

55 
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Discontinuity: 1.5 X 10 6 < Re < 2.5 X 10 6 

Turbulent Regime: 2.5 x 10 6 < Re < 1. x 10 7+; .24 < St < .29 

7.2 PREVIOUS CONCEPTS VERIFIED 

Four concepts were verified that are already in the literature. 

As the Ti of the free stream past a cylinder is increased: (a) the 

vortex shedding regimes occur at lower Re values; (b) discontinui-

ties lose any single dominant St values they may have had; (c) indi-

vidual vortices of the downstream Karman vortex street are destroyed 

closer to the cylinder; and (d) the diameter of the cylinder influ-

ences the turbulence effects on vortex shedding. 

7.3 NEW CONCEPTS DEVELOPED 

Several things have been observed or inferred that have not 

been published previously to the best of the author 1 s knowledge. 

7.3.1 INCREASED TURBULENCE PRODUCES EFFECTS ON VORTEX SHEDDING THAT 
ARE ANALOGOUS TO THOSE RESULTING FROM INCREASED AIR SPEED 

Starting with Re ~ 4 x 10 4 and Ti < .5%, vortex shedding is op-

erating in the classical sub-critical regime. If the air speed (or 

Re) is steadily increased and the Ti kept very low, the vortex shed-

ding process will successively go through a discontinuity, operate 

in the super-critical reqime, go through a second discontinuity, and 

finally operate in the turbulent reqime as Re ~ 10 7 • 

Starting at the same initial condition but keeping Re nearly 

constant and steadily increasing the Ti from .3% to 25%, an analogous 

sequence of changes in the vortex shedding processes was observed. 

In other words, by keeping Re ~ 4 x 10 4 and increasing the Ti, the 
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vortex sheddinq eventually operated as if Re + 10 7 but with minimum 

Ti. The turbulence induced changes in vortex shedding are expressed 

by the equiva lent Re, Re(E), which are numerically the same as the 

Re estimated to have analogous vortex shedding characteristics in 

classical, minimum turbulence flow. Using these Re(E) values and 

the actual Re of the turbulent flow, ratios of Re(E)/Re as high as 

180 were observed. Or, by increasing the Ti with an approximately 

constant Re, vortex shedding changes were induced that are analogous 

to those occuring with near zero turbulence intensity but with air 

speeds as much as 180 times faster. 

The turbulence induced changes in vortex shedding, as expressed 

by Re(E), can be approximately predicted for both cylinders of this 

study by this non-dimensional relation: 

Re(E) ~ Re + [3836 X 10 4 X (u/U) 1
' 5 x (D/Lx)' 25 ] (7.1) 

where (u/U) is the turbulence intensity, Ti, D is the cylinder diam-

eter and Lx is the integral scale of turbulence. 

7.3. 2 VORTEX SHEDDING FRE0UENCY IS RELATIVELY DECREASED BY IN-
CREASED TURBULEN CE iNTENSITY 

In the turb ulence induced super-critical and turbulent vortex 

shedding regi mes, for both cylinders, the vortex shedding frequen-

cies, expressed by St, were sma ll er rel ative to the St value in the 

classical case for the .same Re. The induced St values, for this 

study, can be approximately predicted by this non-dimensional re-

lation: 
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where Re(E) can be obtained from equation (7.1) and St (classical) is 

the St value associated with Re(E) in classical low turbulence flow. 

7.3.3 SUPER-CRITICAL REGIME SENSITIVE TO TURBULENCE AND AIR SPEED 

The induced super-critical vortex shedding regime is very sen-

sitive to increased Ti. Apparently, the separated laminar boundary 

layer can be easily disrupted by free-stream turbulence so that it 

does not reattach after undergoing transition to turbulent flow. 

This suggests that this regime could be disrupted by sufficient 

free-stream Ti and air speed and would provide a very extensive dis-

continuity condition between the sub-critical and the induced turbu-

lent vortex shedding regime. 

7.3.4 LIMIT TO TURBULENCE INDUCED CHANGES 

Although this seems intuitively obvious, some quantitative 

measurements were made which indicate that too much turbulence in-

tensity should result in the destruction of individual vortices be-

fore they can be shed. 

7.4 A HYPOTHESIZED MODEL OF TURBULENCE EFFECTS ON VORTEX SHEDDING 
FROM A CIRCULAR CYLINDER 

Vortex shedding is a result of the basic instability that ex-

ists between two shear layers in the separated flow immediately down-

stream from the cylinder. Vor tex shedding is a continuous process 

from the lowest Re value (~40) at which inertial forces overcome vis-

cous forces up to the Re and Ti values at which turbulent effects 

destroy an individual vortex before it can be shed. The latter 



59 

? 
should occur at Re ~ 10 for Ti < .5% but at lower Re values for 

higher Ti. 

Four vortex shedding regimes can exist over this range of Re. 

Each has a stable combination of boundary layer separation angle and 

laminar to turbulent transition in the boundary layer and/or the 

vortices. The separation angle greatly influences the frequency of 

vortex shedding, so typical St values occur for each regime. 

Discontinuity conditions exist between each two successive 

regimes. In these conditions, individual vortices will shed at one 

or the other reg ime so that a mean St value can vary between the 

values for the two regimes. Turbulence effects, either from turbu-

lent vortices and/or the main stream will broaden the spectra of the 

vortex shedding frequency. Then, as turb ulence effects increase, 

the spectra will become random and no longer define a dominant shed-

ding frequency. 

As turbulence is increased in the main stream, it affects the 

vortex shedding regimes in several ways: (1) the regimes occur at 

lower Re values; (2) the induced St becomes smaller relative to the 

St value in the classical case for the same Re; (3) the separated 

boundary l ayer i n t e induced super-critical regime is disrupted so 

that this regime should cease to exist with a sufficiently large Ti; 

(4) tMe vort ex st reet is destroyed closer to the cylinder, and a .. 
sufficiently large Ti should end the vortex shedding process by de-

straying each individual vortex before it is shed. 
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7.5 SUGGESTED FUTURE RESEARCH 

7.5.1 In view of the fact that the upper limit of Revalues for 

vortex streets has not been established, is it possible that vortex 

streets could exist at Re values of 109 or 10 10 as suggested by at-

mospheric observations of vortices in the lee of isolated islands? 

7.5.2 Does the equation of the form 

Re(E) = Re + [C 1 x (u/U)c 2 x (D/Lx)c 3 ] 

fit a wide ranqe of vortex shedding conditions? If so, could the 

terms C1 , C2 , and C3 be formulated as functions of the cylinder and 

the turbulence producinq factors? 

7.5.3 Why did the maximum flow blockage occur in flow through a 
. . 

plate with blockage ratio near .80 rathe~ than at .97? 

7.5.4 Using a larger tunnel, with less cylinder blockage and smal-

ler end effects on the cylinder, verify that Strouhal numbers de-

crease (relative to the St value in the classical case for the same 

Re) with increasi ng Ti . If so, does the equation of the form 

St(induced) = St(classical) x K1 x (Lx/D)K2 x [Re/Re(E)]K 3 

fit a wide range of vortex shedding conditions? If so, could the 

terms K1 , K2 and K3 be formulated as functions of the cylinder and 

the turbulence producing factors? 

7.5.5 Would it be possible to protect chimneys and buildings from 

excessive vibrations (caused by vortex sheddinq) through generation 

of hi gher Ti in t he air flow past them -- by providing suitable sur-

face roughness upstream, such as smaller buildings or terrain? 
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APPENDIX A. THEORETICAL BACKGROUND 

A.l VORTEX SHEDDING FROM A CIRCULAR CYLINDER 

Figure 11 .5 of Schlichting (1960) shows several stages in the de-

velopment of a Karman vortex street in flow past a cylinder. This fig-

ure has photographs of flow past a cylinder as it is accelerated 

through a standing liquid. It is useful to consider several of the 

photographs as similar to that of air flow past a cylinder at different 

values of the Reynolds number, Re . 

(1 ) Stokes flow: When Re is very 

low, unity or less, the flow has stream- uoo 

lines very much like potential flow. A 

boundary layer on the cylinder starts at 

the forward stagnation point and continues to the rear stagnation 

point. As Re increases to about 4, the streamlines behind the cylinder 

begin to separate near the rear stagna-

tion point, indicating boundary layer 

separation before the rear stagnation 

point is reached at the two "S" points. 

(2) Foeppel flow: As Re ~ 10 to 15 

the separati on point of the boundary layer 

has moved further back and two, symmetri- Uoo 

cal "Foeppel" vortices form just behind 

the "shoulders " of the cylinder. This fixed vortex pair is separated 

from the main flow of the fluid by the vortex layers (dashed lines) 

which are cont i nuations of the laminar boundary layers after their 

separation. Their vorticity comes from the shear between the main flow 
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and tne stagnated flow behind the cylinder. As Re increases towards 

40, the two Foeppel vortices remain in place but increase in size and 

vorticity strength. 

(3) Stable vortex flow (40 < Re < 150): When Re is approximate-

ly 40, the Foeppel vortices start breaking ~ ~ 

away alternately with new ones replacing ~rs) ~ f '-J \:) 1 
them. A Karman vortex street is estab- Uoo 

s 
lished. The vortices move downstream at 
a speed less than u . The reasons for the vortices breaking away are 

00 

discussed in Section A.3.l. 

This is an entirely laminar, viscous process. Roshko calls this 

the 11 regular 11 vortex shedding regime. The instability of the two sym-

metrical Foeppel vortices immediately behind the cylinder is trans-

formed into a different kind of laminar flow. The individual vortices 

shed alternately, keep their laminar individuality, and can exist as 

far as 100 diameters downstream. The vortex geometry is originally 

very close to Karman•s idealized value of h/~ = .28, but is not con-

stant because the lateral spacing, h, increases downstream (~ is longi-

tudinal spacing). Vortices must have cores of finite radius; they 

grow downstream, so they diffuse into each other and decrease their 

circulation. The relation between St and Re is rather accurately 

stated by Roshko•s (1954) empirical formula: 

St = .212 - 4.49/Re (A-1) 

This indicates that St increases rapidly, from .100 for Re = 40, to 

.182 for Re = 150. This relation is generally used for vortex shedding 

anemometers. 
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The next stages are based on Roshko's work (1954, 1961) and it is 

assumed that the undisturbed upstream flow has near zero turbulent in-

tensity. 

(4) Laminar transition (150 < Re < 300): At Re ~ 150, some of 

the vortices become turbulent after t hey break away from the cylinder. 

The undisturbed flow is stil l l aminar. By the time Re reaches 300, 

most or all of the vortices become turbulent soon after shedding. 

Equations (A-1) and (A-2) both apply with approximate accuracy in this 

region. In th i s range there are irregular bursts of velocity in the 

wake, the bursts becomi ng stronger as Re increases. The shedding fre-

quency is more di f fi cult t o determine. 

(5) Irregular vortex flow (300 < Re < 3 x lOs): The vortices be-

come increasingly turbulent and lose t heir identity more rapidly down-

stream as Re i ncreases . By the time Re approaches the transition value 

near 3 x lOs, turbulent conditions in the wake have moved upstream and 

transition has started in t he cylinder boundary layer. The following 

formula is fairly accurate for the l ower Renumbers but is not appli-

cable for the higher values: 

St = .212 - 2.69/Re (A-2) 

Roshko (1954) used data only up to Re of 10~ but stated that vortex 

shedding continues up to at least lOs. (As shown later, this vortex 

shedding regime has been reported for val ues as high as 5.5 x 10s 

but is very sensi ti ve to transition, free stream turbulence, or cylin-

der smoothness, and has a three-dimensional structure.) 

(6) Critical transition range (3 x lOs< Re < 5 x lOs): In this 

range the bo undary l ayer of the cylinder has a transition to a 
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turbulent boundary layer and the boundary layer separation points move 

considerably forward (downwind) on the cylinder. Vortex shedding has 

usually not been observed. 

(7) Super-critical range (5 x lO s < Re < 1 x 10 6 ): There is some 

question as to whether or not vortex shedding occurs in this range. 

Roshko investigated this by applying a 11 Universal 11 St based on a free-

streamline model; he obtained accurate results for the trans-critical 

range discussed later. The following is quoted from his 1961 paper: 
11Attempts to make similar calculations in the supercritical 
regime are unsuccessful . .. calculated values of St vary 
from 0.15 to 0.7. We must conclude that either the experi-
mental data in this region is inaccurate ... or the free-
streamline model is inapplicable here. 11 

(8) Upper transition range (1 x 10 6 < Re < 3.5 x 10 6 ): Roshko 

observed no vortex shedding in this region, although Delaney and Sor-

enson reported shedding at 1 to 2 x 10 6
; the associated St values were 

from .42 to .46. 

(9) Trans-criti cal range (3.5 x 10 6 < Re < 10 7+): Roshko ob-

served vortex shedding here with St of .27. This is consistent with 

drag coefficient measurements made (by Dryden and Hill) with pressure 

observations 80 feet up on a 120 foot smoke stack. No observations for 

Re above 10 7 are known, so the upper limit of this regime is uncertain. 

So far, this has followed Schlichting 1 S or Roshko 1s reports. 

Achenbach 1 s more recent analysis is slightly different for Re > 3 x lOs. 

Achenbach (1968) used very precise measu rements of skin friction 

on a circular cyli nder to define t hree regions of Re regimes for flow, 

giving some overlap with the above terminology. Furthermore, Achenbach 

ties in angl es of bo unda ry layer separation and pressure distributions 

with the skin friction data. His observations were in the Re range 
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6 x 10 4 to 5 x 10 6 • Separation was defined to take place where the 

directly observed skin friction became zero. He used a cylinder 611 in 

diameter and operated in two tunnels; one at atmospheric pressure and 

the other pressurized to 40 bars. Ti was .7%, cylinder blockage 

16.7%, L/D = 3.3. His three regimes are defined as: 

(1) Sub-critical vortex flow (Re < 3.0 x 10 5 ): The cylinder 

boundary layer separates laminarly at 

angles from 72° to 94°. This includes 

the 11 Stable vortex flow, 11 11 laminar vor-

tex transition, 11 and 11 irregular vortex 

flow 11 following Roshko's analysis. 

(2) Critical flow ( 3 x 10 5 < Re < 1.5 x 10 6 ): This includes 

Roshko's 11 critical transition 11 and .. super-

critical .. range. A separation bubble 

occurs as a region between laminar sep-

aration (near 105°), a transition to 

turbulent flow, a turbulent reattachment and a turbulent separation 

takes place near 140°. Vortex streets have generally not been ob-

served in this flow. 

(3) Super-critical flow (Re > 1.5 x 10 6
): This includes Roshko's 

11 Upper transition .. and .. trans-critical .. range. Organized vortex shed-

ding is again observed. The separation 

bubble disappears. The boundary layer 

is now turbulent before separation and 

the transition point shifts toward the 

stagnation point as Re increases. The separation point is 85° to 115°. 
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Acnenbach compared his results with earlier work by Wiesels-

berger, Fage and collaborators, Giedt, and Roshko. Compatible results 

were obtained with var iati ons believed explainable by differences of 

free stream turbulence and cylinder smoothness. Achenbach•s data on 

the separation angl es is reproduced here. My terminology i s in paren-

thesis at the top, above his. 

f: 150 ----
i-

i-

f-

f-
I I 

(Sub~c ) (Super~c) (Turbulent) 
Subcricical _._ critical 

I 
I 
I 
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' o o 
I 

00 

lo 
I 

: 
:~ -.-
6 .. .. 

.. 6. 
I 6 I J 

-1- supercritical 
I 
I 
I 

0 -; 

J 66 

1< .... 
6 

: 

140 

130 

1.20 

110 

100 

90 

80 

70 10" 2 S lOS 2 S 10' 2 5 107 

Separation point 

Position of separation angle of boundary layer on a circular 
cylinder, as a function of Reynolds number. These apply to 
air flow in wind tunnels with near zero turbul ence intensity. 
(From Achenbach , 1968) 

Bearman (1969) obta i ned more detailed measurements of shedding 

f requencies throughout t he cri tical Re ranges . They supplement other 

measurement s by Rolf and Simmons i n 1924, Delany and Sorenson in 1953, 

Ri bner and Et kin i n 1958 and Ros hko i n 1961 . All of thei r data are 

plotted in the fo l lowing fig ure from Bearman. Bearman•s tunnel was 

9• x 7• in cross section with a cylinder of 711 diameter and a free 

stream turbulence int ensity of .7%. This is believed to be the 

latest informati on on the subject. My terminology is inserted at the 

t op in parentheses : 
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~· ,. ,, ' 
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Strouhal number versus Reynolds number, for circular cylinders. 
These apply to air flow in wind tunnels with near zero turbu-
lence intensity. (From Bearman, 1969) 

Bearman states a viewpoint about vortex shedding which justifies 

the underlining I have given it : 
11 The super-critical regime is characterized by a less regular 
vortex shedding behavior and it was at one time thought that 
this flow regime extended to extremely high Reynolds numbers. 
It was only with the experiments of Roshko (1961) that it was 
realized that a further narrow-band vortex shedding regime, 
the trans-critical, existed. Roshko suggested that in the 
trans-critical regime there was no laminar separation bubble 
and that separation was purely turbulent. It came as a sur-
prise that regular vortex shedding should recommence, but, 
since vortex shedding is a result of the basic instability 
that exists between two shear layers and is inherent in most 
separated flows behind two-dimensional bodies, it is perhaps 
more surprising that regular shedding should ever cease." 

Bearman measured shedding frequency by a hot wire set 1.50 down-

stream and .50 laterally from the cylinder center. He obtained sharp 
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peaK.s i'n power spectra analyses of the recorded voltage. However, he 

found that the vortex shedding (near the critical Re, about 3 x 10 5
) 

could be spread across a wide frequency band by placing any small pro-

tuberance (e.g., a dust particle) on the surface of his smooth, pol-

ished cylinder . 

The above information has been summarized in figures 1 and 2. 

Four vortex shedding regimes are defined in figure 2 for use in 

this study. 

A.2 BOUNDARY LAYER CONSIDE RAT IONS* 

A.2.1 LAMINAR BOUNDARY LAYERS 

The Navier-Stokes equations and the continuity equation define 

flow in laminar boundary layers. 

(A-3) 

Prandt l in 1904 derived the two-dimensional, incompressible, lam-

inar bo ndary layer equation for flow along a flat plate. He simpli-

fied the Navier-Stokes equations by discarding terms which were much 

smaller than the others . The resulting 11 Prandtl Boundary Layer 11 equa-

tions are 
I "d'? 

... "'V" + v ~v + v ov- "dv - +v-ot o l( o~ - -~d)(. 'd ~"to 
(A-4) 

"Cnr 'dV .J.. -=- 0 ax 0~ 

*Major references are Kuethe & Schetzer (1961), Rotta (1962), Sandborn 
(1970), and Schlichting (1960). 
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wi'th boundary condit i ons: at y = 0; U = V = 0 

as y + oo; U = U(x,t) 

where U(x,t) i·s the potential flow outside the boundary layer. 

Several major assumptions were required to obtain this simplified 

form, namely: 

(1) The boundary layer depth or thickness, o, (in they direc-

tion) is much less than the length of the plate; 

(2) The pressure distribution in the boundary layer is the same 

as in the potential flow at the top of the boundary layer. 
(3) 

(4) 

The Reynolds number of the flow is large. 

\ ~'\r \ > > \ ~ I 
o"l\. ~)C.""\ 

Tollmein in 1931 showed that these boundary layer equations could 

be applied to a curved wall also if there are no large variations in 

the curvature and if the radius of curvature is much larger than the 

depth of the boundary layer. These conditions should be satisfied in 

the cases of the 4.5" and 2.75" diameter cylinders with undisturbed 

(open tunnel) air flows of near 18 fps used in this study. 

To solve Prandtl 's boundary layer equations, (A-4), the pressure 

gradient must be specified. Because of the assumptions used in deriv-

ing t hese equations, the pressure gradient in the potential flow out-

side t he boundary can be used. Several methods of specifying this 

outer f l ow have been used which lead to a solution (Falkner and Skan, 

Howarth, Tani, etc.). A general method of solving equation (A-4) in 

terms of series was given by Goertler. The simplest solution is that 

by Blas i us for a zero pressure gradient. 
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Another approach is to consider the boundary layer enclosed in a 

momentum box and to integrate the boundary layer equation terms in 

the boundary layer . This leads to gross quantities as skin fric-

ti on , displacement thickness and momentum thickness. This work was 

done origi nally by von Karman and results in the 11 Karman Integral Mo-

mentum Equation: 11 

(A-5) 

y = 0 

This equation is valid for both laminar and turbulent flows, on 

condition that in the latter case U and V denote the time averages of 

the respective velocity components. 

Laminar boundary layers can become turbu lent ( 11 transition 11
) and 

they can separate from the boundary or they can do both. Transition 

from lami nar to turbulent fl ow will be considered next. 

A.2.2 TRANSIT ION 

Reynolds, late in the 19th century, was the first to regular-

ly observe transition of laminar flow into turbulent flow. He devel-

oped the concept of critical flow condi tions, now called the 11 Critical 

Reynolds number, 11 Re (c), at which transit i on occurs. He recognized 

that increased disturbances in flows lowered the critical value. He 

hypothesized that transi tion was due to a type of instability in the 

flow. 

Subsequent studies showed that changes took place in boundary 

layer phenomenon when transition occurred: the point of boundary layer 

separation moved downstream; the boundary layer became thicker; the 

·I 
I 
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velocity profile changed; the shape factor decreased. It was also ob-

served that the pressure gradient and surface roughness influenced 

transition. It was noted that in laminar flow the longitudinal pres-

sure gradient, aP;ax, is proportional to U, but in turbulent flow is 

proportional to U2 • 

When turbulence appears in a boundary l ayer, the momentum from 

outer, potential f l ow is transported more effectively downward through 

the boundary layer to the layers of fluid next to the surface. This 

explains why a turbulent boundary layer can proceed further downstream 

on a body before it separates. 

