
I April 1974 

I 

' 

Project THEMIS 
Technical Report No. 27 

THREE-DIMENSIONAL TURBULENT BOUNDARY LAYER 
FLOW ON ROUGHNESS STRIP OF FINITE WIDTH 

by 

Walter H. Edling 
and 

J.E. Cermak 

Prepared under 

Office of Naval Research 

Contract No. N00014-68-A-0493-0001 

Project No. NR 062-414/6-6-68 (Code 438) 

U.S. Department of Defense 

.,, D.C. 
'· 

(1/). 
I 1 /· ,,., 

f}~ ( (l 
'-11.,, '/.,:. 

.. /";" 
"This document has been approveµ for public release 

and sale; its distribution is nlimited." 

Fluid Dynamics and Diffusion Laboratory 
College of Engineering 

Colorado State University 
Fort Collins, Colorado 

CER73-74WHE-JEC34 



ACKNOWLEDGMENTS 

The author wishes to express his sincere gratitude to his advisor, 

Professor J.E. Cermak, for his assistance and advice during the 

progress of this study. 

Thanks are also extended to the other members of the graduate 

committee--Professors V. Sandborn, H. Shen, A. Farnell, and R. Meroney-

for their comments and review of this dissertation. 

Recognition is due to Mr. W. Burt of the Colorado State University 

Computer Center, Mr. E. Newton of the Lorain County Community College 

Computer Center, and Mr. G. Gorsline of the Oberlin College Computer 

Center for their assistance during the processing and plotting of the 

extensive data involved in the study. 

This project was supported by the Office of Naval Research under 

Contract No. NOOO14-68-A-O493-OOO1. 

ii 



ABSTRACT 

THREE-DIMENSIONAL TURBULENT BOUNDARY LAYER FLOW 

ON ROUGHNESS STRIP OF FINITE WIDTH 

Described are the results of an experimental study of a well 

deve oped, turbulent boundary layer on a smooth, flat surface encoun

terirg an area of much rougher surface. The roughened area is a strip 

with its length extending in the direction of the mean flow but of 

finiue width in the surface direction normal to the flow. The resulting 

threE-dimensional flow differs significantly from previously studied 

case~ involving step changes in roughness of infinite extent in the 

direction normal to the flow. 

3xtensive experiments were carried out in a wind tunnel having a 

lengb of nearly 100 ft (30.5 m) with a boundary layer thickness of the 

order of 18-20 in. (0.5 m). Pitot tube and hot-wire anemometer measure

ments were made of mean velocity and Reynolds stress quantities in great 

detail throughout the flow field. Secondary flow components were 

meast.eed by a new x-wire technique permitting quick resolution of very 

small deflections of the mean flow vector. Considerable effort was 

expen1ed to reduce and examine sources of error. The data obtained is 

preseJted both graphically and in tabular form. 

_nalysis of the three-dimensional, turbulent boundary layer 

equat _ons is carried out using the experimental results to identify 

signi =icant terms. Several conclusions are reached regarding the 
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driving mechanism of the flow, the significant flow parameters, and the 

effects of the three-dimensionality upon the flow as compared to the 

analagous two-dimensional case. 
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Chapter I 

INTRODUCTION 

The flow of a fluid over a roughened surface has been studied in 

vari□s simplified forms. Geometrical simplifications have been used 

on all types of physical problems and have proved equally useful in the 

study of turbulent flow over roughness. Furthermore, the analyses 

resulling from the simplified models have proved to be useful in pre

dicti,g the behavior of a number of real flows.(!) 

f hus, three-dimensional problems have been approximated by two

dimen3ional models; and in some cases the simplifications can be ex

tendel to produce what amounts to a one-dimensional model. In the case 

of tu- bulent boundary layer flow, the latter situation would be the 

simil~rity-type of solution over a double infinite, uniform surface. 

Such L solution represents an asymptotic condition which may be 

approLched by a real flow after a suitable period of development or 

fetch over a roughened region where variation in the lateral direction 

is ne~ligible. Fully developed pipe flow would be another example. In 

many =ituations, however, the flow may clearly depend on all three 

coordinate directions , or the question may arise as to how significant 

are tr~ effects of variations in all directions . 

..-ie problem investigated in this report is typified by the atmo

spheric flow over a city, which may involve both a sudden change in sur

face roughness which extends only a finite distance at right angles to 

the msn flow direction. Similar conditions would arise in any flow 

over cli1. area of roughness which varies in the direction lateral to the 

flow. Examples can be found in flows over forests, croplands, and 

mountains, wind-tunnel flows over some types of models, patches of 
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roughness on aircraft, ship, or turbomachinery surfaces and open 

channels. 

Attention is focused particularly on the "edge effects" or effects 

of sudden roughness changes in the lateral di rection, and comparison 

with the equivalent two-dimensional situation is the central theme. 

Specifically, the behavior of a well-developed, turbulent boundary layer 

encountering a finite patch of roughness is i nvestigated as a three

dimensional flow of a particular type. 

The presence of an "edge" or a sudden change in surface roughness 

in the direction normal to the mean flow direction creates stress gradi

ents which in turn may be expected to affect the boundary layer devel

opment. Earlier work, both theoretical and experimental, has shown 

qualitatively the existence of weak lateral flow components ("secondary 

flows") under such conditions. However the details of the driving 

mechanism have not been clearly established, nor have the effects been 

measured of the resulting circulation upon t ~e boundary layer. Quanti

tative data for any such case are completely absent, a fact which is 

partly due to the great complexity of the problem and the difficulty 

involved in measuring the required quantities to a sufficient level of 

accuracy. The work described herein is an attempt to attack and extend 

the knowledge of this formidable problem. 

Terminology 

Consideration of terminology is appropriate here since usage and 

meanings vary in practice. For clarity, the intended meanings are 

described below and will be followed in subsequent discussion. 

As implied above, the term "three-dimensional" implies that 

dependent variables are functions of three space coordinates and 
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canno~ be described without resorting to three independent variables. 

Furthermore, in this problem all quantities may vary with respect to all 

three coordinates. Stated differently, the flow does not meet the usual 

defin: tion of two-dimensionality which requires that the flow must be 

repre=entable on one typical plane and that the velocity vector is 

alwayc parallel to that same plane (2,3,4). 

'turbulence, of course, is an inherently three-dimensional phenorae

non r Ezardless of the geometry of the flow; however the term three

dimen~ional flow here is in reference to the mean flow quantities, 

which are understood to be averaged over space scales much larger than 

the craracteristic turbulence macroscale. 

The terms vertical flow and cross flow will be used to identify 

the mean flow components in the vertical and lateral directions. While 

these =:omponents are often referred to as "secondary" flows, this last 

term \tlll be avoided since it implies quantities which are much smaller, 

say by an order of magnitude, than the main features of the flow. The 

term i:nplies that these quantities are of "secondary" importance of 

perhaps negligible in the analysis, a connotation which may not be 

correct. 

PertiIBnt Earlier Work 

T',e study of three-dimensional turbulent boundary layers of course 

involV=s all of the basic concepts of turbulence as applied in one- or 

two-diJensional problems. Since these concepts have been extensively 

discus ; ed by many authors, they will not be repeated here; however the 

pertin -nt ideas will be brought forth and discussed at the appropriate 

point _n the analysis (4,5,6,7,8). 
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Suffice it to say that the basic concepts of turbulence are more or 

les s accepted as the basis for this work. Thus, turbulence is viewed as 

random fluctuat i ons in the velocity, density, and concentrat i on fie lds, 

and it is assumed t hat mean values of these quantities can be f ound 

such that the averages of the fluctuations about the means equal zero. 

For t he purposes of this study, the flow will be assumed to be i ncom

pressible and there wi ll be no concentration variations; hence the 

probl em r educes to one containing fluctuating pressure and ve locit i es 

superimposed on a mean pressure and velocity field. 

The ergodic t heorem (9) is implicitly accepted in the experimental 

work s ince the expectations of quantities are obtained from time aver

aging rather than ensemble averaging. Since a necessary condi t i on f or 

ergodicity is stat i onarity (10), this latter concept is also i nvolved 

in the experiments. Due to the nature of the experimental method and 

constraints , stationarity was effectively forced upon the system. The 

experimental output s were also examined for stationarity. (Actually , 

since only mean and autocorrelation values were examined, the so-called 

"weak" s tat i onarity was verified). Apparent nonstationarities were 

traced to extraneous causes (instrument drift, temperature cycling i n 

the f acil i t y , etc ) , which could be controlled at the source. 

Previous efforts t o analyze the three-dimensional flow over r ough

ness include the early work by Townsend reported in his book on t urbulent 

shear flow (11). Since this analysis served as one of the starting 

points for both the experimental and analytical work in this r eport, 

it will be reviewed here. Subsequently it will be shown that several 

of t he as sumpt i ons are not justified and must be modified for the 

problem at hand. Nevertheless the insight provided by Townsend's work 
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is ve~y useful and his basic prediction regarding the direction of 

cross flow is found to be correct. 

~ownsend began by assuming that the departure from two-dimensiona_ 

flow i s quite small, such as might be expected in the turbulent flow 

over~ flat plate of finite width. (This particular example was later 

investigated by Elder (12), and his results will also be discussed.) 

Using the usual turbulent boundary layer equations, Townsend assumed 

that the cross flow, W, is sufficiently small that its derivatives can 

be neflected in the z equation, and that the set of equations can be 

reducEd to the approximate forms 

Lau + v~ + w~ + auv = ..:..!_ -~ + a
2
u 

ax ay az ay p ax v ay2 

"7 
av _ .::..!_~ 
ay - P ay 

avw aw2 -1 ap 
~+ ~ - p az 

Proceeding on the basis of the above assumptions, Townsend 

(1-1) 

(1-2) 

(1-3) 

integrated Eq. (1-2) in the y direction and Eq. (1-3) along a line 

in the z direction out to the free stream producing the following 

equati:ms: 

2 
P + pv = P (1-4) 

"' - 2 
p - p 

J avw d 0 -- z w = 
z ay p 

(1-5) 

These 3quations are then combined to yield 

ex>- --r "7 r avw d - z = w V 

z ay 
(1-6) 
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Since in general 
2 
w is not equal to 

2 v, especially close to the wall, 

Townsend concludes from Eq. (1-6) that vw cannot be zero everywhere, 

and that the existence of this non-zero lateral Reynolds stress implies 

the presence of cross flow in the boundary layer. 

For a plate of finite breadth, 2D, he further estimates the magni

tude of the cross flow from the expression 

--""T --""T 
W V = 2.2 T /p 

0 
(1- 7) 

This approximate expression is based on experimental results quoted 

from Laufer (13) and agrees with similar values estimated from the data 

of Klebanoff (14). It is roughly correct only near the wall and varies 

as the distance from the wall is increased. In addition, the data upon 

which it is based was taken over relatively smooth walls, and the 

influence of greatly increased roughness is not known. In any case, the 

discussion by Townsend is not dependent on the great accuracy of the 

estimate represented by Eq. (1-7). 

From Eqs. (1-6) and (1-7) it can be seen that the integral 

<xl-

f avw dz 
ay 

z 

taken over the half-width of the plate is of the order T /p 
0 

If the 

non-zero values of avw/ay were concentrated at the edge of the plate 

in a strip of order o, the layer thickness, then avw/ay would be of 

order T / op 
0 

Townsend discounts this possibility saying that no sign 

of such large values has been observed. Instead, he assumes arbitrarily 

that the distribution of avw/ay varies in a linear fashion from zero 

at the centerline to a maximum at the edge of the plate according to 

the relation 
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(1-8) 

Equation (1-8) is, of course, the simplest possible form consistent 

with the requirements of symmetry. This expression is assumed to be at 

leas-: qualitatively representative of the flow mechanism, and on this 

assunption Townsend predicted that the stress distribution indicated in 

Eq. (1-8) would result in a cross flow from the centerline outward. 

The reasoning leading to this conclusion is not given and seems to be 

in error. From Eqs. (1-6) and (1-7) it can be seen that avw/ay is 

greater than zero on the average. If the assumption in Eq. (1-8) is 

used~ avw/8y would then have to be greater than zero everywhere in 

the region z > 0 Since vw must be zero at the wall, it follows 

that vw m st be greater than zero in some neighborhood of the wall; 

and i.£ a conventional mixing length analysis is assumed, aw/ay would 

be less than zero near the wall. With W equal to zero at the wall, 

this reasoning suggests that W would be less than zero in the region 

being considered; i.e., the cross flow would be inward not outward. 

Since several assumptions are involved in the discussion leading to 

Eqs. r1-6) and (1-8), it is not clear where the apparent inconsistency 

arises ; however the problem is obviously open to review. 

~he next work reported which relates closely to this problem is 

that of Elder (12) in 1960. Elder's work was an experimental study of 

flow past a plate of finite width; and he investigated the laminar, 

trans i tion, and turbulent regions of the boundary layer as it developed 

on thE plate with particular attention to the edge effects. Therefore 

the c01figuration includes the finite plate case discussed by Townsend 
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in his analysis and is s imilar i n some ways to the problem under 

consideration. 

Through study of the mean streamwise velocity distributions and 

through direct measurements of vorticity by a vane-type vorticity meter, 

Elder was able to detect "secondar y" circulations in the turbulent 

regions near the plates . It is particularly significant that these 

cross flows were not detected in the laminar flow regions over the same 

plates; and Elder concluded that the secondary flow was very likely 

produced by the anisotropic Reynolds stresses in the turbulent region. 

The direction of the circulation was such that there was out-flow near 

the edge of the plate in agreement with Townsend's (stated) prediction. 

From rough measurement s of t he flow vector inclination and from 

measurements of the rate of ro t at i on of the vorticity meter, Elder was 

able to describe the general picture of the mean vorticity. He concluded 

that a large part of the vorticity was contained i n circular regions 

centered slightly beyond the edge of the plate with diameters of the 

same order of magnitude as the boundary layer thickness. These regions 

were distributed antisymmetr i cal l y above and below the plate; hence 

could not be confused with lifting or "tip" vortices due to misalignment 

of the plate in the oncoming stream. 

While Elder's measurements are subject to large experimental 

uncertainties and to the difficult i es of interpreting the results of 

finite-size vane vorticity meters, the general interpretation of the 

flow behavior is very helpful. 

Hinze (15) in 1967 examined t he problem of secondary circulations 

resulting in flows over nonuniform r oughness or in conductors of 

noncircular cros s sect i ons. Of the availabl e possible equations, he 
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prefer red to examine the energy-balance or turbulent energy equation in 

the arproximate boundary layer form 

u _a (uiui) + 
2 ax2 2 

= -

U.V -
1
- + -- - E [ (

au. au3)] 
1 ax3 axi 

C:n the basis of experimental evidence, the viscous terms (other 

than ::he dissipation) he took to be negligible away from the wall. For 

similcr reasons, the diffusion terms were neglected, and the remaining 

equat:ion was written as 

(1-lO J 

This e::i.uation simply states that in any small region the advective 

transprt of turbulence energy must be equal to (i.e., account for) any 

differences between production and dissipation in that region. 

T:::> draw further conclusions about the behavior of the secondary 

flows, Hinze further assumed that u2 and u3 may be considered to be 

of the same order of magnitude, while 

I a!
3 

(ui ~i )I« I a!
2 
(ui?) I (1-11) 

Theref:Jre the second term in Eq. (1-10) may be neglected, and since 
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a (uiui) -- --- <0 ax2 2 

u2 will be positive when local production is smaller than local 

dissipation and negative when production exceeds dissipation. 

(1-12) 

The implication for atmospheric flow over a city or a boundary 

layer flow over a patch of roughness is that there would be vertical 

flow toward the surface since production would exceed dissipation at 

least near the start of the roughness. This conclusion suggesting a 

downward flow over the roughness and a corresponding transverse flow 

from rough areas toward smoother areas agreees well with Townsend's 

prediction and Elder's findings. 

Hinze also points out that the well-known secondary flow toward 

the corners of a rectangular duct along the corner bisectors may be 

explained in similar fashion. In this case the production would be 

expected to exceed dissipation in the corner as a result of t he higher 

turbulence level due the presence of two neayby walls. 

The chief limitation of Hinze ' s result is that only the direction 

of secondary flow is indicated. Its magnitude cannot be calculated 

nor even estimated for a given case unless detailed information is 

available about the dissipation, Reynolds stresses, velocity gradients, 

and turbulent energy gradients. 

The behavior of the flow for large distances downstream from the 

start of the roughness was not discussed by Hinze, but will be of 

interest in the present study. Presumably, far downstream the production 

will decrease since the effective roughness will decrease even though 

the absolute roughness is constant. At the same time the eddies caused 

by the leading roughness will eventually cascade down to the dissipation 
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range . and it is possible that the excess of production over dissipation 

would reverse at some point downstream. 

~he various efforts described above are the only attempts that 

have J een made to investigate flows which are closely related to the 

probl ~m at hand. Many other studies have been made of situations in 

which secondary flows are known to exist. While most of these situa

tions are different enough to preclude direct application of any results, 

there are some similarities which offer useful clues suggesting possible 

appro ches to the present problem. The lateral flows arising in con

ducto-s of noncircular cross section and the more basic problem of the 

flow long a corner have been considered by various investigators 

(refe~ences 16-21 and many others) . 

• variety of studies of three-dimensional flows describable in 

terms of two independent space coordinates were summarized in (22). 

While these flows cannot be directly related to the problem at hand, 

certa~n facets of their behaviors are helpful in interpreting results. 

asic theoretical studies related to edge effects include Howarth's 

exten~ion (23) of the classical Rayleigh problem. Unfortunately this 

study is based on viscous, nonturbulent flow, hence the effects of 

Reyno =ds stress gradients are not included. Since Elder's work (12) 

showec that secondary flow was produced at the edge of the plate only 

after transition occurred, Howarth's analysis is of little help in the 

turbu =ent case. 

: n 1967 Joubert, Perry, and Brown reviewed the state of the affairs 

regarcing three-dimensional turbulent boundary layers (24). At that 

time hey identified two general lines of approach to the problem of 

yawed turbulent boundary layers. 
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(1) One approach is to concentrate study on the mean velocity 
profile and attempt to relate it to fundamental parameters 
such as shear stress, pressure dis:ribution, fluid proper
ties and boundary layer thickness. 

(2) Another approach involves direct attack upon the main-fl ow 
and cross-fl ow velocity components with attempts to 
represent these component s in suitable functional forms 
which can be related to the other flow parameters. 

These categories of techniques are general and represent even 

today the basic directions of attack upon three-dimensional t urbulent 

boundary layers. The first approach is simp · y an extension of two

dimensional techniques to problems which are three-dimensional. It is 

based on the idea that the three-dimensional effects are "secondary," 

i.e., at least on order of magnitude smaller than the mean flow quanti

ties. Presumably, the cross flow influences will serve to distort 

the velocity profile in a manner which can be identified and defined 

with respect to the important engineering parameters. 

The chief disadvantage of this approach is that the cross flows 

are not explicitly invo lved in the analysis and any information about 

them can only be inferred from the di fferences between the three

dimensional case and the equivalent two-dimensional case. 

The second approach is in theory more likely to lead to detailed 

information about the three-dimensional effects although in practice 

the approach leads t o more mathematical complexity and the need for 

more assumptions which may be difficult to c~eck. Both the work of 

Townsend (11) and that of Hinze (15) fall into this category since 

the cross-flow velocity components are retained explicitly. 

Within the second category, a technique which has been studied by 

various people involves the two-dimensional plot of the flow using the 

flow components W and U as coordinates or independent variables 
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(holograph plot). Such a representation of flow components was used 

ori!inally by Gruschwitz (25) i n 1935. Later workers such as Johnston 

(26 27) sought to formulate explicit functional forms for the hodograph; 

whi~h is to say, functi onal re lationships between W and U . Ob

vioLsly, simple relationships of this type would be useful if they could 

be erified since cros s flow behavior could then be predicted directly 

fror the mean streamwise veloci ty profile. Johnston examined various 

set~ of data including his own and proposed that the plots could be 

rea~nably well represented by two straight lines which together with 

the U axis produced his now well-known triangular form for the 

hodc.graph. 

Although there is no analytical justification for specific forms 

of tne hodograph, the concept has been studied by a number of workers. 

Shar.Ebrook and Hatch (28) reviewed a number of polynomial forms which 

had been proposed earlier and proceeded to develop more generalized 

foTJT3 which could represent f lows with complex behaviors such as cross 

flow reversal. The resulting polynomial forms are used to generate 

numerical solutions of the momentum integral equations and have produced 

reasJnable agreement with experimental results. Nash and Patel, in 

thei~ book (4) review several variations of the technique which have 

been put forth in recent years. 

Rela.::ed Two-Dimensional Works 

When considering the flow near the edges of roughness, it may be 

reas , nable in many circumstances to expect that the cross flow and its 

effe : ts will be comparatively small. If so, it would then follow that 

the : low field would resemble the analogous two-dimensional flow 

foll■wing an abrupt change in roughness. Analytical and experimental 
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studies of this type have been made both in field and laboratory (29-39), 

and the problem has been attacked numerically (40-42, 58). While the 

approaches and techniques utilized by these workers vary widely, certain 

concepts recur throughout and are generally accepted in one form or 

another. 

Perhaps the most basic of these ideas is the concept of an 

"internal" boundary layer resulting from abrupt changes in boundary 

conditions such as surface roughness, which can be traced back to early 

researchers in fluid mechanics (1) . When a fully developed turbulent 

boundary layer encounters a change in roughness, the entire layer cannot 

react instantly to the new boundary condition. Instead the effect 

begins at the surface in the vicinity of the change and propagates out

ward into the ambient boundary layer. An increase in surface roughness 

produces an increase in surface shear stress, shear velocity, and 

velocity gradient near the wall which acts to increase turbulent energy 

production. The excess energy diffuses outward modifying the velocity 

and turbulence profiles. The region so influenced by the new wall 

condition may be viewed as a new boundary layer growing within the 

original developed layer. At a sufficiently large distance downstream 

from the discontinuity, the complete layer will approach (asymptotically) 

a new equilibrium condition. 

There is some resemblance between the interna l layer and the 

separation bubble or "canopy" produced at sharp corners of blunt objects 

in flowing streams and the two phenomena may appear simultaneously and 

interact. Sharp cornered roughness elements produce local separation 

bubbles which affect the turbulence production; however the ultimate 

growth of the internal layer proceeds by a different mechanism than 
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that controlling the behavior of the canopy. Canopy flows would be 

heav: ly influenced by the corresponding potential flow and may exhibit 

phencmena such as reattachment downstream. The internal boundary layer, 

on tre other hand, will never reattach and grows chiefly through 

turbLlent energy transport and diffusion. 

Elliot (29) was one of the earlier workers to attempt an analytical 

solution for the height of the internal boundary layer. Using a momentum 

intep-al analysis, he was able to obtain solutions for the layer height, 

y., ~~ich could be closely approximated by a very simple power law of 
1 

the :norm 

n y. = ax 
1 

(1-13 

with n nearly independent of the roughness conditions and approximately 

equal to 0.8. Limited experimental data available at that time agreec 

well wi th the analytical result. 

An interesting feature of Elliot's result was the fact that the 

wind s peed does not appear in Eq. (1-13), while prior experience with 

lamirar and turbulent boundary layers on smooth plates had always sho¼~ 

the t.::Sual dependence of layer thickness on stream velocity. To explain 

this result, Elliot offered a dimensional argument built around the idea 

that £or a rough surface, the viscous sub-layer is suffic i ently destroyed 

to eliminate viscosity on a relevant parameter. Instead, the quantity 

u*y is taken to be the dominant characteristic of the f l ow; and the 
0 

use af this quantity leads to a result very similar to Eq . (I-1). 

Panofsky and Townsend (30) modified Elliot's theory somewhat by 

allo\ci.ng the shear stress to vary continuously from the value at the 

wall to the value above the internal layer; while Elliot had assumed a 
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constant value of stress through the internal layer. Results were 

better than Elliot's in some situations and not so good in others. 

An observation made by Panofsky and Townsend during their dis

cussion of experimental results is of interest in the present study. 

They noted that the growth of internal layers over surface roughness 

in the atmospheric boundary layer may proceed for a considerable 

distance downstream before the edge of the internal layer intersects 

the outer edge of the original boundary layer. On the other hand some 

reported experimental data involved such thin oncoming boundary layers 

that intersection occurred almost immediately within the first few data 

points, and comparative interpretation was difficult. This factor was 

given major consideration in designing the experiments reported later 

in this work; and a very thick boundary layer was sought relative to 

the roughness height. 

Blackadar and his co-workers (31) later reported experimental data 

taken over changing vegetation heights which tend to confirm Panofsky 

and Townsend's work, particularly in regard to the need for recognizing 

the variation of shear stress with height above the ground. This 

approach was an improvement over the earlier assumption that the inner 

layer which is influenced by the new roughness is a constant stress 

layer. Introduction of a varying stress eliminated the need for a 

stress discontinuity to match the outer layer, and the addition of one 

or more free parameters (in the stress relationship) provided more 

flexibility in handling different physical situations. 

At about the same time, Taylor (32) undertook to apply a mixing

length analysis to the same problem using a mixing length which was 

a function of a parameter incorporating information about the roughness 
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height, the Coriolis parameter, and the geostrophic wind speed. While 

there was some question as to the correctness of the length used, 

nurrerical solutions of the resulting equations were interesting in that 

they showed that a very long fetch is requi red before a new equilibrium 

flow is established after a roughness change . Stated differently, the 

effect of a roughness change and the vestigial influence of the previous 

rou5hness persist for a considerable distance downstrea. Nickerson 

(38 } arrived at a similar result numerically finding that a fetch of 

100 times the height was required for adjustment of the velocity 

pro::iles. 

The same general conclusion was also reached at about the same 

time by Blom and Wartena (33), who used a mcxlified form of Townsend's 

theory of self-preservation (38,39). (Self-preservation as defined by 

Towr.send implies that any dependence ou distance in the streamwise direc

tio~ can be completely contained in suitably defined velocity and 

lenEth scales, which are functions of the streamwise coordinate.) 

Blom and Wartena also show the importance of determining the height 

of the "adapted" layer distinct from the internal boundary layer itself. 

The internal boundary layer is that region in which the effects of 

roughness change are noticeable. The adapted layer, on the other hand, 

is t :1at region within the internal layer which has "adjusted" completely 

to t,e new roughness; so that the velocity profile within the adapted 

laye_ may be described by a logarithmic form. In particular, they 

conc l ude that correct evaluation of the heigtt of the adapted layer is 

of inportance if measured velocity profiles are to be used to determine 

surface shear stress or the effective roughness height, y 
0 
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Yeh (35) obtained a series of measurements over a change of rough

ness on the floor of a wind tunnel which agreed in general terms with 

those mentioned above. Yeh noted that the internal layer grew do¼n

stream with a slope of 1:13 but that the changes in turbulent intensi

ties and Reynolds stresses were confined below a "critical" surface 

growing with a slope of 1:25. The latter observation resembles the 

concept of an adjusted layer described in (33); however the interpreta

tions of the phenomenon differed between the two works. While Blom 

and Wartena viewed the adjusted layer as a region which had achieved 

new equilibrium as evidenced by the velocity satisfying the simple 

logarithmic form, Yeh concluded that the differing rates of growth of 

the internal layer versus the "critical surface" demonstrated that the 

flow is not necessarily in equilibrium even after a new logarithmic 

profile has been achieved. The seeming inconsistency between the two 

viewpoints is due to the differing definitions of the regions being 

considered. Blom and Wartona's adapted laye~ is not the same as the 

region bounded by the critical surface in Yeh's discussion. Yeh's 

measurements extended only a short distance downstream from the rough

ness change and any true adapted region would be close to the wall and 

difficult to identify clearly. Distinguishing accurately between 

portions of experimental velocity profiles which are "logarithmic" and 

portions which are "almost logarithmic" is very difficult. 

Yeh's work focused considerable attention on the local region near 

the roughness change, a region which he calls the "transitory" region 

and which is characteri zed by large accelerations of the flow and 

considerable distortion of the streamlines. This region is extremely 

complex from an analytical standpoint, and the experimental results 
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con~ribute toward an understanding of that region of the flow. In 

par~icular, these results show that the transitory region extends 

<low.stream a distance of the same order as the oncoming boundary layer 

thickness. Beyond that distance the develop~ent of the internal layer 

proceeds in a more orderly fashion. 

Recen ly, Antonia and Luxton (36, 37) have reported in detail 

resLlts of extensive experiments on the subject of step changes in 

surface roughness. The results and conclusions presented are in many 

way= very similar to those of earlier workers as described above; 

howeVer there are some significant differences also. The existence of 

an fnternal layer which contains the effects of the new roughness is 

strc:ngly reinforced, and the fact that the external flow is unaffected 

except for some streamline deflection is again verified. 

On the other hand, Antonia and Luxton state that readjustment of 

the £low to the new surface occurs rapidly within about twenty boundary 

layer thicknesses and that turbulence profiles become essentially self

preszrving in the same distance. Since the layer thickness used in 

the53 studies was about 1.9 in. (4.83 cm) they are suggesting that 

reaQjustment is complete within about 4 ft (1.22 m) downstream, a 

dist3nce much less than which would be expected from the predictions of 

Nick3rson or Blom and Wartena. It appears that this difference is due 

to t,e relatively small boundary layer thickness used by Antonia and 

LuxtJn compared to the 1/8 in. (0.32 cm) slats comprising the rough

ness . If the rate of growth of the internal layer is similar to that 

desc~ibed by Yeh or Blom and Wartena, it would reach the outer edge of 

the exterior boundary layer in the distance mentioned; however it does 

not ~eem likely that complete adjustment would be completed in the same 
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distance. Intuitively, it seems that a parameter relating the exterior 

boundary layer thickness to the scale of the roughness change sho ld 

be involved in any relationship defining the internal layer growth and 

that this parameter might serve to collapse the differences between the 

results cited. In the various analyses described, such information is 

incorporated only implicitly through the use of assumed logarithmic 

profiles of the form 

-1 
u = u* k ln (y/y) 

0 

in which the characteristic roughness length, y
0

, is used to scale the 

profile. This relationship is actually valid only near the wall and 

cannot be expected to define the ratio between total layer thickness 

and roughness height. 

The work of Antonia and Luxton is extens ive and exposes many 

details of the flow. Their observations include the following: 

1. Turbulence production and energy levels are high near the 
roughness. 

2. 

3. 

4. 

5. 

6. 

7. 

Turbulence gradients are large in the internal layer. 

Mixing and dissipation and integral lengths are much reduced 
in the internal layer compared to the smooth wall layer. 

Turbulent energy diffusion is the dominant mechanism controlling 
internal layer growth. 

Reynolds shear stress is not constant over the roughness, but 
decreases near the wall. 

Turbulence structure in the inner layer is dominated by the 
roughness geometry. 

1/2 Mean velocity profiles when plotted in the form U vs. y 
exhibit two straight line portions of different slopes inter
secting in the vici nity of the edge of the internal layer. 

Most of these observations are not unexpected and several agree 

generally with earlier findings. Number 7, however, is unique with 
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the ,, e authors and serves as a convenient way to define the edge of the 

int ~rnal layer. The applicability of several of these observations to 

the present three-dimensional problem will be examined in detail later. 

Objectives of the Present Study 

In light of the extensive works cited in relation to two

dimensional roughness flows, the question of three-dimensional effects 

fol : ows naturally. The intent of this study is to examine the effects 

of ~aving a limit or edge of the roughness in the direction lateral to 

the free stream. 

Since complete analysis of the three-dimensional equations is 

impcssible, and since analyses such as those of Townsend (11) and Hinze 

(15) are of little quantitative help, the primary thrust of this study 

was experimental and directed at the basic continuity and momentum 

equ<Iions as applied to the problem. After examining the early data, 

it 1:ecame evident that previous analyses could be improved by utilizing 

the ~xperimental results to suggest more rea_ i stic assumptions. The 

earl ✓ results also pointed out a need for improved techniques and modi

fica:: i ons in the data collection methods; changes which wer e subsequently 

inco :-porated. 
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Chapter II 

DESCRIPTION OF EXPERIMENTS 

In order to gain more insight into the effects of lateral varia

tions in surface roughness, a wind tunnel exoeriment was undertaken. 