During the first four decades of th is century, a complex theo-

ry of flow instability was developed, mainly by German investigators, 

known as the 11 Small disturbance stability theory. 11 It was derived by 

introducing random variations into the mean f l ow of the Navier-Stokes 

equation and then imposing a small sinusoidal disturbance into the 

flow. This resul ts in the Orr-Sommerfeld equation (without viscosity) 

which asserted that boundary layer velocity profiles which possess a 

point of inflect ion are unstable and lead to transition. A point of 

inflection is directly related to an unfavorable pressure gradient and 

agrees with observed effects . Rayleigh•s result was later proven by 

Tollmein for conditions that gave full account of viscosity effects. 

In 1940, Schubauer and Skramstad (1 948) used a new wind tunnel at 

the National Bureau of Standards that was especially designed for in-

vestigating the theory of flow instability over a flat plate. With 

a contraction ratio of 7.1:1 and six damping screens, they obtained 

tunnel flow with only .03% turbulence intensity. Small disturbances 
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were made and controlled by a bar activated by an alternating current. 

Their resulting experiments brilliantly verified Tollmein's and 

Schlichting's theory. 

The reason that the NBS experiment succeeded when previous ones 

had not is because of the extremely low turbulence intensity in the NBS 

tunnel flow. Higher turbulence intensity of earlier tunnels had caused 

transition before selective amplification of small disturbances could 

be seen. 

The Orr-Sommerfeld equation is based on two-dimensional flow. It 

would seem obvious that three-dimensional disturbances should be more 

effecti ve in creating transition and make the above results unrealis-

tic. However, Squire has shown theoretically that the Orr-Sommerfeld 

expression of instability is more susceptible to two-dimensional dis-

turbances than to three-dimensional ones. 

Schubauer and Skramstad could obtain a variety of pressure gradi-

ents (dP/dx) by placing objects in the tunnel or by altering the tunnel 

ceiling. They verified the earlier results of Rayleigh. In the 

strongest favorable gradi ent (accelerating, or dP/dx < 0, or dU/dx > 0) 

damping of the os cillations always occurred, and vice versa. 

Pretsch appl i ed the results of Tollmein and Schlichting to bound-

ary layer on bodies of revolution and found that the stability solu-

tions were the same. Goertler generalized the stability criterion for 

profiles with a point of inflection to include the influence of wall 

curvature. He found that, for convex walls, the influence of wall cur-

vature is very small if the boundary layer thickness is much smaller 

than t he radi us. (For concave walls, a different kind of instability 

exi sts. ) 



79 

By laminar boundary layer theory, the pressure gradient in the 

outside (potential} flow governs the pressure gradient inside the 

boundary layer. Consequently, the point of lowest pressure on a cyl i n-

der corresponds to the highest velocity in the free stream. This also 

defines the point where dP/dx becomes zero as it changes from a favor-

able to an unfavorable gradient. So, the point of beginning instabil-

ity corresponds to a point of minimum pressure and the point of transi-

tion follows shortly downstream. 

As the Re is increased, the points of instability and transition 

move downstream. At very high Re [> Re(c)] the points of instability 

and transition may precede the point of minimum pressure. 

A.2.3 TURBULENT BOUNDARY LAYERS 

Turbulent, viscous flow is described by the Reynolds equations of 

motion and the equation of continuity. For steady, incompressible con-

ditions, they are : 

(A-6) 

New unknown factors in the form of Reynolds stresses have been 

added but no additional equations are available. Hence no unique 

mathematical solution is even theoretically possible. Practical ap-

proximations to solutions require assumed additional relations as well 

as simplifications. 

It is doubtful that Prandtl 1 S earlier approach in simplifying 

equations can be used because there is no physical reasoning to 
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determine tne relative magnitude of the turbulent terms. Instead, an 

empirical approach must be used. 

Sandborn and Slogar (1955) experimentally evaluated the relative 

importance of t he terms in Reynolds equations for two-dimensional, in-

compressible flow over a flat plate. They obtained these equations for 

a turbulent boundary layer: 

x direction: 

y direction: 

continuity: 

"l. 

\.f ~U' -+ V oV-=. _ j_ 'd'? _ ~ (Uii-J + ZJ "d V 
ox o~ e ox o'1 \ -a '-j._ 

0:: 

ov -ov = 0 +-
0)( 0~ 

(A-7) 

Sandborn and Slogar further found that, in adverse pressure gradi-

ent flow, the Y direction equation is independent of the X direction 

equation. 
The boundary conditions for the turbulent boundary layer equations 

are not as straightforward as for the laminar case. The following com-

ments can be made: 

(1) The mean velocities, U = V = 0, at y = 0 are the same. 

(2) A question can be raised as to whether or not the turbulent 

velocities are zero at the wall, although some texts specify this. 

(3) Because the v component in the layer need not be zero or even 

excessively small, it results that aP;ay is not required to be zero. 

Consequently, the pressure distribution at the base of the layer may 

not be the same as the outside flow. 

(4) The outer edge of the layer is intermittent so that the depth 

must be specified by some probability considerations. 
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(5) The mean value of the total shearing stress, through the 

1 ayer, is given by: 't ~)( = }A ~ - <2 u. v-

(6) The concept that ~ >) ~ 
0~ ox 

turbulent boundary layers. 

The evaluation of the term .;./U:\f) 
evaluating the turbulent boundary layer. 

A.2.4 MODEL OF A TURBULENT BOUNDARY LAYER 

applies to both laminar and 

is the dominant problem in 

Measurements by many investigators have shown that the turbulent 

boundary layer can be approximately classified into three regions: 

(a) an 11 inner region 11 in which the viscous shear stress is dominant; 

(b) an 11 0uter region 11 where the turbulent shear stresses are much 

greater than the viscous; and (c) the 11 intermediate region 11 where the 

viscous and turbulent shears are of comparable magnitude. 

In the inner region, the mean velocity distribution, U, is deter-

mined by T 0 , p, v, andy . Dimensional considerations lead to the fol-

lowing expression which is known as Prandtl 1 S 11 law of the wall. 11 

where u~ = friction velocity = ~ (A-8) 

This is valid up to about {yu*/v) < 5. The term yu~/v is a dimension-

less wall distance and is also a special form of the Reynolds number. 

It is used as the abscissa in showing the similarity form of the turbu-

lent velocity profile near the surface. 

In the outer region, which comprises the great majority of the 

turbulent boundary layer depth, is a region independent of viscosity 

but dependent on the friction velocity. This dependence, first 



82 

recognized by von Karman, is known as the 11 Velocity defect 11 law and 

can be express,ed: 

This is valid for approximately 11 u..* ) 10 
1) 

(A-9) 

rn the overlap region, both equations (A-8) and (A-9) must be 

closely satisfied. Several experimenters (Clauser, Ludweig, Tillman; 

Hama, Klebanoff and Diehl, Freeman, and Schultz-Grunow) have investi-

gated this. This transition velocity profile is of the form: 

(A-10) 

Experimental results give values of C1 of 5.6 and 5.75, and values of 

C2 of 4.9, 5.2 and 5. 5. As implied above this is valid for 

S < l ~v\4.1 < 1 0 

The inner and transition region are shown as function of the non-

dimensional parameters ( 11~"') and ( ~ ~ in figure 47 from Kuethe and 

Schetzer. 

It is apparent from figure 47 that the turbulent boundary layer 

cannot be expressed as a function of a single parameter (as is possible 

for the laminar boundary layer) but must be treated piecemeal with the 

parameters (yu*/v) and (y/o). In general, the turbulent velocity pro-

file has a much sharper curvature at a small distance from the wall as 

is shown in the following diagram: 
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The depth of the turbulent 1. 

boundary layer, although it 

increases with downstream 

distance, fluctuates in a 

turbulent manner. 

It is noteworthy that equation (A-10) was first derived using the 

mixing length hypothesis and the two additional assumptions: (a) mix-

ing length is proportional to the distance from the wall; and (b) the 

shear stress through that part of the turbulent boundary layer is con-

stant and equal to the wall shearing stress. A somewhat similar result 

can be found by applying von Karman 1 S similarity hypothesis. The goal 

of this application is to determine the dependence of the mixing length 

upon the space coordinates within a turbulent boundary layer. His hy-

pothesis is that the turbulent fluctuations are 11 Similar 11 at all points 

of the field of flow and they differ from point to point only by time 

and length (or velocity) scales. See Section XIX f of Schlichting. 

It should be noted that all of the above are satisfied only at 

large Reynolds numbers. This is not a limitation si'nce large Reynolds 

numbers are needed to insure turbulent flow. 

Nikuradse carried out thorough investigations of velocity profiles 

in smooth pipes for 4 x 10 3 < Re < 3.2 x 10 6
• The results can be rep-

resented by the empirical equation: 
"\J" = [ ~1'/Y\ 
\.]""= "R (A- 11) 

where n = 6 for Re ~ 4 x 10 3 ; n = 7 for Re ~ 110 x 10 3 ; and n = 10 for 

Re ~ 3240 x 10 3 • 
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A.2.5 SEPARATlON 

Separation of fluid flow, from a solid surface, occurs when the 

limiting streamline, close to and parallel to the surface, suddenly in-

creases its distance from the surface by a large amount. The boundary 

layer then thickens and has significant vertical (y) motion so that the 

boundary layer theory is no longer applicable. Back flow usually 

starts near the surface just downstream from the separation point. 

In a boundary layer, either laminar or turbulent, viscosity acts 

through skin friction to remove momentum from the main flow and trans-

fers it to the surface as heat. If a sufficient supply of momentum is 

not fed into the region near the' surface, there will soon be a finite 

layer next to the surface in which there is no momentum. At this time 

boundary layer separation commences. More precisely, separation com-

mences when the surface shear stress becomes zero, or: 

The mathematical condition for separation can be further defined 

by considering the laminar boundary layer equation (A-4) at the sur-

face, Here, U = V = 0, and the equation becomes: 

'd"P -a,_v \ 
~ = r d '1.... 'j = 0 (A-12) 

This equation states that in the immediate neighborhood of the 

surface, the curvature of the velocity profile depends only on pres-

sure gradient, and the curvature of the velocity profile at the wall 

changes its sign with the pressure gradient. Because of the pressure 

gradient in a laminar boundary layer•s being imposed on it by gradi-

ent in the external potential flow, some further inferences can be 
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derived from equation (A-12). Consider the example of laminar flow 

past a cylinder. 

rn an accelerated flow, such as around the upwind half of a cylin-

der, aP;ax < 0 and au;ax > 0 so that one has a 11 favorable 11 pressure 

gradient. 

When the pressure gradient changes to aP;ax > 0, it must first go 

through the value aP;ax = 0. Then by equation (A-12), a2 U/ay 2 = 0. In 

potential flow this occurs at a= ±90°. Due to the inertia of flow, 

little change has yet taken place in the U(y) profile except for the 

establishment of an inflection point at the surface. 

Then as the pressure gradient becomes ~: > o and 

on the downwind side of the cylinder, the point of inflection in U(y) 

moves up from the surface into the boundary layer. If this is contin-

ued long enough, back-flow will take place in the U(y) profile near the 

surface. 

It follows that in a region of retarded potential flow, the veloc-

ity profile U(y) in the boundary layer always has a point of inflec-

tion. Since the velocity profile at the point of separation and with 

a zero tangent must have a point of inflection, it follows that separa-

tion can only occur when the potential flow is retarded. 

Continuing with the example of flow past a cylinder, Blasius cal-

culated the theoretical separation point for laminar viscous flow past 

a cylinder. He used a power series to represent the pressure gradient 

with the application of Bernoulli's equation, the equation of continu-

ity and the Navier-Stokes equations. He finally invoked the require-

ment that the surface shear stress be zero. His solution defined the 
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separation point at approximately 109°, This is 19° beyond the point 

where aP;ax = 0 in the outside flow and is consistent with the effects 

of inertia which keeps the fluid moving a short distance against the 

adverse pressure gradient before au;ay I = o is realized. 
y = 0 

Fage (1929) conducted measurements of air speed and pressure dis-

tribution in the boundary layer on a cylinder for air flow at and just 

below the critical Re. From this, he determined pressure gradients, 

separation angle and transition points. 

Fage used a cylinder 8.9 11 in diameter in a 4-foot wind tunnel with 

air speeds from 22 to 71 fps. These conditions were chosen to obtain 

Revalues from 1.03 to 3.33 x 10 5 to bracket the boundary layer tran-

sition from laminar to turbulent flow as evidenced by a sudden drop in 

the drag coefficient from 0.6 to 0.2. He used a small steel hypodermic 

needle to measure total head pressure. 

Fage' s da t a is reproduced in figure 48 where a pressure coefficient 

is plotted versus the angle from stagnation point, and for the highest 

and lowest ai r speeds. The following conclusions from that data are 

quoted: 
11 
••• the coefficient of the maximum negative pressure in-

creases with the wind speed, and also there is a progressive 
displacemen t of the point at which this pressure occurs 
towards t he back of the cylinder ... An important trait 
exhibited i n each of the curves is the pronounced inflexion 
(ma rked BC) between the point of maximum negative pressure 
(marked A) and the region where the pressure is almost con-
stant. The principal purpose of the subsequent analysis 
will be t o show that the change f rom the laminar to a turbu-
lent state of flow in the bounda ry l ayer probably occurs in 
this region BC, and that t he layer has completely separated 
from the surface at the point C. 11 

In t he case of a turbulent boundary layer, the important require-

ment tha t T 0 = 0 i s needed for separation and the same general 
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relattons to pressure gradients are valid. It is well known that, in 

the same external pressure gradient, a turbulent boundary layer will 

experience separation further downstream than for a laminar boundary 

layer. However, the additional turbulent terms make it difficult to 

obtain solutions or to even rigorously define all boundary conditions. 

Turbulence intensity and eddy size can influence the separation pro-

cess. See Chapter XIII of Sandborn (1970) or Section 16 of Rotta 

(1962) for a discussion. 

Achenbach's observations of separation angles in section A.l in-

clude some from turbulent boundary layers. 

When the mean flow outside the boundary layer has a high degree 

of turbulence, this should tend to cause transition earlier in the 

boundary layer. This is a result of vorticity entering the boundary 

layer from the outside. 

A.3 MECHANICS OF VORTEX SHEDDING 

This section makes major use of Marris' paper (1964), three re-

ports by Roshko (1954, 1955, 1961), several sections from Goldstein 

(1965), papers by Gerrard (1965, 1966a, l966b) and others as men-

tioned. 

A.3.1 GENERAL 

In von Karman ' s famous theoretical development of vortex street 

geometry, he assumed that two parallel rows of vortices already ex-

isted for an infinite distance. Unfortunately, there is still dis-

agreement on the details of exactly how the vortices are formed. 
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In general terms, the individual vortices are formed from the 

shear between the free stream flow and the stagnant flow immediately 

behind a cylinder. 

The idea is that the two vortex layers, comprised by the laminar 

boundary layer after its separation from each side of the cylinder, 

are disturbed as a result of some downstream effect. Rosenhead (1931) 

showed numerically that for an ideal fluid the vortex layers are un-

stable against such disturbance and will roll up into local periodic 

concentrations of vorticity. 

Kovasznay (1949) and Tritton (1959) proposed that the appearance 

of a vortex street (Re ~ 40) is not due to shedding but to the insta-

bi 1 i ty in the "early wake.'' Tritton then stated that at a Re between 

90 to 100 this instability moves upstream and starts close to the 

cylinder but the instability develops further as the vortex goes down-

stream. All of this takes place in "regular" vortex flow. In the 

"irregular" vortex flow, and higher Re flows, a fully developed vortex 

street exists right from the start close to the cylinder. 

One aporoach has been to couple the vortex street to the free 

vortex layer by correlating von Karman's results for the potential 

flow vortex street to the "early wake" results based on a modified 

Helmholtz- Kirchkoff free streamline theory. An account of this ap-

proach is given by Roshko (1955) and by Birkhoff (1953). The basic 

Kirchkoff theory requires that the separated boundary layers be ideal-

ized as surfaces of velocity discontinuity separating the wake from 

the outer potential flow. 

The previous classifications of vortex flow regimes are believed 

to be associated with different mechanics of vortex formation. An 
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interaction of velocity shear, boundary layer, separation, transition, 

roll up i'nto vortices, and pressure differences must be reviewed in 

attempting to explain the mechanics. The mechanics of vortex street 

formation at higher Re will be considered primarily. 

A.3.2 FORMATION REGION BEHIND CYLINDER 

Gerrard (1965) stated that as long ago as 1933, Schiller and 

Linke discovered that large changes took place in the flow close be-

hind a circular cylinder in theRe range of approximately 10 3 to 10 4 • 

They found that what is now called the formation region of the wake is 

considerably reduced in size as Re increases through this range. They 

were also able to demonstrate that the change was attended by a move-
, I . . 1 ment, of the position of the f ow trans1t1on to turbu ence, towards 

the cylinder. 

Bloor (1964) made a careful investigation of the transition to 

turbulence in the wake of a circular cylinder. She used a hot wire 

anemometer in flow conditions of Re ranging from 2 x 10 2 to 5 x 10 4 • 

Cylinders were 111 or less in diameter. Two tunnels were used, a 

return-circuit with a turbulence intensity less than .03%, and an open 

circuit one with about 1 .0%. The aim of her study was to consider the 

manner and position of transition as Re changes over the range in 

which turbulent motion develops after the fluid has separated from the 

cylinder. 

The 11 Vortex formation region 11 is the region of flow inside the 

wake between the separation point on the cylinder and the first appear-

ance of the periodic vortex street. The edge of the wake is generally 

thought of as the boundary between the rotational flow of the wake and 
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the irrotational flow in the free stream. Bloor found a more practical 

definition for use with a hot wire; the boundary (of the formation re-

gion) is where a sudden jump is noticed in the RMS AC voltage as the 

sensor enters the wake from the free stream. The downstream beginning 

of the wake is marked by the sudden reduction of low frequency irregu-

larities always observed in the formation region; this agrees well with 

the appearance of 11 typical 11 turbulent vortices. 

The length of the formation region, measured from the center of 

the cylinder, appears to increase from 20 at the beginning of the 11 lam-

inar transition range 11 (Re ~ 150) to 2.50 at about Re ~ 1.3 x 10 3 • At 

Re above this, there is a steady decrease in the length of the forma-

tion region with increasing Re. There is some dependence on cylinder 

diameter. It seems likely that the length of the formation region will 

affect the pressure at the rear of the cylinder. 

In the laminar transition range (150 < Re < 300), the downstream 

development of turbulence is thought to be due to three-dimensional 

distortions. Above Re ~ 300, transition occurs before the separated 

layer rolls up. The vortices once formed are turbulent. Regular 

sinusoidal waves similar to Tollmein-Schlichting two-dimensional waves 

appear to be a phenomenon connected with transition when it occurs 

within the vortex formation region. These waves are observed at all 

Re > 1300, in the sub-critical regime. 

Gerrard (1966b) theorized on the mechanics of the formation region 

of shedding vortices. He was particularly interested in explaining why 

the Strouhal number is nearly constant from Re ~ 300 up to near transi-

tion at 3 x 10 5 ; he also required that the theory explain the observed 

effects of splitter plates. He concluded that two different length 
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scales withi'n the formation region explained the frequency of shedding 

and that these two scales interacted so that their product was nearly 

constant. 

Gerrard concluded that the entrainment of air into vortices from 

the interior of the formation region and its replenishment by reversed 

flow is fundamental to the 11 length of the formation region 11 which is 

one of the lengths that determines the frequency of vortex shedding. 

The second is the 11 diffusion length. 11 This is the thickness of the 

shear layer at the end of the formation region where a shear layer is 

first drawn across the wake. 

Gerrard postulated that a growing vortex continues to increase in 

strength as it is fed by circulation from the shear layer on its side 

of the wake. When the vortex becomes strong enough to draw the other 

shear layer across the center of the wake, this brings in oppositely-

signed vorticity so that the vortex ceases to increase in strength. At 

this stage, the vortex is shed from the cylinder. The shedding fre-

quency increases if the scale of the formation region is reduced. This 

is because when the shear layers are brought closer together, their 

interaction is facilitated and the periodic time is shortened. 

The significance of Gerrard's diffusion length concept was implied 

by Fage and Johansen in 1927 and by Berger in 1964. An increase in the 

turbulence in the shear layers will result in their being more diffuse 

in the region of interaction. When the layer is diffused it will take 

longer for a sufficient concentration of vorticity to be carried across 

the wake and initiate shedding. So one should expect the shedding fre-

quency to decrease as the 11 diffusion length 11 increases. 
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Tne following is quoted from Gerrard (1966b) with my underline: 
11 It appears that one may explain the effect of increasing 
the free stream turbulence from very small values in the 
same way. (Gerrard means the product of the two character-
istic lengths.) ... On increasing the turbulence level, 
the scale of the formation region shrinks and one may hy-
pothesize that the diffusion length will increase. Oppos-
ing tendencies of frequency variation could cancel out, and 
hence the Strouhal number be little affected. This explanation 
has an unsatisfying facet. 11 

As stated in 11 0iscussion, 11 it is my belief that the Strouhal num-

ber is significantly affected if the free stream turbulence is suffic-

iently increased. 

Both of the lengths which determine the frequency of vortex shed-

ding change with splitter plate size and position to conform with ob-

served changes in shedding frequency. 

A.3.3 SPLITTER PLATES 
Roshko (1954, 1955) experimented with splitter plates to illus-

trate the dependence of the periodic shedding on interaction between 

the two free vortex layers in the flow field directly behind the cylin-

der. Gerrard calls this the 11 fonnation region. 11 A thin plate (as tall 

as the cylinder) was mounted directly behind the cylinder in the center 

plane of the wake. If the plate touches the rear of the cylinder and 

extends about 50 downstream, it is completely effective in stopping 

the peri odic shedding. It appears that i f t he two shear layers from 

either side of the wake can 1 t 11 See 11 each other in the region where they 

tend to rull up, there is no stabilizing mechanism to fix a definite, 

periodic, al t ernat ing , vortex fo rmati on. Then the shear layers will 

break down in some other man ner, independently of each other. The 
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presence of the splitter plate also greatly reduces the pressure defi-

cit behind the cylinder and thereby greatly reduces the drag on the 

cylinder. 

If a shorter plate is used, about 10 in downstream length, peri-

odic shedding will continue but at a lower frequency. As this plate is 

moved downstream, the shedding decreases even more and reaches a mini-

mum when the gap between the cylinder and the plate is about 1.50. 