Availability of facilities was one factor in the design of the experi

ment; however several other conditions were sought deliberately to 

maximize the likelihood of producing useful data even though direct 

simulation of real atmospheric conditions had to be compromised. 

Wind Tunnel 

Experiments were performed at the Engineering Research Center of 

Colorado State University using a meteorological wind tunnel with a 

test section 6 ft (1.83 m) square and approximately 88 ft (26.8 m) long 

(see Fig. 1). The tunnel is described in reference (21) and in great 

detail in reference (43); however certain features are pertinent to this 

discussion. Perhaps the most important is th e fact that a very thick 

boundary layer can be produced in the test section with stream speeds 

up to 100 fps (30.5 m/s). Boundary layers 2 ft (60 cm) thick or more 

are produced by tripping the flow with gravel roughness and a sawtooth 

strip and allowing it to develop along the test section. 

A thick boundary layer is useful in studies of roughness flows. 

Not only is it physically more convenient to work with thick layers in 

terms of sensor resolution, but also there is better simulation of the 

atmospheric condition in which layer thickness exceeds by at least an 

order of magnitude the usual surface roughness heights. Thi ck layers 

also provide more room to observe the development of internal boundary 

layers before they diffuse to the free stream. For the purposes of this 
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studtr, it was felt that a thick l ayer simulating the atmosphere would 

be essential since later a l and vertical flows were anticipated near the 

edge3 of t he roughness. If such flow components are prese~t, i t is then 

reas Jnable t o expect t hat the layer thickness relative to the roughness 

heigit will be a significant parameter . Si mulation of the atmosphere 

in a wind tunnel is in genera l a complex problem and the necessary 

criteria have been studied extensively (44, 45). 

The experiments in t his study were performed with the roughness 

mode - s located 50 f t (1 5.2 m) from the tripping strips at the entrance. 

At t H s point t he boundary layer thickness was approximately in in. 

(46 en) at t he Reyno lds numb ers used while the roughness elements were 

1/4 L,. (0.64 cm) high . Therefore, t he layer thickness was two orders 

of masnitude greater t han t he mean roughness height, and blockage 

effects due to the r oughness were assumed to be negligible. The 

press~re gradi ent resulting from increased boundary layer growth over 

the r J ughness was elimi ated by adjusting the movable ceiling in the 

tunne _. 

f particular i mpor t ance t o t his study is the need to know as much 

as po~sible about the oncoming boundary layer before it encounters the 

rough ess patch. Any unusua l characteristics of the layer could be 

expec ed to produce effects in the test region which would confuse the 

resul s . The tunne l chosen had been studied extensively by Zoric (46), 

who dEtermined that t he boundary layer after about 25 ft (7.6 m) 

approached closely a condition of local similarity . Specifically, he 

was at:J.e to show that the layer in the tunnel could be piecewise repre

sented by a law of the wall close to the wall and a defect law away 

from t:le wall which agreed well with experimental measurements along 
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the test section beyond 25 ft (7.6 m). This information is very 

helpful since wind tunnels cannot provide the extremely long fetch 

needed to guarantee full development of the boundary layer, and the 

closeness to similarity provides one measure of the development of the 

layer at the test section. 

While the large size of the tunnel provides certain advantages, a 

price is paid in that some undesirable characteristics are also magni

fied. Of these, the "secondary" flows or vertical and cross flow 

components which develop in boundary layers in noncircular conduits is 

the most troublesome characteristic of a tunnel of this type. Such flow 

components, although smaller, are similar to those resulting from the 

roughness model itself and represent a source of distortion in the 

results. True simulation of the atmospheric boundary layer would best 

be achieved by eliminating such components; however that condition 

cannot be achieved without giving up other desirable characteristics 

of the thick, well-developed, two-dimensional layer. Any modifications 

made upstream to tailor the lateral flows immediately introduce other 

distortions. 

The alternative approach is to accept the presence of some cross 

flow, measure it, and attempt to correct the results and interpretations 

of data accordingly. In the case of this tunnel, Veenhuizen and Meroney 

(21) recently examined the secondary flows in detail, and their results 

provided a starting point for this process. Direct measurements of 

cross and vertical flows were also taken upstream as part of the present 

experiments, and the results agreed well with those of Veenhuizen and 

Meroney. It is felt that the condition of the oncoming boundary layer 
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is ~ell defined. Details of the upstream profiles will be discussed 

witr the other results. 

Another problem, one which is common to most wind tunnels, is that 

of S<ewness or lack of true two-dimensionality in the oncoming stream 

and boundary layer. To minimize this effect, the inlet screens were 

clea1ed carefully and the tunnel was checked throughout f or leaks. In 

a tt:nnel of this size with a variety of access doors and hatches, leaks 

are a major problem; yet they must all be fo~nd and eliminated, 

especially for studies of this type. It was discovered in preliminary 

checks that even small leaks upstream produced momentum jets which 

not:oceably modified the velocity distributio~ and secondary flow pattern 

in tile test section. 

After all detectable leaks were corrected, the profiles of velocity 

and ~urbulence quantities in the developed boundary layer were symmet

rical about the tunnel centerline to within ~he experimental accuracy 

(see Figs. 27, 35, 43, 51, 59 and 67). As can be seen , however, the 

profiles are not completely two-dimensional. The r emaining distortion 

is d.le to the secondary circulation which transports fluid downward 

tow~d the corners along the corner bisectors and upward at the tunnel 

centzrline. The effect is particularly noticeable in the velocity 

profiles (Fig. 27) where the low momentum fluid being brought up from 

the £loor region depresses t he veloc ity profile at the centerline. 

The ~aximums occur correspondingly near t he 45° corner bisectors. The 

effect of the secondary circulations causes in this case a distortion 

of approximately seven percent in the horizontal velocity profiles. 

Although the tunnel has provision for heating and/or cooling both 

the 3irstream and the floor of the test section, the tests were 
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performed under neutral conditions. That is, the airstream was cooled 

to 60° F (15.5°C) to maintain constant temperature during all tests, and 

no temperature gradients were imposed . Cooling was accomplished by an 

automatically controlled refrigeration system which is capable of main

taining the mean temperature within a tolerance of ±l/2°F (% 0.3°C). 

There were irregular fluctuations in local te~perature of about 2-5°F 

(l.l-2.8°C) as a result of cycling in the temperature control system and 

resulting surging of refrigerant through the coi ls. These fluctuations 

had periods of several seconds to about one minute and had little 

discernible effect on measurements except for hot-wire anemometer out

puts. The variations due to temperature sensitivity of hot wires will 

be considered in detail in the discussion of hot-wire errors. 

Tunnel air speed was monitored continuously and maintained within 

±1/2 percent. 

Roughness Model 

The roughness used for the tests reported herein consisted of 

1/4 in. (0.63 cm) high by 1 in. (2.54 cm) square blocks arranged in a 

checkerboard pattern (see Figs. 2, 3, and 4). The blocks rested 

directly on the smooth floor of the tunnel beginning at a point 50 ft 

(15.2 m) downstream from the tripping region. The roughness pattern 

was "closed" in the sense that adjacent blocks were in contact and free 

flow channels between individual blocks did not exist. It was felt 

that continuous channels among the elements might permit circulation 

of the fluid in a way which would confuse the results. 

The roughness region was 17 in. (43 cm) wide and was centered 

on the tunnel floor by reference to a taut wire stretched from the 

mid-points of the entrance and exit regions of the overall test section. 
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This rr ethod of establishing the centerline was necessary since careful 

measu ements of the flow vector direction indicated that the flow 

follo~ed the mean centerline as defined above rather than the local 

cente line measured from the walls of the tunnel at the test region. 

Small deviations in the local contour of the sidewalls apparently did 

not a feet the flow direction. 

~e width of the roughness model was selected after some experi

menta ion to provide a workable size without approaching too close to 

the w~ll boundary layers. These layers were smaller than the floor 

layer since tripping was not used on the sidewalls. As a result the 

later~! space between the edge of the roughness and the wall layers 

was al out 15 in. (38 cm) or twice the half-width of the roughness. 

Exami ation of the preliminary results showed that the influence of 

the r•ughness extended only about one half-width distance beyond the 

rough•ess at a point 15 ft (4 . 6 m) downstream from the leading edge. 

Direc~ interaction between the internal layer due to the roughness and 

the wLll boundary layers was thus avoided. 

Wsing this width, the roughness was extended downstream approxi

mate!- 18 ft (5.5 m) and measurements were taken to 15 ft (4.6 m) to 

proviae data for aspect ratios up to 10.5:1. 

Instr.mentation and Preliminary Calibrations 

~he instrumentation and the calibration procedures employed in 

the c,urse of the experiments can best be described by referring to 

separ te subsystems even though the various systems might be used 

toget- er as well as singly. 
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Voltage Integration Technique 

Early attempts at measurements of various quantities in a highly 

turbulent boundary lead to the realization that a reliable averaging 

technique would be essential if useful data ~ere to be obtained. Fluctu

ations of mean values within the boundary layer were of sufficiently 

large magnitude and time scale that precise and repeatable measurements 

were difficult to obtain even with maximum damping and filtering applied 

to the signals. To overcome this problem a Hewlett-Packard Integrating 

Digital Voltmeter was used in conjunction with an electronic digital 

timer. A double-pole switch was used to simultaneously apply the test 

signal to the IDVM and a trigger signal to the timer (see Fig. 5). 

Returning the switch to the opposite position removed the signal input 

and turned off the timer. The integrated voltage could then be read 

together with the integration time to the nearest 0.01 seconds. Use of 

this system permitted averaging of signals over periods ranging from 

seconds to several minutes with virtually no timing error. Examination 

of switching transients with an oscilloscope revealed virtually no 

switch contact bounce and timing delay between the double switch poles 

of less than one millisecond. 

This system was used for all measurements of mean values of fluctu

ating voltages. While considerable time is required to carry out 

repeated integrations of outputs, the results were much more satis

factory. Meaningful values were obtained in several situations where 

conventional measurements produced useless scatter. 

Pressure Measurements 

Static, total, and differential pressures were sensed by static 

and total head tubes and applied to a temperature-controlled capacitance 
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tramducer of an MKS Baratron pressure meter (see Fig. 6). The meter 

on Us most sensitive range had a full scale sensitivity of 10-
2 

mill-meters of mercury and a least count of 10-
4 millimeters of mercury. 

DC a1d AC outputs were available in addition to the visual output. 

Prior to use the Baratron was aligned and checked to manufacturer's 

specifications by the calibration shop at Colorado State University. 

Befoce and after the actual experiments, the unit was calibrated against 

a Dw;yer "Microtector" micromanometer, which is a hook-gage type manometer 

with electric- contact sensing. The Dwyer values are readily repeatable 

to within ±5 x 10- 4 in. (±0.13 mm) of water column and were corrected 

for temperature and gravity effects. Figures 7 and 8 show the cali

bration curves for the Baratron on the ranges used during the experi

ments. The mean error of its outputs in wi thin the uncertainty range 

of tle calibration process; therefore the experimental values taken 

from the Baratron were used without corrections. 

For measurement of free -stream velocity, a 1/8 in. (3.2 mm) 

diarreter United Sensor pitot-static tube was used. The validity of 

Berroulli's equation with respect to this particular tube was verified 

usi11s a whirling-arm calibrator built by Professor Virgil Sandborn at 

Cola:rado State University, and the results of the calibration are dis

pla~d in Fig. 9. Above 6 fps (1.83 m/s) the errors resulting from 

the Jse of Bernoulli 's equation are within the uncerta inty of the cali

bration, and it was assumed that the correction factor for this tube 

was 1.00. (The high readings obtained at speeds below 6 fps (1.83 m/s) 

are ~haracteristic of total head tubes; although the reason for the 

errcr is not understood. The present experiments did not use the tube 

at tllose low speeds.) 
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The combination of the calibrated pitot-static tube and the 

Baratron instrument were used as the reference for calibration of the 

hot-wire anemometers and to monitor the free stream velocity continuous ly 

during the experiments. Under the test conditions, a variation of 

±1 percent in free stream velocity produced a full-scale deflection of 

the Baratron output; hence it was a simple matter to maintain the tunnel 

speed within ±1/2 percent, which was the tolerance limit governed by 

the resolution of the speed controller. 

The free stream pressure gradient was adjusted to zero by using 

the Baratron meter as a null instrument to measure the differential 

between two static tube outputs, one fixed ahead of the roughness and 

one mov~ble over the roughness area. Since the outputs of the static 

tubes fluctuated, the DC output of the Baratron was integrated for a 

period of 100 seconds, a procedure which made it possible to measure 

and establish a zero nominal pressure gradient to within ±0.001 milli

meters of mercury, which is less than ±0.2 percent of the free stream 

dynamic pressure at the speeds used in the tests. 

Local barometric pressure was measured before and after each test 

run using a precision mercury barometer with integral temperature and 

gravity correction adjustments. The perfect-gas law assumptions were 

used to compute corrected air density; and before each run the dynamic 

pressures corresponding to the test velocities were computed. In this 

way the desired Reynolds number of the free stream could be established 

before each test. 

Hot-Wire Anemometer Systems 

To measure information about mean and fluctuating velocity compo

nents, hot-wire sensors were used in single-wire, yawed-wire, and x-wire 
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conf: gurations. The sensors used were manufactured by Thermo-Systems, 

Inc. _ utilizing 0.00015 in. (0.0038 mm) diameter tungsten wire copper 

plated and solder mounted. The sensing wire length was approximately 

0.051 in. (1.25 mm) with a nominal resistance of 6-7 ohms. The senso~s 

were mounted in standard TSI 1/4 in. (0.63 cm) diameter probe holders 

19 i • . (46 cm) long with integral BNC-type connectors for the 5-meter 

long probe cables. 

Figure 10 shows the arrangement of the anemometer systems and 

sign~l processing units used for the experiments. The anemometers were 

stan•ard DISA, type 55D01, solid-state, constant-temperature units with 

adju; tment provisions for cable compensation, overheat rat i o and bridge 

resp,)nse characteristics. For all tests in this project, an overheat 

rati) of 1.45 was used. 

From the anemometers the signals were lead to DISA, type 55D10 

elec=ronic linearizers and then to DISA, type 55D25 signal processing 

unit3 , which were used to supply 20 kilohertz low-pass filtering to 

remoJe high frequency noise. These last units also contained separate 

square-wave generators which were used to supply calibration signals 

for ~djustment of the anemometer bridge-response characteristics. 

ConIBctions were provided between each unit to permit examination of 

the 3ignals at each stage. 

The linearizers contain analogue circuits which operate on the 

anenometer outputs to produce a voltage which is a linear function of 

the velocity. Sandborn (47) describes the theory of linearizer 

operation and points out the need for correct calibration of the unit 

if results are to reliable. 
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Essentially, the DISA linearizers are based upon the fact that the 

hot-wire anemometer output may be quite well represented by an equation 

of the form 

(2-1) 

in which n may be equal to 1/2 (then Eq. (2-1) is referred to as 

King's law) but may also vary from about 0.4 to 0.55. The linearizer 

operates on the anemometer signal in accordance with Eq. (2-1) to pro

duce a linear voltage-velocity relationship of the form E = KU. 

Adjustments are available to vary the exponent, n, the intercept of the 

linear relationship (usually adjust to zero), and the overall gain of 

the system, K. Details of the adjustment procedure will be given in 

the section on calibration. 

Correlator System 

The signals after being linearized and filtered were processed 

through special operational amplifer units which could be used to form 

the instantaneous sum or difference of the voltages produced by the 

two anemometer systems (see Fig. 11). Originally designed by Dr. Gilbert 

Stegen and built in the CSU electronics shop, these units utilize high

gain operational amplifiers to perform the summing or differencing 

functions and provide DC blocking if desired as well as signal amplifi

cation ratios of 1, 2 or 5 (nominally). The sum-difference units were 

used in conjunction with the x-wire probes to study the x and y 

(or z) velocity components since the instantaneous voltage sum may be 

related to the x component of velocity and the difference to the 

component normal to the x direction in the plane of the cross-wire 

array. In each case the mean value of the signal is related to the 
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mea~ value of the velocity component, while the fluctuating portion is 

related to the fluctuating part of the velocity component. 

The mean values were measured using the integrating voltmeter 

tech...iique. DISA True RMS meters were used to indicate the RMS value 

of t,e fluctuating signal, which can be related to the autocorrelations 

2 2 2 (u, v, or w) of the fluctuations of the velocity components. 

To obtain information about the cross-correlations between fluctu

ati~ velocity components such as uv it is possible to use RMS values 

of tie outputs from each wire together with either the sum of the 

difference signal (5, 47). Alternatively, it is possible to digitize 

the sum and difference voltages; multiply the digitized values together 

point-by-point and average the results over a large number of points. 

Each of the techniques has advantages and disadvantages which will be 

discussed in the sections on calibration and error analysis; however 

for the purposes of this study, a variation of the latter technique was 

emplnyed through the use of a Princeton Applied Research correlation 

function computer of "correlator." This device essentially performs 

the nperations of digitizing, multiplication, and averaging in real 

time and produces results in analogue form (see reference 47 for a 

discussion of the correlator operation). The results may be recovered 

using an oscilloscope, x-y recorder, or voltmeter. 

One advantage of the correlator is that it not only forms the 

proci.lct of the two signals but is also able to shift one signal throug 

100 time delay steps and form the product wit the other signal for 

each time shift. That is, the correlator forms, in 100 discrete steps, 

of the function 
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which is the cross-correlation function between the two signals, 

(2-2) 

E1 and E2, with one signal delayed for an increment of time. Through 

the use of Taylor's hypothesis this function can be converted into a 

space correlation in the direction of the flow. 

Instrument Carriage 

The tunnel used is equipped with an instrument carriage riding on 

rails centered vertically between the floor and roof (see Fig. 3). 

Within the carriage are traversing motors to provide remote probe 

positioning control in the three coordinate directions; although only 

two were used in the experiments, vertical and lateral. The x-direction 

travel was accomplished manually since the carriage rails are not 

absolutely parallel to the vertical and lateral centerlines, and probe 

realignment was necessary after any repositioning in the x direction. 

Vertical and lateral position readout is accomplished through the 

use of a regulated DC voltage applied to linear, ten-turn potentiometers 

which are geared via a rack-and-pinion arrangement to the moving parts 

of the carriage. The output (wiper) voltage is thus proportional to 

position, although the linear coefficients must be established each 

time the carriage is relocated by calibration at two points each in 

the lateral and vertical directions. 

Tape Recorder 

During the course of the experiments, the desired outputs were 

read and recorded manually; however representative data samples were 

also recorded on magnetic tape to provide permanent reference values 
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for £hecking, verifying, and analyzing of errors. Signals recorded were 

the sum and difference outputs (see Fig. 11), the AC portions of the 

individual anemometer outputs (see Fig. 10), and an adjustable DC volt

age used as a tape marker. Figure 12 shows the tape recorder and 

associated input circuits. 

Recording was done on 1/2-inch wide tape traveling at 30 inches per 

secrnd through a Sanborn model 2000 recorder. Since the recorder was 

limited to a one volt DC or one volt RMS AC input, it was necessary to 

amplify and/or attenuate the signals to within these limits while still 

mairtaining a maximum signal-to-noise ratio. For the sum and difference 

sigrals, only attenuation was needed since t~e sum-difference units 

contained sufficient amplification capacity. In the case of the 

ane110meter signals, it was necessary to block the DC output and then 

amplify the AC signal to a level suitable for recording. This procedure 

was necessary since the typical peak-to-peak value of the voltage 

fluctuation produced by the anemometer in response to turbulence is 

nea ly an order of magnitude smaller than the DC output. Attenuating 

the total output sufficiently for recording reduces the fluctuating 

sigral to a level comparable to the recording noise level. 

Blocki ng of the DC signal was accomplished by a 1000 µF series

conrected capacitor which together with the resistive load of the 

attrnuator served as a high-pass RC filter with a rolloff frequency 

(3 co) of approximately 0.01 hertz. 

The attenuators used were purely resistive, 10-step voltage divid

ers -with input impedances of approximately 10,000 ohms (see Fig. 13). 

Amp l ification of the anemometer AC signals was accomplished with two 

Tek ronix type RM 122 preamplifiers with a nominal gain factor of 100. 
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Impedance matching of the inputs to the tape recorder was a 

problem since the input impedance of the recorder is relatively low 

(approximately 10,000 ohms). The Tektronix amplifiers were found to 

be capable of driving this impedance without regulation or distortion; 

however the direct inputs from the attenuators in the sum-difference 

circuits were affected by the low recorder impedance, which appears in 

parallel with the selected portion of the voltage divider (Fig. 13). 

All attenuators were therefore calibrated in place with normal circuit 

loadings over a range of frequencies. The attenuation factors were 

found to agree well with those predicted by calculation of the circuit 

impedances and were found to be independent of frequency over the range 

from 10 hertz to 10 khz. 

In addition to the preliminary calibrations and outline adjustments 

of the various pieces of equipment, a variety of ongoing calibration 

procedures were necessary during the experimentation. In many cases 

the nature of the calibrations relate to the accuracy limits and errors 

which may be expected from using the equipment; therefore these factors 

will be discussed together in the next section. 
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Chapter III 

CALIBRATION PROCEDURES AND ERROR ANALYSES 

In the previous chapter the basic instrumentation and sensing 

devices were described together with some of the preliminary calibrat i on 

adju~tments performed before using the systems. Although these steps 

estatlish certain conditions for the operat i on of the equipment, the 

actu~l errors resulting from the use of the equipment will depend on 

the circumstances surrounding the actual use of the devices and on the 

calit rations performed in the place and at the time of the experiments. 

The rature and magnitude of errors must directly influence the inter

pretction of the resulting data; hence consideration of these errors is 

essertial even though it is recognized that it may not be possible to 

detennine or even identify all errors precisely. 

Intef rating Digital Voltmeter 

Errors in the voltage integration system (Fig. 5) arise from two 

basic sources: timing errors and errors in t~e calibration of the 

voltooter itself including errors in the integration mode. The timing 

error results from operator reaction time whe~ manually establishing 

the mtegration period and is essentially a random error. These effects 

were Teduced to negligible levels through the use of the switching 

techrique and electronic timer described in Chapter II and Fig. 5. 

The rnunter-timer itself was aligned and checked against Bureau of 

Standards time signals (WWV) in the CSU calibration shop and was checked 

daily against a stopwatch to detect for any gross changes or drift. 

Any errors in voltmeter adjustment and calibration would introduce 

syste"Ilatic errors while variables such as drift might introduce both 
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systematic errors while variables such as drift mig t introduce both 

systematic and random errors. To establish reliable output, internally 

derived calibration voltages are provided within the instrument. These 

were adjusted against a secondary voltage standard in the calibration 

shop and were then used to zero and calibrate the instrument several 

times daily. 

Possible errors in the integration circuitry were investigated 

using both constant and fluctuating inputs. For the constant input the 

voltage of a mercury cell was measured by integrating it for various 

time periods up to five minutes and comparing results to the instanta

neous value obtained from a separate calibrated voltmeter. Errors in 

the integrated values were virtually undetectable, showing a discrepancy 

of less than 0.1 percent after five minutes of integration; i.e . , less 

than one millivolt error for a 1.353 volt input. 

While this result is encouraging, it does not ensure the integra

tion accuracy when measuring a fluctuating input, a quantity which is 

more difficult to calibrate. To estimate the accuracy of the IDVM for 

fluctuating inputs, a biased sine wave was fed simultaneously into the 

integrating instrument, an averaging (as opposed to true RMS) volt

meter, and a digital voltmeter . A series of values was read from t he 

last instrument and averaged to arrive at a quantity which should 

represent the mean value of the fluctuating signal. The outputs of 

all three instruments were compared for a series of runs until it was 

evident that the mean value of the input was in fact stationary; then 

the three instruments were compared. The results indicated that the 

accuracy of the IDVM was well within 0.5 percent, and was nearly 

independent of frequency up to at least 100 kilohertz. 
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While calibration against a sine wave input does not in general 

guarantee accuracy for nonsinusoidal inputs, it was felt that for stor

age integration circuitry such a technique should be reliable. Discrep

ancies should only be expected if the fluctuating inputs were to con

tain fourier components of much higher frequencies and/or amplitudes 

than those used in the calibration, i.e., signals having spikes with 

very 5hort rise times. Since no such signals were anticipated, the 

techrique was used with confidence . 

As a final point it should be noted that all transducer-mean 

volt cge cal i brations were carried out on a black-box basis; which is 

to scy that voltage outputs were recorded corresponding to known values 

of tte measured variable. Any systematic errors remaining in voltage 

valuEs would thus be consistent from calibration runs to data runs. 

ThesE calibrations were repeated with sufficient frequency to detect 

and cVoid significant errors due to drift in any part of the system. 

Pres.s.lre Transducer and Baratron 

i he overall accuracy of the MKS Baratron pressure measurement 

systEin was established by calibration before and after the experiments 

as dEscribed in Chapter II. Daily checks on the system were limited 

to frequent checks of the zero point (bias) and full-scale adjustments 

provided within the instrument. The bias in the instrument is very 

sensitive to the operating temperature of the transducer element, which 

is provided with an internal heater to maintain constant temperature. 

Howe~er, the equilibrium temperature attained by the heating system is 

someYhat a function of ambient conditions, and the system was therefore 

subjEct to some drift as amb i ent temperatures in the laboratory fluctu

ated . In addition, the transducer heater is a step-input device which 
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cycles on and off as needed resulting in a cyclic deviation of the zero 

point or bias of the instrument. As a result of this fluctuation, pres

sure measurements made at random times were subject to a random error 

whose maximum value could be determined by observing the zero-point 

excursion during the heating cycle. The amount of this maximum excur

sion was 0.0005 millimeters of mercury and its effect was constant over 

all ranges since the instrument could be used as a null device anywhere 

over its operating range. Thus, for pressures much above 0.05 mm.Hg., 

the effects were negligible but became progressively more significant 

below that point. For the velocity head measurements, this error was 

of the order of ±0.1 percent; however for the static pressure gradient 

measurements, this error becomes the factor establishing the limit to 

which the gradient can be measured and adjusted. Integration of the 

Baratron voltage output was necessary to achieve the desired tolerance 

in static pressure gradient (±0.001 mm.Hg.) since the fluctuation at 

that level amounts to ±50 percent of the mean value. 

Anemometer System 

Errors in the anemometer system may also be classed as systematic 

or random, but in addition may be classified as being due either to the 

system electronics or to the inherent characteristics of the sensor. 

Even though constant-temperature operation eliminates the effects of 

heat storage in the wire sensor and thereby causes the intrinsic time 

constant of the wire to be effectively zero (47), the frequency re

sponse of the system is still limited by the ability of the anemometer 

bridge to respond quickly enough to maintain true constant temperature. 

The hot-wire sensor itself is a complex transducer responding to 
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uncesirable as well as desirable physical phenomena, and the meaning of 

thE resulting data must be considered carefully. 

The DISA anemometers used have provisions for tailoring the 

ele=.:tronic response to specific operating conditions. These provisions 

inciude direct compensation for cable reactance effects plus adjustments 

for bridge reactances, wire overheat ratio, and bridge response charac

teri stics as measured by the response to an electronic pulse (square

wav ~) input which artifically simulates a high-frequency input from the 

tra~sducer. The square-wave test does not check the total system re

spo•se and more importantly provides a means of matching the bridge 

response characteristics of two anemometers used for x-wire measurements. 

By Lsing matched cables and sensors together with the matched anemometer 

uni s, the liklihood of significant errors due to response and phase

shit prob l ems is much reduced. 

For the purposes of these tests, an overheat ratio of 1.45 was used 

and ~he anemometer responses were each adjusted to 200 khz as defined 

by tile square-wave test procedure outlined in the DISA instructions. 

Once the anemometers were adjusted, the probes were left in place and 

the 3ystems were left in operation continuously for the duration of the 

test3 , day and night. Cold resistances were checked daily by turning 

off =he anemometers briefly. By allowing the systems to operate con

tinuJusly, instrwnent drift and variations in wire cold-resistance (at 

the _onstant tunnel temperature of 60°F) were minimized. In one case a 

senser was perated for nearly two weeks, and the total change in sensor 

resi ~tance was less than 1 percent. Instrument drift was minimized to 

the oint that recalibration of the hot wires was necessary only at 

inter vals of one and one-half to two hours. 
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Adjustments of the linearizer units was accomplished by trial-and

error using the wind tunnel to produce controlled air velocities. With 

the tunnel operating at 40 fps, a gain value was selected to produce a 

desired output voltage, such as 2.00 volts. The air speed was then 

reduced to 20 fps and the output voltage was again checked. Any devi

ation from linearity (1.00 volt in this case) was corrected by adjusting 

the exponent control and then iterating through the same steps. Once 

the linearity by this process was within the tolerance of the speed con

trol on the tunnel, a series of outputs of the total system were 

measured for various air speeds over the range of operation anticipated. 

These values were plotted to detect any systematic deviation from line

arity as evidenced by curvature in the voltage-velocity relationship. 

As the output of each wire approached linearity, an additional checking 

process was used involving the difference output of the sum-difference 

unit. At the higher velocity the gains of the linearizers were adjusted 

until the difference output was exactly zero; then as the velocity was 

decreased this same output was checked at all points. Any non-zero 

difference output at lower velocities was a direct measure of mismatch 

between the calibration curves and was used to assist in achieving close 

match between curves. Since a deviation from zero of ±0.001 millivolts 

could be detected, the sensibility of this technique was of the order 

of 0.1 percent. 

After a satisfactory linearization of output was achieved, the 

calibration data was thencompute~fitted to a straight line by the 

least-squares method using a polynomial fitting routine, no. BMDOSR, 

originally developed at UCLA; and the resulting line parameters 

(intercept and slope) were used in the reduction of the data. The 
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compJter program also provided various computed statistical parameters 

for =he calibration data and the least-squares regression line. These 

comp~ted values (listed in Table I) include the standard error of the 

regr~ssion coefficient (slope), the correlation coefficient between t~e 

data and the regression line, the variance due to the regression, the 

vari~nce about the regression, and a computation of the F statistic (SO). 

For ~his situation the F statistic is of litt l e value since it is useful 

only to reject the hypothesis that the line slope is zero--a trivial 

step here since the data was forced to fit a sloping straight line in 

the =inearizing procedure. The remaining parameters are useful since 

they provide a statistical measure of the uncertainty in the calibration 

resu: ts. Of particular interest is the standard error of the regression 

coefiicient (slope) since it is that value which together with the 

inte:teept is used to reduce the data. As can be seen from Table I, the 

large.st standard error in the data runs ultimately retained in the 

studr was approximately three percent of the regression coefficient. 

Since the DISA filter units were included in the foregoing "black 

box" ~alibration, any discrepancies from unit gain on DC signals 

passing through the filters were automatically accounted for in the 

caliocation. However the effects of the filters upon AC signals needed 

to be verified and matched in regard to attenuation of frequencies 

(roll- off points) and phase shift effects part i cularly since cross

correlations would eventually be performed on the two outputs. 

Two procedures were used to check the matching between the two 

filte ~ units. First, sine waves of various frequencies were fed into 

each ~nit and therms values of input and output were compared to 

deter~ine the roll-off (3db attenuation) point for the 20 khz low-pass 
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settings. Within the limited accuracy of this technique, the measured 

roll-off points agreed with the nominal setting of the filter. 