Then, when the plate is moved just beyond this critical position, the 

shedding frequency abruptly increases, almost to its undisturbed 

value, corresponding to the flow without interference. 

What is clear from these experiments is that in every case t he 

flow in the first few diameters downstream is critical for the determi-

nation of the vortex shedding and base pressure. 

A.3.4 THREE-DIMENSIONAL WAKE 

At Re > 90, all workers (with the exception of Hama) found three-

dimensional effects in the structure of the wake of circular cylinders. 

Gerrard (1966a) gave a summary. Roshko and Phillips investigated the 

wake at two points separated in the spanwise direction. They found a 

phase shift between the oscillations at the two points. Roshko re-

ported a wave len9th in the direction of the cylinder axis of 180 at 

Re ~ 80, while Phillips found 15 to 200 for 100 < Re < 150. 

Hama's highest Renumber photograph is for Re ~ 313, in which one 

can see the 100 wave length still persisting but accompanied by waves 

of much shorter length. Between Re of 3 x 10 3 and 10 5 , Mattingly ob-

served a periodicity in the direction of the axis on the cylinder sur-

face. The spanwise structure became chaotic as the critical Re is 



94 

approached. Roshko gave the correlation length, in the spanwise 

direction, as 100 at Re ~ 220 and 30 at Re ~ 500. Phillips found a 

correlation length of about 30 at Re ~ 5 x 10 3 • Prendergast and el 

Baroudi observed that between Re of 10~ and lOs the correlation 

length is about 40. Using silk threads attached to the cylinder to 

visualize flow, Humphreys (1960) reported a stationary pattern of 

wave length 1.4 to l .70 at the critical Re. 

A.4 FREE STREAM TURBULENCE EFFECTS 

A.4.l CRITICAL REYNOLDS NUMBER, Re(c) 

For both spheres and cylinders, Cd suddenly decreases as Re in-

creases to a value near 3 x lOs. This is associated with transition 

of the boundary layer, a quick narrowing of the wake and a sharp re-

duction in the 11 fOrm 11 drag, caused by the base pressure behind the 

body being lower than free stream pressure. This value is the 
11 Critical Reynolds number, 11 Re(c). 

Taylor (1936) makes the following statement: 
11 
••• A drag coefficient of Cd = .3 has been chosen 

arbitrarily in the middle of the range of Reynolds numbers 
over which the chanqe from one type of flow to the other 
is taking place and defined as the drag coefficient cor-
respondinq with a critical Reynolds number . . . . The 
value ... has been used as a convenient arbitrary meas-
ure of turbulence in wind tunnels, for it has been found 
to depend very much on the amount of turbulence in the 
wind stream. 11 
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Re(c) is sensitive to both the turbulence intensity and the rough-

ness of the sphere or cylinder surface. Two figures from Schlichting 

show these effects: 
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Taylor (1936) developed a theory that related Re(c) to the Ti and 

Lx of the free stream and the sphere diameter. This is given by the 
11 Taylor Parameter, 11 Ta: 

Dryden, et al., (1936) experimentally verified that a functional rela-

tion existed between Ta and Re(c). The following diagram is taken from 

Dryden's report. 



It is assumed that Ta 

applies approximately for 

flow past cylinders, al-

though Taylor•s theoreti-

cal deve l opment was limited 

to spheres. 
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A.4.2 TURBULENCE PRODUCTION BY WIND TUNNEL GRIDS 

Much literature exists on the effects of square grids and fine 

mesh screens on the t urbul ence conditions of wind tunnel flow. There 

are four major sources: (1) the US National Bureau of Standards (Dry-

den, Schubauer, etc.) ; (2) the US National Advisory Committee for Aer-

onautics (Corrsin, et c.) ; (3) the National Physics Laboratory, England 

(Taylor, Batchelor, Townsend, Bradshaw, Bearman, etc.); and (4) the 
11 Goetti ngen School '' in Ge rmany (Prandtl, Schl ichting, etc.). Most of 

t he Goet t i ngen work is summarized ei t her i n Schlichting•s.Hinze•s, or 

Batchelor's texts. Two problems seem uppermost in the work of all four 

groups; one is a study of the decay of turbulence (transformation of 

kinetic energy to heat), and the other is forci ng the reduction of the 

turbulence intensity in a wind tunnel flow before air enters the test 

chamber. 

Two factors are important when considering the earlier published 

wind tunnel results. First, it seems that all of the earlier work was 

done with square grids across the entrance to the test section, and 

second, nearly all of these grids had blockage ratios less than .50. 
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In my experiments small holes were drilled in square arrays, giving 

"plates" with blockage ratios from .50 to .97 except for a model of 

Surry's "grid" with blockage ratio of .34. Thus, the geometry of my 

plates is different and can be expected to produce flow instabilities 

due to high blockage ratios. 

It is common to find a mesh Reynolds number, Re(M) = UM/v, used 

to describe a grid, where M is the distance between the cei1ter lines 

of adjacent bars or wires forming an individual square open area. A 

more appropriate form for my experiment is a plate Re, Re(p) 

= Ud/(1 - Br)v, where Br is the area blockage ratio of the plate and 

dis the diameter of an individual hole. The portion, U/(1 - Br), is 

a speed term that gives the approximate air speed through each hole. 

The air leaves a plate in the form of individual jets from each 

hole. Some vortex shedding action takes place behind the solid parts 

of the plate. The jets are dominant because of their high speed. 

However, the jets and wakes enlarge in size and interact very quickly 

so that any intense speed is rapidly reduced by entrainment of air 

with very low speed. Chapter 23 of Schlichting (1960) treated this 

subject. Figures l .6, 1 .7, and 1.8 of Hinze (1959) illustrated the 

turbulence and spreading. Taylor called this region the grid "shadow." 

Reports have been made of air flow coming past square grids and 

interacting so quickly that the effects of individual grids were lost 

within 10 to 40 grid lengths (M) downstream. This is a minimum dis-

tance and this distance should increase as the value of Br increases, 

especially above .5. 

In my experiment, the cylinders are 256d downstream from the 

plates, where d = 3/16"; 192d ford= 1/4". 
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Several investigators have reported that a flow instability sets 

in downstream from plates or screens with Br values greater than about 

.50. Because all plates used in this experiment have Br values of .50 

to .95, this flow instability will be an ever present factor for con-

sideration, except for Surry•s grid. 

The first complete theoretical and experimental investigation of 

the stability of flow behind a grid of rods in a closed duct was by von 

Bohl (1940). By va rying the Br of the grid , he obtained both stable 

and unstable types of flow. His theoretical analysis used a sinusoidal 

velocity distribution in the main flow, and a small super-imposed .sin-

usoidal distribution of wave length considerably longer than the origi-

nal. With this small perturbation approach, he obtained the correct 

qualitative resul t that the de gree of instabili ty decreases with in-

creas ing values of Br. He found that Br values of .37 and .46 corre-

sponded to stable and unstable flows, respectively. 

Corrsin (1944) observed strong lateral ± variations of total head 

pressure in a wind tunnel flow a few inches downstream from a lattice 

with Br of .83. 

Schubauer, et al., (1950), usi ng a wire screen with Br value of 

.79 , obtained random variations so much larger than those upstream that 

the screen was ••much better as a turbulence producer than as a damper ... 

Far downstream the random variations gave way to a region of high ve-

l oci ty in the central portion of the air fl ow. 

Baines and Peterson (1951) report that for Br values less than 

about .50 they found quite satisfactory agreement with the Taylor 

Batchelor theory of damping screens, but for higher values of Br the 

deviation between theory and experiment became large. 
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Bradsnaw (1965) observed spanwise variations of surface shear 

stress amounting to 10% or more in nominally two-dimensional turbulent 

boundary layers. He found the way to avoid this was to keep Br values 

below .43. This is the most precise critical value of Br between 

stable and unstabl e flows that I have found. His report has a strik-

ing photograph of smoke flow showing the ran dom coalescence of indi-

vidual jets. 

The reasons for these instabil ity effects of high Br is that mi-

nute variations in the hole sizes, spacing or roundness lead to suf-

ficient variations in velocity and pressure from one jet to the next 

to cause neighboring jets ei ther t o diverge or coalesce. The flow 

thus becomes unstable with individual jets combin ing to form local 

zones of high and low velocit ies at random locations. 

Because these instabilities are random, they should be considered 

as a superposi t i on of large scal e turbulence over and above that tur-

bulence produced directly by the plate. The only feasible way known 

to an layze such data is to take a long enough sample to insure that a 

sufficient degree of statistical stationarity of turbulence character-

istics can be es tabli shed. Then the spectra, correlations, turbulence 

intensities, etc. can satisfy the as sumptions upon which their calcula-

tions depend. With U ~ 18 fps , observations for this study showed that 

the mean and mean square values of the hot wire AC voltage satisfied 

both a Run and a Trend test for stationarity at the a = .05 level of 

significance. Approximately 10 minutes of recorded data were used. 

The decay region is the region downstream from the grid where iso-

tropic t urbulence is fi rst approximated and beyond which a steady decay 

of turbulence takes pl ace. Most of the literature of the past two or 
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three decades treats this region; it is the one in which the inertial 

subrange, for example, eventually occurs. 

Because of the high values of Br, and the restriction to observa-

tions at 48" downstream from my turbulence producing plates, it is 

believed that no observations in this study took place in the decay 

region. The large variations in the hot wire DC voltage observed in 

most of the flows support this. Flow behind plate .50 may be an ex-

ception. The Ti was much lower behind this plate and flow instabili-

ties were not obvious. 

A.4.3 MODIFICATION OF CYLINDER BOUNDARY LAYER 

Bearman (1972) experimentally studied the passage of grid gen-

erated turbulence, in a wind tunnel, approaching the stagnation 

point of a two-dimensional body, such as a cylinder. (His grids had 

blockage ratios near 35%.) When Lx is much smaller than D, the tur-

bulence is distorted by the mean flow field and v and w will amplify 

owing to vortex stretching. Measurements of the pressure fluctuations 

at the stagnation poi nt show t hat for smaller eddies the effect of the 

cylinder is to reduce the level of pressure fluctuations. On the 

other hand, when Lx is much la rge r than D, or when the eddies are 

larger, u will attenuate like the mean flow and the pressure fluctua-

tions can be predicted by a direct application of Bernoulli•s equation. 

Bearman referenced recent work by Sadeh, et al ., (1970) who have 

investigated the strong sens i tivity of stagnati on point heat transfer 

on cylinders to relatively small Ti values in the free stream. Large 

ampl i fication of Ti can result from vorticity stretching. However, 

this amplification requires that the wave length or scale of the added 
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vorticity be greater than a certain neutral wave length. The right 

scales of vorticity can enter the boundary layer and bring about the 

generation of strong three-dimensional effects inside the cylinder 

boundary layer. 

From these two results, it appears there is a sort of band pass 

procedure so that only certain sizes of eddies (Lx) will be ampli-

fied as they approach the stagnation line of a cylinder. 

Hunt (1971), with interest aimed at architectural applications, 

outlined the various physical effects involved in the flow of the 

wind around a building . He considered first, uniform flow around a 

bluff body, and then the added effects of turbulence in the incident 

flow. There are two basic effects of turbulence on the steady flow: 

first, to force the wake to start nearer to the rear of the body; and 

second, to thicken the shear layers which bound the wake region. 

(Note that this almost identical to some of Gerrard's conclusions 

which appear to have been developed separately.) 

Hunt applied a theory (originally used by Batchelor and Proudman 

for calculating the effects of wind tunnel contractions on the turbu-

lence) to flow around a long, circular cylinder. He found that the 

RMS values of turbulent components, u, v, w remain more or less con-

stant near the front of a body if the integral scale, Lx, is about 

equal to the width of the body. However, if Lx is much larger than 

the width, then u decreases, w increases and v remains about the same. 

He mentioned experiments by Petty on a cylinder which confirm his 

theoretical results. Hunt's theoretical curves and Petty's experi-

mental data are given in figure 49. 
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This figure shows that for D/Lx = 0.26, the RMS value of u de-

creased as the flow approached the cylinder; for D/Lx = 1.06, there was 

almost no change; and for D/Lx: 3.62, it increased until the flow was 

almost up to the cylinder. 

A.5 CLOSELY RELATED EXPERIMENTS 

A.5.1 SURRY 

Surry (1969, 1972) experimentally studied the interaction of high 

intensity turbulence with the aerodynamics of flow past a rigid circu-

lar cylinder at Re near 4 x 10 4 • His interest was to find more realis-

tic design criteria for aircraft and buildings to withstand turbulence 

due to wi nd near the ground. 

Surry used a cyl inder 1.2411 i n diameter in an octagonal, closed 

return, wind tunne with a test secti on, 48 11 x 3211 in cross section and 

4• long. The cylinder blockage was 4% or less. He used square bi-

planar grids to create turbulence intensities of 8 to 15%; typical air 

speeds were 54 to 70 fps. Br values were ,27 to ,55, 

Surry measured the drag and lift of the horizontal cylinder, as 

well as the simultaneous pressures at any two po ints, on the cylinder 

surface. He also measured St of vortex shedding and several turbulence 

parameters of the flow: Ti, Lx, and Ta. 

Surry used four simultaneous and independently linearized hot 

wire channel s for single wire probes and an X wire probe. This allowed 

a vari ety of meas uremen t s incl uding two point longitudinal and lateral 

veloci ty component correl ations. 

An analog frequency analyzer was used. It provided a choice of 

six di f ferent band width fi l ters, whose center frequencies were 
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continuously tunable from 20 to 20,000 Hz. By using changes in re-

corder speed, it was possible to compress the data so that the lowest 

frequency analyzable was 2.5 Hz. 

His turbulent fields were produced by placing grids across the 

entrance to the test section. Immediately behind (downstream from) the 

grid, the flow is highly inhomogeneous with a strong memory of the par-

ticular grid geometry. The flow becomes more homogeneous and the tur-

bulence intensity decreases downstream. Typically, the flow approaches 

homogeneity about 5 to 10 mesh lengths downstream, and approaches iso-

tropy after about 20 mesh lengths. Whereas Ti decreases rapidly down-

stream, Lx increases slowly due to the dissipation of the high fre-

quency turbulence components. 

Surry used results of Batchelor and Townsend (1948), and Baines 

and Peterson (1951) to relate grid geometry to downstream turbulence 

intensity. His goal was two-fold: (a) to obtain homogeneous turbu-

lence with the largest practical integral scales of turbulence; and 

(b) to obtain turbulence intensities between 10 to 20%. (This would 

give conditions comparable to lower atmospheric turbulence on aircraft 

and buildings.) 

Surry settled on these steps in designing his grids: (a) the grid 

mesh was taken as 2.5 times the required longitudinal integral turbu-

lence scale, with an upper scale limit of 13% of tunnel width; (b) 

homogeneity was established in the turbulence field at 9 or 10 mesh 

lengths downstream; (c) he noted that flow behind grids of blockage 

ratio greater than .50 becomes unstable. 

Surry found the flow to be very sensitive to grid construction 

tolerances, especially for large blockage ratios. This problem was 
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solved to a great extent by minor empirical changes in the geometry of 

individual grids. He verified homogeneity of flow by measurement of 

some turbulence properties at various spanwise locations. 

The final outcome of Surry 1 s turbulence field development was four 

grids producing Lx between .45 11 and 5.5 11 (up to 9% of local tunnel 

width) and Ti of 10 to 20% at the intended cylinder position (cylinder 

removed). 

Surry 1 s grid #4 was modeled for use in my experimentation. The 

geometry and Br were made the same. This provided a link for compari-

son of his and my results. This was useful as a rough check on the 

accuracy of some of my measurements. These comparisons were considered 

part of the calibration and checkout procedures. Good comparisons were 

obtained. 

Surry found anisotropy present in all cases but most severe for 

the highest Ti. 

To obtain power spectra, Surry used best fit to two spectral esti-

mates resulting from high and 1 ow frequency 11 Cuts 11 for each case. (The 

data was analyzed separately for two frequency bandwidths - every 2 Hz 

for 0 to 250Hz, and every 20Hz for 0 to 2kHz). 

The wake of the cylinder was defined to be behind a= ±140°. 

Tawas calculated for all of Surry 1 S flows. Although none of the 

flows reached the critical Re (defined after Bearman where Cd = .8), 

Ta did correctly order the results in terms of decreasing Cd, decreas-

ing base pressure, and St. It is believed that the flow behavior is 

consistent with Re(E) values up to 2 x 10 5 (Surry 1 S basic flows were 

all near Re(v) = 4 x 10 4 ). Thus, Surry 1 S free stream turbulence in-

creased Re(E) by a factor of 5. 
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The peak of the RMS pressure is associated with the neighborh ood 

of the mean separation point. 

He found the effect of turbulence on vortex shedding was to 

broaden and lower the pressure peak. Large scale turbulence tends to 

spread the vortex shedding, hence reducing the peak energy. However, 

none of the results indicate that the turbulence significantly inter-

feres with the vortex shedding phenomena. 

It is evident that Lx is more effective in modifying vortex shed-

ding than is Ti. This suggests that high frequency turbulence is not 
11Seen 11 by the Strouha 1 phenomenon . 

In all cases of two point fluctuating surface pressure measure-

ments, even when subjected to turbulence intensities of 15%, the vor-

tex shedding still dominated the fluctuating surface pressures. 

Even in this maximum turbulence, it appears evi dent that vortex 

shedding is still the primary cause of the fluctuating lift. 

Surry had temperature changes of 50°F during tests while using a 

DISA 55A01 CTA. He had to obtain a high degree of temperature compen-

sation. The hot wire probe calibration was compensated for the tem-

perature changes by putting a nickel resistor in parallel with the re-

sistor on one arm of the CTA bridge. The nickel resistor was placed 

in the wind tunnel to change resistance with temperature. 

Surry found the uncompensated calibration drift of the order of 

.5% per l°F. 

He used analog computers to linearize output by King 1 S equation. 

He found the exponent to be .45. 



A.5.2 MUJUMDAR 

In a Ph.D. dissertation at McGill University, Mujumdar (1971) in-

vestigated the 11 Effect of Free-Stream Turbulence on Heat Transfer from 

Cylinders in Cross-Flow. 11 Turbulent streams of varying characteristics 

were generated in a wind tunnel using screens of ten different configu-

rations. Hot wire measurements of Ti, Gxx(f), and Rxx(T) were made 

both in the near wake and in the vicinity of the forward stagnation 

region. 

Cylinders of .49 11 to 1.25 11 diameters were used with air speeds 

near 14 to 20 fps giving Re of 6 x 10 3 to 1.2 x 10~. The Ti values 

ranged from .5% to 15%. Lx varied from .7 to 4 em. The tunnel test 

section was 11 11 x 11 11
• His cylinder blockages varied from .04 to .11. 

The vortex shedding frequency was determined by autocorrelating 

the turbulence signal from a hot wire located at x = 2D, z = D. The 

Strouhal number was found to be constant at .205 ±.005 for all turbu-

lence intensities and all Reynolds numbers. This result is so differ-

ent from my results that I wrote to Dr. Mujumdar. 

As stated in Mujumdar 1 S reply (1971), a possible explanation of 

our differences is that my drop in Strouhal number could be real and 

due to the scale parameter Lx/D. This is resolved in my 11 Discussion. 11 

Following is a summary of other items in Mujumdar 1 S dissertation 

that are significant to mine. 

The energy spectra showed greatest divergence in the low frequency 

region which is controlled by the mechanism of turbulence generation, 

and hence by the geometry of the plate. The frequency band 1 to 10 Hz 

showed the greatest spread of the relative energy content, 10 to 23%; 
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the band 10 to 100 Hz contained an almost constant fraction (60%) of 

the total energy, while an appreciable variation i n the turbulence 

energy was noted in the band 100 to 1000 Hz. Two kHz was the highest 

frequency measured. I also found most of the energy below 100 Hz. 

Detailed turbulence measurements in t he vicinity of the cylinder 

supported, at least qualitativel y, the theory of "vorticity amplifica-

tion by stretching." This was concluded by the implication that in a 

stagnation flow, vorticity of a scale larger than a certain scale is 

amplified while the smaller scale vort icity is viscously attenuated. 

Turbulence intensity is an important but insufficient criterion 

for correlating the effect of turbulence on heat transfer changes. 

Sadeh, et al ., in 1968 showed that velocity bo undary layer is less 

sensitive to induced effects, from free stream turbulence, than is the 

thermal boundary layer. 

Smith and Kuethe in 1966, in proposing a theory for the analysis 

of stagnation flow on a cylinder, assumed Km to be proportional to Ti 

of the free stream. Mujumdar concluded that this leads to the best 

available correlation between free stream turbulence and heat transfer 

changes. 

The wake interacts with turbulence in the free flow to increase 

the wake turbulence. 

Mujumda r used a DISA 55A01 constant temperature hot wire anemom-

eter whose response was linearized with a DISA type 55010 linearizer. 

The hot wire probe was platinum plated tungsten wire, 5 microns in di-

ameter and 1 rom long (DISA 55A25). All data were taken with a 5kHz 

low pass filter. The wire was calibrated using a DISA 55A60 calibra-

tion unit (a sort of miniature wind tunnel). The wire was operated at 
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an overheat resistance ratio of 1 .8. No corrections were deemed nee-

essary for small variations in ambient temperature. The RMS AC volt-

age corresponding to the velocity fluctuations were read on the true 

RMS meter built in the CTA. Real time analog computation of the auto-

correl ation function was done using a Princeton Applied Research Model 

100 Correlator. He found a large DC bias in the turbulence output sig-

nal from the DISA CTA. 

The turbulent, AC voltage signal from the DISA anemometer, was re-

corded for later spectral analyses. The DC level of this signal was 

removed with a capacitor. (I found this to be 10 to 13 volts DC and 

removed it by inserting a DC source.) 

Achenbach in 1968 is quoted as indicating that for small values of 

the ratio (cylinder length)/(cylinder diameter) less than 3, the flow 

at the tunnel mid section is influenced by the tunnel walls. 

He defined the integral scale of turbulence, Lx, as: 
-t. 

L x -== v ~ l<l(." ("t) ~'t 
0 

where T
0 

is the time at which Rxx(T) first reaches the value of zero. 