As a second and more accurate check, the correlation function 

computer was used to examine the relative outfuts of each filter channel 

with a common positively-biased sinusoidal signal applied to the inputs 

of the linearizers. By cross-correlating the output and the input and 

comparing the resulting cross-correlation function to the autocorrelation 

function of the input, the phase shift of each channel could be deter

mined by examining the phase relationship between the correlation 

functions. Similarly the two outputs were cross-correlated and compared 

to the autocorrelations of each output to detect any differential phase 

shift between the two channels. A representative sample of the cor

relation outputs is displayed in Fig. 14. It must be remembered when 

examining these functions that the output wave form has been distorted 

by the linearization operation; hence the sine wave form has been peaked 

more sharply at the higher voltage peaks and has been flattened at the 

lower voltage valleys. (The input sine wave was biased with a positive 

DC voltage so that the total signal was always positive since the 

linearizer does not function with a negative voltage input). However, 

the location of the peaks is still valid for determining the overall 

effect on phase relationships; and as can be seen from Fig. 14, there 

was no detectable differential phase shift between channel 1 and 

channel 2. The resolution of this technique is well within ±1°. 

At this point it must be recognized that the phase shift through 

the linearizer-filter network is also a function of the impedances 

of the adjacent units; i.e., the output impedance of the anemometers 

and the input impedance of the sum-difference units. Checking the 
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pha -e-difference characteristics of the linearizer filter networks does 

not guarantee phase-matching for the entire system unless the adjacent 

imp dances are identical be t ween channel 1 and channel 2. Repetition 

of he above procedures with the total circuit connected and with the 

sinLsoidal inputs applied to the anemometer bridge-input connection 

revE.aled that the phase relationship between outputs was still matched 

to within ±1°. 

Hot~ire Sensor Errors 

The hot-wire anemometer system is subject to additional errors or 

disbrtions besides those due to the electronic system. The hot-wire 

sen~r itself responds to various phenomena and inputs rel~ted to its 

natt.cre and geometry as well as the conditions in the fluid stream being 

inve~tigated. Complete understanding of all effects has not yet been 

achi _ved and some may never be fully resolved; however much progress 

has - een made and the behavior of the sensor must be considered in the 

ligh : of best available technology. 

In the present work the following effects may be expected to be 

sign: ficant: 

Fluid temperature effects 
Systematic errors due to wire geometry 
Errors due to improperly aligned wires 
Velocity gradient effects 

The influence of each of these will now be considered. 

Fluic Temperature Effects 

hot-wire sensor responds both to fluid velocity and temperature 

(5,47] and the interrelationship of these effects has been extensively 

studi.zd. In the present experiments the fluid temperature was held 

const3nt throughout calibration and data-taking to eliminate the effects 
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of temperature fluctuations; however the cycling of the temperature 

control system gave rise to short term fluctuations in temperature of 

the order of ±4-5°F(±2.2.8°C). These variations in turn caused errors 

in the instantaneous velocity output of approximately ±3 percent; but 

all velocity values were integrated for periods of 30 seconds or longer 

and repeated trials indicated that the final fluctuations in integrated 

outputs due to temperature fluctuations were within ±1½ percent. As a 

result all hot-wire data reported in this study is subject to an essenti

ally random error of ±1½ percent due to temperature fluctuation in the 

air stream. Errors due to long-term temperature drift are assumed to be 

negligible since the mean temperature was maintained within ±1°F. 

Analysis of X-Wire Outputs 

The fundamental analysis of a hot-wire sensor is based upon the 

fact that the physical mechanism involved is that of heat loss from the 

wire to its surroundings (5, 47) . The heat loss in turn can be related 

to certain of the fluid propert i es (particularly density and tempera

ture), to the fluid velocity, and to the wire geometry and structure. 

For the present case the density variations are assumed to be negli

gible (incompressibility assumption) and the temperature is held 

constant within the limitations discussed above. A given sensor, then, 

should respond in some way to the velocity of the air passing over it, 

and the problem becomes one of interpreting the relationship between 

the output of the sensor-anemometer system and the velocity field giving 

rise to that output. 

The linearization and calibration process described in the 

preceding section serves as the starting point for this interpretation, 

since the process established a (linear) relationship between the 



47 

vel Jcity of the a i r at the sensor and the output voltage produced ' y 

the total anemometer- lineari zer system. However, this relationship is 

val _d only for the conditions existing at tte point of calibration; 

i.e, a steady, uniform air stream encountering the sensor at a parti,c

ula~ position and orientation. When the wire is placed in a region 

con~aining turbulence, the instantaneous velocity vector will vary 

wide ly in direction and magnitude, and all three velocity components 

wil : affect the wire output in varying amounts. It is thus necessary 

to I elate the wire output under these condi tions to the velocity com

ponrnts in terms of the cal i bration results in such a way that informa

tior about each component can be recovered. At least as many 

indEJ>endent measurements must be taken as there are variables to be 

idertified. The usual methods used to obtain these measurements are 

to q,erate the same sensor in a variety of orientations in the flow 

(ya\'.ed wires) or t o operate more than one se~sor simultaneously as close 

together as possible but at different orientations (wire arrays). 

Each of the techniques mentioned has advantages and disadvantages. 

A SLigle yawed wire requires only one sensor and electronic system and 

as a result is much easier to maintain and operate in terms of calibra

tion. drift, matching, etc. The chief disadvantage of the technique 

is t i at repeated measurements must be taken at the same point but at 

diff3rent orientations to discriminate between the flow var iables. Such 

meas ~rements necessarily occur with some time delay between them and 

cond _tions must be closely controlled to avoid errors due to unwanted 

fluc : uations in the system be tween measurement. In spite of careful 

cont~ol, each separate measurement introduce ~ its own random error t o 

infl•ence t he subsequent solution of the s imultaneous equations . Small 
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errors introduced this way into the set of (usually three) equations 

may give rise to much magnified errors in final results depending on the 

nature of the solution matrix. 

The most common arrays used are the two-wire types ("x"-wires) 

although three-wire probes have been constructed. The advantage of an 

x-wire probe lies in its ability to provide simultaneous information 

from two sensor positions to eliminate the need for repeated measure

ments at one position. Its disadvantages arise from the fact that two 

complete electronic systems must be operated and must be matched and 

calibrated carefully to avoid errors due to differing characteristics. 

In addition the processing of the outputs gives rise to output 

information which is difficult to interpret. 

Both techniques were used in the present tests; the x-wire to 

measure much of the repetitive data and the single yawed wire to pro

vide a cross check on the x-wire results. To estimate the errors pos

sible in the results it is necessary to examine the physical and 

mathematical relationships for both techniques with particular attention 

to the assumptions and approximations involved. Details of this 

analysis are given in the Appendix. Correction factors resulting from 

the analysis were applied to the data where appropriate. 

Output System Calibrations 

The devices used for data output consisted of the DISA rms meters, 

the Princeton correlator, and an x-y recorder to plot the output of the 

correlator in addition to the tape recorder. Each of these units were 

adjusted and calibrated in the calibration shop before usage and were 

then checked twice daily or more against their internal calibration 

sources to maintain zero point settings and full scale gain adjustments. 
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ThE x-y recorder was checked at least once daily against battery supply 

me2Sured with the Hewlett-Packard integrating digital voltmeter. 

At the start of each day and at the beginning of each new tape 

recl, the tape recording system was fed a shorted input and then a 

measured DC signal on each channel to provide a reference check for each 

tape reel. Prior to the tests, reproduction levels and roll-off points 

of =he recorder were calibrated by recording a series of s ignals ranging 

fro7 DC to 10 Khz on each channel and comparing the output rms val es 

to : he input values. The Tektronix preamplifier characteristics were 

map_ed in the same way as were the CSU sum- difference units. These 

experimental gain factors differed significantly from the nominal values 

and were used in the data reduction. Each of these procedures was a:so 

repeated after the experiments were completed to ascertain that no 

sigrificant change had occurred. 

Carriage Effects 

As stated earlier, the instrument carriage was equipped with linear, 

ten-turn potentiometers for position indication. Initial checks 

revesled that linearity of the voltage output was sufficient to guar

antee positional accuracy within about three mm or about 1/64 in. For 

wor~ very close to the wall in thin boundary layers, this tolerance 

woull be too large; however it was deemed acceptable for most of the 

meas~rements performed in the present tests. The voltage outputs of the 

pote3tiometers were measured with a digital voltmeter and were cali

brated daily by measuring the position of the probe centerline and t he 

corresponding voltages at two points each in the vertical and horizontal 

directions. The values were checked at least twice daily ~!though the 

voltEge output was remarkably constant and rarely required correction. 
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Recalibration was necessary each time the carriage was moved in the 

x-direction (along the carriage rails) since the tracks were not 

absolutely parallel to the floor. 

Since secondary flow measurements were eventually attempted, the 

blockage effects and flow distortion due to t he carriage structure were 

expected to be significant. The main portion of the carriage consists 

of a structure about four inches (10 cm) thick spanning the tunnel at 

the level midway between the roof and the floor. (See Fig. 22.) The 

leading edge of this structure consists of a semi-cylinder with a di

ameter of 4.25 in. (108 cm). Probes were normally mounted on a slender 

boom about 3 ft (0.9 m) ahead of this main structure. The boom in turn 

is carried on 1.25 in. (32 mm) rods extending vertically downward from 

the main carriage. 

The oncoming air flow can be expected to deflect downward below 

the structure and upward over the structure causing a vertical component 

of the velocity in regions above and below the carriage, which would 

confuse secondary flow results. To estimate this effect, a potential 

flow solution was constructed and free stream pressure measurements 

were taken to verify the solution. 

The initial solution was obtained by assuming that the carriage 

behaves as a simple cylinder since the leading edge can be expected t o 

dominate the effect. To account for the fixed boundaries (floor and 

ceiling) an infinite row of cylinders must be solved. The added or 

"image" cylinders are placed above and the boundaries, equally spaced 

and located so that the first image cylinder is the original cylinder 

reflected in the boundary. Such an arrangement guarantees that the 
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vertical velocity components will vanish at the boundary and the 

strzamline midway between the cylinders functions as the boundary. 

The potential solution to this problem is available from potential 

fl()oy theory (2) and is given by an infinite series corresponding to the 

infinite row of cylinders. 

An approximation using the first three terms (i.e., three cylinders) 

was attempted and proved to be sufficiently c:.ccurate as determined by 

the residual vertical component at the wall. (The vertical velocity 

bec::me equal to zero within one in. (25 mm) of the boundary.) This 

solLtion as given in (2) as 

- U {1 b2[(y - 2d)2 - x2] b2(/ - }) 
u - 00 + 2 2 2 + 2 2 

[x + (y - 2d) ] (x + y ) 2 
b

2
[y + 2d)

2 
x

2
} 

+ 2 - 2 (3-1 ) 
[x + (y + 2d) 

2 { y - 2d v = - 2b xU
00 2 2 2 + 

[x + (y - 2d) ] 

y + 2d } 
2 2 2 (3- 2) 

[x + (y + 2d) ] 

wher:£ b is the cylinder radius and d is the cylinder height above 

the £1oor. 

Pressure distributions measured with the carriage in place were 

comp.3.red with the distributions predicted by the solutions and it was 

foun3 that the measured values were slightly higher although the shape 

of t~e distributions agreed very well. This effect was presumed to be 

due =o the presence of the floor and ceiling boundary layer displace

ment thicknesses which cause the blockage effect to be greater than in 

the purely potential flow case. It was found that the measured pres

sure distribution could be matched very closely by assuming that the 

effective cylinder diameter was one and one-half times larger than the 

actuEl carriage leading edge. Evidently this adjustment accounts for 
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the increased blockage resulting from the presence of boundary layers 

as well as stray effects due to the smaller carriage components. 

Figure 23 shows the computed pressure distribution compared to the 

measured values. (Note in Fig. 23 that the pressure values measured 

in the boundary layer are subject to large turbulence effects, the 

interpretation of which is not reliable.) 

This potential solution was used to predict vertical flow 

components resulting from the carriage effect so that secondary flow 

measurements in the boundary layer could be interpreted more reliably. 

Also, the effects upon the mean velocities were estimated from this same 

solution, and all values are tabulated in Table IV. 

Attempted Measurements of vw 

The use of either a single yawed wire or an x-wire probe permits 

the measurement of all components of the Reynolds stress tensor except 

the vw term. Hinze (5) suggests that in principle it should be pos

sible to obtain measurements of vw by using a modified x-wire probe 

having one wire in the x-y plane and one wire in the x-z plane, both 

wires being yawed to the oncoming flow within their respective planes. 

This probe will be referred to as a "crossplane" probe. 

Such a probe was constructed on special order by Thermo-Systems, 

Incorporated, and a series of measurements were attempted with it. 

Analysis of the output of such a probe may be carried out in the 

same fashion as for the x-wire probe, with appropriate adjustments for 

the new geometry. Calling the wire in the x-y plane number 1 and the 

wire in the x-z plane number 3 and using Eq. (A-1 4) , it may be seen that 
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E = S { [CU + ) 8 vsin 8 ]
2 

+ w2} 112 
+ S (U + u) sin 01 1 n m u cos 1 + 1 p m 

(3-3) 

The wire in the x-z plane was yawed clockwise to the oncoming flow Khen 

viared from above, hence its output may be written as 

{ 
[ ( ) ( ) . ] 2 2} 1/2 (U ) . 8 E3 = Sn Um+ u cos 03 + -w sin 03 + v + Sp m + u sin 3 

- Sp (-w) cos 8
3 

(3-4) 

Expanding as before for the x-wire probe and retaining terms to the 

sane order of magnitude results in the following equation for the 

flu::tuating protion of the difference voltage: 

sin (3-5) 

Assuming that the influence of the u component may be neglect ed 

if ~he two wire angles are nearly equal and again using the experi

men~ally determined calibration values from the probe, it is possible 

to :-ewrite Eq. (3-5) as 

ei - e3 = 0.0695 v + 0.0516 w 

whi ch, when squared, produces Eq. (3-7). 

(3-6 ) 

2 22 . - 22 
(ei - e3) = (0.0695) v + 2(0.0695)(0.0516)vw + (0.0516) w (3-7) 

Thus it is evident that even to the level of approximation assumed, 

. b d . f 22 d S. f thi ~ pro e respon s to a mixture o v, w, an vw. olving or vw 

procuces Eq. (3-8). 

2 2 2 
vw = 139.4 (e

1 
- e

3
) - 0 . 673 v - 0.371 w (3-8) 
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Equation (3-8) was used to reduce the data taken with this cross 

plane probe; however it may be noted immediately that the level of 

uncertainty in values of vw will be very high. The term vw may be 

expected to be relatively small and must be obtained from the differ

ences among three separate measurements of quantities which are all 

larger than vw. In addition, the smaller magnitude of vw means that 

the various terms neglected in the expansions leading to Eq. (3-5) will 

assume greater importance and will result in much larger relative 

errors. Thus, while in theory it is possible to measure vw with such 

a probe, the results obtained were completely inconclusive. 

Measurements of Vertical and Lateral Mean Flow Components 

One of the features of interest in a three dimensional flow of 

this type is the existence of lateral and vertica l mean flow components . 

Attempts to detect such components visually with tufts, smoke tracers, 

and liquid films on the floor were completely fruitless. The high 

turbulence level in the boundary layer near the roughness produced 

turbulent mixing which obliterated any visual transport effects that 

may have been present. 

The fact that turbulent mixing effectively hides the visual effects 

of lateral and vertical transport by the mean flow is of course signifi

cant in itself . The implication is that the influence of the y and 

z components of the mean flow are much smaller than the influence of 

the turbulent mixing. Nevertheless, quantitative measurements would 

be more satisfying and were pursued. 

Veenhuizen (21) had demonstrated earlier that secondary flow 

components in the boundary layer of this same tunnel could be measured 

using a yawed wire technique involving careful (and tedious) 
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posi~ioning and calibration of a single yawed wire. The success of his 

effo=ts suggested that it might be possible to extract similar results 

from an x-wire probe which is sensitive not only to the fluctuating 

compcnent perpendicular to its axis as discussed earlier, but also to 

the nean flow component in that same direction. Just as therms value 

of tle fluctuating difference voltage can be related to the v or w 

flue uations, so can the DC level of the difference voltage be related 

tom an flow components, V or W. The difficulty with this procedure 

lies with the fact that measuring the DC level of the difference 

requ : res processing of the complete signal from each wire (DC plus AC). 

The JC level of each wire is also related to the mean flow component 

int e x direction, which may be one or more orders of magnitude 

grea- er than the largest cross flow components. Measurement of the 

cros _ flow thus entails measuring the very small difference between two 

larg signals. (Resolution on the order of 10 mv was required to ob

tain this difference. Typical individual wire voltages might be 4000 mv 

and ~990 mv.) While forming the difference reliably is within the 

capacility of the operational amplifiers used, the problems of drift and 

prop r calibration are much more imposing. However, a technique was 

deve =oped which permitted measurement of the cross flows within a usable 

unce=tainty level. 

If the x-wire probe is installed in the horizontal plane, perfectly 

alig ed with the mean flow centerline, and perfectly calibrated, then 

the C difference voltage could be adjusted to be exactly zero when t he 

cros _ flow W is zero. Imperfections or errors can thus arise from 

four sources, each of which may produce a voltage contribution to the 
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total DC difference voltage output. Specifically, these may be 

identified as 

E , difference output due to probe yaw, or misalignments, relative y 

to the flow centerline. Yaw produces an apparent lateral flow 

component. 

Eb, difference output due to probe bias or calibration mismatch 

between individual wires resulting in a non-zero difference 

when no cross flow is present. 

E , difference output due to systematic errors caused by 
e 

turbulence effects on the wires. 

E , difference output actually due to the cross flow component. w 

The total probe DC difference output is the algebraic sum of the four 

voltages, and since the unwanted quantities may actually be larger than 

the desired quantity 

The yaw output 

E, they must be accounted for. w 

E may be eliminated by careful alignment of the 
y 

probe to the physical mean flow centerline. This step was accomplished 

first each time after the carriage was moved to a new location. For a 

probe oriented in the horizontal plane, alignment was made relative to 

a taut wire stretched the length of the tunnel centerline. For the 

vertical plane orientation, a precision bubble level was used. 

The probe bias output Eb is the most troublesome quantity since 

it is influenced by very slight calibration errors and by differential 

drift between the two anemometer systems. Effects of these factors 

may be better understood by referring to hypothetical calibration curves 

for the individual wires (see Fig. 24). While the slopes and linearity 

of each calibration curve can be established to within two to three 

percent of the mean velocity, these errors become much more significant 
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when 3mall DC differences are examined for cross flows. It is a simple 

matter of gain adjustment to shift the calibration curve of either wire 

to effect a match at a given mean velocity; however a change in mean 

velocity causes a change in the difference out put due to slight curva

ture Jr non-parallelism of the wire calibration curves. In addition, 

E and E adju~ment to eliminate must necessarily be done where 
e w 

are b::)th zero. Although E 
e 

is effectively zero in the free stream, E , 
..... 

duet::> secondary circulations and carriage effects, is not. Thus there 

is nc location where the probe can be adjusted to eliminate Eb' and 

this £act together with the unknown effects of 

difference containing three unknowns. 

E 
e 

result in a voltage 

10 resolve the dilemna, it was noted that both Eb and E 
e 

should 

be re.alatively independent of 180° rotations of the probe. Eb is 

enti:.-ely an electrical bias due to differences in gain adjustments for 

a gi~en mean velocity and is therefore independent of any probe rota

tion ~. E is the effect of mean square voltages due to turbulent 
e 

fluctuations at a point which adds to the DC output of each wire. 

Sine€ the effect is due to a squared fluctuation, it can be assumed that 

the effect is largely unchanged by a 180° rotation of the probe. The 

cros ! flow voltage E 
w 

is however reversed in sign by a 180° rotat i on; 

henc the outputs for two probe orientations differing by 180° of 

rota- ion in a plane perpendicular to the mean flow centerline may be 

writ -_en as 

E = (Eb+ E) + E 
e w 

(3-9) 
E = (E + E) - E 

b e w 
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Therefore the cross flow may be recovered by measuring the DC difference 

outputs at two orientations and taking one-half the difference between 

them. With this technique it is not necessary that the wires be per

fectly matched; i.e., that Eb be exactly zero . Drift effects are 

minimized since the two measurements may be taken within a few minutes 

and the error will be the amount of differential drift (change in Eb) 

occurring between the first and second measurement. This drift effect 

is not insignificant since a very reasonable drift of 0.1 percent in the 

mean velocity calibration curves produces variations of one percent in 

the largest cross flow values. Since the cross flows may pass through 

zero at some points, relative errors become very large. (Fortunately 

the sensitivities, S and S , of the wires are related to the slopes 
U V 

of the calibration curves which remain relatively constant during the 

drifting process.) 

Although Eb and E vary greatly from point to point in the 
e 

boundary layer, the quantity Eb+ Ee is automatically redetermined at 

each point of measurement. As can be seen, the sum of the two measured 

outputs is equal to twice the sum of Eb+ Ee; hence this quantity can 

be monitored. Repeated pairs of measurements at a given point give an 

indication of drift since E is presumably constant at a point. 
e 

Fluctuations in the various quantities including the cross flow itself 

were accounted for by integrating the outputs over periods of one minute 

or more. Measurements of vertical flow components were obtained in a 

similar fashion, using the probe in a vertical plane. The effect of 

the carriage in deflecting the flow downward was readily noticeable; 

therefore the carriage potential solution was used to correct the 

vertical component results. Of course the procedure of linearly 
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superimposing the potential solution and the measured boundary layer 

results is questionable; however it was felt tnat this procedure should 

give ct least a reasonable estimate of the vertical flow components. 
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Chapter IV 

EXPERIMENTAL RESULTS AND OBSERVATIONS 

Early results in some ways followed trends which might be expect ed 

intuitively; however there were certain characteristics which were 

unexpected. Figure 68, for example, shows the lateral profile of uw 

in the region over the roughness two feet downstream from the leading 

edge. Over the roughness the profile is nearly two-dimensional, i.e., 

independent of z. The transition from this two-dimensional regi on over 

the roughness to the two-dimensional region outside the roughness is 

accomplished abruptly in a relatively narrow strip which is essentially 

a vertically-oriented shear plane. Within this shear plane, turbulence 

quantities rise to values which are significantly greater than those in 

the region over the roughness. Peak values of quantities in the shear 

layer were deliberately sought out by ovserving rms outputs during 

traversing. 

Greater retardation of the flow and higher turbulence levels are 

expected over the roughness. The abrupt changes in the z direction, 

however, are interesting in that the abruptness persists downstream, 

and similar patterns are found 15 feet (4.6 m) from the leading edge 

(see Figs. 70 and 72). Recent work (57) examining flows over multiple 

strips of roughness have reported a periodic but less abrupt variation 

of flow quantities in the z direction. Townsend (11) in his work 

assumed a linear variation of vw in the z direction from the cent er

line of the roughness--a logical but now questionable assumption in the 

light of these results. 

Variations in vertical planes parallel to the flow were much as 

expected and the existence of an internal boundary layer was readily 
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obse~ved from vertical profiles of velocity and turbulence quantities. 

A picture of the flow thus emerged consisting of a nearly two-dimensional 

regi•n over the roughness bounded by vertical shear layers in the region 

of tie edges of the roughness (see Figs. 25 and 26). As the flow pro

gres -es downstream, the internal layer diffuses upward into the exterior 

boun ary layer while the edge shear layers diffuse laterally into the 

inte _nal and surrounding exterior boundary l ayer. 

The model suggested here and depicted in Fig. 26 is approximate 

sine ~ the regions and boundaries between them are not so sharply defi~ed 

and Jther influences such as lateral and vertical velocity components 

are ,ot represented; however it is helpful to visualize this model when 

examining the detailed results. 

Expe~imental Results 

Figure 25 shows the coordinate system used for all measurements 

and iiscussion in this report. The x-, y- and x- coordinates were . 

measJred from the leading edge, floor, and roughness centerline, 

resp-3ctively. Since most data was taken over the half of the roughness 

nea1"3st the tunnel windows (see Fig. 3), the z- coordinate is negative 

for ~ost values. 

Table III contains a listing of final velocity and turbulence data 

mea~red at distances of 2, 4, 7, 9, 11, 13, and 15 feet (0.6, 1.2, 

2.1, 2.7, 3.4, 4.0, and 4.6 m) from the leading edge of the roughness 

as ~11 asupstreama distance of three feet (0.9 m) from the leading 

edge. The data in Table III was measured with an x-wire probe cali

brared and corrected according to the discussion in Chapter III. 

Since the x-wire array can measure only 
22 

u, v and UV in the 

vertical position, each traverse was repeated with the wire in the 
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horizontal position to obtain values of 2 
w and uw as well as 

2 duplicate values of u to be compared with those obtained from verti-

cal measurements. In addition, mean velocity measurements can be taken 

with the wires in either position, and a number of ve locity values were 

measured both ways at a given location. These repeated data values pro

vide one measure of repeatability as well as an indication of errors due 

to turbulence and velocity gradient effect. Those values which were 

corrected according to Eq. (A-51) were compared to the uncorrected values 

and it was found that the use of Eq. (A-51) reduced the systematic errors 

due to turbulence. Since the velocity values also contain random 

errors, comparison of these repeated data points had to be done statis

tically. Among the data in Table III, there are 82 repeated points; 

hence the sample size is adequate to be significant. Presumably, if 

there are no systematic differences between velocity values obtained 

from vertically versus horizontally oriented probes, then the algebraic 

differences 

difference= (velocity) 
measured 
vertically 

(ve locity) 
measured 
horizontally 

should have an average value of zero. An average greater than zero 

would indicate that the vertical probe reports a higher velocity than 

the horizontal probe while the reverse would be true for an average less 

than zero. A summary of computations for the differences so defined 

is as follows: 

Uncorrected data 

Corrected data 

Mean value 
of differences 

+ 0 .195 fps 

+ 0.091 fps 

Standard deviation 
of differences 

0.550 fps 

0.545 fps 
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From these results i t i s evident that a vertical probe tends to 

repoz t a hi gher velocity than a hori zontal probe. This result is 

reascnable since, according to Eq. (A-51), a vertical probe is 

inflLenced primarily by 
2 
w while a horizontal probe is influenced by 

v2, ~hich is smaller than 2 
w in most regions. Correction of the data 

by Ee. (A-51) is seen to reduce the systematic discrepancy between 

valuEs. (This comparison, of course, does not guarantee the accuracy 

of e: ther value.) 

The standard deviation of the differences, which can be interpreted 

as a measure of the scatter or uncertainty i n the velocity data, is 

near =y unchanged by the correction process, as might be expected. The 

valu~ of 0.545 fps is about 1.3 percent of the free stream velocity and 

abou three percent of the measured velocities near the roughness. 

Sine 95 percent of the differences should fall within two standard 

devi ~tions, the uncertainty is about ±2.6 percent in the outer levels 

oft e boundary layer and about ±6 percent near the wall for all but a 

few ata values. These values compare well with the discussion in 

Chap~er III where it was pointed out that a scatter of ±1½ percent in 

measwred free stream velocities occurred due to temperature fluctuations. 

If t i e additional calibration uncertainty is added, the value of ±2.6 

perc~nt seen here is consistent with those earlier results. 

Another factor to be considered when examining the mean velocity 

data would be the influence of the carriage. However, a computation of 

the 7 elocity perturbations using the potenti a l solution described in 

Chap~er III (see Table IV) revealed that th e maximum effect is approxi

mate _y 0.14 percent of the free stream velocity and may be neglect ed. 

It ci n be noted however that the effect of t he carriage in the potential 
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solution is to increase the mean velocity below y = 16 in. (41 cm) and 

to decrease it above that poi nt. 

The possibility of systematic errors due to turbulence but not 

accounted for in the foregoing discussions still remains since turbu

lence could affect t he hea t ransfer in both positions. Some cross 

checks were performed using the pitot tube directly with good results; 

and since the pitot tube is influenced by turbulence in a different way, 

such agreement suggests that the undetermined effects are minimal. 

Interpretation of the data is f acilitated by reducing it to 

graphical form; therefore plots of the velocity and turbulence results 

from Table III are presented in Figs. 27 through 74. Examination of 

these grap s underscores the difficulty involved in adequately mapping 

a complex , three-dimensional flow field. In spite of the very large 

number of data points obtained, there can still be found regions where 

more dense data fields would be very helpful . 

The data is plotted in groupings according to the following order: 

velocities, u
2

, v2, w
2

, uv, and uw. Within each grouping are horizon

tal profiles (in the z direction) , vertical profiles taken along the 

flow centerline (z = O), and vertical profiles taken near the edge of 

the roughness (z = -8.5 in. or -21.6 cm). All points plotted in Figs. 

27 through 74 are data points ; i . e., there are no interpolated points 

shown. 

As can be seen from these graphs and Table III, most of the data 

were obtained by taking horizontal traverses of the flow field at 

several heights above the surface until a level was reached where the 

influence of the roughness was not readi ly noticeable. The two vertica l 
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profi les at each x station were taken to ai d in interpolation and to 

provide accurate vertical reference profiles. 

Yigure 27 depicts two horizontal velocity profiles taken three ft 

(0.9 m) upstream from the beginning of the roJghness, and these profiles 

show c<:learly the influence of the secondary flows in the oncoming 

bounc.ary layer discussed earlier in Chapter III. Depression of the pro

file ~ at the center of the tunnel results from low momentum fluid being 

traneyorted upward by the secondary circulation. 

ihe effects felt by the boundary layer upon encountering the 

rougrness are sharply noticeable in the horizontal velocity profiles 

giver in Figs. 28 through 32. Of particular interest is the edge region 

in wr ich the transition occurs from the region affected by the roughness 

to tre undisturbed flow . As x = 2 ft (0.6 m) this transition region 

exterds about 1 in. (25 mm) over the roughness field and a similar 

dist rnce into the region over the smooth floor. Farther downstream the 

inflLence of the roughness has penetrated farther upward into the 

bouncary layer; however the abruptness of the edge region is preserved 

even at x = 15 ft (4.6 m) (Fig. 32). In fact, the sharp "corner" in the 

velocity profiles at z = -7.50 in. (19 cm) occurs at almost exactly the 

same point at 2 ft (0.6 m) and at 15 ft (4.6 m). To the left of the 

rougt ness edge, however, the influence of the roughness does propagate 

to t t e left into the undisturbed layer, and a retardation of the 

velocity near the wall at x = 15 ft (4.6 m) can be discerned beyond 

a= - 15 in. (- 38 cm) versus -11 in. (- 28 cm) at x - 2 ft (0.6 m). 

In total, then, the edge effect seems to propagate outward at a 

noti ceable r at e , but it does not appear to propagate into the reg i on 

above the roughness. As a result, the hori zontal velocity profiles 
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above the roughness have much the same general form at all distances 

downstream. In this region the chief effect of moving downstream is 

that the retardation of the flow progresses upward into the boundary 

layer. In a broad sense it can be said that the existence of an edge 

itself does not significantly alter the velocity profiles over the rough

ness except in the immediate vici nity of that edge regardless of the 

distance downstream. 

Figures 33 and 34 contain the vertical velocity profiles at the 

centerline of the flow (z = O) and near the edge of the roughness. 

Since the profiles are plotted with offset origins for clarity, the 

upward propagation of the internal boundary layer is not directly 

obvious; however by superimposing the undisturbed profile (x = -3 ft) 

upon succeeding profiles the development of the internal layer may be 

readily traced . The dotted line shows the approximate development of 

this layer; however its location is subject to considerable uncertainty 

due to scatter in the data and the difficulty involved in detecting the 

point where the profiles diverge. 

In similar fashion the horizontal profiles of are shown in 

Figs. 35 through 40 and vertical profiles are presented in Figs. 41 and 

42 for cen t erline and edge regions respectively. It should be noted 

that the profiles closest to the wall in Figs. 36 and 37 have been off

set for clarity, for these are the profiles which show the greatest 

differences between a horizontally and a vertically-oriented probe 

as discussed in Chapter III. 

Of interest in Figs. 36 through 40 are the edge regions with peak 

values ofJ u2 near z = -7 .50 in. (19 cm) or about 1 in. (25 mm) 

inside the edge of the roughness . Comparing the locations of these 
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peaks to the velocity profiles it may be seen that the level of this 

turbulent component is greatest at the point where the slope of the 

horiz:Jntal velocity profile is the greatest. This fact suggests that 

turbt.ilent production results from the shearing action in the edge region, 

as might be expected and this production adds to that resulting from the 

rougmess itself. 

Jnlike the behavior of the velocity profiles, the larger levels of 

turbulence in the edge region do not appear to affect the regions away 

from the edge. Even at 15 ft (4.6 m) the shape of the turbulence pro

file closest to the wall does not show any lateral diffusion of turbu

lent e nergy away from the edge region. In fact the profiles closest to 

the \\all at 2 ft (0.6 m) and 15 ft (4.6 m) are virtually identical when 

allo¼ance is made for the slight difference in vertical height. 

Vertical propagation of the internal boundary layer is again 

noticeable if the curves in Figs. 41 and 42 are superimposed; although 

the ti1certainty is even greater th~n when using the velocity profiles. 

In the next series of figures, numbered 43 through 50, the vertical 

turbt.ilence component J v2 
is presented. The general pattern of this 

compooent is similar to J u2 
with a peaking about one in. inside the 

edge nf the roughness which persists downstream but does not appear to 

diffuse laterally. Again the distribution of this quantity is remark

ably independent of z except in the immedia~e neighborhood of the edge. 

The vertical distributions in Figs. 49 and 50 also provide an 

indication of internal layer growth if the upstream profile is super

imposed on succeeding profiles; although the accuracy is no better than 

with the velocity or {j profiles. 
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Very similar observations may be made in regard to the profiles of 

2 
w in Figs. 51 through 58. It may be noted, however, that the lateral 

fluctuations, w, are everywhere larger than the corresponding vertical 

fluctuations, v, as might be expected in a nonisotropic turbulence 

field near a wall. The Reynolds stress quantity, uv, is plotted in Figs. 

59 through 66. The horizontal profiles have much the same form as the 

other quantities, and again there seems to be very little spreading of 

the edge effect. On the other hand, the vertical profiles, which have 

been plotted with offsets in Figs. 65 and 66, dis_lay abrupt changes in 

slope at heights above the wall which increase with x. These points, 

which might be taken as the upper limit of the internal layer, are 

quite distinct up to x = 7 ft (2.1 m); and the point at 15 ft (4.6 m) 

is also distinguishable although not so clearly. 

The uw profiles in Figs. 67 through 74 are particularly 

interesting since uw will normally be zero in a flow which is inde

pendent of z but may be expected to be non-zero in the present case 

wherever dU 
az ~ 0. It may be noted, for example in Fig. 68, that uw 

is nearly zero over the roughness and away from the roughness wherever 

au ~ 0. 
az In the edge or shear layer region uw attains values which 

are comparable in magnitude to v; and furthermor e the values of uw 

are positive where :~ < 0 a fact which would be in agreement with 

conventional eddy-viscosity postulates. 

Measurements of the lateral mean flow component, W, are listed in 

Table V, while values of the vertical component, V, are given in 

Table VI. The values are very small relative to other quantities and 

the uncertainties are large; hence detailed surveys of all regions were 

not attempted. Representative values were obtained at x = -3, 7, and 

15 ft (-0.9, 2.1, and 4.6 m). 
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In Tables V and VI, four quantities are listed for comparison with 

and _n relation to the discussion of cross flow measurement techniques 

in C apter III. The "corrected velocity" values represent the final 

valu ~s obtained using the probe yaw-calibration factors. The "velocity" 

valu ~s are the raw reduced values using the mean flow calibration fac-

tors and assuming that S /S = 1. 000. 
V U 

The terms "mean" and "bias" 

volt~ges are arbitrary designations and refer to the values obtained by 

taki3g one-half of the difference and one-half of the sum of the probe 

outp•ts in two positions 180° apart. (See Eqs. 3-9 and the discussion 

fol l•wing.) 

The mean voltage is the value from which the cross flow velocity, 

is d~rived. The bias voltage is a measure of the quantity (Eb+ Ee) 

from Eq. (3-9) and it is listed since changes in this value from point 

to p•int give an indication of the rate of instrument drift coupled with 

turb•lence effects. It will be noted that successive values do not 

chan: e greatly. The occasional large step changes were the result of 

deli~erate readjustments of the zero points on the linearizers in an 

effo=t to keep the bias voltage near zero. 

Figures 75, 76, and 77 are maps of the cross flow data at 

x = - 3,7, and 15 ft (-0.9, 2.1, and 4.6 m), respectively. Several 

comm nts may be made in reference to this data. 

Upstream from the roughness at x = -3 ft or -0.9 m (Fig. 75), the 

cros : flow near the floor tends to be inward toward the centerline. I~ 

can ~lso be seen that the pattern is not symmetrical but is skewed to 

the =ight near the floor. Higher in the boundary layer, which is about 

15 i . (38 cm) thick at this point, the flow is outward and skewed to 

the : eft. 
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The maximum value of W is about 0.7 - 0.8 percent of the mean 

flow velocity, a value which is remarkably similar to the values 

reported by Veenhuizen (21) for the same tunnel. Although Veenhuizen 

also found asymmetry in the secondary flow and generally similar pat

terns of inflow near the floor with outflow in the corner bisector 

region, the details of his patterns differ somewhat from the present 

results. Much of the difference may be due to the fact that Veenhuizen 

used tripping roughness on all four walls of the entrance region to 

achieve quadrilateral symmetry. In the present tests, only the entrance 

floor was roughened--the walls were left smooth to minimize the wall 

boundary layers and keep them away from the test surface. 

It must be recogni zed from these results that the oncoming boundary 

layer already contains cross flow and vertical flow components as well 

as asymmetries of the form and amounts depicted in Fig. 75. 

Moving to the limited data at x = 7 ft or 2.1 m (Fig. 76), it can 

be seen that the cross flow is beginning to reverse near the floor, so 

that the inflow is changing to outflow. At x = 15 ft or 4.6 m (Fig. 77) 

an outflow has developed with a maximum magnitude of about 1.5 percent 

of the free stream velocity. 

It is interesting to note that there is a vestigial region of 

inflow noticeable about 4 in. (10 cm) above the floor. Also, the 

skewness to the right introduced by the oncoming flow persists even at 

15 ft (4.6 m) along the roughness as evidenced by the vanishing of the 

cross flow off- center near z = +4 in. (10 cm). 
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In view of these results, the diagram of model of the flow 

depi ~ted in Fig. 26 may be modified slightly by including an outward 

flow pattern near the floor. The data of Fig. 77 suggests that this 

cros3 flow decreases rapidly away from the f l oor and there is no obvious 

inflJw farther from the floor within the range of the data. 

The outflow over the roughness requires that mass be supplied to 

the egion over the roughness to satisfy cont i nuity. In a two

dimensional problem, the outflow would imply a corresponding downflow 

within the internal boundary layer; however in a three-dimensional flow 

a se::::ond possibility exists. Mass may also be supplied by convection 

if, JVer an increment of length in the x dir ection, the amount of 

mass arriving from upstream exceeds the amount leaving downstream. 

Some measurements of V, the mean flow component in the vertical 

direction, were taken by the same technique used for W, and the results 

are listed in Table VI. Data was obtained for the upstream boundary 

layEI' at x = -3 ft (-0.9 m) and over the roughness at x = 15 ft (4.6 m); 

and these sets of values are plotted in Figs. 78 and 79, respectively. 

For all values of V in Table VI, the corrected velocity includes a 

cor~ection for the carriage effect obtained by using the potential 

solLtion described in Chapter III. Although the vertical component is 

ratrer minuscule throughout much of the flow field, some noticeable 

effects may be detected. The region near z = 4 in. (10 cm) is of 

par icular interest, because it is a region of slight upflow ahead of 

the roughness (Fig. 78), while in the same region over the roughness at 

x = 15 ft (Fig. 79) there is a noticeable downflow. Referring again to 

Fig 77, it can be seen that this region corresponds to the locus of 

zer■ cross flow. To the lef t and to the right of this region in Fig. 79 
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can be detected regions of slight upflow (near z = -8 in . (-20 cm) and 

z = + 20 in. (51 cm)), and the skewness to the right is again evident. 

The values of vertical velocity nearest the f l oor at x = 15 ft (4.6 m) 

are uniformly downward in the region corresponding to that of strongest 

outflow. Allowing for the displacement of the flow pattern to the 

right, it can be seen that the total downflow region is approximately 

the same width as the roughness pattern. 

These results are most interesting since they agree with the 

qualitative predictions of Townsend (11) and Hinze (15) discussed in 

Chapter I. The data values herein provide a reasonable estimate of 

the magnitudes and distributions of these flow components, and it may 

immediately be seen that the effect upon the mean flow vector is indeed 

small. As an example, the largest cross flow, which is measured at 

y = 0.56 in. (1.4 cm) or about 0.3 in. (0.8cm) above the tops of the 

roughness elements, is about 0.5 fps (0.15 m/s). The mean velocity at 

that point is about 15-16 fps (4.6-4.9 m/s); hence the flow vector is 

deflected less than two degrees. 

Examinations of the gradients of W provide one possible reason 

why attempts to measure vw were fruitless. The largest value of 

aw/ay is of the order of 8 fps/ft (8 m/s/m), 'Nhich is at least an order 

of magnitude smaller than typical values of au/ay. If it is assumed 

that an eddy-viscosity model is even crudely a~propriate to describe 

the relationship between vw and aw/ay, and if it is further assumed 

that such eddy viscosity would be the same quantity used to analyze uv 

in terms of au/ ay, then the maximum value of vw would be at least 

an order of magnitude smaller than the larger values of uv. 
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It should be noted that the value of W must become zero at the 

wall (actually at the surface of the roughness elements), and there must 

be a larger gradient of W below the last data points. However, that 

region falls within one roughness height from the tops of the roughness 

elements, and the flow in that region can be expected to be dominated 

by local effects of individual elements. 
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Chapter V 

ANALYSIS OF RESULTS 

It has been observed (see Fig. 26) that the f low field may be 

regarded as having several distinguishable regions within which the 

conditions may be consistent; yet there are significant differences when 

comparing one region to another. Therefore it is necessary to examine 

each region individually if justifiable simplifications of the equations 

are to be made. The conventional three-dimensional boundary layer 

approximations do not apply uniformly and must be modified according to 

the conditions prevailing in each region--conditions which may be 

inferred from the experimental results. 

In Fig. 26 four regions have been delineated and numbered for 

reference taking into account the symmetry about the vertical center 

plane of the flow. Region I consists of the turbulent boundary layer 

sufficiently far from the roughness edge that roughness effects are of 

second order or smaller. To the first order of a,proximation, this 

region consists of the undisturbed boundary layer, and for large values 

of lzl, the influence of the roughness strip will approach zero. The 

upper and lower boundaries of Region I are the free stream and the 

smooth wall respectively. As the roughness edge is approached, Region I 

must at some point match Region IV up to the height of the inner bound

ary layer and Region II from that point up to the free stream. 

Region II consists of that portion of the boundary layer over the 

roughness and above the inner layer; i.e., above Regions III and IV. 

To the first order of approximation, Region II consists of that part of 

the original boundary layer which has not ye t been affected by the 

growth of t he internal layer even though it is above the roughness. 
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The ower boundary of Region II is the upper limit of penetration of the 

inne~ layer, and Region II extends to the free stream. The lateral 

boun 1aries of this region blend smoothly with Region I; in fact, if it 

were not for secondary effects such as cross and vertical flows and 

disp _acements due to growth of the inner layer, there would be no 

dist~nguishable changes at the interface between Regions I and II. 

Regions III and IV constitute the inner layer and contain the 

effects of the roughness which are significant even to first order 

anal~sis. Region III is marked by flow quantities which are relatively 

inde endent of z; while Region IV contains gradients in the z direc

tion which are of the same order of magnitude as the y gradients. 

Excer t for second-order effects, Region III behaves much like a flow 

over a two-dimensional step change in roughness, with the lower boundary 

beinf the roughened surface and the upper boundary being the top of the 

inter nal boundary layer, which increases in height with increasing x. 

Region IV is quite narrow in the z direction, extending only a 

short distance each side of the edge. It serves as the region of 

adjuEtment between III and I. The lower boundary of Region IV is com

plex since it contains a large step change in surface roughness in the 

z direction as well as a small step change in mean surface elevation 

due to the roughness e lements. Region IV is three-dimensional in the 

broaoest sense with significant dependence on all three coordinate 

directions. 

J n passing it should be noted that the leading edge section of 

the :r:Jughness (x = O) is avo i ded in this analysis since it contains 

even ~ore complex features . Sections of the flow near the leading edge 

cornea-swill contai n gradients of the same order of magnitude in all 
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three coordinate directions; hence only the complete set of equatio s 

with all terms retained would be valid. 

With the four regions ident i fied, the momentum equations can be 

examined for each, with subscripts used to identify the regions. The 

general form of the equations assuming incompressibility and steady flow 

would be 

Continuity: 

au + ~ + aw 
ax ay az 

Momentum: 

= 0 

au au au au2 auv auw 
U-+V-+W-+--+--+ 

ax ay a z ax ay a z 

1 aP 
--+ 
P ax 

av av av auv av2 avw 
U-+ V-+ W-+--+--+ ax ay a z ax ay a z 

= 
1 aP 
--+ 
Pay 

(5-1) 

(5-2) 

(5-3) 

(5-4) 

Simplification of these equations must now be done by referring to the 

known properties of the flow and the experimental values. Attention 

will be focused upon the flow field away from the leading edge of the 

roughness recognizing that the assumptions proposed may not be valid 

there. A key factor in the following analysis is the conclusions to be 

drawn about the flow components V and W. Referring to the velocity 
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map~ in Figs. 75 through 79 and making due allowances for the oncoming 

sec•ndary flows and the flow skewness in the tunnel discussed in 

Chapter IV, it may be concluded that the influence of the roughness 

upo V and W is twofold . First, an outflow (W) is produced near 

the roughened surface. Second, a corresponding downflow (V) exists 

over the roughness in contrast to the usual upward flow which exists in 

two- dimensional boundary layers. 

Region I 

In Region I several terms may be neglected on the basis of the 

abo~e discussion and the data. The curvature (viscous) terms are 

neglected except for the y term in the x equation. Comparison of 

Fig != . 36 and 40 reveals very little change of 2 
u in the x direction, 

au2 
and on this basis the term is neglected. ax Since there is a dis-

cerr:;able z gradient of U, in the data, and W is non-zero near the 

bour..rlary of Regions I and IV, the convective terms involving these 

quar:tities are retained at this time. The uw term is neglected even 

tho~h near the wall (see Figs. 69, 70, 72) since its magni-

tude is at least an order less than the other terms. With the pressure 

tern: retained, the X equation becomes 
? 

[u au + v au + w au auv 1 aP a-u] -+ -- = - -- + V ax ay az ay p ax ay2 I 
(5-5) 

When considering the y equation, the data must be used to 

esti.Jlate the order of magnitude of the terms. On that basis it is 

poss ble to neglect the convective terms and the uv term. Although 

vw neasurements were quantitatively inconclusive, they do suggest an 

uppe~ bound for this quantity which would make it negligible compared 

to t ,e 2 
V term. (In addition the other terms in the Reynolds stress 
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tensor exhibit no large z gradients; and this fact together with the 

fact that W is relatively small would suggest, from eddy viscosity 

arguments, that vw is negligible. In any case, varies only slowly 

with z; hence avw 
az will also be small.) With viscous terms neglected, 

the y equation then becomes 

2 
[~ = 1 aP] 

ay - P ay I 

This equation may be integrated to form 

2 
[P(x,y,z) + pv (x,y,z)] 1 = P

0 

where P i s the uniform pressure outside the boundary layer. 
0 

(5-6) 

(5- 7) 

The behavior of the terms in the z equation is more difficult to 

analyze since all of the terms are small; however the data can again be 

used to establish estimates of the largest likely values of the terms. 

When this step is done, the results show that the convective and 

Reynolds stress terms (except avw) k are remar ably similar in magniay 

tude. Thus the z equation in total is one order of magnitude smaller 

than the z equation and if retained at all must be in the form 

2 
[u aw + v aw + w aw + auw + ~ = _ .l ~] 

ax ay az ax az p az I (5-8) 

The continuity equation must be retained in total, and Region I is 

thus represented by Eqs. (5-1),(5-5),(5-7), and (5-8). The momentum 

transport in the lateral (z) direction away from the roughness is 

seen to be a complex process described by Eq. (5-8), which is of higher 

order than the x or y equations. Physically this result is appar

ent from the fact that the influence of the roughness upon Region I is 

relatively small even at 15 ft (4.6 m) downstream. 
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Regi:m II 

Region II would be identical with the corresponding portion of the 

upstream boundary layer except that the vertical mean motion has been 

pert~rbed by the roughness. Instead of an upward motion normally seen 

in a growing boundary layer, there is now a downward motion. The 

mome::1tum and mass conservation equations in this region may be 

apprJximated by the forms 

[U 3U + V 3U + 3uv] = O 
3x 3y 3y II 

2 
[P(x,y) + pv (x,y))II = P

0 

3U 
-+ 
3x 

(5-9) 

(5-10) 

(5-11) 

Since is small throughout Region II and varies little in the 

x d~rection, the pressure throughout this region is nearly constant; 

therefore the impressed pressure on Regions III and IV is nearly 

cons t ant. 

Region III 

Perhaps the most surprising aspect of Region III is the lack of 

depe~dence upon z, a fact which makes it possible to neglect the z 

derivatives in the x momentum equation. The data also indicates that 

the 
2 term may also be neglected leaving u 

[U 3U + V ~ + 3UV 1 3P ,?u 
(5-12) -- = - - - + V 

3y2]III 3x 3y 3y p dX 

The result is equivalent to assuming that Region III is two-dimensional 

insofar as the mean flow is concerned. 

The terms in the y and z equations are clearly smaller than 

those in the x equation with the exception of the vertical gradient 
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of 2 These equations become V 

2 1 ap av 
[ - = - pay] III ay (5-13) 

[P(x,y,z) 2 or + pv (x,y,z)]III = p 
0 

(5-14) 

and in the z direction 

[U aw + v aw+ w aw auw 2 1 aP avw aw + -- + --+ -- = - p az]III ax ay az ax ay az (5-15) 

In consideration of Eq. (5-13) and the fact that 

slowly wi th x, the pressure term in Eq. (5-12) may be neglected, 

leaving 

[U ~ + v ~ + auv = a 
2
v J 

ax ay ay v ayz II I 
(5-16) 

(k similar comment may be made in regard to Eq. (5-5.) 

Region IV 

Region IV is unique since it is highly three-dimensional with large 

gradients in the z direction. It is also unique because it is 

relatively narrow in the z direction and furthermore because the 

vertical velocity, V, is very small in this region. Not only does the 

data indicate that V is small, but also it may be observed that V 

must pass through zero as JzJ increases in the vicinity of t he edge 

of the roughness since V < 0 over the roughness but V > 0 in the 

undisturbed boundary layer away from the roughness. The data indicates 

that the 

2 and w 

2 v term dominates the 

terms dominate the z 

y equation and the u convective 

equation. If the vw terms are again 

neglected, the momentum and continuity equations for Region IV can be 

written as 
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2 2 
[U au + W au + auv + auw = v (..L!!. + ..L!!_)] 

ax az ay az 2 2 IV 

2 
[~ = 

ay 

which can be written as 

2 
[P(x,y,z) + pv (x,y,z) ] IV - P

0 

[U aw+ aw
2 

= 
ax az 

au aw 
0 [ax + az1 Iv = 

Analysis 

ay az 
(5-17) 

(5-18) 

(5-19) 

(5- 20) 

(5-21) 

Equations (5-17) through (5-21) representing Region IV provide the 

keys to understanding the mechanism which drives the vorticity seen in 

the present data, that of Elder (12), and the predictions of Townsend 

(11) and Hinze (15). If Eq. (5-19) is substituted into Eq. (5-20), 

the :result is 

or 

"W "2- "V2 [U _o_ + ~ = o ] 
ax az az IV 

aw a 2 2 
[U ax - az (v - w )]IV 

(5-22) 

(5-23) 

Thes~ equations may be compared to those proposed by Townsend (see Eqs. 

(1-1) through (1-7), and several differences will be noted; however it 

is i~teresting that Townsend with no data correctly predicted that the 

seco~dary-flow driving force would be related to the difference 

2 ---z 
(w - v )IV The chief difference between the present results and 

Town3end's reasoning is his assumption that \'W would be the dominant 

driving term--an assumption which does not appear to be correct. He 
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also felt that the driving mechanism would be distributed widely away 

from the edge while the present results show t~at it is concentrated 

in Region IV. In addition, the U convective term in the z equation 

is significant but was neglected in his analysis. 

If it is assumed that viscous effects are minor away from the wall, 

it is possible to check the balance represented by Eq. (5-17) at five 

locations in Region IV at the section x = 15 ft (4.6 m). The measure

ments at that location are sufficiently complete and five horizontal 

profiles are available together with a vertical profile at z = 7.81 in. 

(19.8 cm). Graphical evaluation of derivatives from the experimental 

data is subject to considerable uncertainty; therefore the results of 

such an evaluation must be viewed with reservation. The value of 

au 
[ax]IV is particularly unreliable because of the spacing between data 

values in the x direction. Nevertheless, the process serves as a 

rough check on the validity of Eq. (5-17) as well as revealing the 

relative impact of the individual terms. 

Table VII lists the results of this evaluation at z = 7.81 in. and 

x - 15 ft. The same process may be carried out for other values of z 

with similar results; however it is necessary to interpolate data and 

then differentiate the interpolated values, hence the uncertainty is 

much greater and the results are less conclusive. 

It may be seen from the values in Table VII that Eq. (5-17) is 

reasonably satisfied within the uncertainty levels of the process. The 

x pressure gradient is assumed to be zero si~ce it may be estimated by 

differentiating Eq. (5-19) with respect to x and evaluating from the 

data. The results show that the pressure gradient term is at least an 

order of magnitude smaller than the other terms in the x equation. 
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Equation (5-17) is basically a two-dimensional, boundary-layer type 

of equation in x and z except for the uv and y curvature ter~s. 

Thi s equation together with the continuity equation, (5-21), represent 

a tw:>-dimensional shear layer modified by the presence of these two 

terns, which incorporate the influence of the variation in the third 

(y) direction. The z equation, (5-20), also represents such a shear 

layer with the modifying influence of the developing cross flow carried 

in t,e convective term. 

Recognizing that Region IV behaves like a modified shear layer 

prov · des a clue for further analysis of the data since it may be 

expe - ted that the parameters applicable in shear layers should be 

sign _ficant in this situation. 

If Eqs. (5-17) and (5-23) were to be non-dimensionalized, scaling 

fact , rs would be required for the mean velocities, the turbulent veloc

itie; , and for each of the coordinate directions. With the non

dime• sionalized quantities denoted by primes, the velocity and turbu

lence reference quantities by the subscript, r, and the reference 

lengt..hs by Lx, L, and 
y 

U' = 
u 

y' = L 
L 

y 

w W' = u r 

' Z I = 
z 

L 
z 

L, the following relations may be defined: 
z 

u' = 
u 

u r 
' v' = 

V 

u 
r 

w 
' WI = u r 

' XI = 
X 

L 
X 

(5-24 ) 

From the physical dimensions of the data, it is reasonable to take 

L ~ L. Using these definitions it is possible to rewrite Eqs. (5-li) 
y z 

and (-5-23) as 



au' -- + ax' 

= 

aw 1 

= ax• 

L 
X 

L 
y 

L 
X \) ---L U L y r y 

L 2 u 
X r ---

L U 2 
y r 

a
2u1 a

2u1 

[-- + 
ay'2 az• 2 

1 a 
[U'az' (v' 2 
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l au'v ' 
[U' ay' ] 

- WI 2)] 

L u 
2 

+ _E _.E._ 
L U 2 

y r 

Thus it may be seen that the significant dimensionless ratios are 

2 2 u /U , L /L, and the Reynolds number, \!/u L. r r x y r y 

(5-25) 

(5-26) 

Furthermore these are the only ratios wh · ch may be formed from the 

reference quantities, a fact which is readily obvious but may be proved 

(54) by forming the matrix 

u u L L r r X \) 

M 0 0 0 0 0 
L 1 1 1 1 2 (5-27) 
T -1 -1 0 0 -1 

There are five variables and the rank of this matrix is two, t herefore 

only three independent dimensionless ratios may be formed. 

Proper selection of the reference quanti ~ies will reduce the 

differential terms to a common order of magni t ude and cause the scaling 

information to be contained with the dimensionless ratios. Several 

different length and velocity reference are available and the choice 

must be guided by consideration of the nature of the flow. 

A closely related question is in regard to the two-dimensionality 

of the flow in Region III over the roughness. The similarity behavior 

of the oncoming boundary layer i n the tunnel used has been well 

established by the work of Zoric (46), from which the appropriate 

length and velocity scaling parameters may be appied to that layer. 
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If ara lagous information can be established, even approximately, for 

Regicn III, then Region IV should be governed by the relationships 

between Region I and Region III since it is these relationships which 

estal lish the variation in the z direction in the vicinity of the edge. 

The well established boundary layer parameters are examined first. 

Thes parameters include the boundary layer thickness, o, the displace

ment and momentum thicknesses defined by 

00 u - u 
J 

00 

o* = dy u 
0 00 

(5-28) 

00 u - u 
e J u [ 00 ] dy = u u 

0 00 00 

(5-29) 

plus the shape factor, H = ~* , and the shear velocity, u* = (Tw/p) 112 . 

In p~inciple, o*, e and H could be defined for either the total 

bouniary layer or for the inner layer only (i.e., Region III); however 

the •uter edge of the inner layer is not defined by a constant free 

stre2m condition and interpretation of parameters so defined would be 

diff _cult. It is readily possible to define an internal layer height, 

y., ~lthough evaluation of t his quantity from the data is subject to 
l 

some uncertainty . 

The quantities o* , e and H were evaluated directly from the 

vert _cal velocity profile data at the centerline and near the edge of 

the ~oughness (Figs. 33 and 34), and the results are shown on Fig. 80 

and ~able VIII. To evaluate these parameters, no attempt was made to 

fit Jarticular functional forms to the data; but rather the data was 

eval~ated graphically exactly as it stands. This was necessary due tn 

the · rregularity of the profiles, especially near the leading edge, 

whic, cannot be expected to fit regular boundary layer laws. 
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The boundary layer thickness o was estimated from the data plots and 

is very uncertain due to sparsity of data in the outer region. 

To obtain the inner layer thickness, y., profiles of velocity and 
1 

turbulence quantities over the roughness were superimposed on the cor-

responding upstream profiles, and the value of y was noted at which 

the profile slopes deviated from the upstream value. By this method 

estimates of y. 
1 

Ju 2, Jv2, fJ, and 

for each x station were obtained from the velocity, 

uv data and are listed in Table VIII. The average 

of these estimates was taken to be the value of y .. 
1 

It may be seen from the values in Table VIII that the estimates 

of y. vary considerably and that no one quantity is a completely 
1 

consistent predictor of the average. However the estimates based on 

~ are the most consistent, and the data is easiest to use for 

this purpose since it shows the most distinct change of slope. 

An effort was made to use the technique suggested by Antonia and 

1/2 Luxton (36,37) involving a plot of U vs. y to distinguish the 

edge of the internal layer (see Chapter 1). Near the leading edge of 

the roughness these plots do in fact show a distinct change in slope; 

however the effect diminishes rapidly with increasing x and (beyond 

x = 7 ft) is no better than the techniques used. It is interesting to 

note in passing that the values of y. 
1 

suggested by this latter tech-

nique tend to be slightly smaller than those listed in Table VIII, a 

discrepancy also noted by Antonia and Luxton in their paper (36). 

The upstream values of o, o*, 0 and H may be roughly compared 

to values extrapolated from Zoric's data replotted against Reynolds 

number. One of Zoric's values seems to be so~ewhat inconsistent with 

his others; however if that one is discounted, the extrapolation based 
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on tr€ remaining values agrees well with the present data for o* and 

e. 2oric's values for o are larger than the apparent value in the 

pres01t tests; however it is very difficult to define o without acer

tain amount of arbitrariness. Also shown in Table VIII are values of 

~ u 
shea~ veloci ty, u*, obtained from plots of v vs. U after the 

00 

methc<l described by Pierce (55), which is essentially a graphical solu

tion for u* of t he logarithmic law 

u yu* 
- = K log -v- + K

2 u* 1 
(5-30) 

Semi- logarithmic plots of the vertical velocity profiles do in fact 

exhitit a well-defined straight line region extending through the inner 

laye~; hence Eq. (5-30) can be used to represent these profiles. How

ever the values of u* as obtained by this method will not necessari l y 

give the wall shear stress except as a first approximation. The well

know. Ludwieg-Tillmann relationship (56) for wall shear stress in terms 

of I and e is not readily valid for a flow involving an inner layer; 

and _ts application here produces values of u* of the order of one 

foot per second over the roughness, which is unrealistically low. 

Values of u* obtained from uv measurements extrapolated to the 

wall are also tabulated in Table VIII, and it may be note<l that the 

valu = at x = 3 ft agrees well with that obtained from Eq. (5-30). This 

agre =ment should not be given too much emphasis since the uncertainty 

of e _ther method is at least ±10 percent above and beyond inherent 

unce ~tainties in the data. It may be noted that downstream after the 

rouginess change there is a very large discrepancy between the two sets 

of v~l ues, a fact which underscores the limited value of extrapolating 

to t,e wall data taken away from the wall. In regard to this last 
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point, it may be observed that measurements closer to the roughness are 

of no help since local effects of each roughness element dominate. 

Since Stanton tube techniques are useless among the roughness elements, 

it would seem that if precise wall shear values are ever to be obtained, 

it will be by improved direct measurements even though such attempts 

were unsuccessful at the time of this study. 

The upstream values of u* agree quite well with extrapolations 

of Zoric's data; hence it is felt that the values reported are not 

entirely useless but may be examined for trends together with the values 

of the other boundary layer parameters. 

Figure 80 contains the plots against x of o*, e, H, and u*. 

It may be seen that over the first few feet of the roughness these 

various parameters are sharply distorted much as has been reported by 

workers studying the two-dimensional case. After some distance, in this 

case about 9 ft (2.7 m); the parameters appear to stabilize and exhibit 

distinguishable trends which may be compared to conventional two

dimensional boundary layers and in particular to Zoric's study. 

Zoric reviewed the requirements for a boundary layer approaching 

similarity stating that it should display displacement and momentum 

thicknesses which are linear functions of x and a shape factor which 

approaches a constant value of 1.286. It may be seen from Fig. 80 that 

o* and 8 do exhibit a nearly linear dependence on x beyond 8 ft 

(2.4 m); however the shape factor is greater than 1.286 and shows a 

distinct growth toward even larger values. 

The implications of these results may be related to the earlier 

observations about the flow in Region III. It is evident that the 

flow is nearly two-dimensional and shows a tendency to approach 
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simil~ri ty, yet the secondary ve locity effects are definitely noticeable 

in t hz anomalous behavior of the shape factor. The downward flow over 

the r:>ughness (oppos i te t o that in a t wo-di mensional boundary layer 

approaching similarity) convects high-momentum fluid toward the surface 

causing a decrease i n the rat es of growth of both o* and e. The 

effect upon 8 is greater due to the change in both velocity and veloc

ity defect; and therefore H increases. Th i s sensitivity of shape 

factcr to secondary f l ow i s , of course, well-known. 

When reviewing and cons idering the behavior of the parameters o* ' 
8, and H, it must be remembered that they have been calculated using 

the total velocity profile contai ning both the inner layer (Region III) 

and the remainder of the outer l ayer (Region II). The total boundary 

layer thickness over the roughness cannot be determined with any 

cert~inty from the data but is of the order of 18 in. (46 cm); there

fore at x = 7 ft (2.1 m) the inner layer occupies roughly a third of 

the t otal thickness and at 15 ft (4.6 m) somewhat more than half of the 

tota~ thickness. As a result, the parameters are dominated by the inner 

layer and if an approach to simi larity is suggested by the behavior of 

these parameters, it would be for the inner layer rather than the total 

laye~. Final total development of similarity in the layer could only 

be e~pected far downstream after the inner layer grows to the top of 

the outer layer and at that point vertical flow effects would still 

have to be reckoned with. 