The integral scale can also be computed from the zero intercept of the 

spectrum, F(O). Since it is difficult to obtain accurate spectra at 

low freq uencies, Mujumdar obtained Lx by integration of the normalized 

autocorrelograms (the above equation). I simply used T0 as the Euler-

ian Integral Time Scale. 

Mujumdar obtained his turbulence data by measuring the air flow 

with the cylinder removed. I did the same. 
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Mean velocity measurements were made using a calibrated hot wire 

and checked by a vortex shedding anemometer. He obtained a ±2% accu-

racy of the vortex shedding anemometer. 

Al though Ti generally me ant only the intensity in the x direction 

(u/U), some estimates were made of the intensity in the other direc-

tions. Thus a 45° slant hot wire was us ed onl y to obtain estimates of 

v and w. For mos t pl ates, v and w were generally 10 to 20% smaller 

than u. Thus , the t urbulence was not isotropic. I fo und u about two 

ti mes larger than win the highest t urbu lence . 

The turbulence intensity, u/U, was measured at several stations 

downstream of t he plates for mean velocities of 14.5 to 19.8 fps. The 

Ti was found to be independent of U. 

Lx varied with the size of the individual open space in the turbu-

lence producing plate. In certain cases the Rxx(T) curve levelled off 

at a finite positive value parallel to the zero axis. This was attri-

buted to a sh ift in the DC bias of the recorder. In these cases, the 

integration was performed by displacing the Rxx axis so that Rxx(T) = 0 

at the val ue ofT where Rxx(T) became constant. 

The magnitude of Lx increas ed with distance downstream. 

Spectra analyses were made in the low frequency region using a 

1 Hz bandwidth filter with the averaging time constant (T) set at 100 

seconds. 
At 25 em downstream from the plates, Mujumdar found some difficul-

ties in measuring Lx, both by the integration of the autocorrelation 

function and by finding F(O) by von Karman's method of fitting a parab-

ola to the l ow frequency range of the spectra . 
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He found the spectra remarkably similar in the intermediate region 

of decay from 30 to 60 em downstream from the plates. Re(A) values 

were generally greater than 30, with the highest values above 100. 

He found that U(wake)/U ~ .80. 

A.5 .3 KO AND GRAF 

Ko and Graf (1972) experimentally investigated the effects of tur-

bulence on the Cd of circular cylinders. They point out that the text 

book plots of Cd vs Re are an accumulation of data which were obtained 

under almost turbulence free conditions. 

They used a circular wind tunnel, interior diameter 5" with cylin-

ders of 1/4" and l/2" diameter. Their cylinder area blockages were 

.065 and .13. An X probe hot film anemometer was used for air speed 

measurements. They operated in the range 1.4 x 10 3 < Re < 8 x 10 3
• 

In text book charts (such as figure 1.4 of Schlichting, 1960), Cd 

varied from .96 to 1.20 in that range, with a direct relationship be-

tween Cd and Re. 

They conducted a dimensional analysis to specify the relation of 

turbulence on the drag coefficient. This lead to the result: 

Cd = f [Ti, (Lx/D)m, Re] 

Several measurements of drag force were made on the cylinder, 

using strain gages, for different Re and for two different turbulence 

producing grids. Their data was presented in three forms, each of 

which showed a similar functional relation: 

(l) Cd vs Ti .... ; Ti .. = CUI uoc,) X l 00 

(2) Cd vs Ta .. ; Ta .. = CU/U )(D/Lx) 1
/

5 X 100 
00 

(3) Cd vs Ta .. 
Log Re 
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In each case the mean Cd was at 1.05 for zero values of the ab-

scissa ITi~, Ta~ or Ta~/(Log Re)]. As the abscissa increased, the 

value of Cd declined rapidly to a minimum and then increased in a 

roughly parabolic manner and exceeded the value of 1.05 at about two 

times the value of the abscissa at the minimum values. Cd appeared to 

still be increasing, with a value of 1 .3, at the maximum values of the 

abscissa. This is presented in the following diagram: 

Ti., o;. ---
0 \'2. '1.0 

Taoc too 
o 4 e I'Z. l(o z.o 
(\&octoo)/LogRe ooooo 
0 

These results show an important point, namely that Cd responds to 

t urbulence effects in the free stream and, more importantly, the re-

sponses are functionally similar forTi, Ta, and Ta/Log Re. 

It is hypothesized that a plot of 1/St vs Ti, Ta, or Ta/Log Re 

should show a similar relation to that i n the above diagram, although 

t he numerical values would change with the geometry of the turbulence 

producing plates and the wind tunnel. 
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A.5.4 SIMON 

In a report which did not become available to the author until 

this dissertation was being typed in final form, Simon (1968) dis-

cusses the "Effect of surface roughness, turbulence and Mach number 

on flow regime boundaries for tunnel-spanning cylinders." This is 

the result of work carried out by the Martin Marietta Corporation of 

Denver, Colorado to investigate wind induced oscillations of the 

Saturn Booster Missile in the vertical launch position, under a NASA 

contract. He also references Simon, Howard and Peterson (1967). 

Simon developed an empirical modified potential flow equation 

representing a relationship between the steady pressure distribution 

and the Strouhal frequency for two-dimensional flow around a circu-

lar cylinder. Pressures were measured at the cylinder surface. The 

separation point was then defined by the i ntersection of the modi-

fied potential flow pressure distribution with the base pressure. 

The square root of the second derivative of the modified potential 

flow pressure distribution, evaluated at the separation point, was 

used as the primary factor in the equation for the Strouhal fre-

quency. 
The ratio of the dynamic pressures at the separation point and 

the maximum dynamic pressure could be used as an indicator of the 

presence or absence of a Strouhal frequency (this is interpreted to 

mean whether a vortex sheddinq reqime existed or a discontinuity 

condition existed). 

Simon found that flow can be made 11 SUbcritical ," "supercriti-

cal, 11 or "transcritical" (those terms are apparently defined in the 
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the same way that Roshko uses them, not as used in this dissertation), 

even at relatively low Reynolds numbers (apparently 1 x 10 5 ), by the 

use of free stream turbul ence and surface rouqhness. The effects of 

(cylinder) blockage , although less dramatic, can be observed. 

He found that Mach number effects were generally relatively 

small (he used Mach numbers .28 or less) except in the neighborhood 

of a flow regime boundary. 



APPENDIX B. TURBULENCE PARAMETERS 

A recording of the turbulent voltage output, e, from a HWA, RMS 

values of the same voltage, e, and mean values of the DC voltage out-

put of a HWA are all needed to calculate the following turbulence 

parameters: 

( 1) Turbulence intensity, Ti 

(2) Spectra and correlation analyses 

( 3) Integral scale of turbulence, Lx 

(4) Microscale of turbulence, A 

(5) Eddy viscosity, Km 

(6) Taylor parameter, Ta 

(7) Special Reynolds numbers 

(8) u, v, w fluctuations 

B.l TURBULENCE INTENSITY, Ti 

The turbulence intensity, Ti, of an air flow is the nondimensional 

ratio of the RMS value of the turbulent air speed fluctuations, u, di-

vided by the mean air speed, U. Two general methods of calculation are 

possible: one using HWA data, which is most commonly used, and a sec-

ond method using the turbulent diffusion of heat. 

B.l .1 HOT WIRE ANEMOMETER METHODS 

Sandborn 1 S text (1972) develops the HWA method which can be di-

vided into three sub-methods : 

(1) Graphical method. A calibration curve of E vs U for the HWA 

can be used graphically to convert e to u. e is the RMS value of the 

114 
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fluctuating voltage, and E is the DC voltage (see figure 7.7 in Sand-

born•s text). Figure 50 is a sample of such a calibration curve used 

in this experiment. 

(2) Application of King's equation 

. u.. =1. '2E l ~~ = v = e L"R(R-R~)13CUc (B-1) 

where R is the resistance of the wire when heated, RA is the resistance 

at room temperature, and B and C are constants used in King•s equation, 

E2 /R(R-RA) = A + BUc (B-2) 

See equation 7.14 of Sandborn•s text. In this experimentation, A, B 

and Care determined by a least squares solution of the hot wire cali-

bration. Peterka•s (1971) digital computer program is used for this 

calculation. In some limited cases, E2 vs JU plots as a straight line 

and the above equation is simplified by using c = .5. 

Tl-: e[T<.(R.~;I\Yl!>Ji? 1 Then 
(B-3) 

(3) Intercept method. An easier and less theoretically valid 

method is to use the Intercept method. It is simpl i fied by two 

additional assumptions: (1) E for no flow is sufficient to define the 

calibration curve intercept for U = 0; (2) the intercept rather than a 

slope of the calibration curve can be used. The resulting relation is: 

(B-4) 

A derivation is given in Laurence and Landis (1952) and in the DISA in-

struction manual for their Model 55A01 system. 
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B~l.2 HEAT DIFFUSION METHOD 

The heat diffusion method was developed by Schubauer (1935) and 

was used in my experiment to provide a comparison for the hot wire 

method using King'~ equation. This comparison is given in section C.9. 

B.2 SPECTRA AND CORRELATION ANALYSES 

The major references for this section are Hewlett-Packard docu-

ments. See list in Sibliography. 

A Hewlett-Packard Fourier Analyzer System (FAS) analysed 

the analog tape recording of turbulent data. The FAS employs the 11 Fast 

Fourier Transform 11 concept. It is assumed that all air flow is imcom-

pressible, and that the turbulence conditions are random, stationary 

and erqodic. 

B.2.1 FAST FOURIER TRANSFORM 

To proceed with Fourier analyses by digital methods, the recorded 

analog data, x(t), is then digitized at increments of 6t, 6f, for 

a maximum frequency Fm, and a total of N data points. The data~ points 

are used to develop a 11 linear spectrum, 11 Sx(('(16f), by a 11 Discrete Finite 

Trans form, 11 (OFT) ; the OFT is defined as follows: 
k~ l~o~-1) 

Sx(f)=Sx(mt~.t)= ~[x(~ot) e)(r(-'-~i.mk) (B-5) 

where m is the (integer) counter of 6f over the interval of summation 

such that m6f = f, and k is the counter for summation over 6t intervals 

such that k6t = t. These combine to give ~k = tf, using the relation 
6f = l/(N6t), defined later. 
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The OFT, equation (B-5), is a digital approximation of the 

Fourier i ntegra l transformation: 
+~ ~~ 

1<, (I);: ~• l-l) exp(- Zil <H) d-1 = ~· (t) ~ "' •~H -' ''" ••H] ~t --- Qo 

(B-6) 

The use of the OFT is subject to several conditions and relations: 

(a) the time function, x(t), to be transformed must be sampled at dis-

crete time intervals, ~t ; (b) only a finite number, N, of such samples 

can be taken and stored; (c) the length of t he data record is T and 

T = N~t; (d) the effect of a fini te ~t limits the maximum frequency, 

Fm, that can be sampled without al iasing errors (thi s is given by the 

Nyquist criterion: Fm = l/2~t); and (e) the effect of a finite time 

interval T. The OFT assumes that the voltage input is periodic in the 

i nterval T and has a spectral resolution of ~f = 1/T. 

8.2.3 APPLICATIONS OF THE FAST FOURIER TRANSFORM 

The autocorrelation, Rxx(T), is obtained by multiplying x(t) by 

itself but wi t h a ti me lag ofT in the second x(t) factor. These pro-

ducts are made for each ~t sampling interval and summed over the total 

time interval T. T 
R ('t):: L .. ~ .l ( 'l{(t) )((t·"t) <lt 

-..'It T-+ oo I ) 
0 

The power spectra, Gxx(f), is formed by multiplying the value of 
* the linear spectrum, Sx(f), by its own complex conjugate, Sx(f). The 

power spectrum is the magnitude squared of the linear spectrum; it has 
"T no imag i nary part. ~ 

Gxy,(f);: L,"' L,"" 1 'X'Z.(t:,f o.f)c:lt At_,.o T..-.co ( .c.f )T 1 

0 

When two sets of dat a are used, the cross spectra, Gyx(f), is 

formed by multiplying the linear spectrum of y(t), Sy(f), by a complex 
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* conjugate of the linear spectrum of x(t}, S (f), measured at the same 
X 

time. Tne cross spectra will then have both a real (cospectra) and an 

imaginary (quadrature spectral) part. Only the real part is used here. 

The cross correlation Ryx(T) is obtained by multiplying y(t) by x(t) 

but with a time lag ofT in the x(t) factor. 

The Fouri'er Transform H and the Inverse Fourier Transform H- 1 have 

the same coefficient. Gxx(f) and Rxx(T) can be converted by either 

transform into the other. The major features appear to be maintained 

accurately. 

Following are the numerical equations used by FAS. 

'l<. ~ N 

"'RJil( (1:) ~ -& L ~(kAt) l<(k~-l-"t) 
k:.l 

See program A, Table 5. 

See program B, Table 5. 

\(.~W 

"R~~ l't) !:::. ~ L. ~(k~t) 1{ c'(,c.t·"t) 
k& l 

See program C, Table 5. 

* Gyx(f) ~ Sy(f)Sx(f) ; but only the magnitude is used. 

See program D, Table 5. 
~ ... {~oH) 

H ~ ~ L h (nAt) ~)(f (-~ mll) = H \m~~) 
'n=o 

m: (N-1) 

H _, ~ ~ L H (m o.f) ~K~ ( + 2~~ mn) = h ("A.-t) 
M"'O 

Programs for H and H- 1 are built into the FAS. 
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Steps were taken to avoid aliasing of spectra and 11Wrap-around 11 

errors i n autocorrelations. 

Appendix C gives details of how the accuracy and reliability of 

the Fourier Analyzer System were verified. 

B.2.4 NORMALIZED POWER SPECTRA Fxx(f), or F(f) 

Thi s is defined as Gxx(f) 
----r:t.--_ ___,_.,N /"'n2,-G-x x-(-KL'l_f_) 

fie 

fFxx(f)df = 1 
<> 

K = 1 

K = N/2 • L Fxx(KIIf) 

K = 1 

and has the property that 

This normalization assists in the comparison of different spectra and 

is used for one method of calculating A and one method of calculating 

Lx. K = N/2 

The val ue of ~ Gxx(K6f) is important because it is 

K = 1 

proportional to the total turbulent energy and is also equal toe and 

to Rxx(O) from the FAS calculations. 

B.3 INTEGRAL SCALE OF TURBULENCE, Lx 

The integral scale of turbulence can be interpreted as the average 

diameter of the eddies in a turbulent flow. If only one HWA is used, 

there are two methods to calculate Lx: (1) Lx = T U; and (2) 
0 

Lx = UF (0 )/4. These two lengths are not specifically related, although 

results here show one is rou9hly one-half of the other. 
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B. 3. 1 Lx = UT 0 

11 J ''is a time interval called the 11 Eulerian inteqral scale. 11 

£ 

This requires 11 Taylor's hypothesis 11 to convert a distance concept 

into a time measurement [see sections 1-6 to 1-8 in Hinze (1959)]. 

be defined At first consideration , J should 
\( ... N £ 

L "R)o< (~6t) 
J k=o 

t =-------
""Rl('l( (o) 

However, experience shows that this leads to unreasonable results. 

Probably this is because some of the assumptions in Taylor's hypo-

thesis and the Eulerian integral scale are not adequately met in 

highly turbulent flow. Instead, an emp i rical definition of Lx is 

used, employing T 0 , which is the time the autocorrelation curve first 

reaches t he zero value. Then 

Lx = UT 0 : Lx(T) (B-9) 

Figures 43 and 44 qive examples of T 0 observations. 

8 .3.2 Lx = UF(0)/4 

F(O) is the extrapolated power spectra value to zero frequency 

for a normalized spectra. This is credited to von Karman. The fol-

lowi ng discussion is from Sandborn and Slogar (1955). 

Start with Rx which is the correlation coeffic ien t of speed 

fluctuations between simultaneous values of u at two points, x' dis-

tance apart, along the direction of an x coordinate. Then by Tay-

lor ' s method, t he average size of t he eddies is given by the inte-

gral scal e of t urbulence: 

Lx = j=Rx dx 
0 



121 

A '1spectral density function, 11 or 11 normalized spectra, 11 Fxx(f), is 

defined such that r 
J Fxx(f) df = 1, and then the power spectra is 

co Q 

given by l ~ Fxx(f) df. Using the FAS, one can say Fxx(f) 
e 

= Gxx(f)/LGxx(k6f) as stated above. It has units of time. 

Rx can be evaluated from Fxx(f) because Rx and [U/(2 ~)]Fxx(f) 

are Fourier transforms of each other. Therefore, 
Qo 

F (-t) = ~ r "R C~'S ,_ ~ "f"' d ')(, 
'"'' . vj x v 

ot>O 

and r,.,.. lo) = ~ ~ ""R.~ ~ ~ 
0 

Hence, (B-10) 

To determine the value of Fxx(O), a method of extrapolation must be 

used. Sandborn and Slogar used band pass filters to obtain spectral 

data between frequencies of approximately 20 and 100 hz. However, the 

FAS can calculate Fxx(f) for smaller frequency intervals. 

From equation (B-10), it can be seen that the slope of the curve 

Fxx(f) vs f has a slope of zero at f = 0. The simplest logical approxi-

mation to such a curve would be parabola of the form, Fxx(f) = A + Bf2 • 

The value of Fxx(O) can be found by determining the coefficients A and 

B, through a least squares approximation, using several observed values 

of Fxx(f) for f from near zero to about 50 Hz. 

The least squares is derived by apply section 3-6 of Stanton (1964) 

as follows, using three data points, and letting x = f, andy= Fxx. 
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·v= '3 '1. 

Sum of squared deviations = S = [' [ ~ - A + "Bxtl 
~:: l 

i.:., "Z:~-. +13LX~ 
Q~ =0 - Z Z, [ y < - A T ""f> X ~1 j A - O'r = oA J z: \,":. 1 

i~~ 
A '?.: )(,~ zx~'L'::f 

2 ~ [lji- A +"Bx~J) -
'dS = o or ]3 = 
db l - 0 '[ l( ,<+ 

Because Fxx(O) = A, one needs only to solve for A. The above two 

equations can be combined to give 

F'J("' ( o') = ----------
'3 ~ x7 - ~ x~ E xi'" 

(B-11) 

Data points of x1 and yi can be obtained by knowing Af used in the 

power spectra analysis and by teletype printouts of normalized power 

spectra Fxx(f). See figures 40 and 48. 

Because the power spectra of the flows in this study have a dis-

tinct maximum power well below 100 Hz, the value of Fxx(f) at maxi-

mum is roughly proportional to Fxx(O) and will be called 11 Fxx(M). 11 So, 

two versions of the above equation will be used: 

Lx = UF(0)/4; Lx = UF(M)/4 (B-12) 

Figure 51 is an example. 

B.4 MICROSCALE OF TURBULENCE ~f 

The microscale of turbulent eddies, A~. is a measure of the dimen-

sian of eddies which, at the same intensity, produce the same dissipa-

tion as the turbulence considered. Consequently, they are smaller 

than the integral scale. Two practical methods are available: 



(1) Taylor's (1938) method 

(2) Townsend's (1947) method 
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co 

X\-= :~' Jt' F (f) cit 
0 

v ~ .['L 

(du./ch) 

(B-13) 

(B-14) 

A comparison was made of the Taylor and Townsend methods in two 

different turbulence flows. Each was in the wind tunnel with a mean 

air speed near 18 fps. One was behind the Surry grid and one was be-

hind plate .958. Both produced high turbulence intensities. Two 

values of Af were obtained for each of the two flows. 

The turbulent voltage, e, from a hot wire using the DISA CTA, 

was recorded, after amplification to qet an RMS voltaqe near 15 volts, 

to obtain optimum performance of the recorder. A recording of several 

minutes was made for each turbulence flow. A low pass filter of 5 kHz 

was used in the CTA and the recorder was operated at 15 ips so that it 

could accurately record from 0 to 5 kHz. 

Taylor's method was used by approximating the integration on the 

FAS. The major steps are shown in figure 52 for one of the cases. The 

abscissa of all curves is frequency, 0 to 5 kHz. The bottom diaqram 

in the figure is the normalized power spectra Fxx(f) with Fm = 5 kHz, 

~f = 4.88 Hz, ~t = 10-q sec, T = .2048 sec and a mean of 100 spectra 

was used. Its area was summed and checked to see that it equaled 1. 

The next figure up, f 2 , was put into the FAS manually and was checked 

(by teletype readout) to see that the largest value was~ (5 kHz) 2 • 

The next figure up, f 2 Fxx(f), is a product of the first two, where the 

value at each corresponding ~f is multiplied. This gives a much 
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greqter wetgnting to the power of the higher frequencies of the spectra. 

Note that the curve is flat and near zero at the higher frequencies --

this indicates that all fluctuations of importance to calculating the 

microscale have been included. The top figure is the sum of f 2 Fxx(f) 

so that the right hand value is a numerical approximation of the inte-

gral used in Taylor 1 s equation. This value was printed out, by tele-

type, to four significant figures in units of (sec)- 2
• 

Townsend 1 S method was applied to the same taped data. It can also 

use data directly from the CTA. Townsend 1 S equation was converted from 

u to e units because the constants of conversion, by hot wire anemom-

etry are the same for these two equations: 

o.nd, (cie/d t') = C (d~.~o./~-t) 

Then, Townsend 1 S equation can be expressed by 

1---f = J1 v ~ 
(d~.~o./cH} 

The value of e was measured by an RMS voltmeter on the recorder repro-

duction of e. The value of (de/dt) required that e be taken through a 

differentiating amplifier before the RMS AC voltage was read. A Flow 

Corporation 900-6 differentiating amplifier was used with a time inter-

val setting of 1 millisecond. All RMS AC voltages were made by a TSI 

model 1060 true RMS AC voltmeter, using a time averaging constant of 

30 sec. The RMS voltage was checked by a Ballantine true RMS AC volt-

meter. 
Following is a comparison of the four calculated values of the 

mi crosca 1 e \= 

• I 
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1. For fl ow benind plat e .958: 

Taylor : "+-== 
l l.~t h s I II 

)I, ::. . O'ib 
2.1r (1 . ~1'3 5 -'l-)''"' X 10 s~" 

11.4 tps l.ob "· x.fi:" ,, 
~.f. -:: ;(. :. , \I Z.. 