If there is a trend toward similarity in the inner layer, it 

should be possible to collapse the vertical velocity profiles to some 

form of universal profile with the proper choice of coordinates. For 

nornal two-dimensional boundary layers the choice would be 
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y/o vs. U/U
00

, and by analogy for the inner layer the values of y; and 

U. might be tried, where U. 
l l 

is the velocity at y .. 
l 

For large values 

of x, y., and U. will approach o and U respectively. 
l l oo 

Figure 81 shows the centerline (z = 0) velocity profiles plotted 

on y/y., U/U. coordinates beginning at x = 7 ft (2.1 m). The data 
l l 

collapses well to a universal profile; but it may be noted that the 

data at 7 ft does not fit quite as well as that at 9, 11, 13, and 15 ft 

(2.7, 3.4, 4.0, and 4.6 m). The data for 2 ft and 4 ft (0.6 and 1.2 m) 

are not pl otted but they deviate much more from this profile as might 

be expected from the discussion surrounding Fig. 80. Also included in 

Fig. 81 is the velocity profile at x = 15 ft (4.6 m) for U = 30 ft 
00 

per second (9.1 m/s), and it may be seen that this data fits the 

universal profile very well. 

The foregoing discussion leads to several conclusions which are 

of significance in the study of three-dimensional flows over a strip 

of roughness. The first conclusion is that the three-dimensional 

effects over much of the roughness away from the edges is sufficiently 

small that the inner boundary layer behaves very much like a two

dimensional layer even to the extent of tending to develop a condition 

very close to similarity even before the inner layer has grown to the 

top of the original boundary layer. 

The second conclusion, which is a consequence of the first, is 

that the flow over the roughness should be characterized by those 

parameters which are related to the logarithm · c laws of two-dimensional 

boundary layers--in particular the layer thickness, the outer bounding 

velocity, the shear velocity, and some characteristic measure of the 

roughness such as y . 
0 
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The three-dimensional characteristics of the flow must necessarily 

be governed by the differences between the shear velocity and the 

chcrracterist ic roughness height over the smooth and rough areas. If 

these differences are equal to zero, there is no edge effect. As these 

differences increase, the driving forces in Eqs. (5-22) and (5-23) also 

increase although not necessarily in a linear fashion. 

A word of caution is in order here to restrain over-generalization 

of these conclusions. The situation explored here is typical of atmo

spEeric flows since the boundary layer was very thick relative to the 

ro ghness height and the inner layer was able to grow for a consider

ab _e distance without reaching the outer edge of the total boundary 

la~er. Often in laboratory studies this condition is not in existence, 

th _ inner layer penetrates the total layer within a short distance, and 

fu _therrnore the length in the flow direction is not sufficient to per

mi = development of similarity--before or after penetration of the outer 

la.-rer. 

Flow situations in which the length after roughness changes is 

li.Jlited could not be expected to display a region of near-similarity; 

h~ever the present tests suggest that they could be regarded as two

dL~ensional except very near the edges. Since three-dimensional effects 

are limited at great distances downstream, they could be expected to be 

ewen less shortly after the roughness change. 

The effect of changing Reynolds number in the free stream is partly 

ir-0icated by the limited data taken at 30 ft per second (9.1 m/s). 

Tcole VIII shows the inner layer thicknesses and shear velocities at 

x = 15 ft (4.6 m) for both cases, U
00 

= 40 fps (12.2 m/s) and 

U = 30 fps (9.1 m/s). I f the inner layer thickness were behaving 
0 
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strictly according to Re- 112 (Re based on length along roughness) the 

ratio should be 0.866. The measured ratio is about 0.81. Interestingly, 

the measured ratio of shear velocities is also about 0 . 82. Table V 

shows a limited number of cross flow measurements taken at x = 15 ft 

(4.6 m) near the edge of the roughness for U
00 

= 30 fps (9.1 m/s). 

These values are an order of magnitude smaller than the analagous 

values at 40 fps (12.2 m/s), a fact which suggests that the cross flows 

decrease very rapidly with Reynolds number. This decrease in the 

secondary circulation tends to explain the fact that the inner layer 

thickness increased more than expected with the change in Reynolds 

number. The reduction in vertical downflow permits the inner layer to 

grow faster. 

The rate of growth of the inner layer as well as the rate of 

growth of the shear region over the edge are of interest in this prob

lem, particularly if significant differences from two-dimensional cases 

occur. The values of y. are plotted in Fig. 82 against the distance 
1 

downstream. For comparison purposes the same figure contains plots of 

growth rates predicted and/or measured by several workers for two

dimensional roughness changes. Panofsky and Townsend (30), in work 

cited in Chapter I, predicted an internal layer with a growth rate of 

the order of 1:10 and cited some rough measurements to support the pre

dict i on. Yeh's experimental measurements of two-dimensional flow over 

a changing roughness (35) led him to suggest a growth rate of 1:13 

with a virtual origin some distance upstream. However, Yeh's measure

ments were concentrated in the first few feet after the change and are 

of limited value here. 

I 
I 
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Antonia and Luxton (36) returned to the approach originally used 

b} Elliott (29) involving the use of power laws in x to describe the 

irternal layer 
0
rowth. That a power law might be appropriate to de-

scribe the present data is evident from a logarithmic plot of y. 
1 

ver-

sLs x (Fig. 83). The data fits a straight line on these coordinates 

sLggesting an exponent of 0.75. This value may be compared with the 

v~lue 0.8 predicted by Elliott and observed experimentally by Antonia 

a:r..d Luxton as well as by Huang and Nickerson in numerical work (58:, . 

A plot of a 0.5 power law often used to represent bluff body wakes in 

to dimensions is also shown since the effects of the leading edge of 

t i e upstanding roughness should not be overlooked. 

It is evident from Fig. 82 that the internal layer grows much 

f ster than the two-dimensional wake. The fact that the growth is 

s _ightly less than the 0.8 power law is an indication of the secondary 

d~wnflow over the roughness; and this effect is one of the more signif

i _ant results of the otherwise small cross and vertical flow components. 

N3vertheless, it should be noted that this apparent depression or down-

W3.rd displacement of y., it can be said that the effect is just bare l y 
1 

IDticeable even in this case of a substantial difference in absolute 

nughness between the smooth and rough surfaces. 

The question of growth of the vertical shear layer over the 

:r:>ughness edge is considered next. The lateral spreading of this shear 

l.3yer is of considerable interest since it determines how much of the 

t:>tal flow region will be significantly affected by the direct influ

ence of the edge, apart from the effects of secondary circulations. 

Examination of the horizontal velocity profiles (Figs. 28 through 32) 

9.1ggests that three points may be discerned which cou l d possibly be 
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significant. Two of these points would be the boundaries of the region 

containing the steepest z gradients (i.e., Region III)--a region 

which is confined to a narrow band along the edge. The third point 

is the furthest point away from the edge in Region IV where the 

influence of the edge can still be discerned. All of these points are 

subject to considerable uncertainty, especially the third one; however 

reasonable estimates may be made, and the resulting values have been 

plotted in Fig. 84 for two different heights above the floor. 

From Fig. 84 several points may be noted. First, the region of 

steep gradients is roughly constant in width both for increasing x 

and increasing y after an initial growth period. Closer examination 

reveals that this width attains a maximum value of about 4 in. (10 cm) 

as x increases and then begins to decrease slowly, with the maximum 

value occurring near x = 7 ft (2.1 m). A second observation is that 

the strip closest to the wall is displaced outward (toward the smooth 

surface) relative to the strip which is higher above the floor. Also 

this displacement shows a tendency to increase with increasing x, an 

indication of the outward flow discussed earlier. 

It is evident that this region of steep z gradients does not 

behave as a conventional shear layer, which would spread in proportion 

to 1/2 
X • Here the z gradients are apparently maintained artifi-

cially by the conditions bordering the edge--principally the gradients 

and flux of momentum in the y direction. The decrease in the width 

of this region with increasing x is due to the fact that the vertical 

velocity profiles over the roughness are changing more rapidly than the 

well developed profiles over the smooth wall. At great distances 

downstream, the continued decrease in effective roughness will tend to 
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reduce (and ultimately eliminate) the difference between smooth and 

rcugh profiles, and the region of steep z gradients would tend to 

va:-iish. 

The outer curves in Fig. 84 on the other hand represent the extent 

t a which the inf luence of the shear region has diffused into the 

urdisturbed boundary layer. The locus of these growths is a curve 

rc:..ighly proportional to x112 , much as would be expected for a wake or 

a ~onventional shear layer. 

Significant Parameters 

From the preceding discussion it is possible to predict those 

pa-ameters which are the most likely to be significant in determining 

tr~ character of the flow for situations similar to the one examined. 

Ir particular, the flow studied developed from a thick, well-developed 

tcrbulent boundary layer encountering a strip of roughness of finite 

e>tent in the direction normal to the flow. Away from the roughness 

(Fegion I) the velocity field will be influenced by several parameters 

ircluding the free stream velocity, U, the boundary layer thickness, 
00 

o= the distance from the wall, y, the effective displacement of the 

wEll due to the roughness, (y
0
)I (which may be effectively zero if the 

w~ll is smooth), and the shear velocity. Stated functionally, the 

v locity is given by 

( S-31) 

Over the roughness the flow (to first approximation) tends toward 

a similarity form within a short distance downstream. Some distance 

a ay from the leading edge it is then possible to represent the 

f•nctional dependence of the mean velocity in Region III by 
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(5-32) 

This equation is predicted on the assumption that the outer portion of 

the boundary layer (Region II) is undisturbed by the inner layer except 

for a slight streamline displacement, and that the oncoming layer, of 

which Region II is a part, is fully developed. 

If the flows over the two surfaces were independent and did not 

interact in the edge region, Eqs. (5-31) and (5-32) would be adequate 

to describe the problem. However there is interaction which gives rise 

to W and V velocity components which must be related to the velocity 

distributions in Regions I and III. Dependence upon the physical 

dimensions of the problem including the half-width, D, of the roughness 

field could also be expected. Stated functionally, (W)IV' becomes 

(W) IV = f 3 [ (U) I , (U) I II, x, y, z, D] 

Considering (5-31) and (5-32), Eq. (5-33) becomes 

(W)IV = f3[UCX), x, y, z, D, 6• (yo)I' (yo)III' (u*)I' (u*)III] 

(5-33) 

(5-34) 

The characteristic parameters, UCX), D, 6, (y
0
)I' (y

0
)III' (u*) I' 

(u*)III may be formed into nine dimensionless ratios--three velocity 

ratios and six length ratios. Recalling that Eq. (5-23) implied the 

existence of one length ratio and one velocity ratio of significance , 

it can be seen that extensive study of a variety of combinations of 

conditions would still be needed to identify the most significant 

parameters and to establish the proper functional dependences. 

On the other hand, it is possible to identify the most likely 

ratios by taking a clue from the pseudo-shear layer behavior of the 

edge region. This behavior would suggest that Eq. (5-34) might be 
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ma:lified by the assumption that the differences between Region I and 

Region III are significant. The nearly straight-line velocity gradient 

across Region IV and the diffusive behavior of this layer lend credence 

t c such an assumption. Equation (5-34) "ould then become 

The characteristic dimensions of the problem would then provide the 

pcssible ratios 

6 (yo)III - (yo)I 
D ' D 

(5-36) 

If one velocity and one length ratio are admissable, then one of 

th - ratios in (5-36) will be dependent on the others. From physical 

co siderations this dependence seems reasonable since prescribing 5 

an,l values should establish the u* values for developed flow. 

The ratios in (5-36) involving y
0 

or u* would not be known a 

pr _ori for a given roughness until actual data had been taken. How

ev _r the value of these ratios would be in guiding detailed study of a 

va:-iety of cases to determine specific functional relationships for 

Eq_ (5-35). It would then be possible to obtain experimental values 

fo :- for a two-dimensional case and use these values to pre-

di~t the three-dimensional effects for a given strip of the same 

roJghness. 

The dimensionless ratios given in Eq. (5-36) do not explicitly 

de;iend upon y.--a fact which may appear unreasonable. 
1 

However, it 

mtEt be recalled that the discussion leading to these ratios is predi

cated upon the assumption that the flow over the roughness is reasonably 

well developed so that conditions in the inner layer are simple func

tbns of the outer layer parameters and the x distance from the 
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leading edge of the roughness. For the present tests these assumptions 

are approximately valid for x > 7 ft (2.1 m), which is a distance 

roughly equal to five boundary layer thicknesses. In the region ahead 

of this point to the beginning of the roughness, it must be expected 

that the flow in the inner layer may depend upon local conditions 

including y., the roughness leading edge configuration, and turbulence 
1 

levels in both the inner and outer layers. The distance in the stream-

wise direction required to produce approximate similarity will also 

depend on these local conditions. Of course, complete similarity and 

complete and exclusive dependence upon the ratios in Eq. (5-36) will 

occur only after an infinite fetch, that is as an asymptotic limit. 

Some general observations may be made in respect to the behavior 

predicted by the quantities in Eq. (5-36). For the present tests the 

ratio o/D is of the order of two, which is to say that the approaching 

layer thickness is approximately the same as the roughness field width 

(twice the half-width). For atmospheric flows over cities and similar 

topographic features, this ratio ~ould normally be of unit order but 

might be as large as ten for strip crops or other narrow terrain 

features. 

Values of the parameter much less than unity are typical of 

terrain features spread over a wide area. For these situations it is 

likely that most of the flow will be two-dimensional for all practical 

purposes with perturbations near the edges in the form of outflows 

determined by the third ratio [(u*)III - (u*) 1]/U
00

, 

Small values of the ratio o/D may also occur when o is very 

small. Such situations occur frequently in aercxlynamics and wind 

tunnel studies and some studies of flow over roughness have been 
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c rried out under such conditions. The discussion leading to the ratios 

iJ Eq. (5-36) would not be valid in such cases--in particular where the 

c~ndition (y
0
)III/o << 1 does not hold. 

One limit on large values of o/D must be imposed when D ::: L /2, 
e 

WJere L is the length scale characterizing the width of Region III; 
e 

t~at is when the roughness width is reduced until the edge shear layers 

b- gin to interact. Under that condition similarity of the flow over 

t~e roughness could no longer be expected and local conditions of 

nughness and turbulence may again dominate the flow. In the present 

t 3sts, the edge ~hear regions extend about 1.5 in. (3.8 cm) over the 

nughness; hence the situations may be expected to change significantly 

a.3 the roughness strip width is decreased to the order of 3-4 in. 

(3-10 cm). As a point of comparison it may be noted that Wang's (57) 

11Ea~urernents were taken over a series of alternate smooth and rough 

~ rips which were 6 in. (15.2 cm) wide. He reported a regular periodic 

V3.riation in the flow quantities in the lateral direction, much as 

w:Juld be expected if the present edge regions were juxtaposed by re

d.lcing the roughness width and if the pattern were repeated periodi

C3.lly in the z direction. 

Cmclusions 

The objective of this study was to attempt to penetrate the 

c::>mplexities of a common type of three-dimensional, turbulent boundary

l.3yer flow. Following is a summary of the pertinent observations and 

□nclusions resulting from this study: 

1. The three-dimensional effects resulting from having an edge 

or line parallel to the mean flow separating regions of 

differing roughness are confined largely to the immediate 

neighborhood of that edge. 
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2. More specifically, that neighborhood may be thought of as a 

shear plane extending upward from the edge to the outer limit 

of the inner boundary layer. 

3. The flow in the region away from the roughness is nearly two

dimensional and for first-order analyses may be regarded as 

two-dimensional. 

4. The flow in the region over the roughness but away from the 

edge is also two-dimensional to first order analysis. Further

more, this flow shows a definite trend toward similarity after 

an initial adjustment region following the roughness change. 

5. The flow in the shear plane over the edge is highly three

dimensional even to first order analysis. However these 

strong three-dimensional effects are confined to the narrow 

shear plane, the width of which does not increase beyond a 

certain point. 

6. Within the shear plane are generated turbul ence levels and 

Reynolds stresses which are significantly l arger than those 

seen anywhere else over the roughness. 

7. The effects of the shear plane diffuse into the flow in 

proportion to the square root of the distance downstream. 

This diffusive effect is much more no t iceable over the smooth 

surface where turbulence is of lower intensity than i t is 

over the rougher surface where turbulence levels are higher. 

8. In the cases examined, the penetration of the edge eff ect 

into the region above the roughness was limited to a distance 

nearly an order of magnitude smaller than the inner layer 

thickness. This penetration shows no sign of increasing with 

increasing x. 

9. There is additional production of turbulent energy in the edge 

region in excess of that produced by the roughness itself. 

10. The edge shear region gives rise to non-zero values of the 

uw Reynolds stress, which is zero in two-dimensional flow. 

The quantity uw attains values which are comparable in 

magnitude to local values of uv. 
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11. No significant effects of the vw stress ter,n were detected 

in this study; however the difficulties associated with 

attempting to measure this quantity preclude ruling it out 

entirely. 

12. Values of vw inferred from cross flow velocity components 

assuming an eddy-viscosity model suggest that vw is a 

negligible quantity. 

13. The edge region contains lateral (z direction) gradients 

which are of the same order of magnitude as the vertical 

(y direction) gradients. The lateral gradients of uv, 
~2 2 uw, u, v, and w exhibit this characteristic. 

14. The ter,ns - 2 auw/az, av / az , and aw
2
/az, which are not 

significant in two-dimensional flow, arise through the 

balance in the edge regions. 

15. Viscous effects in the edge region arise from curvature of 

the velocity profiles in the z direction as well as in the 

y direction. Locally, these curvatures may be of comparable 

magnitude. 

16. The lateral gradients in the edge region give rise to a cross 

flow component which in turn leads to an eventual downflow 

in the boundary layer over the roughness. 

17. Analysis of the equations of motion leads to the conclusion 

that the primary driving force for the cross flow is the 

lateral gradient of the quantity (w2 2 
- V ) in the edge 

region. 

18. It appears that the presence of an edge has little direct 

effect upon the velocity and turbulence profiles over the 

roughness. Instead, the detectable effects appear to be a 

direct result of the downflow over the roughness. 

19. Cross flow velocity components were seen over the roughness 

with a maximum magnitude of about 1.5 percent of the free 

stream velocity. 
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20. The vertical downward flow over the roughness is opposite 

in direction to the usual upward component seen in two

dimensional boundary layers. 

21. The maximum vertical flow component seen is less than one 

percent of the free stream velocity. 

22. The maximum deflection of the flow vector due to these 

secondary flow components is less than two degrees. 

23. The limited data available suggest that the cross flows 

decrease very rapidly with decreasing Reynolds number. (A 

25 percent reduction in Reynolds number produced an order of 

magnitude decrease in the cross flow component.) 

24 . The secondary flow components influence the flow over the 

roughness by transporting high-momentum fluid downward in 

the boundary layer. The effect is of second order, however 

it is most noticeable in its effect upon the shape factor, 

which grows with increasing distance downstream. 

25. The parameters which characterize the cross flow and therefore 

its influence on the remainder of the fl ow field cannot be 

verified from the present tests. However the most likely 

parameters are predicted to be those identified in the 

dimensionless ratios given in Eq. (5-36). 

26. The rate of growth of the internal layer in the x direction 

is decreased slightly by the vertical downflow. The effect 

is just noticeable, with an observed decrease of about 15 

percent in the exponent of the power law describing the 

growth of the internal layer. 

27. Determination of the inner layer thickness is subject to 

variations depending on which velocity or turbulence quantity 

is examined for this purpose. The mosHistinct and consis

tent indication is obtained from the ~v
2 

data profiles. 

28. The technique suggested by Antonia and Luxton (36,37) using 

half-power plots in y does not define the inner layer 

clearly at large distances downstream. 
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28. The ratio o/D may be conveniently used to categorize flows 

over various sizes of roughness areas. Values of this ratio 

of unit order or smaller will characterize a flow which is 

essentially two-dimensional with local perturbations near 

the edges of the roughness area. 
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APPENDIX A 

Analysis of X-Wire Errors 

Yawed wire behavior has been studied extensively by many workers. 

An extensive treatment together with a considerable number of bibli

ographic references are given in reference (47); and this source will 

be used as the starting point for this analysis. 

The most commonly used relationships for a yawed wire exposed to 

three turbulent velocity components may be obtained from Fig. 15. If 

a wire is operated at various angles to a uniform, non-turbulent flow, 

the voltage output is found to vary with the mean velocity and with the 

yaw angle, w. Furthermore, to a first order approximation the wire is 

found to respond only to turbulent velocity components in the plane 

defined by the wire and the mean velocity vector (47). Stated as a 

total differential, the rate of change of voltage, E, may be written as 

dE = .EE. dU + ~ dw au aw (A-1) 

If the differentials are replaced by the perturbations e, u, and EW, 

and if, by referring to Fig. 15, EW is expressed as 

-1 EW = tan 
V 

U +u 
m 

then Eq. (A-1) becomes 

aE V 
+--aw u m 

- (A-2) 

(A-3) 

The differentials may be obtained from experimental calibration curves 

and may be thought of as coefficients of sensitivity, S and S, to 
U V 

u and v fluctuations respectively. That is 

e = S U + S V 
U V 

where aE 
Su= au, and s 

V 
= 

1 aE 
u a'i' 

(A-4) 
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I f rms or mean square voltages are measured, the turbulence 

ccrrelations may be identified by squaring Eq. (A-4) to obtain 

2 2 2 - S 2 v2 e = S U + S SUV+ 
U U V V 

(A-5) 

Messurements of the voltage for three wire positions (i.e., three 

v ues of the angle, $) will provide three equations in the form of 

(Ac--5) which may be solved simultaneously for 
22 
u, v, and UV. 

wi~e plane is rotated 90°, similar results may be obtained for 

If the 

2 
u , 

2 
w . and uw; therefore all components of the Reynolds stress tensor 

ca:i be measured except vw. For a given wire plane, angle and velocity 

ca_ibrations are needed in each of the wire positions used to establish 

th ~ appropriate values of s 
u 

and s . 
V 

Systematic errors arise in this technique due to the assumption 

in passing from Eq. (A-1) to Eq. (A-2); i.e., that the differentials 

ca• be replaced by finite perturbations. For low turbulence levels, 

sa~ below 10 percent, this assumption should not cause undue error; 

ho ever the error will increase with increasing turbulence level. At 

ler els of 20 percent to 30 percent turbulence, which are commonly 

encountered, the errors must be expected to be significant. 

Turning attention to x-wire operation, Sandborn (47) gives the 

ba=ic relations for two wires in the xy plane yawed at angles +$ 

anc -$ as 

(A-6) 

Here the subscript 1 refers to a wire yawed at an angle +$ and 

the subscript 2 refers to the wire yawed at an angle -$ to the 
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flow. If the wires and the associated anemometers are adjusted so that 

Su1 = Su2 and Sv2 = -Sv then the mean squares of the instantaneous l' 

sum and difference voltages produce 

(e. + 
2 

4S 
2
u

2 
e2) = 

1 u 
(A- 7) 

(e -
2 22 

e2) = 4S V 1 V 

Also 2 -2 
el e2 = 4S S UV (A-8) 

UV 

Since t he instantaneous sum and difference voltages can be formed 

readily with operational amplifiers, the x-wire technique provides a 

convenient way to measure the correlation quantities without the need 

for multiple calibrations, repeated data readings, and solutions of 

simultaneous equations. Unfortunately, the results produced by x-wires 

have differed noticeably from yawed single-wire results at the same 

location and have displayed more scatter (36, 37, 47). It is t erefore 

necessary to examine the x-wire operation more carefully. 

Referring again to Fig. 15, it is apparent that all three velocity 

components affect the wire output; however it is well known that the 

component perpendicular to the wire is much more influential than the 

component parallel to the wire (5, 47, 51, 52, 53). In fact in many 

applications of the hot-wire, it is assumed that the effect of the 

component parallel to the wire is neglibible. To examine the relative 

influence of these components we will assume that the instantaneous 

total voltage output of the wire can be represented by the relation

ship 

E - S U + S U 
n n p p 

(A-9) 
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where U and U are the velocity components normal and parallel to 
n p 

the wire and S and S are the sensit i vities of the wire output to 
n p 

th~ normal and parallel velocity components. Equation (A-9) itself 

in~olves no approximations since the voltage may be arbitrarily decom-

po~ed in this fashion; however experimental evaluation of s 
n 

and s 
p 

ovrr the necessary ranges of 

lat-er. 

u n 
and u 

p 
may present difficulties 

From Fig. 15 it follows that 

u ={[rum + u) cos 8 + V sin e]2 
+ w2r n 

(A-10) 

u = (U + u) sin 0 - V cos 0 
p m (A-11) 

At this point it can be seen that if +1/J is changed to - 1/1 , Eqs. 

(A-10) and (A-11 ) become 

u = {[cum n 
+ u) cos 0 - V sin e]2 

+ w2j (A-12) 

u = (U + u) sin 8 + V cos e 
p m 

(A-13) 

Con3idering the + 1/J case, (A-11) and (A-10) may be substituted in 

(A- 9) to produce 

E1 = Sn!{ ~Um + u) cos e + v sin e]2 + i}" + Sp! (Um + u) sin e 

- s v cos e (A-14) pl 

For the second wire, the angle of inclination is -1/1, and its voltage, 

E2, becomes 

E2 = Snz{ [cum+ u) cos 6 - v sin e]z + w
2}½ + SpZ(Um + ) sin 6 

+ sP 2 v cos e (A-15) 
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These relations can be examined for any value of e; however e = ±45° 

are the usual values used for x-wires. Thus, sine= cos e = fi/2, and 

these equations become (with A= fi/2) 

E1 a ASnl{ [cum+ u + v]
2 + 2w

2}½ + ASP1 CUm + u - v) 

E2 = ASn2 [cum+ u - v)
2 + 2w~½ + ASP2 Cum + u + v) 

(A-16) 

(A-17) 

In practice, 8 may not be exactly ±45°, hence a possible source 

of error is introduced to be examined later. It would also be conveni-

ent 1. f s - s 
nl - n2 and The degree to·which such wire 

matching can be achieved must also be considered. If it is assumed for 

now that the wires can be so matched, then the sum and difference volt

ages of the two wires will be 

These 

where 

+ 2AS (U 
p m 

= Asn{ [cum+ u + v)
2 

+ 2w2} - [cum+ u 

equations may be written for convenience 

!,: !,: 

El + E2 = AS (<l> 
2 + X 2) + 2AS (U + u) 

n p m 
!,: !,: 

El - E2 = AS (<I> 2 X 2) 2AS v n p 

!,: 
(U 2 + 

2 2 <l> 2 = 2U u + u + 2U v + 2uv + V + 
m m m 

½ (U 2 + 2U u 2 2U V 2uv + 
2 

X = + u - V + 
m m m 

+ u) (A-18) 

(A-19) 

as 

(A-20) 

(A-21) 

2w2 ½ (A-22) 

2w 
2 ½ (A-23) 

At this point it is evident that the sum and difference voltage 

outputs of the x-wires are complex functions of all three turbulence 

components. Further mathematical analysis is possible only if the 
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exp~essions (A-22) and (A-23) can be expanded in infinite series, a 

ste? which is pe:rmissable only if the relative magnitudes of the various 

terns within the brackets can be identified. Since it would be useful 

to extract the mean velocity, expansion would be desirable under the 

coniitions that 

u 2 > 2U u 2 
+ 2U V + 2uv + 

2 2 
+ u V + 2w m m m (A-24) 

and 

2 2 2uv + 
2 2 U > 2U u + u - 2U V - V + 2w m m m (A-25) 

rec~lling that u, v, and w still represent instantaneous values. 

For low levels of turbulence, the inequalities may be expected to 

hol~ nearly all of the time; however it must be recognized that since 

u, , w are random vaiables, there is always a finite probability that 

the various instantaneous te:rms on the right hand sides will add up to 

more than U 
2 

at certain instants of time. (Physically, reversals 
m 

of his inequality will be related to flow reversal caused by isolated 

larf e fluctuations. The hot-wire senses only the movement of the fluid; 

hence reverse flow is rectified in the voltage output.) The probability 

of ~eversal of inequalities (A-24) and (A-25) will increase with in

creEsing turbulence levels. In principle it should be possible to com

putE the probability of these inequalities not holding after the 

statistical distributions of u, v, w are measured. Such a computation 

wou1d serve as a check on the goodness of the assumption. 

Expanding (A-22) in a binomial series on the basis of (A-24) 

rest:lts in the following expression 



which becomes 

!.: 
i 2 

= U 
m 

or finally 

!.: 
i 2 = U 

m 
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+ (½)(-½) (2U u + u2 + 2U v + 2uv + v2 + 2w2) 2 
ZU 3 m m 

m 

+ (½) (-½) (- 3/Z) (2U u + 2U v + ---) 3 + ---
6U 5 m m 

m 

2 2 2 
U UV V W +u+--+v+-+-+-
2U U 2U U m m m m 

2 
w +u+v+-+ u 
m 

3 
--- O(u) 

Similarly, (A-23) becomes 

2 2 2U v - 2uv + v + 2w 
m 

(A-26) 

(A-27) 

(A-28) 

1 2 2 2 2 3 - --(2U u + u - 2U v - 2uv + v + 2w) + --- O(u) 
SU 3 m m (A-29) 

m 

or 

2 2 2 2 
x½ = um + u + ~u - v - ~v + 2vu + ~ - ~u 

m m m m m 

Finally 
2 ½ w 3 X = U + u - v + - + --- O(u) 

m U 
m 

2 
y__ + UV + 
2U U m m 

O(u3
) 

(A-30) 

(A-31) 

Expansion (A-31) and (A-28) may be used in (A-20) and (A-21) to 

produce 

2 
2 

3 
= AS (2U + ~) + 2AS (U + u) + --- + O(u) 

n m U p m 
m 

(A-32) 

• 
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E - E = AS (2v) - 2AS v + --- + O(u3) 
1 2 n p 

(A-33) 

From this point the analysis will depend on how the signals are 

precessed electronically. In the present tests the DC portions were 

se~rated from the AC portions by a high pass filter with a roll-off 

fre,quency below 1 hz. The effect, then, is to split the voltages in 

(A-32) and (A-33) into mean and fluctuating parts. The mean values are 

and 

2 
El + E2 = AS (2U + 2 ~) + 2AS U + --- + n m u pm m 

El - E = 2 O(u3) 

the fluctuating parts are 

2 
(el + e2) = AS (2u + 2w ) + 2AS u + --- + 

n u p m 

(e - e) = AS (2v) - 2AS v + 
1 2 n p 

3 
+ O(u) 

O(u3) (A-34) 

(A-35) 

O(u3
) (A-36) 

(A-37) 

It should be noted in regard to the terms O(u3) that higher

orcer correlations may not necessarily be smaller than lower-order cor

rel3.tions. Subsequent neglect of these terms involves such an 

ass.unption; although it is a reasonable one in light of experimental 

re~Jlts in turbulent flow. 