2..'=>1 ~ I 0~ \1 . SClc:"' 
1 

Townsend: 

The difference is47% with the Townsend method giving a larger value. 

2. For flow behind the Surry grid (.34): 

Taylor : 
I S .S fps .. 

"+= l( )''1. = . 091 
'2.1\ ( l.t':o'SI X lt>r, 5~"' 

"+: ' s . e ~P~ Ji' .esz.. "· ,, 
l( -= . 1~1 

l -1 
l.~e l( IC 'o/, Sctc 

Townsend : 

The difference is 50% wi t h the Townsend method giving a larger value. 

These values are sma l ler than the integral scales of turbulence 

for similar flows, consistent with each other, and compare well with 

reports from the literature. 

Taylor (i n part IV, 1935) states: 
11 For turbulent air behind a square-mesh honeycomb of 

M = 0.9 inch, i t was found that for U = 20 fps; A. defined by 
extending the parabola from Rxx(O) gave a microscale of 
0.08 i nch (.203 em) . 

For the same honeycomb at U = 25 fps it was shown 
that direct observation and calculation from the observed 
energy dissipation agree in giving A. = 0.143 inch. 11 

The Townsend method is much simpler to use because only two RMS 

voltage readings are required. 

Speci fic observed va l ues are given in the section on 11 Experimental 

Results. u 
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8.5 EDDY VISCOSITY, Km 

Major references are Sutton (1953) and Hinze (1959). 

Viscosity is the property of the air that allows it to transport 

information on momentum (heat or mass) of the atr particles from one 

point in the air to another. "Information" is used in a broad sense 

that includes a shear stress condition between points of different mo-

mentum or a fluctuating change of momentum from one point to another. 

Viscosity can al so be defined as the coefficient of momentum diffusion 

in air flow. It is similar i n theory to the coefficients of heat or 

mass diffusion. 

The diffusion capabilities of turbulent flow are so much larger 

than those of laminar flow (molecular viscosity) that, in turbulent 

flow, molecular viscosity effects are usually negligible. At labora-

tory conditions, kinematic viscosity, v = .16 cm 2 sec- 1 (or 1.7 
x 10-~ ft 2 sec- 1 ). 

Taylor, in 1915, used the Ekman spiral and assumed a con-

stant Km in the entire planetary boundary layer (lowest 3000 feet) to 

calculate that Km had to be of the or·der of 10~ cm 2 sec- 1 or more. 

In the laboratory, Km is usually measured with an "X" or "yawed" 

hot wire sensor , wh ich measures the turbulent shearing stress uv. 

Then: 
u.u-

K rn =. - --:---
dv/d~j 

This method limits itself to flows with a mean shear condition, other-

wise we have a zero in the denominator. For such a case, a different 

method of calculating Km must be used. Because dimensions of Km are 

(L 2 T- 1 ), it is dimensionally correct to obtain Km by multiplying a 

velocity times lenq th. If it is assumed that Lx is descriptive of the 
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turbulent exchange process and if it is assumed that u is also descrip-

tive of the same process, then 

Km a Lx u (B-15) 

The definition will be followed that Km ; (Lx u) for turbulent 

flow near the center of a wind tunnel. There is a precedent for this 

i n eq uati on 7.29 of Sutton (1953). It is also referred to as the 

Prandtl-Kol mogorov model. 

8.6 TAYLOR PARAMETER, Ta 

The Tayl or parameter, Ta = Ti [~x 1 ·2
, was developed to predict a 

critical va lue of t he Reynolds number for flow past a sphere. It has 

been fo und useful to correlate other turbulence effects. It has been 

discussed in section A.4.1 . 

8.7 SPECIAL REYNOLDS NUMBERS 

Special Reynolds numbers have been discussed in section A.4.2. 

The three used, in addition to the basic Re = UD/v, are 

(1 ) Eddy viscos ity Reynol ds number, Re(Km) = UD/Km 

(2) Turbulence Reynol ds number, Re(A) = UA/V 

(3) Plate Reynolds number, Re(p) = Ud/(1 - Br)v. This is a modi-

fication of the earl ier 11 grid Reynolds number 11 UM/v. 

8.8 u, v, w FLUCTUATIONS 

These are a measure of the RMS value of the air speed fluctuations 

parallel to the x, y, z axes respectively. They are normally measured 

by an 11 X11 or a 11yawed 11 hot wire. In an ex~eriment, one wire was yawed 

at ±45° f rom a position normal to the mean flow. This was done in the 



128 

yz plane to compare u and w -- which, in turn, were found separately 

by the Schuoauer heat diffusion method (see section C.9). 

The formulas for calculating w (and v) are developed in Sandborn•s 

text, section 7.3.l(b). The value of u can be found from the same 

equations as used for turbulence intensities, equation (B-1). This re-

sults in three equations in the three unknowns. The subscripts are 

used to denote the rotated positions, 
1.. 4 Et. '\J't. e~ 

u = ~t "'R~ (R-'RA)"" c'L B~ u (B-23) 

V"~= V,Kt [ ' + e..,."~., e:,.l U-1. . a." d ) 

- ~ u.r ,_ -= " ,. K [ "~}• + "~~1 - u-.1. (B-24) 

where K2 has the same value when one wire under one calibration is used 

throughout. K2 is given by: 

I< t. -
4 E-1.. 

(B-25) 

E is observed mean DC voltage of the hot wire; R, Ra, B and C are hot 

wire calibration constants. The subscripts 11 XY 11 and 11 YZ 11 indicate the 

planes in which the wire is rotated and the subscripts 11 a11 and 11 b11 in-

dicate a rotation of +45° or -45°, respectively. 



C. ACCURACY CONSIDERATIONS 

C. 1 GENERAL 

Because this is primarily an experimental study, emphasis must be 

given to data accuracy. As a first estimate of the accuracies that 

should be reasonable, a quotation from Corrsin (1963) is appropriate. 
11 As in other areas of science, the goals of experiment are, 
loosely, of two kinds: (a) exploratory; and (b) to confirm 
or disprove theories . . . . In exploratory measurements . 
. . 20% accuracy is sometimes satisfactory. The more perma-
nent crucial data ... are taken with perhaps 2 to 10% un-
certainty.~~ (See page 524.) 

There are five primary parameters observed for use in the final 

data (f, U, u, Lx, A) and some of them use air temperature T, virtual 

temperature Tv, air pressure P, and kinematic viscosity v. Because the 

accuracy of observing T, Tv, P and v are so much better (±·.1%) than for 

the primary parameters, the erro-rs ofT, Tv, P and v can be ·ignored. 

The five primary parameters are used to derive eight others pre-

sented in the discussion and conclusions; they are Re, St, Ti, Km, Ta, 

Re(Km), Re(A) and Re(p). 

The approach used here is to make the best possible estimates of 

the accuracy of the five primary parameters by good calibration proce-

dures, feeding known data into a system, observing the same data by two 

instruments, calculating results by two methods, duplicating relevant 

data from the literature, and reduc inq disturbing outside influences. 

Then, when the accuracy of the five basic parameters is found, 

a combination of their accuracies can be used to estimate the accuracy 

of the derived parameters. 

129 
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C.2 CHECKOUT OF INSTRUMENTATION RECORDER AND FOURIER ANALYZER SYSTEM 

Fiqure 4 is a photoqraph of the H-P Model 3960 recorder and the 

H-P Model 5451A Fo urier Analyzer System (FAS). 

C.2.1 POWER SPECTRA AND AUTOCORRELATION 

An instrumentation tape recording was made of sine functions at 

2, 8, 20, 80, 200, 800, 2000, and 8000 Hz. The recordings were pre-

pared at the WSMR Calibration Laboratory with two different instru-

ments that indicated an accuracy of the original sine function fre-

quency to be within ±0.05%. The recorded tape was then played into 

the FAS and analyzed by a power spectra program. Each gave a clean 

sharp peak within 2% or closer of the recorded frequency. This read-

out was by XY plotter which requires a manual settinq at two calibra-

tion points on the chart. Most of the 2% error can be attributed to 

inaccuracies of the manual setting. 

Although it was not done, autocorrelations should have provided 

a more accu rate frequency of these sine waves because a large number 

of time i ntervals could have been counted and avera9ed. 

This checkout also tested the performance of the recorder. At 

maximum record soeed, 15 ips, in the FM mode, manufacturer's specifi-

cat ions call for only a 5 Khz maximum performance. It actually repro-

duced an 8 Khz signal but a greatly reduced magnitude. Therefore, the 

5 Khz reproducti on is considered valid . 

AC volta9e from the hot wire in a hi ohly turbulent flow was re-

corded. The power spectra, Gxx(f) was calculated on the FAS and a 

summation of the area under the curve Gxx(f) vs f was made on the FAS. 

This should also be equal to the autocorrelation at zero time lag. By 



131 

theory (see Bendat and Piersol, 1966), this value, which is in volts 2
, 

should be identical to the mean square of the AC voltage, ;z, from the 

recordings. The latter was measured by an RMS AC voltmeter. Compari-

son of results show: 

EGxx(f) : e2 = .0851 volts 2 

Rxx(O): e2 = .0849 volts 2 

RMS VM: e2 = .0915 volts 2 

The greatest difference is 7.5%. 

A combination of recordings from a sine wave, a hot wire in an air 

j et, and from a noisy amplifier were used to reproduce Bendat and Pier-

sol's figures 1.15 and 1.16. Their figure 1.15 shows four autocorrela-

tion plots and t hei r figure 1.16 shows four power spectral density 

plots , each for : (a) sine wave; (b) sine wave plus random noise; (c) 

narrow band random noise ; and (d) wide band random noise. 

The results from the FAS were very similar to the Bendat and Pier-

sol figures. 

The Fourier transform relation was used repeatedly to first calcu-

late a power spectra and then convert it to an autocorrelation and vice 

versa. The Fourier transform and the inverse Fourier transform on the 

FAS appear to be identical in major items such as maximum f, ~T, spec-

tra shape and e2 • This has been checked by oscillograph displays and 

teletype printouts of data points. 

In using a single sine wave recording, for example, the frequency, 

f, given by the power spectra is identical to the reci procal of time 

lag, T, between successive peaks of maximum or minimum correlations 

given by the autocorrelation. This was done in a variety of cases, 
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using direct calculations of each and using a Fourier transform. In 

each case, the value off and the reciprocal ofT were the same, 

wtthin 1% or less. 

C.2.3 STATIONARITY OF DATA 

This discussion follows Section 5.6.1 of Bendat and Piersol 

(1966) closely. 

The use of many analyses, such as power spectra and autocorrela-

tions, requires the assumption that the random data, x(t), etc., being 

analyzed has the quality of 11 Stationarity. 11 For practical purposes, 

this means that the 11 Statistical properties 11 of x(t), computed by time 

averaging over each of a sequence of short intervals from a single 

sample record, will not vary 11 Significantly 11 from one interval to the 

next. The two words in quotations can be defined rigorously in mathe-

matical terminology but are almost impossible to satisfy in labo-

ratory work. 11 Statistical properties 11 here are limited to mean volt-, 

ages and the mean square voltages, or the first and second statistical 

moments. 11 Si gni fi cantly 11 is used in the sense that the variations be-

tween sample records are no greater than would be expected due to sta-

tistical sampling variations. 

The fluctuating voltage signal, e, from a hot wire anemometer in 

turbulent flow was tested for stationarity. Twenty samples of mean 

square voltages, ~' were obtained by using Program E, Table 5 on the 

Fourier Analyzer System (FAS). Each sample used 3.28 seconds of re-

corded e data. The values of the samples had a mean of 5.4 x 10- 4 

with variations of ±15% from the mean. The twenty samples were then 
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subjected to a "Run Test" and a "Trend Test." Both tests showed that 

the data samples were independent at the a= .05 significance level. 

Twenty samples of mean voltages, e, were calculated by the FAS 

from the same turbulent voltage signal, using Program F, Table 5. 

Each sample utilized 5 seconds of data, with extremes of +4.6 x 10- 4 

to -8.7 x 10- 4 volts and a mean of -.13 x 10- 5
• This is a large vari-

ation but appears reasonable for a turbulent signal. These twenty 

samples were subjected to the same Run test and Trend test. The re-

sults were the same as for the tests of mean square voltages; twen-

ty samples of mean voltage were independent at the a= .05 level of 

significance. 

In view of the above tests, it is concluded that the DISA e data 

can be considered stationary at the a= .05 level of significance for 

analyses of mean square, spectra and correlations, if at least ten 

minutes of recorded e voltages are used. 

C. 3 VIBRATION OF CYLINDER AND TUNNEL FAN 

The influence of vibrations on the pressure transducer and hot 

wire observations were investigated. An accelerometer was bolted to 

the cylinder and cross-spectra were made between the transducer and 

the accelerometer during highly turbulent air flow. Later, with the 

cylinder removed, an accelerometer was clamped to the motor and fan 

housing and cross=spectra made with the hot wire in highly turbulent 

flow. The spectra of the accelerometer showed major energy far above 

the vortex shedding frequency or the frequency of major power in the 

hot wire spectra. The two different types of cross-spectra showed no 

significant correlation. 
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C.4 CONSTANCY OF WIND TUN NEL AIR FLOW 

The constancy of the mean air speed in the wind tunnel, with a 

steady power setting to the air fans, was tested. Separately, for a 

clear tunnel and for eight plates or grids, the tunnel air speed was 

set near 18 fps and left to operate for ten minutes. No changes were 

made to the power setting after the desired air speed was indicated by 

the DC voltage of a CTA. Then the DC voltage of both a DISA hot wire 

and a TSI hot film were recorded. The recordings were analyzed for 

mean DC voltages of both on the FAS. These results indicated that the 

tunnel mean air speed was steady within ±.5%. 

C.5 HOT WIRE TIME RESPONSE CHARACTERISTICS 

The DISA CTA model 55AOl, using a 5 micron platinum plated tung-

sten wire, was tested for time response characteristics using built-

in square wave test procedure. According to this method, the wire 

should adequately respond to a frequency up toll Khz in an air speed 

of about 18 fps and at an overheat ratio of l .8. It is known that a 

square wave method does not fully measure the wire response time but 

more truly indicates the bridge balance reaction time. 

An air pulse method by Shepard (NACA TN 3406, 1955) can provide a 

better measure of the hot wire time response characteristics. Such an 

apparatus has been built and a test completed. It indicated that the 

wire should respond up to 9.05 Khz. 
Both approaches assume that the hot wire responds to a step input 

as a 11 first order 11 el ectrical circuit and that the voltage change can 

be represented by 
-t/T 

Transient voltage, Et = Es - e (C-1) 



135 

where Es is the steady state voltage at the increased air speed and T 

the "time constant" of the wire. (T = RC in electrical terms.) 

The air pulse method was conducted in a pl exiglass tube device, 

4" in diameter and 51 long, but otherwise similar to Shepard 1 S. A 

sheet of plastic ("Saran Wrap" was found best) sealed off one half of 

the tube that was slowly filled by compressed air. A hot wire was ex-

posed inside the other half of the tube where the air speed was essen-

tially zero. As the compressed air was increased, the plastic sheet 

burst and a shock wave of air proceeded past the wire with a steady 

state flow developing soon thereafter. 

A Tektronix Type 564 storage oscilloscope was set to trigger as 

soon as the hot wire AC voltage changed. Voltage changed so rapid-

ly, during the first 40 microseconds after the shock wave, that the 

scope could not track it. However, the triggering point and points 

shortly before the steady state are shown in figure 53 which shows 

a photograph of the scope traced. Also in figure 53 is an idealized 

trace produced by an actual RC circuit. Twas found to be 17 micro-

seconds . 

The oscilloscope trace of the hot wire response shows overshoot 

and damping before reaching a steady state. This could be interpreted 

as evidence of some second order time response characteristics or some 

periodic fluctuations in the air speed between the shock wave and the 

steady state condition. 

The time constant T and the maximum frequency are related by 

f(max) = l/2nT. The above T transforms to f(max) = 9.05 Khz. 
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C.6 CORRECTIONS FOR CYLI NDER BLOCKAGE OF TUNNEL 

The cylinder produces two types of blockage, 11 Solid 11 and 11 Wake. 11 

They are discussed in Sections 6.4 and 6.5 of Pope (1966). Presence 

of a cylinder in a test section reduces the area through which air can 

flow, and hence increases the speed of the air past the cylinder. This 

increase is called 11 SOlid blocking 11 effect. Solid blocking speed in-

crement near the cylinder surface is less than the increment one would 

obtain from direct area reduction, due to boundary layer effects. 

The cylinder wake has a mean velocity lower than the free stream. 

The velocity outs ide the wake must be corres pondingly higher. The 

higher velocity in the mainstream produces, by Bernoulli 1 S principle, 

a lowered pressure , and this lowered pressure puts the cylinder in a 

pressure gradient and results in a second speed increment near the cyl-

inder. This is the 11Wake blockage 11 effect. 

A method. by Roshko (adapted from Allen and Vincetti) is used to 

calculate the solid blockage effect as well as the wake blockage 

effect. 

The tunnel is 24 11 in width . One cylinder is 4.5 11 in diameter and 

the other is 2.75 11
• They block 18.75% and ll .46% of tunnel cross sec-

tion, respectively . The hot wire sensor and stand contribute some 

small additional bl ockage. In many of the classic experiments, wires 

were used instead of cylinders so that blockage was negligible, on the 

order of 1%. However, in Roshko 1 S later (1961) experiment his cylinder 

was 18 11 in diameter in a tunnel 132 11 wide -- a blockage of 13.6%. 

Roshko applied the formulas of Allen and Vincetti(l944), which give 

corrected values of velocity U; and drag coefficient C;d, in terms 
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of measured values U and Cd: 

~, = + } Cd [ ~ J + 0. 82 [ ~ r D 

~~d = l - } Cd [ ~ J -2. 5 [* J 2 ; h 

diameter of cylinder. 
(C-2) 

width of tunnel 

Roshko's application of Allen and Vincetti has been followed. 

From Roshko's resu ts for hi s cylinder, Cd is estimated to be in-

creased by 10% over the value of about 1.2 from Schlichting's figure 

1.4 for Re ~ 4 x 10 4 , givinq Cd ~ 1.3. Then with 0/h ~ .19 and .12: 

~-- = + f [ 19] + 0.82 [ 19] 2 = 1.09; and 

= + \i3 [ 12] + 0.82 [ 12] 2 = 1. 051. 

This means that the solid blockage effect increases the air 

speed near the cylinder surface. Hence, observed Strouhal numbers 

or vortex sheddin0 frequencies should be corrected by reducing them 

by l/1.09 and l/1.05. 

All reported vortex sheddinq freq uenc ies have been corrected by 

multiplying fD/ U by .92 or .95, respectively, for the 4.5 " and 2.75" 

diameter cylinders. 

These corrections give St values slightly high for these cyl-

inders in minimum turbulence flow, with the reference Strouhal num-

bers in figure l, for the same Re . However, the St vs Re curve is 

fairly fl at, so this is not a preci se test. 

It is assumed that these same correc tions can be used for tur-

bulent flows. 

There are "end effects" at the top and bottom of the cylinder, 

inside the tunnel. Roper's (1967) Master's Thesis at Colorado State 
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University describes these. Longitudinally (x axis) oriented vor-

tices exist on each side of the cylinder at its base and top which 

interact with the sheddin9 vortices which rotate about axes parallel 

to they axis. Quoting Mujumdar, Morsbach has shown that in the sub-

critical flow region there is no influence of the length-to-diameter 

ratio, L/0, on the flow at the middle section of the cylinder. for 

L/0 > 5. (In my experiment L/D ~ 5.3 and 8.7.) Achenbach indicated 

that for sufficiently large values of L/D (greater than 3), in the 

critical range especially, the flow at the middle section is not sig-

nificantly influenced by the walls. 

In addition to this, 11 end plates 11 were used on the 2.75 11 cylin-

der. As suggested by Bradshaw (1964), the plates were 1.30 in diam-

eter . They were placed at the top and bottom of the cylinder 2.5 11 

from the ceiling and floor of the tunnel. This 2.5 11 was selected by 

measuring the depth of the boundary layer in the most turbulent flow 

and finding it to be about 211
• 
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C.7 MEASUREMENTS OF FREQUENCY, f 

The frequency, f, of vortex shedding from one side of a cylinder, 

was observed by both a pressure transducer and a hot wire sensor. Both 

produced a continuous analog voltage which was analyzed by spectra or 

correlation analyses to find a dominant frequency. Upon repeated occa-

sions, even in turbulent flows, they produced apparently identi-

cal results when operated simultaneously. As discussed in Section C.2, 

a spectra analysis of f is accurate to better than ±2%. If only one 

clearly dominant frequency exists, correlation analyses can give f to 

±1% or closer. 

C.8 MEAN AIR SPEED, U 

A graphical plot of E vs U, found in the CTA calibration, can be 

used. This curve became nearly a straight line if E4 vs U (or E2 vs 

~) was used. The most accurate method was to apply Peterka•s least 

square program to use calibration data to obtain A, B and C in King•s 

equation (B-2). Then 

U = [E 2 - R(R - RA);\ l/C 
[R( R - RA) ]BJ ( C-4) 

In general, U can be measured more accurately as the air speed in-

creases, at least up to the maximum of 30 to 40 fps used here. 

Two pitot tubes, one in each WSMR tunnel, and a vortex shedder 

anemometer (in the larger tunnel) were available as .. standards ... They 

were used to calibrate the CTA instruments. The two pitot tubes were 

compared, along with a .. calibrated .. whirling cup anemometer, at several 

speeds from 15 to 45 fps. The two pitot tubes had a mean difference of 

.8%. The whirling cup was within 1.2% of the pitot tubes. 
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The following equation was used to obtain U by the pitot tube: 

U(fps) = 92 35~T( 0 R) 6P (inches water) 
· P(mb) (C-5) 

The vo rtex shedder always operated within the range 40 < Re < 150, 

using the diameters of t he shedding wires. Their diameters were 

checked with a micrometer. The shedding frequency was measured by a 

Lissajous figure, comparing the hot wire with a variable sine wave. 

Using Roshko's equation for laminar vortex shedding, St = .212 

- 4.49/Re, and multiplying both sides by Re, it defines U: 

U =,-~-+ 21.179[rr] (C-6) 

The TSI CTA had a temperature compensated hot film sensor. Its 

calibration drift was usually less than 1% from day to day or even week 

to week. It was calibrated from 2 to 30 fps by comparison with a vor-

tex shedder and a pitot tube. This basic curve was then checked each 

day by comparison with a pi tot tube and correction made. It also com-

pared closely with some l ow speed standards at CSU . It was used as a 

"transfer standard" to calibrate the DISA CTA. It is estimated that 

the TSI values of U are accurate to ±2% or closer; except between 2 and 

5 fps, the accuracy is estimated at ±4%. Below 2 fps, the accuracy de-

creases rapid ly. 

The accuracy of the DISA calibration was checked several ways. 

First, the plot of E2 /[R(R-RA)] vs uc should be very nearly a straight 

line. Figure 54 shows, on a reduced scale, a computer plot of this. 

This is based upon Peterka's least squares fit of the calibration data 

to define A, B and C of Kin9's equation. See fiqure 55 for a computer 

printout of this. Second, the empirical fit of the mean data must be 
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accurate to the first derivative. See Sandborn 1s text, section 7.2.2. 

Using the same calibration as in figure 50, this was tested by calcu-

lating the slope of the tangent at each calibration point of E vs U and 

then by calculating the der i vative dE/dU from equation (C-7), applied 

in figure 55. This comparison of the slope and derivative is completed 

in table 4. The comparison was very close (<2% mean) except on the 

point for lowest speed. Third, the value of c was found to be between 

.41 and .45 for several calibrations which agrees closely with several 

reports in the literature. 

The DISA hot wire cali bration always drifted with time. 1% or 2% 

per hour was usual. It was calibrated before and after use and the 

drift was assumed linear with time between the two. Corrections were 

made for the drift. The DISA CTA accuracy is estimated at ±3% at 18 

fps, with slight changes inversely with speed, similar to the TSI. 

-C.9 FLUCTUAT ING AIR SPE ED u 

C.9.1 HOT WIRE METHODS 

All observati ons of u used in this report were found by hot wire 

data. King 1 s modified equat ion was generally used, where B and C had 

been fou nd by Peterka 1 s leas t squares program. 

u = ue L R(R-!!)scucl = Ti u ( C-7) 

This is a version of equation (B- 1). 

In some cases, when a sufficient portion of the calibration curve 

was li near for E2 vs ~, C = .5 was used to simplify the equation 

and R(R - RA)B found from the slope of the line. This is the same as 

equation (B-3). 



142 

The less accurate intercept equation (B-4) was used in figure 34 

to compare Ti (u/U) for several high turbulence flows, as calculated 

by equati on (C-7). At low Ti values, Ti 1 S by the two methods compared 

within 1% but differed by as much as 21 % at high Ti values (~58%). 

Repeated observations of u in similar flows by equation (C-7) 

show variations of less than 25% for Ti ~ 24%. 

It is concluded that the accuracy of u varies with its magnitude 

but was within ±25% or less for data used in table 3. 

C.9.2 DETERMINATION OF u BY THE DIFFUSION OF HEAT 

Schubauer (1935) reported a method of investigating the effect of 

turbulence upon the diffusion of heat. He found that the relation be-

tween a dimension of the wake from a heated wire and the z component of 

turbulence intensity, w/U, as measured by a hot wire, was approximately 

linear. ( 11 Heated wire 11 and 11 hot wire 11 are two different instruments.) 

In my investigation, unusually high turbulence intensities, u/U, 

(up to 25%) have been observed by the hot wire method near the center 

of a wind tunnel test section with the cylinder removed. Because of 

these high values, it was advisable to double check the hot wire turbu-

lence intensity measurements by diffusion of heat measurements. 

Schubauer 1 s apparatus used an electrically heated wire held verti-

cally (along y axis) through the origin of the experimental coordinate 

system. A small copper-constantan thermocouple was fixed 211 behind 

the wire. The frames holding the wire and the thermocouple could be 

rotated about the axis y through the wire. In that way, the heated 

wire remained in a fixed position and the thermocouple rotated through 

an arc in the wake of the wire. A reference thermocouple was kept 
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elsewhere in the air flow at a constant temperature. 6T is tempera-

ture difference between the two thermocouples. 

The thermocouple should show the highest 6T when it was directly 

downwind behind the heated wire (rotation angle e = 0; or both wires 

intersecting the x axis) and should register a lower 6T (thermocouple 

near heated wire reference thermocouple) as the angle e increases. 

The theory of the 6T distribution was derived from the temperature 

distribution behind a line source in laminar flow (Drew, 1931, who ap-

plied the Fourier-Poisson equation for thermal conduction in moving 

fluids). 

Schubauer found it convenient to characterize the spread of the 

heated wake by the angle, a , subtended at the source by the two posi-

tions where 6T was half that in the center of the wake. Schubauer then 

derived the equation a2 = a~ + at, using Drew's results. Where 

at = 190.8 ~k/ pcUx in degrees and is the molecular contribution to 

diffusion. ao can be calculated for laboratory conditions. Then with 

a observed, at, or the turbulent contribution can be obtained. 

Schubauer plotted at vs w/U obtained by hot wire methods and found 

a linear relation as shown in figure 56. Hagist (1968) conducted ex-

periments at Colorado State University which verified Schubauer's curve 

forTi (w/U) values up to 15%, much higher than reported by Schubauer. 

Figure 56 also shows my observations of at vs Ti (u/U). It is ob-

vious that the u/U values are 2 or 3 times larqer than Schubauer's 

curve indicates for w/U. For plate .972, u/U was 1.72 larger than v/U. 

This shows a condition of anisotropy in most of my air flows. This was 

approximately verified by a yawed hot wire determination of w. 
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C.9.3 OBSERVATION OF u, v, w BY YAWED HOT WIRES 

With the cylinder removed, a DISA hot wire was put at the origin 

in air flow behind plate .972. The wire was placed in two different 

positions in the yz plane with the holder parallel to the x axis. Then 

it was manually rotated to estimated ±45° from a position normal to the 

mean flow. 
y 

z a 

The following data was noted: 

z 

I 
~0 
~ 

I 

y 

b 

~ = (.190) 2 = .0361 volts 2 (normal oosition) 

ez = (.178) 2 = .031684 volts 2 (position a) 
a 
~ = (.176) 2 = .030976 volts 2 (position b) 

b 

E2 = (7.04) 2 = 49.5616 volts 2 (normal position) 

U2 = (16.3) 2 = 265.69 (fps) 2 

The above results can be used to calculate u and w by employing 

equations (B-23), (B-24), and (B-25), which leads to u = 3.96 fps, and 

w = 1.67 fps, or u ~ 2.3 w, comparable to the results in figure 56. 

More exactly, 1.7 vs 2.3, or a difference of 35%. 

The above indicates that u can be measured to accuracies that 

vary directly with Ti. ForTi ~ 10%, the accuracy is about ±1 0%; for 

Ti ~ 20%, the accuracy is about ±20%, etc. 
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C.lO MICROSCALE OF TURBULEN CE A 

As stated in Section B.4, A was calculated from the same data by 

two different methods, several times. Results indicated an accuracy of 

±10% as reasonable. 

C.ll INTEGRAL SCALE OF TURBULENCE Lx 

Lx has been the most difficult parameter to measure accurately. 

No doubt, better accuracy could be obtained if correlations between e 

values of two separate hot wires could have been measured as the wires 

were brought closer together, with both wires ~arallel to the x or y 

axis. Such equipment was not available, so data from only one hot wire 

had to be used. This required Taylor 's hypothesis to convert from time 

to space differences. Two formulas are available: 

Lx(T) = T0 U; and Lx( F) = F( O) U 
4 

Comparisons of Lx, computed from the seven sets of the same data, by 

these two equations~give results consistently different by a factor of 

two, see section 5. 

The correlation coefficient of .99 between the two methods of cal-

culating seven sets of Lx is very encouraging as far as consistency of 

data and calculations are concerned. 

An error as high as 10% was noted in figure 34 due to 60 Hz har-

monies. However, es timates can be made to correct for this. 

Although the absolute values of Lx may be in error by as much as 

100%, it is believed that the use of the same type of Lx measurements 

for com~arison of different flows gives a much less error. It is esti-

mated at ±20% when used for comparison purposes and when effects of 

60 Hz harmonics have been accounted for. 
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C.l2 ACCURACY OF DERIVED PARAMETERS, Re, St, Ti, Km, Ta, Re(Km), 
Re(l.) and Re(p) 

It had been planned to use a Kline-McClintock (1953) analysis to 

define the "uncertainties" of the derived parameters. Their approach 

is that if parameter P is a function of independent variables v , .. 
1 

. v , and if w. is the uncertainty interval, of measuring each inter-
n 1 

val, of measuring each variable, then the uncertainty interval, or 

accuracy, of the total parameter is 

In the preceding sections, the terms(~ 0 have been determined av wn n 

by comparisons or other estimates and all are expressed as ±% figures. 

Consequently, the above expression for w can be applied directly. 
p 

(l) Re = f(U, D, v) 

Accuracy of Re = [(.03) 2 + (.001) 2 + (.001) 2]· 5 = ±.0300 

This means that Re = 4 x lOq can be stated as Re = 4 x lOq ± 1200, for 

example. It is assumed that D, v, and plate dimensions are accurate 

to ±.001 or ±. 1%. An accuracy of 3% is used for U to include errors 

in blockage correction. 

(2) St = f(f, D, U) 

Accuracy of St = [(.02) 2 + (.001) 2 + (.03) 2 ]' 5 = ±.0361 

(3) Ti = f(~, U) 

Accuracy of Ti(~l % ) = [(.01) 2 + (.03) 2 ] ' 5 = ±.0316 

Accuracy of Ti(~25% ) = [(.25) 2 + (.03) 2 ]· 5 = ±.2518 
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(4) Km = f(u, Lx) 

Accuracy of Km(Ti ~l % ) = [(.01) 2 + (.2) 2] ·5 = ±.2002 

Accuracy of Km(Ti~25% ) = [(.25) 2 + (.2) 2]· 5 = .3202 

(5) Ta = f(u, u, o, Lx) 

Accuracy of Ta(Ti~l % ) = [(.01)~ + (.03) 2 + (.001) 2 + (.2) 2]· 5 

= ±. 2025 

Accuracy of Ta(Ti~25% ) = [(.25) 2 + (.03) 2 + (.001)2 + (.2)2].5 

= ±.3216 

(6) Re(Km) = f(U, 0, u, Lx) 

Accuracy of Re(Km)(Ti~l % ) = [(.03) 2 + (.001) 2 + (.01) 2 + (.2) 2]· 5 

= ±.2025 

Accuracy of Re(Km)(Ti~25% ) = [(.03) 2 + (.001) 2 + (.25) 2 + (.2) 2]· 5 

= ±.3216 

(7) Re(>.) = f(u, >., v) 

Accuracy of Re(>.)(Ti ~ 1%) = [(.01) 2 + (.1) 2 + (.001) 2]· 5 

=±.1005 

Accuracy of Re(>.)(Ti ~ 25%) = [(.25) 2 + (.1) 2 + (.001) 2]· 5 

= ±.2693 

( 8) Re ( p) = f ( U, D, d, v) 

Accuracy of Re(p) = [(.03) 2 + (.001) 2 + (.001) 2 + (.001) 2]· 5 

= ±.0300 

It is considered that all of the above accuracy estimates, in-

cludin9 those for the primary data (f, U, u , Lx, >.),are very conser-

vative. These estimates should include almost all of the results and 

the majority of the results should be much more accurate than these 

estimates indicate. 
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TABLE 1 

TURBULENCE PRODUCING PLATES 

Blockage Open Ho le Distance t~-d 

Ratio Area Diameter Between 
IIBrll Ratio lid II Centers 

M 
ft ft ft 

.972 .028 .0156 .0825 .0669 

.958 .042 .0156 .0681 .0525 

.945 .055 .0156 .0588 .0432 

.929 .071 .0156 .0514 .0358 

.902 .098 .0208 .0588 .0380 

. 861 . 139 .0156 .0370 .0214 

.804 . 196 .0208 .0416 .0208 

. 801 .199 .0156 .0308 .0152 

.748 .252 .0156 .0274 .0118 

.690 .310 .0156 .0250 .0094 

.500 .500 .0156 .0208 .0052 

.340 .660 . 511 .635 . 124 

All plates are identified by their Blockage Ratios. 

Material 

Masonite 

Masonite 

Masonite 

Masonite 

Masonite 

t~eta 1 

Masonite 

Metal 

Metal 

Metal 

Metal 

Square Grid 
~~ooden 
11 Surry 11 



TABLE 2 

VORTEX SHEDDING DATA (CYLI NDER IN TUNNEL) 

Ref D Plate u f St Re Re(E) Re(E) Vortex Hot Wire Turbulence 
Fig In- Est Re Shedding Position Data 
1 ches Br fps Hz X 10 4 X 10 4 Regi me Fig X z Obs Fig 

A 4.5 .000 19 ,4 10.6 .205 3,8 4. 1.0 Sub-c 15 1. 50 .50 -- --
class 

B 4.5 .690 17.4 9.8 .211 3.4 21. 6.2 Top 16 1.5 . 5 #1 34 
sub-c 

B" 2.75 . 748 13 ' 7 12.3 .206 1.7 22. 13 . Top 17 1. 5 .5 #2 36 
sub-c 

c 4.5 . 748 16,9 11.2 .249 3.3 36 . 11. Di sc 18 1.5 . 5 #3 37 
ss 

C" 2.75 . 801 16.4 Undef Undef 2.0 38 . 19. Disc 19 2.0 . 3 #4 38 
ss 

D 4.5 .804 8.1 7.1 .329 1.6 100. 62. Sup-c 20 1.5 .5 #5 39 

0" 2.75 . 861 7.1 10.5 . 339 0.9 100. 109. Sup-c 21 2.5 .4 #6 40 

E 4.5 .945 18.7 Undef Undef 3.7 200. 54. Di sc 22 .25 . 5 #7 41 
ST 

E" 2.75 .945 20.9 Undef Undef 2.5 200. 80 Disc 23 1.5 .5 #7 41 
ST 

F 4.5 .972 23.2 6.2 .100 4.6 500. 109 Turb 24 1.05 .5 #8 42 

F" 2.75 . 972 23.3 13.0 .128 2.8 500 . 180. Turb 27 .36 .5 #8 42 



TABLE 3 

OBSERVATION OF TURBULENCE PARAMETERS 
NO CYLINDER IN TUNNEL. HOT WIRE AT ORIGIN 

OBS REF FIG PLATE u - Ti A F(O) Factor Lx(T) Lx(F) u To 
# Turb Br or for 

Vortex Data F(M) 60 Hz 
Cond Rxx Fxx fps fps ft sec sec corr* ft ft 

1 43 34 .690 17.6 .370 . 021 .0040 .0088 .0225 1.10 . 155 .099 B 
2 44 36 . 748 12.9 .413 .032 .0045 .0145 .0276 1.08 .187 .089 B" 
3 43 37 .748 17.2 .619 .036 .0064 .0129 .0272 1.06 .222 .117 c 
4 44 38 .801 15.9 .716 .045 .0059 . 3000 .0891 1.05 4. 77 . 345 c 
5 43 39 .804 9.7 .650 .067 .0057 .0343 .0693 1.04 .333 .168 D 
6 44 40 .861 8.7 .574 .066 .0054 .0269 .0518 1.01 . 234 .113 D" 
7 43 41 .945 20.3 3.25 . 160 .0072 .0262 .0467 1.00 .532 .237 E E" 44 
8 43 42 .972 20.2 4.93 .244 .0080 .0294 .0584 1.00 .594 .295 F F" 44 

*This correction factor has been used to obtain T, F(O), F(M), Lx(-r) and Lx(F). 
0 

** Km :: uLx( F) 

Km** 

ft2 
-sec 

.037 

.037 

.072 

.247 

.109 

.065 

.770 

1. 454 

U1 
0 



TABLE 3 (continued) 

OBSERVATION OF TURBULENCE PARAMETERS 
NO CYLINDER IN TUNNEL. HOT lHRE AT ORIGIN 

DATA RELATED TO 4. 511 CYLINDER DATA RELATED TO 2. 75 11 CYLINDER 

Ref Ti Lx Km Ta Re Re Re Re(E) Re(E) Ref Ti Lx Km Ta Re Re Re Re(E) Re(E) 
(F ft 2 (Km) (P),4 (>.) Re (F ftz ( Km) ( P) (>.) Re 
ft -

X 10 4 ft - X 10~ X 10 4 sec X 10 sec 

B . 021 .099 . 037 .027 180 . . 52 9. 6.2 21 
B ... 

.032 .089 .037 . 039 80. .47 11 . 13. 22 # 1 # 2 
c .036 . 117 . 072 . 045 89 . . 63 23 . 11. 36 c ... .045 . 345 . 247 .041 15. . 79 25 . 19 . 38. # 3 # 4 
D .067 . 168 . 109 . 079 33 . . 61 22. 62. 100 

D ... 
.066 . 113 .065 . 076 31. . 57 18 . 109 . 100 . # 5 # 6 

E .160 .237 . 770 .175 10. 3.4 138. 54. 200 
E ... 

.160 .237 . 770 .159 6. 3.4 138 . 200 . # 7 # 7 80. 
F .244 .295 1.45 . 256 5. 6.6 230. 500 

F ... 
.244 . 295 1.45 .232 3. 6.6 230 . 180 . 500. # 8 109. # 8 



CALI BRATION 

E u 

vel ts fps 

6.020 2.90 

6.282 5.00 

6.467 6.90 

6.689 10.00 

6.958 14.70 

7.132 18.28 

7.267 21.51 

7.513 28.14 
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TABLE 4 

COMPARIS ON OF FIRST DERIVATIVES 

OF 

HOT ~JI RE CALIBRATION 

(DISA, 5 micron, 1 Aor 73) 

FIRST DERIVATI VE 

Graphical ; See fig ure 50 Analytical 
See figure 55 

6E 6U 6E dE 1.604 
vel ts f ps 6U dU = E u·ssBl 

.50 3.0 . 167 . 147 

.50 4.9 .l 02 . 104 

. 50 6.3 .079 .084 

. 50 7.9 .063 .066 

.50 9.3 .054 .051 

.50 11 .5 .043 .044 

.50 12.3 .041 .040 

.50 14.4 .035 .033 

Sum 

~1ean 

Mean comparison of f irst derivatives is within 2%. 

~1aximum difference of individual case is 14%. 

COMPARISON 

Grarhical 
Ana ytical 

1.136 

. 981 

.940 

.954 

1 .059 

.977 

1. 025 

1 .061 

8.133 

1 . 016 
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TABLE 5 

PRO~RAMS FOR FOURIER ANALYZER SYSTEM 

1 L 0 A. Rxx, Autocorrelation 
4 BS 1024 
7 L 1 N = 1024 

10 RA 0 0 
14 X> 1 Mean of 100 
1 7 CL 1 0 256 
22 CL 1 768 U2..-
27 CR 1 
30 CL 0 256 768 
35 A+ 2 
38 X> 2 
41 I J 1~0 
46 X< 2 
49 • 0 100 • 
53 • 

1 L 0 B. Gxx, Power Spectra 4 CL J 
7 L 1 Mean of 100 10 RA 0 1 

14 F 0 
17 *- 0 
20 A+ 1 
23 X> 1 
26 I 1 100 
31 X< 1 
3..- • 0 100 • 
38 • 

1 L 0 
..- BS 512 c. Ryx, Cross Correlation 
7 CL 2 

10 L 3 N = 512 
13 RA 0 0 
17 CL 1 0 128 Mean of 60 
22 CL 1 3~4 512 
27 CR 1 
30 CL 0 128 38..-
35 X> 2 
38 I 3 60 0 
43 X< 2 
46 • 0 60 • 
50 • 



1 L 
_. BS 
7 CL 

10 L 
13 RA 
17 Ji 
21 ·-2-4 A+ 
27 X> 
30 ' 35 X< 
38 : 
42 • 

1 L 
_. BS 
1 L 

10 CL 
13 L 
16 RA 
20 * 23 $ 
26 A+ 
29 X> 
32 I 
37 X< 
42J • • 
44 • • 
48 w 
52 I 
57 • 
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TABLE 5 (continued) 

PROGRAMS FOR FOURIER ANALYZER SYSTEM 

" D. Gyx, Cross Spectra 
512 

2 N = 512 
l 
0 1 Mean of 60 
fJ 1 
1 
2 
2 
1 60 0 
2 
0 60 

0 E. e2, Mean Square Voltage 
40,6 N = 4096 1 

l 
2 Mean of 10 readings 
fJ 1 
0 Repeated teletype print-
0 
1 out 
1 
2 10 
1 
0 .. 096 F. [, Mean Voltage 
0 10 
0 4095 Same as E except command 
1 500 0 

20 is deleted. 
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TABLE 6 

APPROXIMATE RELATION OF TURBULENCE PARAMETERS TO Re (E) AND Re(E )/Re 

LEAST SQUARES SOLUTION OF Ln(Yi) =A+ C Ln(Xi), OR Yi = B(Xi)C 

4.5 11 Cylinder 

Case A~~roximate Relation Correlation Least Sguares 
Coefficient* Sum** 

Re(E) = 2. 500 X 10 7 [ Ti ]1,247 .991 2.53 X 10- 11 

2 Re(E) = 1. 304 X 10 8 [ Lx ]2· 767 .996 2.07 X 10- 12 

3 Re(E) = 3. 307 X 10 6 [ Km J . 7 79 .965 3.78 X 10- 11 

4 Re(E) = 2. 734 X 10 7 [ Ta Jl· 361 .991 1.90 X 10- 11 

5 Re(E) = 1.763x10 7 [Re(Km)]-· 856 -.994 6.78 X 10- 17 

6 Re(E) = 7.401 X 10 [Re(p) ] ,994 . 912 3. 00 X 10- 19 

7 Re(E) = 3.424 X 10 4 [Re(>.) ] . 8 8 3 .943 1.48 X 10- 15 

8 Re(E)/Re = 5.444 X 10 2 [ Ti ]1,127 .926 5.61 X 10- 2 

9 Re(E)/Re = 2.544 x 10 3 [ Lx ]2· 529 .940 7.28 X 10- 3 

10 Re(E)/Re = 8.173 x 10 [ Km J . 6 6 2 .847 4.20 X 10- 2 

11 Re(E)/Re = 5.918 x 10 2 [ Ta ]1.2 32 .926 4.01 X 10- 2 

12 Re(E)/Re = 4.003 x 10 2 [Re(Km)]-· 776 -. 931 2.14x10- 7 

13 Re(E)/Re = 1.649 x 10- 2[Re(p) J . 7 8 3 .741 2.13 X 10- 11 

14 Re(E)/Re = 1.788 [Re(>.) J . 7 3 4 . 810 1 . 25 X 10- 6 

*Correlation is between Ln(X.) and Ln(Y.). 
1 1 

**Sum is approximately normalized by dividing by (X3) 2(Y3) 2. 
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TABLE 6 (continued) 

2.75 11 Cylinder 

Case AEEroximate Relation Correlation Least S~uares 
Coeffic1ent* Sum* 

15 Re(E) = 3.556 X 10 7 [ Ti ]1.442 .984 4.62 X 10- 11 

16 Re(E) = 5.031 X 10 6 [ Lx J • 9 9 2 .475 3.82 X 10-1 o 

17 Re(E) = 2. 549 X 10 6 [ Km J . 6 6 4 .828 4.68 X 10- 10 

18 Re(E) = 4.310 X 10 7 [ Ta ]1·542 .982 3. 85 X 10- 11 

19 Re(E) = 1.797x106 [Re(Km)]-· 353 -.577 4.37 X 10- 11 

20 Re(E) = 1 .002 X 10 2 [Re(p) ] • 9 6 3 .902 4.00 X 10-20 

21 Re(E) = 3. 740 X 10 4 [Re( ~J J • 8 6 1 .914 3.21 X 10-15 

22 Re (E)/Re = 8.717 x 10 2 [ Ti J 1. 149 .854 2. 76 X 10- 2 

23 Re(E)/Re = 1.086 x 10 2 [ Lx J . 4 7 4 .246 3.28 X 10- 2 

24 Re(E)/Re = 9.297 x 10 [ Km J . 4 3 4 .590 6. 88 X 10- 2 

25 Re (E)/Re = 1.110 x 10 3 [ Ta J 1. 26 4 .878 1.77 x 1o- 2 

26 Re(E)/Re = 2.536 X 10 2 [Re(Km)]-· 611 - .690 2.43 X 10- 7 

27 Re (E)/Re = 4.431 X 10 3 [Re(p) J-.431 -. 395 1.16 X 10- 11 

28 Re(E)/Re = 4.979 [Re(>.) J . 6 0 7 .702 6.97 X 10- 7 
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TABLE 7 

DIGITAL COMPUTER PROGRAt~S FOR CURVE FITIING OF Y = A + BXc 

Equations of the form, Y =A+ BXc, where X andY are observed 

data and constants A, B, C are determined by a least squares approxi-

mation, were defined by two computer programs. A Newton-Raphson 

iteration was used for the least squares approximation, but a Slope-

Intercept procedure was applied first, for three data points, to 

obtain the first approximations of A, B, and C needed to start the 

iteration. 