At this point it is possible to relate S and 
n 

S to the 
p 

cal - bration process, which is carried out in the free stream where the 

tur:::>ulence is negligible. The mean sum voltage during calibration may 

be Jbtained from (A-34) as 

Hen _e the linearized calibration constant S is equal to 
C 

S = 2A(S + S ) 
C n p 

(A-38) 

(A-39) 
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To obtain an approximate relationship between S and S, the results 
n p 

presented by Champagne (51) are used. Champagne obtained a relationship 

between the velocity indicated by a wire yawed at an angle, a, and the 

velocity indicated by the wire normal to the flow in the form 

2 2 2 2 . 2 U (a) = U (0) [cos a+ k sin a] 

or 

2 2 . 2 ½ U(a) = U(O)[cos a+ k sin a] 

Expanding (A-41) in a binomial series, since 

U(a) 

U(a) 

U(a) 

= U(O)[cosa + -2
1 k2sin

2
a + ---] cos 

U(O) [cosa + .!.csina) k2 . 2 ] = sin a+---2 cosa 

u 
k2 

(tan a)U + = + -
n 2 p 

(A-40) 

(A-41) 

(A-42) 

(A-43) 

(A-44) 

Now the inclined wire is calibrated in operating position to produce 

a voltage, E(a) 

Recalling (A-9) 

E = S U + S U n n p p 

It follows that 

(A-45) 

(A-46) 

(A-9) 

S k2 
_2. = - tan a (A-47) 
S 2 

n 

For the wires used in the present tests, the length: diameter ratio 

is 333, for which Champagne gives the value of k = 0.15. Hence, since 

a= 45° 
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_E.. - 0.112 s -
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(A-48) 

Using (A-48) and (A-39), values for S and 
n 

S may be obtained in 
p 

te:,ns of the calibration constant, S, as 
C 

s 
C s = -----n 2.0224A 

S = 0.0112 S 
p 2.0224A c (A-49) 

Several comments should be noted at this point. First, the ratio 

between S and S given by Eq. (A-47) varies with angle in a 
p n 

nonlinear fashion so that for large levels of turbulence where the 

direction of the flow vector varies widely, this ratio will be in error 

due to nonlinear averaging. Nevertheless, for the wires used, S is 
p 

ob,·iously much smaller than S, and this error can be reasonably 
n 

neglected. (In fact, it would not be unreasonable to neglect s 
p 

entirely. For other wire configurations where 1/d is smaller, the 

entire analysis given above would have to be reconsidered including the 

original proposition represented by Eq. (A-9). 

Another point to note in regard to Eq. (A-34) is that the rrns value 

of the w fluctuation affects the mean (DC) output of the wires and 

therefore the mean velocity measurements. Examination of Fig. 15 

reveals that this result is physically realistic since both +w and 

-w fluctuations add to the voltage output whereas + and fluctu-

ations of u and v add and subtract alternately and therefore cancel. 

The w effect does not appear in the difference output, Eq. (A-35), 

since both wires are affected equally. 

A correction for the error due to 2 
w may be obtained by solving 

(A-34), which is quadratic in U, using (A-49) to relate the calibra
m 

tio~ coefficient, S . After some algebra, the result is 
C 
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Els+ E2 + (Els+ E2) 2 - 4; 
1. 0112 U =--c ______ c _______ _ 

m 2 (A-SO) 

Here, it can be noted that 
El+ E2 

is just the apparent velocity, UI, s 
C 

indicated by the x-wi11e and u is the correct velocity. Therefore m 

u = .!. [u + 
m 2 I 

u 2 - ~ l 
I 1.0112 

(A-51) 
..J 

Equation (A-51) was used to correct all mean velocity measurements 

taken with x-wires. (When the wires are turned to the horizontal 

2 
plane, w 2 

is replaced by v .) As can be seen from (A-51), the 

indicated velocity is too high as a result of the influence of the w 

fluctuations. 

Turning next to the u fluctuations, it can be seen from 

Eq. (A-36) that the w fluctuations also affect the fluctuating 

portion of the sum voltage. In these tests (and in common practice) 

therms value of el+ e2 

squared and terms of order 

is measured. Mathematically, if Eq. (A-36) 

3 
u are neglected, the result becomes 

[ wum2] 2 (e1 + e ) 2 
= 2A(S + S) u + 2AS 

2 n p n 

It is evident that the influence of 2 
w is of order 

(A-52) 

-2 
uw /U, which 

m 
2 -2 

should be small relative to u. (The value of uw may be either 

positive or negative and therefore could cause therms voltage to be 

either too high or too low depending on local conditions.) Neglecting 

this term and using Eq. (A-39) leads to 

= S 2 u2 
C 

(A-53) 
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whi::h is identical to Eq/ (A-7) and restates the usual assumption that 

the sum rms voltage is directly a function of 2 u . Equation (A-53) 

2 was used for initial reduction of u data and the results were com-

par3d to sample yawed wire data. 

2 Analysis of v follows from Eq. (A-37). Neglecting terms of 

order 3 u v, therms output of the difference voltage becomes, using 

(A--i9) 

(e
1 

- e )
2 

= 0.951 S 
2 

v
2 

2 C 
(A-34) 

The Reynolds stress uv (or uw) was determined by feeding the 

fluctuating portions of the sum and difference voltages into the 

PriLceton correlator, which forms the instantaneous product of these 

inpLts and time-averages the result. Mathematically, this operation 

is Equivalent to multiplying together Eqs. (A-36) and (A-37) and form

ing the mean value of the product. 

UV+ 

-2 

4A2(S 2 - S S) vw 
n n p U 

m 

-2 
Negl.£cting the vw term and using (A-49), the result is (A-55) 

(A-56) 

At this point it may be noted that Eq. (A-56) is very similar to 

Eq. (A-8) differing only in the definition of the sensitivity coef

fici3nt, S, versus S and S . If the assumptions leading to 
C U V 

Eqs. (A-53), (A-54), and (A-56) were all reasonably correct, it could 

b d h h . 11 d . d . S I clE e expecte tat t e exper1menta y eterm1ne quantity, v = U ~, 

wouli be equal to 0.978 S and S = S. Measurements of the value 
C U C 

- clE 
of -=- - were obtained over a range of ±10° using a vernier angle clijJ 

fixture on a thermo-systems calibrator. The resulting data was 
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linearized by computer-fitting straight lines to each set by the 

least-squares procedure. (See Fig. 16, which is an example of t he data 

and resulting least-squares lines for each wire.) 

The resulting values of s 
V 

differed greatly from the predicted 

value of 0.978 S --the discrepancy being as great as 16 percent. Even 
C 

though the best value obtained among the probes ased in the tests dif-

fered by only one percent from the ideal value, the reason for the 

discrepancies in the other probes was sought in more detail. 

Microscopic examination revealed that the wire angles were not 

exactly 45 ° as required by the assumption leading to Eqs. (A-16) and 

(A-17). Ultimately, the wires were microphotographed on a Bausch and 

Lomb metallurgical microscope (metallograph) equipped with a traversing 

stage. During this procedure, the probes were clamped against a 

straight edge and the pictures were double-exposed--once with the wire 

in focus and once with the straight edge in focus. Then the wire 

angle was measured directly from the photographs using a precision 

vernier protractor. The results revealed wide variations in wire 

angles as well as wire curvature which meant that the wire tangent 

varied along the length of the wire. Two example photographs are 

i ncluded in Fig. 17; and since photo duplicated copies of these 

pictures may not be too clear, tracings of the wire shapes are i ncluded 

in Fig. 18. 

The discrepancies in wire slope appeared to correlate with the 

variations in S determined experimentally. To establish a more 
V 

firm relationship, the angle dependencies in Eqs. (A-14) and (A-15) 

were retained and carried through the derivation to the same level of 
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a?proximation. The steps are straightforward, although tedious, and 

the results are 

where 

s 
· C s 

n = ----------,-1--=2-----------
cos e1 + cos e2 + 2 k tan a(sin e1 + sin e2) 

el+ e2 = Sn [ u(cos e
1 

+ cos 62) + v(sin el sin 

+ Spu(sin e1 + sin 62) + S v(cos 62 - cos 
p 

el - e2 = Sn [u(cos e1 - cos 62) + v(sin el+ sin 

el = 90° 1/Jl 

62 = 90° i/J2 

and a is taken as the average of ip1 and ip2. 

(A-57) 

(A-58) 

62)] 

61) (A-59) 

62)] 

(A-60) 

As can be seen from Eqs. (A-59) and (A-60), there now appears an 

influence of v upon the sum voltage and u upon the difference 

voltage depending on how much the wire angles deviate from ±45°. 

Conputation of these terms revealed that for the worst case the cross 

influence of u and v was two or more orders of magnitude smaller 

than the other terms; hence these effects were neglected. 

Using the measured angles from the microphotographs, the values 

of S /S were evaluated from Eqs. (A-57 ) through (A-60). These 
V U 

results were then compared to the experimental values of S /S 
V U 

obtained by yaw calibration (see Table II). Comparing the predicted 

values to the experimental values, it can be seen that the results 
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agr ee reasonably well for two probes (#5236 and #5237). In the case of 

the ot her probe, one wire was broken during the photographic efforts 

and the calculated value is based on the apparent angle, which may well 

have been altered when the wire was broken. 

Exami nation of the computed values of s 
V 

from Eqs. (A-57) to 

(A- 60) reveals that a cumulative discrepancy of 1½0 in the wire angles 

causes a change in s 
V 

of roughly four percent. This extreme sensi -

tivi ty t o variations in the probes used underscores the importance of 

carefu l calibration for S . These points also suggest a likely source 
V 

for some of the reported variations in x-wire data. 

For data reduction the calibrated values of S were used. As 
V 

a further check on the x-wire results, representative data measure-

ments were repeated using the single yawed-wire technique. Figures 

19, 20, and 21 show t he comparative values obtained. It wi ll be noted 

that there is considerable scatter in the yawed wire results. In sub

sequent r eview of procedures used it was determined that the probable 

cause f or t his scatter lies in the somewhat unorthodox technique used 

to obtain t he three values needed at each data location (Eq. (A- 5)). 

Rather t han rotating the wire at each data point, the wire was tra

versed t hrough all points at one angle setting; then it was rotated 

to the second angle position and traversed again. While this tech

nique minimi zed errors due to calibration drift and angle position 

errors (the wire was very carefully calibrated before each traverse), 

small variations due to traversing position errors led to larger vari

ations in t he simultaneous solutions of Eq . (A-5). In retrospect, it 

would have been better to rotate the wire to three angular positions 

without moving the traversing mechanism. 
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In any case, examination of the comparison in Figs. 

rEVeal several facts. First, the values of J u2 and of 

19, 20, and 21 

uv are 

slightly higher from the x-wire than from the yawed wire while the 

values of {' from both methods agree very well. In addition , com

parison of values obtained from different x-wire probes agree with one 

arother if the correction facto rs are taken into account; hence the 

pnbes used seem to produce values of uv and /u2 which are consis

te1tly high by comparison with yawed wire results. The larger errors 

in outputs involving the sum voltage as opposed to that involving the 

di::ference voltage is not unexpected. Equation (A-52) for the sum volt

age contains triple correlation terms which are neglected in the data 

recuction while the lowest order term neglected in the difference rms 

3 vo =tage (Eq. (A-37) would be of order (u v), a fourth-order correla-

ticn term. 

Figure 19 also reveals the effect on values of having the 

wires arranged in a horizontal plane rather than a vertical plane. 

Wit:nin two inches of the wall, higher values of Ju 2 
are indicated by 

bot::1 the x-wire and single wire probes when in the horizontal plane. 

Thi.3 effect has been discussed at length by Sandborn (47), who ascribes 

the cause to the steep turbulence gradients near the wall which causes 

a V3rtical wire to see considerable variation in I/ along its length. 

Considering these various effects, it is evident that the 

hor _zontal wire measurements of Ju2 should be given more credence 

~w2 tha• the vertical measurements. (Since ~w- and uw measurements 

wer obtained, as well as Jv2 
and uv, both horizontal and vertical 

mea=urements of Ju2 were taken throughout the data field.) To 

exanine the discrepancy between x-wire and yawed wire values of 
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J u2
, J v2

, and J w2 , the differences were tabulated in detail, and it 

was found that the spread was relatively constant and equal to about 

four percent. The effect on uv values in Fig. 21 is also present; 

although it is not so clear due to the data scatter. (The average 

difference for uv values in Fig. 21 is closer to six percent, but with 

a high level of uncertainty.) 

The comparisons described here were consistent among three x-wire 

probes used throughout the study; hence it was decided that correction n Ff_ _ 
factors would be applied to the ✓ v-, Jw-, uv, and uw measurements 

based on the experimental values of s 
V 

for the probe used. No cor-

rection was applied for the four percent errors in u 

this error might vary somewhat throughout the field. 

values since 

Values of J u2, 

uv, and uw are therefore slightly high; however the results should 

be internally consistent. 

Velocity Gradient Effects 

It was observed in the preceding section that horizontally 

oriented wires tended to produce higher values of Ju
2 

than vertical 

wires and that this effect has been ascribed to turbulence gradient 

effects. As an additional note, the recent work of Gessner and Moller 

(49) may be considered since it pertains to the effects of mean 

velocity gradients upon the wire outputs. It has been recognized by 

various workers that hot wires exposed to velocity gradients along 

their lengths will be subject to errors due to skewed cooling effects 

(46, 47, 48, 49). Gessner and Moller derived corrections for effects 

of velocity gradients upon hot-wire outputs in terms of a shear param

eter, S, defined by 



S _ llU/U 
- 1/d 
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w:iere U is the velocity at the center of the wire, llU is the 

(A-61) 

v riation in velocity along the wire, and 1/d is the length-to

d_ameter ratio for the wire. Evaluating this parameter for the worst 

-3 c~se observed in the present tests reveals that S = 0.21 x 10 

(~U/U = 0.08, 1/d = 333). For this value of S, the corrections listed 

b! Gessner and Moller are negligible; hence no corrections for this 

e feet are included in the data reduction. 
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Table I 

Summary of hot -wire calibrat ion data and regression line analysis 

Regression line ana l )'.sis Variances 

Cali- Standard Corre- Due t o About 
bration Sample Inter- Error of lation regr es- r egres - F 

Date run size cept Slope s lope Coeff . sion sion value 

6-22 I 6 . 078 .197 . 0037 .9993 13.8915 .0050 2794. 
2 5 . 124 .200 . 0022 .9998 13.4070 .0016 8422 . 
3 5 . 180 .198 . 0029 . 9997 10.4751 .0022 4769 . 
4 6 .261 . 191 . 0036 . 9993 13.1105 .0046 2865 . 

6- 23 1 6 . 243 . 194 .0045 .9989 14.5892 .0078 1868 . 
2 5 .396 .192 . 0047 .9991 11.5422 .0069 1684. 

6-24 1 6 . 161 . 200 .0042 .9991 14 .1609 .0064 2231. 
2 6 .134 .200 .0032 .9995 18.3065 .0047 3895. 

6-25 1 8 . 229 . 198 . 0039 .9988 22.8 174 . 0089 2577 . 
2 5 . 345 .193 .0049 .9991 16.0637 .0102 1582. 

6-26 1 6 .330 . 199 . 0048 .9988 18.7683 .0110 1713. 
2 6 . 335 .195 .0035 .9994 17.9994 .0059 3053. 

6-28 1 6 .263 .196 . 0032 . 9995 17.6153 .0046 3822 . 
6-29 1 6 .210 .19 7 . 0040 . 9992 16.6464 .0069 2425 . 

2 4 .245 .195 .0018 . 9999 10.2267 . .0008 11931. 
3 4 .486 . 187 .0065 .9988 7.6444 .0093 820 

4 6 .223 .195 .0034 . 9994 16 .0067 .0050 3212. 
6-30 1 6 .053 .203 .0023 .9998 18.8320 .0024 7960. 

2 6 .317 . 191 .0041 . 9991 16.3041 .0074 2207. 
3 6 .306 . 194 . 0029 . 9996 16 .1 582 .0036 4398 . 

4 6 .321 .193 . 0047 . 9988 16.9025 .0100 1648 . 
7- 1 1 6 . I 73 . 198 .0061 .9981 17.3858 .0166 1048. 

2 6 .055 .202 . 0043 .9991 17.6148 ; . 0080 2192. 
3 6 . 103 .210 . 0033 .9995 19.0141 .0052 3649 . 

7-2 J 6 .007 . 202 .0027 .9997 18.5600 .0032 5826. 
2 6 .042 .200 .0029 .9996 18.3819 .0039 4723. 
3 6 . 165 .198 .0029 .9996 17.8320 .0039 4530. 
4 6 -.032 .202 .0015 .9999 19 . 58 15 .0011 17721. 

7-3 1 6 .109 .201 .0047 . 9989 18 .7845 .01 01 1854 . 
2 6 -.029 .205 .0012 .9999 20.2252 .0007 31345. 
3 6 .118 .203 .0047 . 9990 18.6SOS . 0098 1896 . 
4 6 . 024 .206 .0012 .9999 19.9161 .0007 29273. 

7-5 I 6 . 100 . 20] .0032 .9995 19.0750 . 0049 3927. 
2 6 .075 . 197 . 0014 .9999 19.0488 .0009 20419. 

7-6 1 6 -.078 .1 96 . 004 1 .9992 18.9099 .0031 2347. 
2 6 . 064 . 198 .0047 .9989 19.4164 .0109 1783. 

7-6 3 6 .1 33 . 198 . 0031 .999S 17.8797 .0044 4058 . 
4 6 .016 . 204 . 0026 .9997 18.6060 .0029 632?. 
5 6 .001 . 201 . 0044 .999 1 19.0979 .0090 2123. 

7-7 6 - . 086 .202 .0015 . 9999 18 . 6757 .001 l 17817. 

2 6 .103 . 201 . 0044 .9990 17.8202 .0087 2057. 
3 6 -.065 . 20.; .0033 .99'15 ] 9.02]6 .0051 3726. 

7-8 6 .006 . 202 .0036 .9994 1(,. 7856 .00S4 3086 . 
2 6 - . 045 . 207 . 0024 . 9997 19.8008 .0026 7745 . 
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Table II 

x-wire Characteristics 

Probe Wire Wire Range of local Average S /S S /S 
Number Number Angle Wire Angle Angle V U V U 

(tip-to- (min.) (max) (avg. of Computed from angle 

tip) 10 pts.) calibration 

5239 1 46°50 1 see note 0.916 1.035 
2 47°15 1 41 °0' . 53°30' 46°49' 

5237 1 46°10 1 39°15 1 51°35 1 44°56' 0.956 0.971 
2 47°35 1 47°5 1 48°0 1 46°20' 

5236 1 49°30 1 48°0' 52°0 1 49°32 1 0.830 0.815 
2 50°10 1 48°45 1 50°15' 49°37 1 

Note: Wire #1 on probe #5239 was broken during the photographic 
process. The wire angle listed is the apparent angle measured 
across the wire supports and is questionable. 



Table III Corrected data listing 

I L JI ... l ' VlLl )L 1 1 ~ I_J ~ ~\~ V iH.\~ 1./ IHI~ UV uw 
NU,'ltlEi-l NU,'IH ER FFF. I IM, HrS I NCH[ $ Fi'S FPS F 1'5 FPS (FPSlX(FPS) (FPS)XIFPSl 

l l -3. 0 0 0 0. 8 5? I d . 7l4 2 ':, . d8 l 3 .4 91 I. t,87 -1. 815 
2 2 -3. ,JD;) O. f.5 2 I Ii. l l l 27. ll4 3 .4 H l. 4 8 7 -1.913 
3 3 -J. '1 0 0 o . 8 '>.?. I :; . '> 0 '1 ?7. 0 H/i 'L 351i l. 4 34 - 1. 7") 4 
4 '• 3 . 0 00 C. 8; i' I O. <'J ) I, 2 7 . 1,1, 3 3. j H 3 l. ' ,4'> -l.7 'l 4 
5 5 - ·; . ,; u o O. &'i2 Ii . 3') 3 2 7. l l ll 3. z4 a l. 1, 2 4 -L.79 4 
6 6 - 3 . J ,)0 O. <l ~.l ~ . 7.J O 2 ~.7 43 3 . '11. 4 l. '• 2 4 - l. 79 4 
7 7 - 3 . 00') 0 . R'> 2 3 . 0'-17 7 1> . 48 7 3 . 32 9 l. 47 4 -1.7 9 4 
lj 13 -j. Jl)I) 0 . 6 ',2 a . a /5 . t, 17 3.41 0 l. 4 13 - I. 79 4 
9 'I -l. J S O ,J . 8'> 2 -7 . I OH 26 . 192 3. 3 8 3 l. 4 l 3 - l . t,4 ,! 

10 10 -1. OJ O 0 . ll 5 7 -4 . 71 l 2 6 . 4 3 ti 3 . 3 tl .l I. 4 1, 5 - l. 80 '> 
l l 11 - I. 00 0 o . ~?7 - 7. 1 l4 2 7.3 63 3.3 8 1 1. 43 4 - l. 7r; 4 
1 2 ll -3. GOO 0 . H '>L - 'I . 9 1 7 2 7. ad 7 3 . 4 10 l. 4 34 -1. 82 7 
l 3 I I - 3 . fJCO C . tl '>2 - 1/ . '> ZO 27 . 9 0 8 1 . 38 3 1. '+1>6 -1.7 6 1 
14 I '• - I. \)1)0 C. H5 2 -1 5 .1 22 2 7.784 3 .4 9 1 l.497 - l. 979 
l 5 15 - 3. ) ~ 0 C. tl~ 2 - 17. 775 2 7. 59 2 3 .4 91 L.528 
16 16 - 3. JJ J 0 . 9'>2 I H. 71 1, 3. 3R 3 l. 96 ( -0 . 082 
l 7 ! 7 - 3 . J:)() C. o5 .? 16 . Ill ,. >fl'\ I . <i6 7 0 . 02 7 
Iii I H -J. 0 JO a . !152 l). ?O'l 3.41 0 l . 06 7 0 . l 31> 
l '1 t <i - 3. ,) 0 0 o . ~5, I -1 . CJ06 3. 38 I l . 9 35 0 . 0 '>'> 
1.0 10 - 3 . 0 J O O . A~ <' tl . iO .l 3. 307 I . 9 20 - 0 .. '•h 2 
71 7i - 3. J O J C . P5 2 ,, • 7 ,) 0 , • 3 79 I. 915 - 0 . 2 17 
22 n - } . ) Ld 0 . d 'l 2 3 . J ,7 1. 27'> L. ,m a - o . 0 ,12 
23 1 1 - I • l') ,) O. >h 2 0 . 0 26.150 3 . 329 I. 8 RB -0 . 0'> 5 .... 
24 2 Lt - ~~. OviJ 0 • d '>I - 2 . l Cd 3.3 20 l . 90 4 O. OA 2 N 

25 2 5 - l . •il) cl 0 . 8 5? -4. 711 3 . 3 29 1. 90 4 0 .055 '-0 

2 6 26 - 3 . u uJ 0 . 8 5 2 - 7 . 3 14 3 . 356 1.9 35 0. 29 9 

2 ' 27 - J . J\)I) 0 . >Vi 2 -CJ . 'l l 7 3. 3>31 l . 95 l 0. 2 44 
L R <fl - I. r: 1) ll 0 . H'j ? - l ? . 5 7 0 3.41 0 l. 9/J 3 0. 055 
29 n - l. 1J,l J . 9 ~L - L'> .1 7.2 3 . 464 1.9 83 -0. l O<i 
3 0 .h i - L ,h,0 0 , IJ '>2 -1 7.775 26 . 9 15 3. 5 1d 2.062 -0.?99 
11 31 - :;. u0 J '>. 052 18 . 71 '• B: 727 2. 20 1 l. 29/l - I. 2 11 7 
32 32 - 3 . \J OO 5 . 05? l ,. 5 0 <; 34 . 3 9 1 2. I 7 l 1. 2 4 6 - l. 16 0 
33 33 - j . \)() J '> . 0 '>2 fl . 10 1 3 1. 41 5 2 . 2 0 7 I. '\ OB - I. 2 l 3 
.!4 3 4 - 3. IJD O 5 . 05 2 3. 09 , , 2 . ,,31 7. 724 l . 308 -1. 37 1 
35 3 5 - j. 00 0 ., • (J '> 2 o . o 3'1. I L6 2 . 2 2 '• I. 308 -l. 29 8 
) 6 3 6 - 3 . J JJ '> . 05 2 - l . I c q 3 3. 343 2 . I 7l 1 . 26 7 -l.076 
37 H - 3. ') 00 5 . U'>? - 7. 3 1 4 33. 51> 5 2 . l c, 4 I. 2 77 - l. 08 6 
\,I 311 - 3 . JO;) 5 . 0 ~ 2 -1 2 . 52J 35 . 173 ? • I I <J L.225 - I. 002 
l'I 3~ - J . ,) ,JO 5 . 0 52 - 1 7.7 25 34. 1, 1, 7 ? .1 3 7 l. 2 67 -1.107 
4 J 40 - 3 . OJ O 5 . 0 '>2 l tl . fl 4 7. . l 96 l. 'i I 6 -0. 05 3 
41 4l -1. .J UO 5 . G~?. IL 5 09 2 . 0 6 1 I. 4 / 5 0. 04 2 
4 2 '• 2 - l. JGJ '> . 0~ 2 8 . 30 l 2 . 25 5 l. 5 'i 7 - 0 .4 0 1 
43 4l - J , CG O 5 . 0 5? 3 . O'l 7 2. 255 l .6 LO -0.2ll 
44 44 - 3 . UOO 5 . G52 o.o 3 2 . 909 7. . I 96 l. 5 6tl 0.074 
45 4 5 - 3 . u :i ;i 5 . 0 5 2 - 2 . 108 z . l :?l L.547 0.021 
46 4 6 - 3 . u OO 5 . 052 -7. 3 14 2 . LO 7 L.4 9 5 o. 138 
47 47 -.i . cvo -; . 0 52 -12. 5 2 0 2.011 1 .4 75 0 .1 16 
48 48 - 3 . UOO 5. 05~ 17. 72 5 2.107 l • ._ ,~ -0.053 
49 49 - 3. 0 0 0 0 . 572 o . o 24 . 876 3.366 l. 3 74 -1.755 
50 50 -3.0 00 0 .852 o . o 26.ll3 3.232 L.385 -l.797 



Table III (Continued) 

TEST X y l \/H OC I TY u ~MS V RMS w RMS UV uw 
NUM 'l FR NUMtll R F~U I NCHES I NlHE S Fl' S FPS FPS FPS (FP S) X( FPS l (FPS)X(FPS) 

~ I 51 -3.000 1. 5~2 0.0 28. 1,28 3.097 1 . 43 7 -l.7A6 
52 52 -3.UO:l 2.252 o .o 79. 79 1 2 . 854 1.195 -I . 67.5 
.., 3 53 - 3 . ,JOO 3 . 6'.,2 o.o 31 . 733 2.612 I. H4 -l.52'l 
54 54 -L OOO s . 0<;2 o.o 3J. 313 2 . 26 3 1. 353 -1.410 
'>5 55 - 3. ,)00 7. 852 o.o 31',. 355 I. 941> 1.206 -1.076 
56 56 -3.uOO 10. 6<;2 o.o 37. 6'15 1.614 1.018 -0 . 6'.,4 
.., 7 57 -3. 000 13.452 o .o 39 . 0'12 I. 057 0.111 -0. 306 
58 56 -3.0 00 16 . 252 () .0 39. 783 0.503 0.451 -0.06'l 
5') 59 - 3. JOO 19. 052 o. o 40 . 06 1, 0 . 206 0.209 -0 . 001 
,,0 bO -3. il •JO o. 712 o . u 25 . SHO 3 . )61, I. 3 74 -1.8A4 
Id 61 - l . JOO l .1 32 0 . 0 7 7. l ,, 3 3.205 l . 41 b - l . 'l05 
62 62 -3 . UUO O. '> I 2 -15.ll.2 26 • .,,,3 3. 796 l . '5 I I - l . AH6 
63 63 -3. uoo o . 7l2 - 15 . 172 2 7. 88 l 3 .6 85 1. '>33 - l . 909 
64 1,4 - 3 . JOU O.H52 -15.1 22 28.0 56 3 . 517 1.511 - I. 651 
65 1,5 -3 . lJJO l. l 3 2 - 15 . 12 2 29.836 3.4fl9 1. 54 4 -L.920 
61, 60 - l. u ... o I. 5'>7 - l 5 . l 2 2 30. 9'l4 3 .2 0 7 1.490 -1. 743 
67 67 - 1. OJO 7 . 2 '.>l - 15 . l 2 2 3 2 . 7 60 2 . 94 1 l. 4 79 - l. 79 3 
68 6'3 -3.UOO '> . 0'>2 - 15 .1 22 36 . 074 2 . 255 1. 3 16 -1.214 
1,9 69 -3.000 7.852 - 1s . 1n 38.593 1.4 89 l. 055 -0.5'13 
10 70 -3.000 l O. ,, 52 -15.122 39 . 354 0.830 0.665 -0.181 
71 71 -L.JOO 13. 457 -L S.I ??. 40 .27 5 0.43h 0 .413 0.002 
72 u -3. iJOO 16.2~2 - l 5. l 22 40.033 0.256 0.211 0.011 
7J n -J. OCJC 19.0~2 - l '>. 12 2 40 .471 0 . 19 1 0 .153 -0.017 ..... 
74 74 -3.JOU 0.572 -15.122 26.1 63 3 . 713 2 . l 75 -0.405 v,I 

0 
75 75 -3.JOO 0. 7 l 2 - 15 . 122 3. 5,, 5 2 . l 2 7 -0.176 
l b 71, - 3.0UO C.8'>2 - 15 .1 22 3.601 2 . l to -0.261 
77 17 -3. JJO l. l 32 - 15 .1 22 3. 5 I 7 2 . 0 1,5 -o. 23 1 
78 1a -3. 0:J •J l.'n2 - b . 122 31. 139 3 . 251 1.741, - 0 . 731 
7 ,, 7? - 3 . JOO 2 . 2 52 -1 5.U 2 2 . 875 l. 5 30 -0.1 1 .. 1♦ 

80 80 -3.000 5 . 0i2 - l '> . 122 2.411 1. l 68 -0.002 
81 Al 2.0 00 O. R52 o . o l 7. 369 4. 5 l5 2 . R29 o . 02~ 
'17 82 2. JOO O.H~2 -2.108 l 7. 65 3 4 . 5'1 l 2.867 -O.'i61 
83 83 l. ,)00 o.~'>2 -4. 71 l 18.227 4.5 (:d 2 . H4H o . ,6~ 
84 84 2 . J C'J 0. 852 - 6 . 2 73 l 7. 1>00 '• . 78 3 3. 0 ?.l -0.308 
'I~ 95 2.JOJ o. 9'i2 6 .7 'H I 7. bl 0 4.623 2 .9h 1 -0.1 68 
66 P.6 2 . JUO 0 . 0'.,2 -7. 3 14 17.llH 4. ➔ ~8 3 . 091-l 1. 037 
A7 IJ7 z . ,Joo 0 . 852 -1. 5 74 l tl . 790 4. '138 3. 00 7 3 .1 6 7 
Rd H~ 2 . JJO O. A '>2 -7. ~34 20. 1, R I 4 . 623 2 . R70 2 . ABl 
A9 89 2.J Ou 0 . n'i2 -A.O'l5 21 . 504 4 .413 2.1,1-,5 2. 32f> 
<;J <JO 2 . JJO 0 . !''i2 -fl.355 23.052 4.133 2 • 1, 81, 1 . 962 
91 9 1 2 . JJ:J 0 . ~,2 - f) . q 76 2 1,. 2 32 ) . qqA 2 . 2 37 1. I 77 
9l '12 2 . 000 o . 8'.-2 - 'I . 'll 7 l ~ . T'lb 3 . 572 2 . 01,5 0. 392 
9j 93 2.uoo o.~52 -12.5LO 2 7. I 4Q 3 .4 1:14 2.075 0.224 
94 94 2.000 0.852 -15.122 27.196 3.418 2.062 -o. l 13 
95 'l5 2 . JOO O. H'.>2 -17. 725 27.195 3 . 352 2.1 02 0. 028 
'I& <Jt, 2 . 000 O. R52 -7 . h26 19.371 4. A68 2 . 9il3 3. 504 
97 ''17 2.Ja o O.k'>2 -7. 704 l 9 . 754 4. 728 2.963 3. 5 87 
'ld "lrl 2 . uoo 0. 852 o .o I 7.996 4.238 2 .115 -3 . 643 
9-1 99 2.000 0.852 -2.108 4.342 2. 129 -3.r84 

IOJ 100 2.000 0.857. -4.711 4.342 2.075 -3.756 



Table III (Continued) 