The Slope-Intercept procedure utilized sets 1, 3, and 5 of the 

X,Y data: Y = A + sxc · Y = A + sxc 1 1 ' 3 3 Y = A + sxc 5 5 

By algebraically eliminating A and B, one equation with only C 

could be found: X~ - X~ xr - xi 
= 

Y1 - Y5 yl - y3 

A difference 11 R11 was defined: xr - xc 5 xr - xc 3 
R = 

y 1 - Y5 y 1 - y3 

when a value of c(c ; 0) was calculated such that R was very close to 

zero (e.g., less than .000001), then C should be a 900d approximate 

solution for the three equations. This value was obtained by using 

an original estimate of C(l) and C(2). R(l) and R(2) are calculated, 

and C(3), for R(3) = 0, estimated as 

C(3) = C(2) - R(2) [ ml = ~ml 
C(4) was calculated similarly until R was small enough. Then, havinq 

a value of C, A and B could be obtained by an algebraic solution. 
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The Newton-Raphson iteration {Chapt 25, Scheid, 1968) started 

with these estimates of A, B, and C and proceeded, as fo 11 O\'ts, to 

obtain the final approximate values of A, B, and C which fit all 

the data. 

The general form of the Newton-Raphson iterati on is 

In this case, the applicable equation was 
"" 2.. s = L ('<, - A - "B)ln ; \-\,e" 

.\. ~ 0 

where A , B and C are first estimates. SA, SB and SC are de-
n n n 

rivatives evaluated by A , B and C • The matrices and their n n n 
elements are specified below. A common factor of "2" was cancelled 

from each element. VI 

SA = 'dS/aA = -L('<i -A-B'I<n 
\•1 

SB • 'bS/-aB ::; -t (Y,- ~- 'OY-1)( )(~) 
i"&l 

sc = as/-ac. : -f tY; -A -~i.~')(B)(~ 9...... )( •) 
i,; I 

An cl. 

-r}s o~s ~s '5(1,1) S(l,'l.) 

~ ~"B ~A d(d~ 

~= (l'l.S ?:.1.5 s (?..,I) s ~7..;2-) 
11- = 
aP.~'!> ~-.&" )C.(l"B s ( '3, z.) 

~""s ~"-s ~,s s ('3, \) 

1lll\ ~c: Cl"! -ac: (lC'lo 
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"(\ 

s (I, I) : G :: "" 
l:l 

"(\ 

5(1,1.):::. I_'l<~ 
l'"i 

~ (~,1)::. 

'1\ ,_ <: 1. t '2.<. n )'\.) ?:: (P1'0l,(t.,')(,)- 'Y>'<•l(~ (.t..,~i.) + ?."B )(.i \x.n~ • 
... :t 

The matrix is symmetric. In this case, five sets of(X., Y.) data were 
1 1 

used9 so n = 5. 

The computer program follows. A ~auss-Jordan sub~routine was 
included to invert the matrix. 
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tFORoiS eBARNFTT•eL SOA8C 
C CALCULATE A.A.C IN E:Q Y=A+B*X**C BY LEAST SQlJARFC. 
C USING NEWTON-RAPHSON ITERATION 

IMPLICIT nOUBLF PR~CISION CA-Ho 0-Zl 
DIMENSION A< 9 l • R < 9 l • r < q l • X< c; l • Y < c:; l • S < :1• :1) • AA < c;) • 

$ SS C c; l • H < 1 4 l • JC < :1 l • V < 3 l • AB < c:: l • CC < r::; l • 7 r c; l 
800 READ<5•801 •END=<=i04l H• AC1l• B<l>• C<ll 

C H IS HEAQIN~• A ~ C ARF FIRST FSTIMATFS 

c 
c 

c 

801 FORMAT<t:1A6oA2/Cc:;X.3F?<=ie9l) 
READ<5•A02) <X< T loY( T l • I=l•<=i) 

802 FORMATC<=iFlc:;e5l 
WRTTFC6,906) H 

906 FORM AT<tH1•t:;Xot:1A6 oA?/?OX,• X•o?nX,tYt) 
DO 1 0 1 T = 1 • c; 
WR I TF < 6 • 907) XC T l • Y C I) 

907 FORMAT C~X•2F?0e<=il 

1 01 CONTTNUF 
CALCULATE ELEMENTS FOR MATRIX AND USF 
ESTIMATES OF A • A• c 

DO 102 J=2·9 
AA<2>=0 • 
AF.C?>=n. 
CC<?>=n . 
K=J-1 
A<Jl=ACI<l-AA<Jl 
A ( J > =A ( 1< > -9R ( ,J l 
CCJ>=C<~<>-CCCJ> 

Al=A<J> 
B1=BCJ) 
Cl:C(Jl 

CALCULATF LI="AC,T C,()l JARE • 77 
Z7=0 • 
DO 1 0 3 t = 1 • c; 
ZC T ):CY( I l-At-A1*<XC T ll**C1 >**? 
ZZ:ZZ+7<Tl 

103 CONTlNlJF 
WRIT~ (A • 9f'l'< ) 

TO TMPQOVF 

90:1 FORMAT( tHO.c;Xo t ITERATION• o9Xo •A• •19Xo •A• •lRXo • C • o"<?Xo 
$tLFA .c;T c,QUARFt) 

WRITE C 6 • 904 l K • A 1 • R 1 • C 1 • ZZ 
904 FORMAT<tH •5Xoi3,3F20.C'i.lF40e9) 

C SCMoNl ARE FLEMENTS OF 3X:1 MATRIX 
S<1.tl=<=i • 
S12=0e 
DO 104 1=1 , c; 
SS ( t ) = (X ( t ) ) **C: 1 
St?::S1?+SS< t l 

104 CONTTNUF 
C,(1o?):C,12 
S<?•l ):c;C 1•2> 
S1"<=0• 
DO 1 0 c; I = 1 • c::; 
SS< I>=<<X<Il l**C1l*<DLOGCX<Tlll 



Sl3=S13+SSCIJ 
105 CONTINUF 

S( 1 t3J=A1*c>l3 
SC3•1 ):C:.C1t .1) 
S?.?=n• 
DO 1 () 6 I = 1 • "5 
SSCI>=CXCI>>**C?e*Cl ) 
S2?=S2?+SSCI) 

106 CONTINUF=" 
SC?•2>=S22 
S231=S1; 
S2,2=0e 

161 

DO 232 I=1t"5 
SSCI>=CCXCI)J**C?e*C1JJ*CDLOGCXC I))) 
S232=S232+SSCJ J 

23? CONTINUF 
S?;3=()• 
DO 1 () 8 I = 1 • "5 
SS<I>=CYC IJ)*CCXCIJ>**Cll*CrJLOGCXCil)l 
S2;3=S?;3+SSCI l 

1 08 CO"JT I NUF=" 
SC?t31=A1*S231+2 .*81*S2~?-S?;1 

S<1•2J=<::.C2t3) 
5331=0· 
DO 109 I=lt5 
SSe I)=< CXC I) >**C?e*C1) >*< CDLOGCXC Y) J >**?> 
S331=S331+SSCI) 

109 CONTINUF 
C::,3;?=()· 
DO t 1 0 I = 1 • "5 
SS C I ) = C Y C I> ) * C C XC I > l **C 1 ) * C C rJLOG C XC I ) ) ) **~) 
S332=S~32+SS<I> 

110 CONTINUF=' 
S313= 0 · 
DO 1 15 I= 1 • c:; 
SS C I > = C C XC I > > **C:! > * C ( rJLOG C XC I > ) > **? > 
S333=S3T1+SS ( Y ) 

1 15 CONTI NUF 
SC3t31=R1*C2e*Al*S;~1-S31?+Al*S3;~ ) 

WRITEC6,qc:;c;) 
955 FORMAT( tH ,c:;x, q:::LEMENTC:. OF M.l\TQIX•) 

DO 1"5? M=1•, 
WR I TF C 6 • 9c:;6 ) C C:. C M • N J • N= 1 •;) 

956 FORMAT<tH ·~X.<F;O.q) 

1 5? CONTI NlJI=" 
C ALL VALUF S 0F MATRIX ARE CAL CUL ATFfJ• CA LL SU8ROUT YNE 
C TO TNVFRT MATRIX 

VCll=le 
CALL KMRGJRCS.3t1t3 t ~ •$9r? .JCtVl 

qat CONTINUF 
WR I TF C 6 • 951 ) 

951 FOPMAT<tH ,c:;X,t~LEMENTS OF INV~QTFn MATPT X t) 
DO 1"'1 M=t ,; 
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WRITE'I6,QC)?) CS<II.1•N) •N=1•3> 
95? FOQ~ATCtH ,c:;x,~F10.9) 

151 CONTINUF 
C CALCULATF PARTIAL DFRIVATI VF:S OF S WRT A•8•C =SA . S RoS C 

SA=O• 
DO 1 12 I= 1 • c:; 
SSCI>=CYC I>>-Al-R1*CXC!>>**Ct 
SA:SA+SS C I> 

112 CONTINUE 
SA:C-1e)*SA 
SR1=0• 
DO t 1 :1 I = 1 • c:; 
SSCT>=C CXCI>>**C': l >*CY!Tl-Al-Rt*(XC!>>**rt l 
SR1=SR1+SSC!) 

113 CONTINU~=" 

SB=I- le>* SAl 
SC=O• 
DO 1 14 I= 1 • ~ 
SSC I ):CYC I )-A1-B1·1HX( I) >**C1 l*l C (XC I) >* * i.t) 

$*<DLOGCXC I>)>) 
SC=SC+Sc:(J) 

1 14 CONTI NUF 
SC:I-Rl>*SC 
WRITFC6,957) C:A ,c:R, c: r 

997 FOPMAT(]H , ~X ,tC:A='•lF~n.o,~x,•SR=•• 

$1F?0.9o~X••SC='•1F?O.G) 

L=J+t 
AACL>=S<1•1l*SA+Sil•2>*SR+SC1•3l*C:C 
BRIL>=S<2•1>*SA+S<?•?l*SR+S<?•1l*SC 
CC<L>=S<3•1>*SA+SI1•?l*SR+SI1o~l*Si. 

WRITF.:C6,953> 
953 FOpMATCtH ,c:;X,t ITERA T IONto7XttVALUES OF C0PRECT!ON 

~ FACTORS AA• 8R• CC•) 
WRITEC6,954)KtAACLltRRILl•CCIL) 

954 FORMATCtH ,c:;X,I3o5Xo 1 AA= 1 t1 F?9.9 t c:;X, •AR = •,1F?5 .9t 
$5X,•i.C=tt1F?~.G) 

tO? CONTINU~=" 

GO TO 90'1 
90? WRITF CAt90~) 

909 FORMAT<tH t~Xt•ERPOR TN MATRIX IN\/FRSTONt) 
GO TO C)04 

903 GO TO ROO 
504 STOP 

END 
•FORtiS .KMR~JR 

SURROUTINE KMRGJRCAoN\.oNRoNoMC t$oJ\. oVl 
IMPLICIT DOlJRLF PRF\.TST0N (A-H t 0 -7) 
DIMENSION ACNR oN\.)oJrCt )tV!?) 

C J\. IS THE PFR~~UTA T I ON VF\.TOP 
r. 
\. 
c 
c 

Kr) IS OPTION I<FY FOR '"'I<="Tf"PM!"JA~IT F 1/\LlJt\T!ON 
KI !S THF: OPTION KI="Y FOP M/\TPTX T"I\/Fr)C:.f("'"l 
L IS THF COLUMN CONTROL FOP AX=R 
M IS THF COLUMN CONTOL FOP ~ATRIX !NVFPST0N 
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c I NITIALIZATION 
IW=V<l> 
M=l 
~=t• 

L=N+CMC-N>*C IW/4) 
I<D=?-MOnCtW/?•?> 
lFCt<DeEQe1) VC?l=Oe 
K I =2-MOn ( I W • 2) 
GO T 0 C ~ • 2 0 > • K T 

C INITIALI7~ JC FOP INVFPSTON 
c; DO 1 0 t = 1 • N 
1 0 JC C I >=I 
C S EARCH FOR PIVOT ROW 
20 DO q1 I=1•N 

GO TO <?2•21 > •Kl 
21 M= I 
?2 JF ( I eEOeN) GO TO 6f1 

><=-1· 
DO 10 J= J •N 
IF CXeGTeAA~CACJ.t))) GOT() 1 0 
><=AB S <ACJ•I>> 
K=J 

30 CONTINUF 
IFCKeEOei> GO TO 60 
S=-S 
VC1>=-VC1) 
GO TO C .15 • 40 ) • K I 

35 MU:JCCt> 
JCCI>=J~CK) 

JC C K) =Mt J 
C JNTERr.H~NGE ROW J AND ROW K 
40 DO ~0 J=M•L 

X= A C I • J) 
AC I •J>=A<K•J> 

50 A<K•J>=X 
C TEST FOP S JN~ULARJTY 

60 IF <AB S CACI.t>>eGT.O.) GO TO 70 
C MATRIX IS SINGULAR 

TFCKDe E Oel) VC1)=0• 
JC C t > = J -1 
RETURN 6 

70 GO TO C71•7?) t t<D 
C COMPUTF THF DF.TFPMINANT 
71 IFCA<I.YleLTeOe) S:-c; 

VC? > =VC~>+DLOGCARSCACT•T))) 

72 X= A C I • t ) 
A<I •I >=1• 

C REDUCTION OF THF I-TH ROW 
DO AO J=M•L 
A C I • J > = A C J • J >/X 

C TEST OV~RFLOW SWITCH . IF ON 

( 

C RETURN NEGATIVF VALUE OF I IN JCCl) 
CALL OVFRFL CtFL) 
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IFCIFLe~0•1l GO TO 1~0 
AO CONTINUr=' 
C REDUCTION OF ALL RFMAINING ROW~ 

DO 91 K= 1 •N 
IF (KeEQel > GO TO 91 
X=A<Kdl 
ACK• I >=n• 
DO 90 J =M•L 
ACK.Jl=ACK,J>-X*ACI,J) 

C TEST GVFRFL OW SWITCH . IF ON 
C RETURN NEGATIVF VALUF OF T IN J\.C1> 

CALL OVr.RFL CIFL) 
IFCIFLeFOel) GO TO 1~0 

90 COI',IT I NUF 
91 CONTINU~ 

C AX=R AND DETeCA) ARF:' NOW COMOtJT~D 

GO TO C9~•140 ),KI 

C PERMUTATION OF COLUMNS FOR MATPTX INVER~ION 

95 DO 1~ 0 J~1,N 

IF CJCCJleEOeJl GO TO 130 
JJ=J+l 
DO 100 I~JJ•"J 

IF C JC C t l • EO • J) GO T0 I 1 0 
100 CONTINUE 
1 1 0 JC C I > ~ JC C J > 

DO 120 K=1 •N 
X=A<K•l> 
ACK•I >~A< K •Jl 

120 A<K•J>=x 
130 CONTINUF 
140 JC Ct>~N 

IF CKD.EQel) V < 1 l :S 
RETURN 

150 JC C 1 l = 1-1 
IFCKDeEO.l) v ( 1 ) ,.,c:, 
RETURN 6 
END 

tXQT 
C INSERT HEADING AND DATA CAR~S HF:'R~ 

•FIN 
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Fioure l. Vortex Sheddinq Flow Regimes. Four vortex sheddi nq re-
gimes, from a circular cylinder, are shown with rela -
tion between Reynolds and Strouhal numbers. All are 
for wind tunnel flows with minimum turbulence intensi t y 
(usually< 0.5%). Regions between regimes are "discon·-
ti nuity" vortex sheddi nq flow conditions. See text for 
exolanation of letters "A" to "R." The symbol "®" 
indicates changes in vortex shedding induced behind 
larger cylinder by introducinq increasinq turbulence 
into a wind tunnel; B~, D~ and F~ are similar results 
for sma 11 er cylinder. 
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LAMINAR VORTICES 
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TURBULENT VORTICES 4' 
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~ 
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Fi qure 2. Characteristics of the four major vortex sheddinq regimes 
from a smooth cylinder in air flow with near zero turbu-
lence intensity. Turbulent boundary layers and vortices 
are dashed. "S" means seoaration point; "LBL" means lam-
inar boundary layer; "TBL ." means turbulent boundary layer. 
Boundary layer depths are exaggerated. 

. .. · 
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Figure 3. Variation of reciprocal of Strouhal number, 1/S, 
and drag coefficient, Cd, both as functions of the 
Reynolds number, R. From Roshko (1961) 



Figure 4. Photograph of Fourier Analyzer System utilized to analyze data. (US Army photograph) 



Figure 5. General view of wind tunnel and instrumentation used. The cylinder is in a vertical position 
with a hot wire sensor immediately downstream. (US Army photograph) 



Air -Flow 

Figure 6. 

~· ~· ~· I 

plate 

/ 
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fan 
& 

motor 

Diagram of Wind Tunnel used at White Sands. 

-

Side view. Scale: 1"=5'. Test section: 
4 1 X 4 1 

o 

2 1 X 2 1 X 6 1
• 

Over-all length 22'. Intake: 
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Figure 7. Picture of plate .500. Area covered is 24 11 x 24 11
, 

3/16 11 diameter holes are in a commerically obtained 
metal sheet. (US Army photograph) 



Figure 8. Photograph of plate .972. Area covered is 24 11 x 24 11 • 

3/16 11 diameter holes are drilled through masonite. 
(US Army photograph) 



173 

Figure 9. Picture of 11 Surry 11 grid, modeled after a larger size grid 
he used. Open spaces are 6 l/8 11 x 6 l/8 11

• Boards are 
1.5 11 wide. Blocking ratio is .34. (US Army photograph) 
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Figure 10. Pressure transducer inside 4.5 11 diameter cylinder. 
Plastic tubing can be chan9ed to different pressure 
taps. (US Army photograph) 
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Figure 11 . End view of 2. 75 11 diameter cy1 i nder showing pressure 
transducer with tubes at ±90°, 
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Pressure tap~ ~ ±90~; U = 18 fps 
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FREQUEN CY f (Hz) 
Figure 12. Power spectra of vortex shedding frequenci es by pres-

sure transducer. 4.5 11 diameter cyli nder. Mean of 
60 spectra . N = 512. 
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Pressure taps = ±1 30°; U ~ 18 fps 
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Figure 13. Power spectra of vortex shedding frequencies by 
pressure transducer. 4.5" diameter cylinder. 
Mean of 60 spectra. N = 512. 
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. I ~ 1: 

li 1+1+1 

10 20 30 40 50 

FREQUENCY f (Hz) · 

Power spectra of vortex shedding frequencies by 
pressure transducer. 4.5 11 diameter cylinder. 
Mean of 60 spectra. N = 512. 
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4.5" cylinder OPEN TUNNEL; U = 19.4 fps "A" 
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Figure 15. Frequency of vortex shedding observed simultane.ously ·by 
hot wire and pressure transducer. Pressure taps ±130°, 
Hot wire at x·= 1.50; z =.50. N= 512. Mean of 6.0 . ' 
spectra or correlations. f = 10.6. St = .205. 
Re = 3.8 x 10'+. Comparable to condition "A 11 in figure 1. 
11f = .195 Hz. 
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PLATE .690; U = 17 4 fps "B" 
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Figure 1.6. Frequency of vortex shedding observed simultaneously 
by hot wire and pressure transducer. Pressure taps 
±90°, Hot wire at x = 1.50; z = .50. N = 512. 
Mean of 60 spectra or correlations. f = 9.8. . St 
= • 211 Re = 3.4 x 10 4 • Comparab 1 e to condition 
"B" in figure 1. !J.f = .195 Hz. 
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Figure 17. Frequency of vortex shedding observed simultaneously 
by hot wire and pressure transducer. Pressure taps 
±13~0 • Hot wire at x = 1.50; z = .50. N = 512. 
Mean of 60 spectra or correlations. f = 12.3. St 
= .206. Re = 1.7 x lOlt. Comparable to condition 
11 8 ... 11 in figure 1. ~f = .195 Hz. 