HST X y l VELOCITY u RMS V RMS w RMS lJV uw 
liU I-I0C '- l~Ui•Ul~I\ ~Ctl I l~L Ht~ I l~LH t ~ t'f' ~ ~ .. ~ H'~ f-1.1!) ll-1''>1 Jt.lHl',I 11-1''> I XIH''>I 

LO L 101 2.J ilO C. 852 -6. 273 4.413 2 . 260 -4.144 
10 2 102 2 . ooo O.A52 - 6 . 79 1 4. 5 I !l 2 .273 -4.21>0 
10 .! l J > L . JOU o . ~'>2 - 7. J 14 '•. 7 78 2 . 4 JZ -4.652 
10 4 104 2.JOO C.H52 -7. 574 19.022 4.6 93 2 .269 -3. IH9 
10 5 lD5 2.JJO O.A52 • 7. (,21, 4. 5~1 2 . 1 73 -3. 476 
106 l 06 2 . ,JuO o . ~52 -1. 704 l 9. 05 7 4.5~i 2. I 7i -3.47 6 
l 07 l J 7 2.JUO 0 . 8 ~2 -1. q 34 4 • ..!4/. 2.0 14 -2.859 
l 08 108 2.a uo O.tl57 -8.095 4.2 3 A t.9n -2 . 550 
109 l O'l 2 • .):)0 0. ~ ~2 - ~ . 155 2 l. 64 9 3. ·no 1. 7fl5 -2 . 0 1,6 
1 1 O 11 0 2 . :J/1 ,) O. H~7. - ~t .. H 7 ~: 3. & 'J i, I. '>•lb -1. 1106 
l l l 11 1 2.J C,O c . !.152 - 9 . 'l l 7 3. 32 5 l. 415 -1. 878 
l l l lie 2 . 0:)0 0 . I'',,: - l ?. . 52:J 3. l '>0 1. 362 - 1.872 
11 3 l l 3 2. ,JOO 0 . A'.,l -1'.! .I U 3.lA O l.362 -L.A72 
114 114 z. ouo 0 . fl 5 2 - l 7. 725 3.lAA 1.388 -1.906 
l l 5 115 2.000 l. l 32 o.o Zi. 342 4.211 2.5~A -o.1q 
l lh l 16 2. ) 00 I. l 12 - 7 . I CA 21 . 3 30 4 . 117 2 . 6Z7 0.0?') 
11 7 l l 7 2. 000 l. l 32 - 4 . 7 l l 2 !. 606 4.Jl7 2.647 -0.0 02 
11 8 11 9 2.JOO l. l J 2 - 6. 79 3 d . 0'15 4 · '•24 2 . fl02 0.2?Q 
l 19 l !CJ 2.a oo l. l 32 - 7. 314 . 2 I. 73'3 4.63', 2 . A9 7 l. 6 '\ l 
170 120 2 . 000 l • I 3 2 -7.574 22 • . lH 4.6 00 2.1'02 2. 77 5 
l 2 l 12 1 2 . UUJ l . l l2 -1 . b7Y 23. 056 4 . 459 2 . h47 ?.04~ 
122 l 22 7 . 00 J l. l '\? -1.~v. 2 3 . '101 4.317 2 . 62 7 ?.'175 
I 2 3 12 3 ? . 000 l. l 3? ->i .. ,J•;'j 24 . 691 4.247 2 . 550 2.57 5 ..... 

vi 124 124 2. 000 l. l 3 2 - 8 . :~ 5 5 2 5 . 566 3 . 963 2. 33A 2.0 A'I ..... 
125 125 2 • .JOO l. l 32 - 'l . 9 l 7 28 .212 3 .4 33 2 . 041l 0.343 
126 l 26 2 . 000 l. l 32 -12.520 28 . ':ll l 3.256 2.00'1 0 . 114 
127 127 2. :)00 l. l 32 - l 5 . l 2 2 28.9C8 3.25', 2.ooq -0.002 
1 l<l 128 2 . JoO I. l 3 2 -17. us 28 .74 2 3.326 2 . 04A -0. 05 7 
12 ·~ l/.9 2 . JOO I. l \l -8 . d76 26 . 777 1.751 2.163 1.001 
l 3J 130 2 . 000 l. l ,2 -7. 05 4 2 o . 94 3 4.565 2. 839 0.687 
l J l 131 2.J OO l. l 32 0 . 0 21.312 4.282 2.084 -3.949 
1)2 I J? 2 . oco l. 112 -2. l 08 4.282 2 . 0A4 - 3. 89 l 
l 33 LB 2 . 0cc l. 132 - 1,. 71 l 4.317 2 . 0tl 4 - 3. tih2 
l 34 134 2 . ,)00 l. l '\2 -6.7 93 4.l 88 2 . l 90 -4. 34 9 
13 5 l 35 2.0 00 l. I l2 - 7. C54 ,, • 5 ·rn 2 . z ,; 1 -4. 52 1 
l 'll, 131, 2 . (J()/) I • l J 2 - 1. H4 4 . s 30 2 . 25 7 -4. l 49 
l 37 l .l7 2 . vCO l. l l 2 -7. 5 74 4.5 1,5 2 . 2l0 - ,. 89 1 
l 3 A l 38 2.JC O l. I 3 2 - 7 .1, 7A 23.288 4.56'i 7 . l 90 -3.520 
l ?,9 l l •, 2 . 000 l. l 3 2 -7.rl34 4. '\ l 7 .? . 010 -1.204 
140 l',O 2. 000 I. l j2 - tl . C45 4. 24 7 l . 'l50 - 2 . 80 4 
141 I'd 2.'.)0 0 l. l 3? - 8 . l55 4.03'> 1. 82 9 -2.432 
14 2 11,2 2.JUO l. l J2 - ,) • CJ I 7 3.5l9 1.516 - 2 . 11,6 
143 143 2.000 l. I 3; - 12 . 520 3.256 l.562 -2.146 
l 4 1, 144 2. 000 l .1,2 - l 5 . l 22 3.326 l.562 -2 . 232 
145 145 2.JOO 1. 132 -17.725 3.326 1.536 -2.175 
14 6 L',6 2 . -ioo L. &<;2 o . c 26 . 4 15 3. tl l 3 2 .I A5 -0. 52 7 
l',7 14 7 2.JOO 1.692 -2.lCS 26.404 3. 891 2.216 -0.44A 
148 148 2 . 000 1.692 -4.711 25 •• 671 3.8Q3 2.247 -0.002 
149 149 7..000 I. 697 -n.7 n 'Jh.000 , ,q l q 2.263 -0.474 
150 150 2.000 l.692 -6.793 26.632 3. 919 2.341 -0.026 



Table III (Continued) 

TEST X V l VELOCITY u RMS V R"1S I, R ~S UV uw 
NUM[l~R N'.J'lliER FEET 1 NC Hf S INC•~ES FPS FPS FPS FPS (FPS)X(FPSl (FPS l XI FPS) 

l 5 1 ISL 2.llO') l. 69 2 -7.C54 26 . 779 3 .973 2. 341 0.474 
15 2 l 5 2 2. 000 l . 1,92 -7.314 2 7. 62 7 1. 4 l 9 2. 310 o. 7 39 
l ~ 3 l S j 2 . 0DO 1. 1,ci2 -7.5/4 2 7. l <J 7 3 . t,93 7. 278 0.9:?3 
15 1, 1 S4 2. JO:J L. o<,2 - 7."7 d n. 3 8 9 3. 7fl6 7.201 l. 1 A 7 
LS~ LS5 2.JOO L . o'l 2 -7. tl l4 27. 829 1.7H6 ? • l 8 S 1. I 07 
156 I S~ 2. J OO l .6',2 -8. O<; S 27 . 723 3. 'i9'1 7.124 1. 213 
157 l ':, 1 2 . 000 l. 697 -8. 155 27. AH, 3. 1tl2 2 .O 3 l 1.002 
1 ~8 15,l 7.0 00 l.6 92 -H. 876 28.i,50 3. 359 l.969 0.554 
1 S<J l ':, '1 2. 1100 l. t,r,2 -<; . 9 1 7 29 . 32 6 3. 06 6 1.8 2 9 o. rns 
160 161) z.o..ia 1 .1, 9 2 - 12. ';70 7 <; . 75 6 ~. 093 1. 844 -0.18S 
11,1 11,1 2 • . ;uo l . 6Gl -lS.1 72 2 -. . <;JO 3.013 I. 8 29 -0.079 
l t>l 162 2 . 00 0 l . 692 - I 7. 7 2 ':, 29.<J97 3. 0'13 l. 860 -0.026 
lid Hd 2. J(JQ l. 697 o . c 26.517 3. 81, 6 l. 705 - 2 .637 
16 1, l64 2 . JO ·) 1. 697 - 2 . l 08 3.B~<J l.7 05 -2. 61 7 
l bS 11,5 2.0 0 0 1. t·, ": 2 -4. 71 l 3. Ao6 1. 705 -?. 'i5A 
l bb l 6b L . 0 00 1. ,,,, ,. -1, . 2 73 3. 0 66 l. 7 1, 4 -? . 6 '1 0 
lh7 16 7 2. 001 ) 1.1, r. 7 -h .7 93 3 . 'l l 'l 1.7 83 -7 .7 h9 
I bH l od 2.ouo 1 . 1,92 -7.314 1. tl9 j L.770 - 2 .7 o9 
1 6'1 169 2 . 0 1)0 l . h92 -7. 574 26.814 3.866 l. 744 -2. 3 73 
I 70 I 70 2 . JJ0 L . 69 2 - 7. 8 34 1. 760 l. 66 7 - 2 . I A9 
I Tl l 7 l 2 . J :J,) l . 1, 9 7 - 7 • I, 711 27. 229 1 .7 1>0 l. h6 7 - ? • 34 7 
l 7 2 l I 2 2 . J JJ 1. /, ' l 2 -7. C5 4 3. 9 19 l. 7 H 3 -?.7 '1 6 .... 
l /3 l /l 2 . v OJ l . t,<;z -R. Ll<;S 3 . 'i<J9 l. 6 l 5 -2.l h 3 vi 
l 74 l 74 I. • .JUO l. t,<;;> - H.3S5 1.4 66 l. 56 4 -L. 8'19 N 
l 75 175 2. 0 <lO 1.1,92 -8. H 76 3. 226 l. 449 -1.556 
176 l7b 2.000 l. 692 -9.917 3. 066 l. 4 11 -1.498 
l 77 l 77 2.JOJ 1 .6 9? -L?. 5? 0 1. 0 1, 0 I. 41 l -1.6 56 
L7fl 17'3 I.. ()00 l. o92 -15. l .U 3 . 0 l l 1. 41 l -1. ~72 
LF I 1 7'-1 2. 0 00 l. 6'l2 -17.72 5 3. 066 l. 42 3 -1.719 
LBO lh O 2.000 2.7.52 o.o -21l . sso 3 • 22h l. 9 2 3 -0. 52 7 
lH 181 ? . ooo 2. 2 52 -2.l OA 28 .544 1. l Q'I l . 921 -o. 342 
1 82 l rl2 2.0():J 7. ? 57 - 1,. ll l 28, ,;40 ) , l 99 1. <J l 6 0.26 .. 
18 3 LAJ 2.1.H,O 2.252 -1i. 2 n 29 • . l42 3 . 221, l . 949 -0. 1 RS 
1 8 4 l l:l4 2 . 00J 2. 2 ~2 - 6 . 79 3 27.901 3. <?6 l. 9 74 -o. oo;, 
185 l llS 2. 000 ?.2~2 -7.054 l.~. l II .3. 2':d l. 9 74 o. l 37. 
l fl6 186 2.uoo 2.h2 - 7. J 14 28 . %0 3 . 2?6 1. 9 74 0.291 
l fl7 187 2.oco 2 . 2 ~2 -1. av, 29.203 3.253 l .949 0.342 
l'lg LHH 2 . ()1)0 2.752 - A. AH, 29. 3 79 2.9h0 l. 8 08 0.474 
l -i 'J Lil '/ 2 .J OJ .!. 2r>2 - •1. 'l l 7 ? 'l. "> 46 2.'106 L. 7 fO o. 106 
110 l <J U 2 .J ()J 2. ? ', 2 - l 2. ~2ll 2S.939 2.H26 l.744 -0.002 
l'll 191 2 .JvO 2 . 252 - l 5 . 122 30.441 2. HAO l.783 -0. 2 38 
192 l '12 ;, . ooo 2 . 2·, 2 -17.725 30.660 2.q ot, 1.833 -0.079 
19:S 19J 2.JOO 2.252 o.o 2 8. 76 S 3.231 l.465 -L. 740 
19 4 1'14 2.JOO 2 . 2 52 -2.lCA 3.210 I. 454 -L, 730 
l '15 l 'lS 2. 00 J 2 . 2 52 -4. 711 3.189 l .444 -l.6 9 8 
l'H, 1 % 2 . JOO 2 . 2 52 - 6 . 273 3. 23 1 l. 495 - L. (,~ 7 
l <J 7 l 'i 7 2.000 2 . ;> 5 2 -6. 7 '13 1 .31 6 l.50S - l. 740 
l Q ~ l'ltl 2 . O(;,J 2.252 -7. () 54 3.316 1.516 -l.R25 
199 199 2.000 2. 2 52 -7.314 3.231 l. 4Q5 -l.S82 
200 200 2.000 2. 2 52 -7. 834 3.083 1.454 -l.4R7 



Table III (Continued) 

I~~ I )I y l V~LOCITY u RMS V ~"IS \,/ Rl'S UV uw 
r-.UM H(R NUM flE k Ft F.T I NC HES IN CHES FPS FP S FPS FPS (FP S JX(FPSI IFPSIXlFPSI 

201 20 1 2 . 000 2 . ?52 -8. 8 76 3.0lq l.413 -l.424 
202 2<JI. 2 . JOO 2 . 252 -9. 9 I 7 2 . q14 1.402 -l .401 
2 0 .l I.C.l ?. u.:o 2 . 2~2 -12 . 5?0 2. 82 </ l. 402 -1. 5 1, 0 
?04 LU11 1. uJO ? . 252 -15 . l V 2. 7P,8 l. 444 -l.551 
2 0 5 205 2 . 000 2. 2'>2 -17.7 2 5 2. H ', l 1.444 -1.604 
201> £()6 1, . •JOO 0 . >1 5 I. 0 . 0 18 .53 8 4. 155 2 . 754 -1. 065 
20 1 1.0 1 '•. J O,) o . ~sz -2. I 08 1 8 .541 4. :ma 2 .754 - l. 3'iA 
20B 20'1 4. 1)0 0 C. 8~ 2 -4. 7l I l'l. 320 4.4'i1 2.754 -o. 4 79 
2tJQ 2 0'l 4 . 1)\J\J 0. <l52 - 6 . 273 18.79 3 4 . 45 '\ 2 .7 54 -0. 693 
210 2 10 4. 000 0 . 85? - 1, . / 'i 3 l 'l . 2 l 3 4 . 4 2 1 2 . 8 10 -0. 'i<) 
21 l <'I l 4 . 0'.lO O. n,2 -7. H4 19 . 1, 1,0 4 . 5'> 0 2 . B<l S -0. 0f\O 
n 2 21£ 4 . ouu O. A,2 -7. ~34 2C . 4 18 4. 6 [ 6 2 .7 54 l. 491 
213 213 4. 000 0 . 95 2 -t\ . C'J 5 2 I. 6R6 4. 2qo 2 . 641 1. 252 
d4 2 14 4. JOO O. h52 -1. 5 74 l q . H2 9 4.6 80 2 . 828 1.012 
21 5 t 15 4. 000 0 . 852 -7. <; J <; 2 1.419 '• . 485 2.735 l. 5 1 <l 
2l 6 2 lo 4. JOO 0 . 852 -H.3 55 2l.o4l 4. l o O 2 . 566 l.1 45 
21 7 ll 1 4. 00 0 0 . 8~2 -8. 8 70 24 . 118 3. 9 32 ?. 260 0.825 
LI R llA 4. ()(10 0 . 0,2 -9 . 'I I 7 25 . 060 3 . 445 2 . 023 0. l 60 
219 ,:'I</ 4.J OO o . qsz -1 2 . 52 0 26 . 505 3 . 283 l . 948 -0.1 33 
220 nu 4 . 'lOO O. R52 -15. 122 2 7. BO 3.L A5 1.948 -0 .3 46 
221 n1 4 . Q (l,J 0 . ~~2 - I 7. 125 27. 06 1 3 . 2l 7 1.929 -0.3 99 
22.2 Ill. 4 . ~uo O. A52 o . o l ~ . 608 4.4 0 1 2 . I 37 -3. 27 8 
2? I .!23 4 . 00 0 0 .0 5/ - 2 . l OB I '3 . 500 4.53 5 2. 13 7 -3. 503 ...... 
22 1• 2 24 4. ;)00 C. K52 -4. 711 18 . 4 15 4.515 2 .1 37 - 3 . 784 v,l 

2 2 5 225 4. 000 0 . 852 - 6 . 2 73 l A. l q2 4.535 2 .1 84 - 3 . f\67 
v,l 

226 226 4. uOO 0 . 852 - b . 1'1 .l 1 8 . 370 4.535 2.2 0 0 -3. 923 
2Z1 22 1 '•. OllO 0 . 852 -7. 114 I A.4 R4 4.13 1,R 2 . 345 -4. 760 
22d 728 4 . JuO 0 . 852 - 7 . ', 74 1 9 . :,5 7 4. go 1 2 . 29 7 -4. 01:,3 
71'1 ,,_ .,~ 4 . 0 ,10 U. f 52 -7 . 8 l4 19 . 6g1, 4.7 6R 2.l R4 - 3 . I 3g 
2 .l J 230 4 . 000 0 . &52 - l. 'l3'l 20. l 45 4. 60 1 2. I O 5 - 3 . I 0 5 
2 .l I 231 4. 0:JO O.H 52 -8.C<J5 21. 168 '• . 568 2. l 05 -3. 0R2 
2 l? 2 32 4. 0('0 0 . 852 -s.1~5 22 . 292 4.4 01 2 . 024 -2. 1102 
2 3 I 7.13 4. J tlO o . fl52 -8 . ti 76 2 L 970 4.1 0 1 l. 831 -2.017 
2H 2 34 4. 0liO o . 8~2 - 9 . 9 17 25.733 3.568 l .67.2 -l.737 
l 15 2 l 5 4. 000 O. K52 - 12 . r,20 2h . 67 l 3. 3 34 1. 4 78 -1. 626 
2 31, 2 le, 4 . 000 0 , fl 51. - I 5. l 22 27.57 2 3. 26 7 1.446 -1.569 
2 3 7 2 37 4. Otl) 0 . /l'i l -17.7 2 5 2 7 . 732 3.301 I .446 - l. 6 36 
71 8 218 4 . JOO l.41 2 o.o 23.450 4. 190 2.553 -0.3 69 
2 l'l 2 l9 4. GCC l.4 l 2 - 2 . 10~ 2 3. 106 4. l 'l O 2 . 5 16 -o. 142 
?¼0 ;u,o 4 . 0()0 1. 4 1 2 -4. 711 2!.450 4. ll 9 2. 553 0.2 90 
? 4 l 24l 4 . 0ll:J I. 4 12 -6 . 2 73 21 . 790 4.2'.tl ? . 55 3 0.4 2 1 
"'- '• 2. 24l 4. u,> o 1. 4 l 2 -6 .7 93 23.7C5 4. 2 76 2 . 5 12 0.712 
743 243 4. •) OU 1.41 2 - 7. 3 14 2 4. 82 4 4. 276 2.479 l. '3 l 8 
244 24 1, 4.0 00 I. 412 -7. 5 74 25.399 4. 190 7..44 2 I. 713 
2 45 ;u,5 4. 0CO 1.41 2 -7. H3 4 25. 3 51 4.1 6 2 2 .423 l. fl 7 l 
2 41., 246 4. '.l:JO 1.41 2 - 7. 9 3 <; 24.79 0 4.1 6 2 ?.3 P.6 1. 556 
247 247 4 . 0 0 0 l. 4 I 2 - 8 . 0 <J 5 2 5. l RB 4. ,)4 7 2. '3 4'l 1.4 ?4 
248 2.:. a 4. J OO I .412 -R.355 26.160 ,.932 2.218 1.318 
249 24 9 4.0()0 I. 4 I 2 - 8. 876 26.955 3.760 2.144 0.923 
250 250 4.0110 l. ~ i 2 -9.91 7 20.146 3.444 l .994 0.527 



Table III (Continued) 

TES T X y l VELCCITY u RMS V RMS w R,. S UV uw 
NUMf\ER NUM AER Ff FT I NCHFS I NCHES FPS FPS FP S FPS (FPSlX(FPSl (FPS)X(FPSl 

25 l 25 1 4. 000 l.4l 2 -1 2 . 520 2 8 .156 3.1 ~5 1.9 20 0.158 
2 52 252 4. 000 l . 4l2 - 15 .1 22 2A . 904 'L 157 1. 90 1 -0.002 
2 '> 3 2 5 3 4 . 000 l. 4 l 2 -11.1 2 '> 2 9.367 3. l 5 7 1.938 -0.002 
25 4 2; 4 4 . vOO l. 4 12 -13. 5 61 28.467 3.1 5 7 I. 92 0 
7.'>5 2 5 '.> 4 . llU() I. 'd 2 u. o 22 .567 4. V,3 2 . 021 - 1. (,QQ 
256 256 4 . 000 I .41 2 -2 . I CB 4. 2 48 2 . 023 - 3 . 6QO 
25 7 25 7 4. 00 0 I. 41 2 - 4. 711 4. 219 2 . 0 10 - 3 . 511 4 
258 258 4. 000 I. 41 2 -6 . 2 71 4 . 19() I. 9A4 -3 . I 10 
/5 •) l'>'-1 ,, . 1H)O I. '• 12 -t, . 7'l 1 4. I t. 2 I. . 0 10 -, . 477 
21, J 2t>u 4 . 00 ·) I . ,,1 2 -7. 3 14 24 .241 4 . 2 71, 1 . 99 7 -3 . 427 
7 '- I .!""1 1 4 . ullO 1. :.12 - 7. 5 14 4 . I 3 3 I . QB - 1 . 0 5 7 
21,L /. 1,L 4. Uou 1.41 2 -7. 1Jl 4 4. IJj 1. 920 -2 . A4 7 
I. f,.1 ;11, 1 4 . ()f)() 1 . 'ti 2 - 1 . 'J l'l 2 5.6 11 4 4.1 n l. AA I -2 . ~4 7 
26 4 26 4 4 . 000 1. 4 12 -tl . 09 5 3 . 90 3 l . 7 '12 - 2 . 636 
21>5 265 4 . 1)1)0 I .'ti 2 -8 . l'>5 26 .4 50 3. ~ 71, I. 7 27 -7. .4 5 1 
71,1, ,,.,, , •• ,JI)() I . ,,1;, -IJ . i! Tf, 3 . 1> 11> I. ,,49 -2 . 001 
267 267 4 . O r)(J I. 417 -'-1 . <; l 7 1 . 15 'l l . 5 20 - l . 9 77 
2oil lt,H 4 . COO I . '• l 2 - 12 . 52C 3 . l 5 7 1.44 4 -1 . 845 
/1,'-l /.I,' / 4 . :)(, ,) I . ,,1 ;, - I '> . ll 2 1 . 071 1. 43 1 - I . 70Q 
71 0 1.10 4 . 000 I. 'd 2 -17. 7£5 3 . l 01) l.431 - l. 61! 7 
27 I 2 n 4 . 000 2 . 2 52 o.o 2 7. 380 3 . / 1, 1 2 . 257 - o . 5,,9 
n2 n2 4 . coo 2 . 25 2 -2. I Cd 27.6(-,9 1 . 76 3 2 . 25 / -O . OA3 
2 f l /. 1 l 4 • .JC •) 2.252 - 1, . 11 1 2 7. 179 3 . 71 I 2 . 125 0 . I 1~ ...... 

(.,.I 
2 14 ~ 74 '•• uOO 2 . 252 -6 . L /3 2 7. H64 :I . 5'> 7 7. . ;>;>5 0 . 412 ~ 
275 275 4 . 0uO 2 . 252 -6 . 7'i3 2 7. 4(-,4 3 . 505 2 . I 71:l O. A23 
2 70 2 1b 4 . ~00 2 . 7. 52 -7 . 314 2 7. 01,;: 3 . 480 2 . I 31 0 . 878 
l71 I 71 4 . Q.JO 7 . ?'>2 -7 . 574 2 8 . I >l 4 3 . 4?ii 2 . I 11 0.797 
n~ 2 7q 4. DO 2 . 2 ~2 -1 . H 3 1t 28 . 11 2 J. 4d0 ? • I ·11 o . 71,9 
2Fl 279 .. . {.)jQ 2.252 -7 . 939 2f\ . /37 3 . 421'1 2 . 083 0 . 74 1 
2AJ .~h i) 4 . oao 2 . l~l - H. C<;5 29 . 306 3 . 377 2 . 0 )5 0 . 93) 
2rl l lt11 4. 000 2 . l 52 -8 . 3~ 5 2<J . 2 15 3 . 273 I. 'I 8 7 0 . 878 
2il l 182 4. 000 2.252 - 8 . 0b 2'l. l l4 J . I 91> l . 9 39 o. ,:;71, 
283 /fl3 4 . JOO 2. 752 -9 . 'l l 7 29.468 ? . 990 1 . 8 76 0 . 'l84 
204 ?.il4 '• . JOO 2 . 2'>2 - I O • ..;5s 2"1 . A'>O ? .91 2 l . 828 0.274 
2cl ~ 2~ 5 4.JOJ 2 . 252 - 12 . 5?0 30.559 2. !l6 I l . fll3 0.2 19 
t66 l8o 4 . JuO 2.752 -13 . ~6 I 30 . R'l<J 2 . fl 35 l. 8 13 O. I 3R 
2H 7 2h 7 4 . JJO ? . 252 -l5 . l22 30 . 929 2 . A35 l .A 13 0.1 65 
28~ 208 4 . J,) 0 ?. 252 -17.725 31. 433 2.809 1. 828 0.08 3 
2 f , 'l 2H'-I 4.0JO 2 . ;52 o. o 27.691 3.632 l. 736 -2 . 937 
l"O ;><;O 4 . 000 2 - 252 - 2 . l 08 3.749 l . 7S 8 - 2 . Q37 
?91 2 'l l 4 . JOO 2 . 752 -4 . 711 3 . 749 I . 731> - 2 . RO O 
2 92 292 4 . 000 2 . 252 -6 . 273 3 . 1,1:, l t. 7 31, -2. 80 0 
29 3 2'l3 4 . Ofl ·J 7 . 2 52 -6 . 79 3 3 . 1,6 1 I. 7 l 5 - 2 . 741) 
294 29 4 4 . 000 2 . 2~2 -7 . 314 2 tl . ll b 3.515 1 . 704 -2 . 575 
t7')5 ,!';5 4 . COO 2 . 2 '>2 -1. ; 14 3. 39ci 1 . 683 - 2 . 4 70 
7CJ o 2'-11, 4 . JUO 2 . 252 -7. A.l4 3 . 4 B6 I. 651 -2 . 389 
2 'H 24 7 4. 000 2 . 252 - 7. '1 39 3 . 42 7 l. b l Q -2 . 278 
29A 298 4 . 0JO 2.252 - fl . 0<; 5 3. 398 l. 6 19 - 2 . 306 
29'-I 29 9 4 . 000 2 . 2 52 -8 . ·355 3. 33 9 l .1> 08 -2.1 91> 
300 300 4. 000 2.2 52 -8.876 3.222 l. 566 - l. 8 39 



Table III (Continued) 

H'il X y 11r n, 1n• u I\ I~ ll ll J w ~ I~ ~ UV u~ 
"- uµh~~ NU.~ ~l k Ftd 11'<[ hi:: 5 I NC Ht S FPS FPS F PS Fl'S IFP S )X(FPSI IFPS)XIFPSJ 

30 I 30 1 4 . 00 0 2 . 25 2 - q . 'l l 7 2.95 9 1.460 - 1. 8 l l 
10 2 3 02 4. 0 00 2 . 7~2 -IC. 9 58 2. 9 2 9 1. 449 -l. 734 
1U 3 I U i 1,. :JOO 2 . 2 ') 2 -l?. 52 C 2 . 070 l. 4 70 -l . Bll 
304 304 1, . JOO 2 . ?.'i2 -1 3.5'> 1 2 . 8 70 l .4 4 9 -1 . 811 
.l 0 5 305 4. dUO 2 . 152 - 15 . l 7 2 2 .'1 00 I. 4 8 l -I. Bil 
30& .l06 1,. llUJ 2 . 252 - 1 7 . 725 2 . 900 l.481 -I.B il 
3'.l 7 ) U7 1,. JOO 2 . <;52 O. Ll 2 9 .3 60 3 . l 2'1 I. 9 62 -0.3 26 
3G~ JCB 4 • . JJJ 2 . <; ',2 - 2 .1 c~ 2'1 . l l 3 3. 206 l. 9 76 - 0 . 3 76 
10 '.J 1 :;g '• . UOD 2 . q57 -4 . II l 2'1 . 25 7 1 . l 71 I . 'Ji>7 0 . 054 
310 JI Q 1,. 'J ,)'.) 2 . '-152 -6 . 2 13 2'1 . i,')8 3. l 29 l . 'lH9 0 . 5 17 
3 11 ll I 1,. O'JO 2 . '1')2 -&. / 'l l 30. l 4 2 3.1 5 4 l. 989 o. 5 70 
3 1 2 H2 4 . 000 2 . '152 - 1. 314 3D. 178 3 . l 02 l. sq 7 0. 5 44 
3l 3 ll 3 4 . 000 2 . 952 - I.'> 14 30 . 359 3 . 107. l. 8 '1 7 0.65 2 
.l 14 3 14 4 . 000 2 . 952 - 7. H3 1, 3 0 . 260 3. 0 77 1. g 10 0. 4R9 
)15 3 I c, 4 . 000 2 . 95? - 1. '1 l <; 2 c; . 'l 7 'cl 2 . q14 l. A'l 7 O. 4A'l 
.lli> J ! I, 4 . UCrJ 2 . ',',/ - ,.\ . l) t;'j 2<; . nBO 1.000 l. fl ', 7 o . 5 4 1, 

31' 3 1 '/ 1,. JOO 2 . ' ) ~2 - H. l'> '.> ,o . ?!11, 7 . ' )2 3 l .344 o . 544 
31 ~ . .llS 4 . JGLl 2 . '152 - ~ . IJ 76 30.694 2 . ti 7 2 l. ll44 0 .4 0A 
J l 9 3l9 4 . 000 2 . 952 -9 . 9 1 I 3 1. 5 7 5 2 .7 ') 5 l.7 53 0.4 89 
320 32C 1,. <JOO 2 . 'l 'i2 - 10 . •,58 31 . 213 2 . 77 0 1.7 5' 0.1 31 
1,'l 3 2 1 4 . 000 2 . 9 ~2 -12.~20 30 . 98 4 2 .110 1.740 o. 14 1 
JU 3 U ,,. ()(Jt) £ . '1 ~2 - l J . ', ', l 32 . J/.'l ? . 7l ll 1 . 7 5 3 0. 033 
31. l .l .!3 4 . 1)JO 2 . '152 - l 5 . I 2 2 3 1. 545 7. .71 8 1.7 5 3 0. 05 4 ...... 
J L4 J24 4. LlilO 2 . '·~2 -17. 72'> 31. 994 2 . 1,1, 7 1.767 -0. lb3 vi 