4,5" cy1tnder 

c~oss 
CORRELATiON 

CROSS 
SPECTRA 

POWER 
SPECTRA 
PRESSURE 
TRANSDUCER 

182 
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Figure 18. Frequency of vortex shedding observed simultaneously 
by hot wire and pressure transducer. Pressure taps 
±90°, Hot wire at x = 1.50; z = .SD. N = 512. 
Mean of 60 spectra or correlations. f = 11.2. St 
= .249. Re = 3.3 x 10~. Comparable to condition 
11 C11 in fig ure 1. l1f =.195Hz. 
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PLATE 801; U = 16.4 fps IIC"'II 
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Frequency of vortex shedding observed simultaneously 
by hot wire and pressure transducer. Pressure taps 
±150°, Hot wire at x = 2.0D; z = .3D. N = 1024. 
Mean of 60 spectra or correlations. f = undefined. 
St =undefined. Re = 2.0 x 104 • Comparable to con-
dition 11 C"' 11 in figure 1. llf = .195Hz. 
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4,5 .. cyltnder PLATE .804· ~ U :::; a: 1 fps "D" 
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Figure 20, 
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Frequency of vortex sheddi ng observed simultaneously 
by hot wire and pressure t ransducer. Pressure taps 
±150°, Hot wire at x = 1.50; z = ,50. N = 512. 
Mean of 120 spectra or correlations. f ~ 7.1. St 
= .329. Re = 1.6 x 10 4 • Comparable to condition 
11 011 in figure 1. t..f = .195 Hz. 
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2.75 11 cylinder PLATE .861; U = 7.1 fps 110""11 
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Frequency of vortex shedding observed simultaneously 
by hot wire and pressure transducer. Pressure taps 
±150°. Hot wire at x = 2.50; z = .40. N = 512. 
Mean of 100 spectra or correlations. f = 10.5 
St = .339. Re = 8.6 x 10 3 • Comparable to condition 
11 0"" 11 in figure 1. ~f = .391 Hz. 
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PLATE .945; U = 18.7 fps 
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Ftgure 22. Frequency of vortex sheddi .ng observed simultaneously by 
hot wtre and pressure transducer. Pressure taps ±90°, 
Hot wire at x = .250; z = .50. N = 512. Mean of 60 
spectra or correlations. f = undefined. St = undefined. 
Re = 3. 7 x 10'+. Comparable to condit ion "E" in figure 1. 
t.f = .195 Hz. 
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PLATE .t45 ; U = 20.9 fps "E .. " 
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Figure 23 1 Frequency of vortex shedding observed simultaneously 
by hot wire and pressure transducer. Pressure taps 
±90°. Hot wi re at x = 1.50; z = .50. N = 1024. 
Mean of 75 spect ra or correlati ons. f = undefined. 
St =undefined. Re = 2.5 x 10~. Comparable to 
condition "E .. 11 in figure l. 11 f = .1 95Hz. 
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4.5 11 cylinder PLATE . 972; U = 23. 2 fps 
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Figure 24. Frequency of vortex sheddi ng observed simultaneously 
by hot wire and pressure transducer. Pressure taps 
±130°. Hot wire at x = 1.050; z = .50. N = 512. 
Mean of 120 spectra or correlations. f = 6.2. 
St = .100. Re = 4.6 x 10 4 • Comparable to condition 
11 F11 in figure 1. !J.f = .195 Hz. 



4.5" cyltnder 

CROSS 
CORRELATION 

CROSS 
SPECTRA 

POWER 
SPECTRA 
PRESSURE 
TRANSDUCER 

POWER 
SPECTRA 
HOT 
WIRE 

~ 

d&I 

;::: 

0 

189 

PLATE .972; U = 16. tl fps "F" 
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Figure 25. Frequency of vortex shedding observed simultaneously 

by hot wire and pressure transducer. Pressure taps 
±130°. Hot wire at .250 down from 130° tap. N = 
512. Mean of 120 spectra or correlations. f = 4.0. 
St = .093. Re = 3.2 x 10 4 • Comparable to condition 
11 F11 in figure 1. Note best defined cross spectra. 
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PLATE .972; u = 15.3 fps IIFII 
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Figure 26. Frequency of vortex shedding observed simultaneously by 
hot wire and pressure transducer. · Presure taps ±130°. 
Hot wire at x = 1 .50, z = .50. N = 512. Mean of 120 
spectra or correlations. f = 3.9. St = .096. 
Re = 3.0 x 10 4 • Comparable to condition "F" in figure 1. 
Note poorly defined cross spectra. 
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2. 75 11 cyl i"nder PLATE .972 ; U = 23.3 fps .. F .... 
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Figure 27. 

0 . 100 
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Frequency of vort ex shedding obs ~rved simultaneously 
by hot wire and press ure transducer. Pressure taps 
±90°. Hot wire at x = . 360, z = .50. N = 512. 
Mean of 120 spectra or correlations. f = 13. St 
= .128 Re =2.8 xlO ~ . Comparable to condition 
11 F_.. 11 in figure 1. !J.f = .391 Hz. 
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Figure 28. Flow Visualization of Boundary Layer and 
Separation Conditions. 

The above three photographs show flow visualization by 
the motion of silk threads on a 2.75 11 diameter cylinder. 
They cover (longitudinally on the cylinder) the middle 14 11 

of the cylinder in a 24 11 x 24 11 wind tunnel. The air motion 
is from left to right and the vertical white line is at goo 
from the front stagnation point. 

The sub-critical case is in an open tunnel, U = 28 fps, 
Re = 4 x 10 4 , Re(E) = 4 x 10 4 , and Ti = .3%. A laminar 
boundary layer is apparent upstream from goo and some indi-
cations of separation immediately downstream. 

The induced super-critical case is behind plate .861, 
U = 6.5 fps, Re = 8.8 x 10 3 , Re(E) ~ 1 x 10 6

, and Ti ~ 8%. 
There is little indication of separation. This is probably 
due to the low air speed. Ideally separation and quick re-
attachment should be indicated near 120° along with final 
separation behind 140°. 

The induced turbulent case is behind plate ,g72, U 
= 16 fps, Re ~ 2.2 x 10 4 , Re(E) ~ 3 x 10 6 , and Ti ~ 23%. 
Turbulence is indicated in the boundary layer upstream and 
turbulent separation at about 110°. (Note the much greater 
turbulence than in the sub-critical case which has much 
higher air speed.) 

I ,'~ l 
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PLATE .972; U ~ 18 fps 

OPEN TUNNEL; U ~ 18 fps .-... ~ 
"'-.... +--+-+ ..._ -·-+-+-.... 

+-+-•-+-+-+. 

' "-... -+-+-1' 

PLATE .804; U ~ 7.5 fps 

70 90 110 130 150 

a ±degrees 

Figure 29. Variation of RMS voltaqe from pressure transducer 
as angle a of pressure taps is chanqed. 
4.5" cylinder. 
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Figure 30. Cnange of spectra with a angle of pressure taps. 
4.5" cylinder. Mean of 60 spectra. 6.f = .195Hz. 
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Figure 31. Change of spectra with a angle of pressure taps. 
4.5" cylinder. Mean of 60 spectra. !:if= . 195Hz . 
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OBSERVATIONS OF TURBULENCE INTENSITY AND AIR SPEED DISTRIBUTIONS 
NEAR A CIRCULAR CYLINDER IN TWO DIFFERENT TURBULENT FLOW CONDITIONS 

DIAGRAM OF OBSERVATION POINTS I 

I I I I I I I I I I I I SIDE WALL OF TUNNEL I I I I I I I I I I I I 

S ca 1 e _._1 _---.=-~· 0 5 l0 11 

+ .. u 
00 

PLATE POSITION u Uoo u * Ti ( 1 ) Ti(2) 
Br fps fps uoo % % 

. 36 1 28.0 19.0 1.47 8.6 8.6 
Surry 2 19.0 18.5 1.03 11.7 11 .8 

3 16.6 18.1 .92 15.3 15.7 
4 15.0 17.8 .84 21.3 19.0 
5 15 .8 18.1 .87 17.2 17.7 
6 5.0 18.0 .28 48.7 58.8 

.972 1 34.0 16.2 2.10 24.7 24.2 
2 14.6 16.5 .88 41.8 43.3 
3 10.3 18.0 .57 46.0 49.1 
4 14.8 17.9 .83 26.0 26.8 
5 17.3 18.7 .93 25.0 25.6 
6 8.0 19.2 .42 51.9 57.3 

NOTES: Positions 1 and 6 are 114 11 from the cylinder. 

3 + 

4 
+ 

5 + 

ti+Br ** 1 

1.00 
l. 37 
l. 78 
2 . . 48 
2.00 
5.66 

1.00 
1.69 
1. 86 
1.05 
l. 01 
2.10 

2 + 

Ti(l) is calculated by King 1 S Law with least squares A, B, C. 
Ti(2) is calculated by the intercept method. 

*Normalized velocity, using U to divide. 
**Normalized Ti, using Ti in position 1 to divide. 

Figure 32. Turbulence and speed distributions. 
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Total Area 
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0 to 5 Khz 

0 500 Hz 
Frequency 

Summation of Gxx(f) as calculated by Fourier Analyzer 
System. Gxx(f) was from a recording of e in flow behind plate 
.972, U ~ 22 fps. 

The same recorded voltage was sent through a low-pass 
filter and~ measured by a voltmeter. The following results 
were obtained for comparison with above curve. 

~: 0 to 250 Hz = 96% of total for 0 to 5 kHz 
0 to 100 Hz = 89% 
0 to 50 Hz = 83% 
0 to 25 Hz = 70% 
0 to 15 Hz = 61 % 
0 to 10 Hz = 54% 

Figure 33. Comparison of power spectra by Fourier Analyzer 
System and mean square voltage read with use of 
low-pass filter. 
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TURBULENCE OBSERVATION #1 

PLATE . 690; U = 17.6 fps 11 B 11 
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Figure 34. Power spectra of turbulent flow, at origin. No 
der in tunnel. Mean of 60 spectra. cy1in 

11f = . 195 Hz. F(O) estimated at 4 x 10- 3/!1f seconds, 
gives Lx(FJ = .0902 ft. A 10% correction for 

nics makes Lx(F) = .0992 ft. 
which 
hanna 

.. · .. 
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TURBULENCE OBSERVATION #1-1 

PLATE .690; U = 29.3 fps 

FREQUENCY f (Hz) 
100 

Figure 35, Power spectra of turbulent flow, at origin. No cyl-
inder in tunnel. Mean of 100 spectra. ~f = .195Hz. 
F(O) estimated at 5.4 x 10- 3/~f seconds, which gives 
Lx(t) = .2029 ft. An 8% correction for harmonics 
makes Lx(F) = .2191 ft. 
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TURBULENCE OBSERVATION #2 
TE .748· u r; 12.9 II "II 

Fxx(f) x 6f 

2 X 10- 3 

Figure 36. 

0 
0 100 

FREQUENCY f (Hz) 

Normalized power spectra of turbulent flow, at origin. 
No cylinder in tunnel. Mean of 100 spectra. 6f = 
.195Hz. Arrow indicates es timated va l ue of F(O) 
= .005/6f sec, which gi ves Lx = .083 ft. An 8% cor-
rection for ha rmonics makes Lx(F) = .089 ft. 
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TURBULENCE OBSERVATION #3 

PLATE . 7 48; U = 1 7. 2 fps 11 c 11 
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Figure 37. Power spectra of turbulent flow, at origin. No cyl-
inder in tunnel. Mean of 72 spectra. flf = .195Hz. 
F(O} estimated at 5 x 10- 3/flf seconds, which gives 
Lx(F) = .1103 ft. A 6% correction for harmonics 
makes Lx(F) = .1169 ft. 
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·ruRBULENCE OBSERVATION 14 

PL,ATE . • 801; u = ·15 ,9. fps 11 C .. 11 

Fxx(f) x llf 

0 100 
FREQUENCY f (Hz) 

Figure 38. Normalized power spectra of turbulent flow, at origin. 
No cylinder in tunnel. Mean of 100 spectra. 
llf = .195Hz. Arrow indicates value of F(M) = 16.57 
x 10- 3/h.f seconds, which gives Lx(F) = .34 ft. A 5% 
correction for harmonics makes Lx(F) = .36 ft. 

. I 
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TURBULENCE OBSERVATION #5 

PLATE . 804 ; U = 9 . 7 fps "D" 
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Figure 39. Power spectra of turbulent flow, at origin. No cyl-
inder in tunnel. Mean of 100 spectra. flf = .195Hz. 
Arrows indicate values used in calculating F(O) by 
least squares extrapolation. F(O) = 1.302 x 10- 2/~f 
seconds, which gives Lx(F) = .1617 ft. A 4% correc-
tion for harmonics makes Lx(F) = .1682 ft. 
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TURBULENCE OBSERVATION #6 
PLATE . 861; U = 8. 7 fps uo.-u 
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Figure 40. 

~I 0 
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:f 

FREQUENCY f (Hz} 

Power spectra of turbulent flow, at origin. No cyl-
inder in tunnel. Mean of 100 spectra. ~f =.195Hz. 
Arrows indicate values used in calculating F(O) by 
least squares extrapolation. F(O) = 10.02 x 10- 2 /~f 
seconds, which gives Lx(F) = .1116 ft. A 1% correc-
tton for harmoni·cs makes Lx(F} = .1127 ft. 



1 X 10""2 

Fxx(f) x 6.f 

5 X 10 .. 3 

Figure 41. 
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TURBULENCE OBSERVATION #7 

PLATE .945; U = 20.3 fps 
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Power spectra of turbulent flow, at origin. No cyl-
inder in tunnel. Mean of 100 spectra. 6.f = .195Hz. 
F(O) estimated at 9.125 x 10 3/6.f seconds, which gives 
Lx(F) = .237 ft. No correction needed for harmonics. 
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TURBULENCE OBSERVATION #8 

PLATE .972; U = 20 .2 fps IIFII IIF""II 

' 1 : 10""2 

5 X 10- 3 

Figure 42. 

0 
Q TOO 

FREQUENCY f {Hz) 

Power spectra of turbulent flow, at origin. No cyl-
inder in tunnel. Mean of 75 spectra . . ~f = .195Hz. 
Arrows indicate values used in calculating F(O) by 
least squares extrapolation. F(O) = 1.141 x 10- 2/~f 
seconds, which gives Lx(F) = .295 ft. No correction 
needed for harmonics. 
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Figure 43. To observations by autocorrelation. For use with 
4.5 11 cylinder vortex shedding data. 6t = .001 sec. 
Fm = 500 Hz. Mean of 50 autocorrelations. 
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.032 
Time Delay T (sec} 

To observations by autocorrelation. For use with 
. 2.75 11 cylinder vortex shedding data. llt = .001 sec. 

Fm = 500 Hz. Mean of 50 autocorrelations. T 0 (C~) did not reach zero until approximately .3 sec. 
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ftgure 45A. Effective Reynolds number vs turbulence parameters, 4.5 11 cylinder, for induced vor-
tex shedding conditions B, C, D, E, F. Data are in Table 3 (continued). Approxi-
mate functional expressions of curves are cases 1-7 in Table 6. 
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Figure 45B. Ratio of effective Reynolds number and Reynolds number vs turbulence parameters, 
4.5'' cylinder for induced vortex shedding conditions B, C, D, E, F. Data are in 
Table 3 (continued). Approximate functional expressions of curves are cases 
8-14 in Table 6. 
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Figure 46A. Effective Reynolds number vs turbulence parameters, 2.75 11 cylinder. Approximate 
functional expressions of curves are cases 15-21 in Table 6. 
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Distribution of mean velocity near wall in turbulent · flow. Effects of 
roughness and compressibility are shown. The Lobb et al. data are plotted using 
values of p and p. at the wall. 
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'Turbulent boundary layer profiles on a flat plate. Incompressible flow, 
smooth and rough surfaces. 

Turbulent boundary layer representation. From Kuethe and 
Schetzer (1961). Upper diagram is for inner and transi-
tion regions. Lower diagram is for the outer region. 
UT is friction velocity, u*. 
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Figure 48. Pressure distribution around a circular 
cylinder for two flows encompassing the critical Reynolds 
Number. (Adapted from Fage, 1929) B is point where 
boundary layer separation starts. C is point where 
boundary layer separation fully exists. Transition 
occurs in region BC. 

-1 

-1 



215 

• 

-----------

0 2 

x/D 

Figure 49. The change in turbulent fluctuations along 
the stagnation line for flow around a circular cylinder. 
Values of d/Lx: 0, t , 0.26; 6 , A, 3.62. Solid symbols 
are experimental points, open symbols theoretical. Air 
is moving from right to left. (From Hunt, 1971) 
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Figure 50. Calibration curve of DISA Hot Wire Sensor. Heavy line 
is calibration curve. Lighter lines, tan9ent to cali-
bration data points are used to calculate 6E/6U. This 
is used for comparing first derivative values dE/dU ob-
tained analytically from Kin9•s Law calibration equa-
tion. See Table 4 for comparisons. 
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2 x 1 o- 2 

Fxx(f) x ~f 

1 X lQ-l 

0 
Frequency (Hz) 

Above is the normalized power spect ra for turbulence 
observation #7. (Plate .972, U = 22 fps, Fm = 500 Hz, 
N = 2048, ~f =.488Hz.) The xi, yi values were printed 
out by teletype from Fourier Analyzer System . 

F(O) = . 0229 sec. 
Llf = .0469 sec. 

Figure 51. Example of calculation of F(O). 
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PLATE .958; U = 17.4 fps 

1.923 x 10 5 sec- 2 

1 2 3 4 5 

Frequency f (Khz) 

00 

Figure 52. Numerical FAS calculation of ff 2 Fxx(f}df for micro-
scale by Taylor's method. Turbulent flow 45" down-
stream from plate .958. Mean ai~ speed 17.4 fps. 
Mean of 100 spectra; Fm = 5 Khz; N = 2048; ~f = 4.88 
Hz; ~t = 10- 4 sec; T = . 2048 sec. 
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Figure 53. Calculation of hot wire time constant by response to a 
shock wave in an air pulse tube. 

On the upper left is an oscilloscope trace representing an ideal-

ized response of a first order electrical system to an instantaneous 

step increase in voltage. This is done by an RC electrical circuit. 

On the upper right is the trace of a DISA hot wire voltage re-

sponse to a shock wave of air and a resulting steady air flow. The 

initial air flow was zero and its voltage is the horizontal trace at 

0.9 units from the bottom. The hot wire voltage responds to the shock 

wave at the left end of this trace. The voltage increases so rapidly 

that it is not recorded until about 40 ~s. later in the upper left 

corner; where a continuous trace begins and extends across to the 

right as the air flow approaches a steady state. This upper beginning 

point is 40 ~s. and 6.1 divisions (3.05 volts) from the initial re-

sponse. This leads to a time constant ofT= 17.6 ~s. for the hot 

wire, treating it as a first order system. This converts to a maximum 

frequency of 9.05 Khz - that the wire can sense. 

The assistance of Mr. Fred Brock, University of Oklahoma, in con-

ducting this experiment at WSMR is gratefully acknowledged. 
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Figure 54, 

.2..1 4.1 

Check on hot wire calibration from Peterka 1 s least 
squares solution of King 1 S Equation. This is a re-
duced scale of print-out by computer. Linearity of 
equation is tested by drawing a line through cali-
bration points. 
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HOT WIRE CALIBRATION 1 Apr 73 RUN 1 

INSTRUMENT: SMALL DISA 5 MI, DISA CTA, BARNETT 

TEMPERATURE = 79.0 F PRESSURE = 873.00 MBS 

HOT RESISTANCE (OHMS) = 6.940 

COLD RESISTANCE (OHMS) = 3.860 

SOLUTION TO KINGS EQUATION 

E2 
R(R-RA) = 

( .4419) 
( 1 .153955) + ( . 3396657) u 

CALIBRATION LEAST SQUARE'S 
DATA 

N u 
( FPS) 

1 2.900 
2 5.000 
3 6.900 
4 10.000 
5 14.700 
6 . 18.280 
7 21 .510 
8 28.140 

Figure 55. 

SOLUTION 

E U**C E**2/R(R-RA) E 
(VOLTS) 

6.020 1.6008 1. 6977 6.0240 
6.282 2. 0365 1. 8457 6. 2811 
6.467 2.3480 1.9515 6.4586 
6.689 2.7663 2.0936 6. 6896 
6.958 3.2798 2.2680 6.9627 
7.132 3.6114 2.3806 7.1335 
7.267 3.8806 2.4721 7.2692 
7.513 4.3698 2.6382 7.5095 

Least Square's Solution to Calibration of DISA 
Hot Wire, Using Peterka's Computer Program 



15 

10 

CY.r 

(deg) 

5 

0 

~ 
~ 
(.j 

~ 
~ 

~ 
~ 
~ 

0 .500 
.00 

4 

222 

I 
I 

I <::) 
P1 ate . 972 

I 
I 

I 0 
I .958 

I 
I 

a .945 I 
I 

I 
I G 

.929 
I 

I 
.34~ 

.902 

(i) 

.804 

6 8 10 12 14 16 18 20 22 

Turbulence Intensity, % 

Figure 56. Comparison of turbu1 ence intensity measured by Hot 
Hire techniques and by Schubauer's Heat Diffusion 
method. Data points~ are identified by plate 
blockaqe ratio which produced turbulent flow. U 
~ 18 fps. Schubauer curve defines w/U x 100 , and 
data poi nts define u/U X 100. 
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