U1 
32 5 325 4 . ,)J 0 7 . Q',2 o. o 29 .699 3. l 5 4 1. 5 36 -2 . 228 
3L I, ]2'> 1,. JOO 2 . 'l')2 -L . l C9 3 . I 54 l. 5 l 1> - 2 . 1 19 
32 1 J 2 7 4 . JOO 2 . 'l ~ 2 -4 . 711 3 . I 54 1. 55 7 - ? . 1 l 0 
32H 328 4 . l)Q 1) 2 . 'i '>2 -1,. 27.l 3. 25 7 I. 561l -2 . I 7 4 
31'1 3 2 'l 4 . JOO 2 . O'j2 - " . 7<i j 3 . 206 1. 5 1,7 - 2 . I 74 
) jQ 330 4 . 000 2 . '152 - 7. J 14 30 .144 3 . 0'> I 1. 5 1 5 - 2 .1 46 
33 1 ) ) 1 4. 000 2 . 9 S2 - f. 5 74 3. 00U l.4 '15 -2 . 0 92 
3 3 2 3 3 2 4 . 000 2 . 9 52 -7. A .l 4 3 . 000 1. 4A 4 -1. 8 75 
l3 3 j 33 4. JCO 2 . () ~ ;> - 7. q j q 2 . 9 1, 'l I. 4 6 3 -1. 760 
'l l 4 334 4 . COO 2 . '152 -9 . 095 2 . 94q l. -'+'>2 - I. 7 &0 
3)5 i j ', 4 . COO 2 , Cl 52 - 8 . 355 2 . 92, 1 . 452 -l. &63 
3H, \'l/, 4. Uc·O 2 . 9~2 - ~ , R76 2. 8 47 1. 442 -L . 60 8 
.l l7 .l 37 ,, • JL:0 2 . S 52 - 9 . 9 17 2.7 9 5 1 . 4 20 -1. 532 
'l3 ➔ 3B 4. 000 2. 952 -1 0 . 958 2 . 6'l 2 1.3 9 9 -1. 6 31 
3 l 'I ;) ') 4 . C,10 2 . '152 - 12 . 520 2 . 1-.1 5 1.39 9 - 1. 6 19 
3 4 :) 311U i,. ·)JO 2 . '1?2 -13.5 1, l 2 . 64 1 1 .4 10 -1.555 
31,1 3 ,, l 4 . JOO l . <;'>2 - I 5 . 122 2 . '>6 7 1.431 -l. &31 
3', 2 34,! 4, JuO 2 . c, ~2 -17.! 25 2 . 692 1 .44 2 -1. 739 
31,3 j4J 7. 0CO 0 . 8'>7 o .o 19 . Oi>tl 4. 11 2 2 .749 - 0 .457 
3 4 4 144 7 . 000 0 . 852 - 2 . l CS 19 . 316 4.41 0 2 .749 -0.753 
3 4 5 34'> 7 . JOO Q . t,');> -4 . 711 l 'l . 6 1'3 4.476 2 .7 6A -0.215 
341, )4', 7. '.)(;() 0 . 8 5 2 -7. '114 2 0 . 18 2 4.1, 3 9 2. 8 25 0.457 
3 47 J4 7 7. 000 o . 8 ');> -7. d l4 20 . 8 76 4. 60 6 2 .7 1,8 2 .071 
34 8 l '•8 1. 0 00 0 . h5 2 - 8 . 8 76 23. 716 4.11 6 2.191 1.45) 
H9 .l49 7.uuu 0.652 -9. 91 7 2':i. 334 3.65d 2. l 1,5 0.53 8 
350 J50 7. 0 00 0.852 -l2 .5ZO 26.931 3.430 2.015 0. 269 



Table III (Continued) 

TES r X y l VELOCITY u RMS V RMS w RMS UV uw 
r-.UM flF.~ NUM tlE R FELT I NCHES !~CHES FPS FPS FPS FPS IFPSIXIFPSI (FPSIX(FPSI 

351 3 51 1. ouo O.A52 -15.17.2 27.993 3.299 l. 9 7 7 -0.215 
j~,l 352 1. 000 O.A5 2 -L7.725 27 . 679 3 .33 2 l .977 -0.3;,3 
353 3 <; 3 1.000 0 . 852 -0.807 l'l.oh6 
354 :15 4 7. JOO c . s;2 -3. 4 l 0 19.6l4 
355 j~~ 7. 000 0.8 52 -6 . 273 1 9 . 61> 5 
3'>6 35 1, 7. vUU C.6~2 -6. 793 1 9 . il 49 
357 357 1. 000 J . A52 -7. 574 20. 'l04 4 .o3'l 2.606 l. 372 
359 351! 7.JOO 0. >li2 -7.939 21. J72 4.619 2.825 2.179 
359 _;5q 7.J UO " . ~ ~2 -H . 355 22 . 141 4 . 2AO 2 . 560 1 .9 37 
31>0 11-,Q 1. ouo 0 . 852 -11.5 6 1 27 • .l30 
3hl 3ol 7. 0JO 0.852 -1. A9 7 21 . 4l'l 4 . 5 7J 2.806 2.011 
lh2 J62 7 . CUO O. A52 -1 . 9'l l 22.467 4.476 2.655 l .937 
3o ·i 31,3 1. woo O.R52 o . o l'l.i8o 4. ,,10 2.030 -3.254 
11,4 36'♦ 7. J JO O.S52 - 2 . ! C8 4.443 2.062 -3.443 
SI, S Jl,5 7 • .JOO c . as2 -'•. 71 l 4.410 2 . 062 -3.335 
366 Jf,6 7.JUO 0 . H 52 -7. 3l4 4.639 2 .141 -3. 6R 4 
367 H,7 7. JJO C. !',2 -7. 574 4. 737 2 .1 41 -3 .497 
3 68 36~ 7. ·)00 0.0,2 -7.H 14 2 l. 3 75 4.672 2 . 093 -3.012 
31,9 369 1. JOO 0.652 -7. 'B9 21.693 4.639 2.062 -2. 905 
370 170 7. JOO 0. 8'>2 -8.355 4. '♦ [ I) l. 967 -2.474 
371 Hl 7. OOJ c . q•; 7 -fl . 'l 75 4.083 1. 826 -1.963 
37 2 3 7l 7. JOO C . !J'>I. -'l . 'H 7 3. 7 24 l. 652 -1.694 
373 l7 3 1. 000 C . r,,2 -L2. 520 3 .4 30 1.495 - l. 9 LO ~ 

3 74 H4 7 . OJO 0 . 8'i2 - 15 . L22 3. 3'Hl 1.464 -1.748 ~ 

°' 375 375 7. 00C O.f!52 -17.725 3.2'l9 1.448 -1.748 
376 376 7 . JOO 0.8'>2 -18.61!8 3.201 1.432 - l. 641 
37 7 377 7. ;JO O 1.614 0.052 23.740 4.218 2.548 -0.274 
378 37d 1. 000 l . 6 14 -o. 754 24.057 
37'1 3 79 T . OtJD l. o l 4 -2.C54 24 . lOfl 4. lti8 2.510 -0.412 
.Hill JAO 7.00tJ I . 1-, 14 -3. j 55 24 .012 
3°1 381 7. 000 1 . 6 J4 -4.655 24.570 4. 159 2 . 510 0.549 
3b2 382 7. GOO 1. 6.14 - o . 215 25.6A3 
383 3 113 7. JJO l. 1, l4 -6. 7,5 24. 'l<',8 4. 100 2.•;io 0.631 
3!14 .H!4 7. 00 C l. fi 14 - 7. 755 2 5. 111 '•. 071 ?.4l5 o. 769 
385 JIJ'> 7. 0C O 1. 6 J4 -7 . 51 5 2~ . 589 3.984 2.397 1. 04 3 
Jtl6 j86 7. UOO 1. fi14 -7.775 2':>. 775 4. ,J 12 2.378 1.208 
387 3 '1 7 7.000 l.614 -7. fl]<; 26. 11 5 3.984 2.378 1.098 
"i89 3~d 1.000 1. 6 14 -t!.2'l6 7 7. "i}J 3 . 866 2.340 I. O'l8 
3H9 j tJ•) 7. 000 l. 6 3 4 -8. >l 16 27.219 3.749 2.225 0.906 
j 'J•1 j--,J 7.0 C:O 1. f, 14 - 9.316 21.,,19 
39 1 J'I l 7. 0CO 1. 1, ,4 -9. tl56 n . 112 3.4fl6 2.074 0.549 
392 1'12 7. LlUO l. 614 - 11. l 56 28.336 
39 3 393 7. 000 I. 6 34 -12.4 56 28 . 961 3.222 1.959 0.440 
3q4 394 1. 000 I. 6 14 -13. 757 29 . 370 
3Q5 )Q5 7. ouo l. 6 3 4 -15.05f 29 . fl10 3.134 l .940 0.083 
39(, 396 7. ,JOO 1. 6 34 -16.157 30.100 
397 397 7. 000 l. o 34 -17.657 30 .098 3.11,3 l. 921 -0.055 
398 .;<is 7. 000 1. 6 3 4 -18.177 29 .879 
39'1 399 7.U OO 1.634 0.052 23.990 4.130 2.052 -3.596 
400 400 7.000 1.634 -2.054 4.159 2.052 -3.458 



Table III (Continued) 

r f T If ,,, 
l ULLULI u }l .W~ V I< , ~ \,I ~µ~ UV uw 

r ,lJM ➔ [ P ~IU"1H(R h [ T l ~CllfS t r-J<:ttF S H•~ f-?<; f p<; FPS (F P<; J X(fPS) (FPS)X(FPS) 
4 0 I 4 0 l 7 . :JOO 1. 6 3 4 -4. 6 55 4. 0 71 1. '199 - 3 .23 9 
4 0 2 1, 02 7. 000 I . 6 34 -6 . 73'> 4.071 1. 97 2 - 2 .R 82 
403 4J3 7 . ,JOO I. 6 34 - 7 - 2'>5 2~. 4 25 4.071 1 .9 1 3 -7. . ROO 
,, 0 '• ', () 4 7. r, :) () l .{. .Jt, - 7. '> l 'J 4. I JO l. 'ILO -l . '13 7 
t,Q'l 4 0 5 7. 000 1 .634 -7 . 77 5 4.042 I . HBO -;> • 1, 98 
4 Uh 401, 7. JUO 1. 634 - 7. H79 26.851 3 . 925 I. 8'>4 -2 . 608 
4 0 7 '• 07 1 . <JOO I. f,3 4 -A . 2 '16 3 . Ht,h I . HI 5 -2 . 1.10 
4 08 4C8 7. ouo 1. 6 34 -b . Hl6 3 . S l7 1 . 776 -2 . 301, 
4uci 4 0 9 , . no 1. I, ,4 -9. rl5(, ) . 42 7 1 . 604 -t . UJ2 
i. 10 4 1,1 ., • JJ(; l . 6 34 - 12 . 1,56 3 . 'l(,fl 1 . <; 3 8 -2 . 0A7 
4 l I 4 l l 7 . JI} () 1. 61 1, - l 5 . o., 7 J . lid l. 4111, - l. 64 7 
412 412 7 . JuO l . 6 3'• - 1 7 . 657 3. 0 7 5 l. 460 - l. 7 02 
4 I 3 4lJ 7. 00 () 1 . 614 - lA . 1 77 3 . 01 7 l . 460 - 1. 730 
414 414 7. uJ O 2. ·, .l ? ll . U.,2 26 . 22 l 3 . 95 l 2 .4 A 7 -0 . 447 
4 l 5 415 7. 0 00 2 . 3 ·15 -c. 754 26 . 6 1 7 
4 I 1, 416 7 . O,JO 2 . 3 ~5 -2.C'i4 26 . 448 3 . 8'18 2. 421 -0 . 239 
41 I 4 I I 7. ,) ,;() 2 • . H 5 - 3. l '.; 5 21-, . t,7. 1 
41~ ~ l ,J 7 . J:; 0 7. . 11 ') -4 . '1'j5 26. Hl }.97 1, 2 . 4 2 l 0.179 
41'1 411 7 . J '.) 0 2. 33 5 -6 . 2l5 26 . 795 3 . 8'18 2 . 371 0.747 
470 47C 1 . ,m o 2 . 13 5 -1,. 735 2 7. 171 3 . H,) 2.38 7 0 . 597 
421 411 1 • .) ;) 0 2. J 3 'J O. l,;'il ,?h . 390 1. 13'18 l.'133 -3 . 432 
422 422 7 • . JOO 2 . 11 5 -2 . C54 3 . 871 1. 933 -3 .1 64 I-' 
423 4n 7. JOO 2 . J is -4 . t,55 3.f!44 l.947 -3 . 04 5 vi 
4l4 424 7 . DO O 2. 3 .:I 5 -h.21 'J 3.A44 l . 920 -2 . 836 ---.J 

425 42'> 7 . 0 JO 2.335 -6. /35 3 . 736 1 . 865 -2 . 4 7 7 
t, 2h 4 2f, 7 . 000 2. 3 '1 5 -7 . 255 78 . 546 3 . <; ~ 3 2 • 1 R1 1. I 5 Z 
'-?1 4?7 7. :iJO 2. j; ', - 7 . ·,I'> 2>!. C<; I 1. '> 0 '> 2. l 'lt, l . 2 1, ' 
4/d 4 28 I . J•l O 2. 33 5 - , . 175 27. HH6 1.480 2. 15 7 1 . 016 
4 1. 9 42'1 7 . JO O 2. l'l5 -7. ➔ 79 27 . 871 3.454 2. 118 O. Q8~ 
4 .lO '• 30 7 . <J OO 2. j -~ 'j -A. 7.'16 lH.u,o -i. '• 7 ll 2. I 0', I .0'111 
<,i[ 431 1.000 2.3:15 -H . 816 29 . 424 3 . 24 7 2.025 0.961 
432 '• 3 2 7 . 0 0 0 2. 335 -9 . 856 29 . 9 37 3 . 016 1. BQ 3 0.961 
'-13 4 3 l 7 . uQ O 2. l 3 5 -11 . 1'>6 30 . J3 1 2 . 91R 1 . 8 27 0 . 1>04 
4 .l 4 4 34 7. UJ IJ 2.3 1 5 -l.?.'t 56 30 . I/R 2. ➔ >l6 1 . 7 tl9 0.1 0 2 
415 '• 35 7. C'JO 2. 3 3 '> -13.757 30 . 216 2 . ':109 1.762 o . 329 
4 3 6 '- 36 7 . co o 2. 3 3 ', -15 . 057 30 .1 95 l . 7'.>8 1. 762 0 . 21g 
4H ,,37 7. 00 J 2 . 315 -16 . 357 30 . 986 2. 706 1 . 776 o . 1 38 
43H 4 ·1,1 7. u JO 2 . 335 - 1 7.65 7 3 1. 3 78 2. 7 A4 t .7R9 0 . 08 3 
4 .l'I 4 l'I 7 . u OO ? . 1]5 - I H. I 77 31.113 2. 784 I .802 0.1 38 
440 1t4 0 7. 0 GO 2 . 335 -7 . 7">5 ·t . s •n l. 7R9 -2.800 
44 1 441 1.00 c 2. 3 ~ '.> - 1. <; l 5 3. 531 l . 7 8'l -2. ]t,!, 
'•42 442 7. 0 00 2. 3 3 5 -7 . 175 3.4~0 l. 723 -2 . 1,oa 
44! ,,4 ~ 7. 000 2. 33 ~ - fl . 296 3 . 403 l. 710 - 7 . ,, 70 
444 1,4 1, 7 . UJ IJ 2.'l'l', -tl . 816 3 . v,o 1. 644 -2 . 301, 
445 1,45 7 . JOO 2.JJ5 -<; . H56 1 . I '• 5 l. '>78 -2 . 004 
4 4 1, 4 4 1, 7 .oo o 2 • .05 - II. I 51: J. 0 4 2 1. 5 1 2 - l.71 3 
4 4 7 4 47 1 . oao 2 . IJ5 -12. 45 t, 2. 9 12 l.4 86 -1.790 
4 48 448 7 . ooo 2. 335 - 13 .7 5 7 2.8 8 6 l. '• 86 - l. 74 6 
44 9 449 1. 000 2. 335 -15.057 2.8 35 I .4 0t, -1.757 
45 0 4',0 1. 00 0 2.335 -1 7.657 2.835 l. 4 73 -l.888 



Table III (Continued) 

Ti:ST X V l 1/ELOCITY u RMS II RMS w RMS U\I uw 
NU"l l<fR NU"lh(;.. ~f tT I NC HES I NCHES FPS FPS FPS FPS IFPSlXIFPSl IFPSlXIFPSl 

451 '• 5 1 7 . ooo 2 . 335 -18-171 2 . 835 l.4 73 - l.757 
457 4~2 7 .u uo 3.011: 0 . 026 ZB .391 3.4.21 2. 149 -0.171 
4'> j 45 3 7. 00C 3. 0 jl: -o. 7 54 28 .317 
4j4 4 ~4 7. ')00 3 . 0 36 -;~ . a,,. 2 R. l '.J5 3 . V~5 2.161 -O . O':i7 
4~', 4 5S 1. o:; o 3 . 03c -J.355 ?d . 366 3.421 2 . l 49 o. ~ 1s 
~~ b 4'>,, 7. 0 :10 3 . 03e -4. 6'55 2d . lil8 1 . 16A 2 . 1 6 l 0 . 429 
4S7 4~7 7. 000 3. 0H: - 6 . 21S ?Q . C62 3.290 2.0t.8 0. 51S 
45,l 4~R 7 • .JOO 3. 03t: -6 . 73~ 2c; . ll8 l 3 . 2 l l 2.021 0. 9 16 
45'l 4 5'l 7. 0()0 3 . 031> -7.255 2fl . Q20 3. 21 l 2 . 021 o. 772 
460 460 7. U•JU 3. 0 :H, - 7. 5 l 5 2'l . 293 3 . l q4 2 . 027 o . ~ 30 
4&l 4 t, l 7. JOO 3 . 031: -7. 775 30. (:63 3 .131 l. 'I 74 0.716 
40.! 4 62 7. uuu 3.0~6 - fl . 296 2<; . J OA 3 .1 05 l.906 0.601 
41,3 463 7.U JO 3.0 36 -A . ~ l !> 29 . 273 2 . 947 l. A26 0 . 687 
464 41, 4 7. 000 3 . 0 \b -'l . RSI, JO . OS I 2 . A'lS 1 . R 39 O. S72 
465 1,1,5 7. 0:10 3 . 036 - l l . I So 3 1. j42 2 . 711 1. 7 32 0 . 390 
46h 1 .. 66 7. 0!lC 3 . C36 -1 2 . 456 30 . 76A 2 . b5 9 1 .71 9 0.332 
4h7 1. ,-, 1 7.0lJ O 3 . 0 3 (; -13 . 7S7 3l. 43 7 2 .571l 1.705 0.297 
4td ,,,,J3 7 .o :.,o 3 . 03c - l '> . 05 7 3 1. 50 7 2 . 552 1. 678 0.194 
1,6 9 469 7. DOC ~ . u ~(, -l"/. 657 31.465 2.552 1.705 0.091 
470 4 ,, ii 7. aOC 3.0 H: 0 . 021, 2'l. 03 1, 3 . 420 1.724 -2.857 
471 41, 'J 7 . JOO 3 . 011> -2.0 S 4 3.472 1.7 56 -2.63S 
472 4 / (l 7 . 01)0 3 . 0 l6 -4. t.55 3 . 4 70 1. 745 -7 . 551 

~ 
4 I l 4 7l 7 . O,lll 1 . 031> -h . 7 15 3 . 36A l. 702 -7.413 ~ 
47~ 4/2 7. ,JOC 3 . 0 H, -6 . /35 3.219 l. h 70 -2 . 1tl5 00 
47 5 4 / j 1. aoo 3. 0 31, -7 . 255 29 .438 3 . 212 l. 6 70 -2.080 
4 76 474 7. 000 3. 0 -~" -7.'d5 3.212 1. 61 7 -2. LOil 4,, 4 75 7 . coo 3 . 016 -7 . 77S 3.ll>O l. h l 7 - l. 8'l 7 
478 4 76 7. JOO 3. 0 31: -A . 2•l6 3 . 083 1. 552 - l. 65 3 
4 7'l 4 77 7. '.)00 3.0H, -H . Rl6 2 . 979 1. 53 1 -l.71'1 
4 1lJ 4 78 7. 00 0 3.0H, - 'l . '156 2.A76 L. 509 -l.564 
4!i l 47'1 7. coc 3 . C 16 -tt . 156 .! .IU l. 446 - l . 4 64 
4i'./ ,,t!O 7. 000 ! • 016 -1 2 .4 56 2 . 61,8 l. 414 -l . 476 
4°3 .. ,1 1 7. 000 ·i. 0 31: - I'• 7q ) • h I 7 I.Bl -l.554 
4 .'l 4 '• t12 7. 00 0 3 . 0 36 -1 5 . 05 7 2.hl7 l. 403 -L.576 
4t!'> ,,,n 7 . 000 3 . 016 - I 7.657 2 .hl7 I .403 -1.531 
4 il 6 4e4 7 . 000 3. 738 O. U26 30.4 1 8 3. 195 1 . 99 3 -0.141 
4 AT 4'15 7. 000 J.736 -2 . C54 2'l . ll09 3.107 l .993 -0.11 4 
4 A8 4 ~,, 7.00C 1. 738 - 1, . t,55 30.018 3 .1 29 1. '193 0.170 
4 il9 487 7 . •10 0 3. 7 18 -6 . ?15 3J . 711 3.06 4 I . 926 0.3 68 
4 ';<) 4'ltl 7 . :>CO 3. 138 -6. ns 3\.50R 3.047 1 . 'l 40 0. 281 
4'1 l 4119 7 • . JOO -,.ne - /. I ~5 31 . 175 7.'155 I . 8 60 0 . 567 
4'12 /, q(; 7 • . JOO 3 . 73 8 -7 . 17 5 31.393 2 . '155 1 . 846 o . 3'l6 
4'13 4 9 1 7 . uou 3 . I J 8 -ti . l'-16 H . OtlO 2 . llo7 I. A0 7 0.510 
4 '14 4'12 7.JOO 3. 738 -8.~l6 31.241 2 . R73 1.7 8 1 0.4 2 S 
495 493 7 .ooo 3. 738 - 'l . ~56 31. 761 2 . 736 I. 7 54 0.:\96 
4 96 494 7 .o oo 3.73A -11.1 51, )2 . '104 2 . 648 I. 70 l 0.1911 
4~7 495 7.000 3. 738 -12.456 32.940 2 . 560 l . 6 74 0.396 
498 496 7 . ooo 3. 738 -13.757 32. 82'1 2.'>132 I . 66 l 0.0115 
499 497 7.000 3. 738 -15.057 32. 833 2. 5132 l. 6 74 0.057 
500 498 7.vOO 3. 738 -l 7.657 32. 792 2.626 l .687 0.057 



Table III (Continued) 

T H ,, I l V~L LJ LII IJ IJ. •A~ V IJM~ \,J IU!~ dV uw 
l',Ut,0:\[ R r,.,J'~i)l:R FEE T I ',C11t S I 'IJL'I L ~ F P S F?S fPS FPS [FP S ) X(FPS) (FPS)X(FPS) 

50 1 49'-I 7. 000 3 . 738 C. 02 6 30.641 3 . l ,)7 l. 5 71 - 2 . 7.0CJ 
5 ,12 '>JO 7. JOO ·1. n e - 7 . 05 1, 3 . 086 1. 603 -2 .152 
501 ~J I 7 .0JC 3 . 7 38 -4. o5, J .1 0 7 I. 582 - l. 6'l'l 
504 507. 7. JOO 3 . 7 ·1 fl - (, . 2 1 'j , • J/-.4 l • ',•1 .I -l. 9 H 
505 r;o 3 7 . JCO 3 . 7 li:l - h . 7 35 3. 042 I. 571 - l.7 A5 
SC~ 504 7. :J'.JO 3 . ne - 7. 255 3 1. 5 911 7 . '116 l. 54'1 - l. A40 
50 7 505 1. 000 3 . rlH - 7.77 5 2 . 8h 7 1. 5 17 - 1. 6 71 
508 :,QI, 7. 000 3 . 73A - a . 2'10 2 . 823 l. 4 8h -1. 530 
:,0 0 50 I , . nnn :i . 7°1 H - A. Al6 2 . 7 I'• l. '• '> 3 - l. 4'15 
510 '>C ·~ 7 . VC'1 3 . 7 .1 P. -<; . 8~6 2 . 7 36 l. 4 32 - l . 4h l 
~ l l :,Qt} 7. i)OC ] • 7 l ~ - l I. l 56 7. . t., 7 0 l . 421 - l. '>06 
5 IL 5 10 7 . tJOO 3 . I 18 - 12 . 4'>6 2 . 605 1. 39'1 -1. 46 1 
513 5 1 l 7 . 00C 3 . l°IP - I 3 . 15 7 2 . 539 l. 3 78 -1.4 28 
514 '> 12 1. 00 0 3 . 7 I & - l '> . 05 7 2 . 582 l. 399 - 1. 5 18 
'> l '> '> I 3 7 . 'JOO J. 11e -17.65 7 2 . 1,05 1.4 32 - l. 6 0 8 
5 16 5 14 7. )JO 0 . 6 '• 2 o. a 1 6 . 356 4 . 124 ? . A 13 o . 108 
5 1 7 '>15 7 . JOC 0 . 932 0 . 0 l 3 . 9 3 1 4 . 46 1 2 . H 13 0.054 
'> l A 5 16 7 . l)t;Q l. ll 3 o.o 2 l. 3JI 4 . 324 2 . 7 1& -0 . 0~4 
519 '> l 7 7. JOC l. ,, r,4 o. o 22 . M2 5 4 . 22 l 2 . 660 -0 . 002 
520 '> l 8 7 . J OO I. 7 14 o. o 2 11. 21 1t 4 . 2R2 2 . 585 -0 . or.1 
'>21 5 1 9 7. JuO 2 . o·, ~ o. c 2'> . 030 4 . 202 2 . 4'P -0 . 002 
572 '>LC 7 . 00 0 2 • . n,; LI. C 2 h . ~ R2 4 . 0'! 1, 2 . 4'>'-I o. l 62 
5 n ~21 7 . L)()(i 2 . ~•,(, 0 . 0 2 a . 1 1 '1 3 . 874 2 . l t-.0 - 0 . 0Al ..... 
52 4 '>22 / . OJO 3 . 4 '• °/ 0 . 0 2 'I. !,4 7 l . 4 74 ? . OA 3 - 0 . lOA v-1 

\0 
5?5 ., n 7 . JOO 4. 0ld 0 . L) 30 . 452 3 . 2 32 2 . o 36 -0.0 02 
~26 52'• 7 . )00 4 . 5 /<, 0 . 0 V . 1 7 6 ? . 963 l. fl 7'1 - 0 .0 5 4 
~2 1 <;?5 7 . 0JO 5 . l '• C c. o 3 L I <;1 2 . 635 l. 752 0 . 054 
52R. '>.:& 7 . OJJ l . 5 '• 3 a. a 3,, . 269 2 . 4 06 l . 65 7 -0. 002 
5 29 51 7 7 . 0CG 7 . ;,,t, o. o 35 . 054 2 . 0 I l l . 427 
5,0 '>28 7. uJO <; . 3 1,8 a. a 35 . A97 l . fl 7tl 1 . 3 74 
531 529 7. CJO I C . 7 5 l c. o 3 7. 585 I. 73 4 l. 311 
53Z 530 7. O•JO l 3 . 5':>t o.o 3 9 .7 8 1 1 .1 80 0. 7 fH 
~3 ! 53 1 7. 000 1 6 . 3(,1 c. o 4 0 . 0 41 0 . 595 0.409 
5 l4 532 7. C·JC C . 6 '•2 o. o 16 . 1, 22 4 . ?1A 2 . :1 11 -z . qq q 
51 5 5.!3 7. CC,C C . '112 o. c 1 9 . t, 62 4 . 27 2 2 . l 70 - 3 . 4 12 
5 36 '>h 7 . 0 00 1. 713 u. O 2 1.411 4 . 119 2 .1 B -3 . 541 
5i7 ':, 'J5 7 . o,:o 1 . 1, -;,, u . C 4 . £38 2 . 120 -1 . 6 71 
53a ; J6 1. ~co l. 7 14 o. o 4. I 37 2 .l lO - 3 .412 
,, q 5 3 I 7 . CJO 2 . C'>5 o. o 4 . 0'.JJ 2 . 0 1, 4 - ·1. 30 9 
~4) 5 3'l 7 • . )\JG 2 . ·115 o. o 2 7. 135 '•. or-12 1. 96'! - 3 . 21 1 
54 l 539 7 . 0J() 2 . R'l {, 0 . 0 3 . 590 l. ll2 8 -2 . 922 
5 4 2 54 iJ 7. 000 3 . 4 J 7 o. o 3 . 4 ·12 1.7 2 7 -2 . 45 6 
~ 4 3 54 1 7. 000 4 . O I I' o.o 3. no 1. 599 . -2 . 2 7 5 
544 ~42 7 . 000 4 . 57<; 0 . 0 3 . 01-.2 1. 5 4 8 - l. A6 l 
5 :, 5 ',43 7 . JJ ,') 5. I 1, C o. a 32 . 544 2 . 666 1. 4 19 - l.7 5A 
~ .. 6 544 7 . J uO f: • S 11 ; C. u 2 . 2 4 3 1. 326 - 1.1 58 
54 7 ':,l+ 5 7 . J (j J 7 . CJ,, (: o. o l . 99 1 l. 713 -l .0 '1 6 
5 4 'l 5 46 7 . JOO 9 . 1 .. 'l n . o l. 90 l l.172 - 0.962 
549 5 47 7. 000 1 0 .7 5 1 o. o l. 669 1.070 -0.775 
5 50 548 7. 0 JO 1 3 . '> 5 6 o.o 1.167 0.792 -0.424 



Table III (Continued) 

ES T X y l VEL OCITY u R'1S V R~S w R~S UV uw 
NLl l" Bc~ Nd -~nEi< Ff ET l 1',CHf S l N(<jES F l' S t'P S FPS FPS (FPSlX(FPSl (FP S IX(FPSl 

55 1 S 4'l I. 000 l ~ .3 h l o . u u. 1,0 3 0.b06 -0.099 
5 5 2 S 5 0 7 . ooo 0.6 52 -7. 2 55 l h . 0 1.i 4. 5 rn 2.968 -0.314 
5 5l ~5 1 7. OllC a. q ~2 - ·,. 2 s •; 1., J .461 4.4 28 2. 79 3 1.2?8 
'J S4 S'>l 1. a,1c I. ?13 -7. l 5 5 ZJ. . \A H 4 . 2 9 I 2 . 6 3 8 1.2 0 1 
S5 '> ., ., j 1. 000 1. 4-14 -7. l55 l 4. 4 e 4 4 . 02 3 2 . 52A 1. 4 36 
556 ,'>4 7. OJJ I. 774 - 7. l55 2'> . ~2 4 4. 0 IJ 7 .4 55 1.14 ➔ 
5 •j 7 S',5 7. uUO 2. 055 -7. 255 2 1. 1, 00 3. 041, 2 . 31,2 1. I 7 5 
5, ➔ '>Sb 7 . uOO 2 . J35 -7. 255 n. 628 3.h OA 2. 190 0.914 
55 ·1 55 7 7. 000 2 . rJ'lb -7. 255 29 . 222 3 • 1,4 9 2 . I 13 0 .7 5 7 
51>0 :,5 q 1. o r:i a ? • 4 '> 7 -7. 2'i5 29 . ',5 1 l. 2 17 2 . 00 5 0 . 6 7 9 
56 1 ~~q 1. 000 4. 0 1 ~ -1. 1_-,5 lC . 111 2. 97 1 1. 8 35 O. b21> 
'> b l. '>l'JO 7 .J00 4. 5 7 ~ -7. 25 5 32 . 0 lb 2. 6 [ 4 l. 7 2 6 0.600 
5bJ 5b l 7. 000 5. l4C -7. 255 3 3 . 32 a 2 .4 92 l. 695 0.1 8 7 
,,,.., 1 5t,2 7. JOO 6 . ',4 3 - 7. l. 55 34. 22R 2 . I 6 I 1. 5011 0 . 292 
5 ,, ., ~ 1-,j 7 . J ,j',j 7. ·746 -7.2 5 5 3.:, . Cj ?Q l. <131 1. 4 0 6 0 . I <) .~ 
56 .) ~t-4 7 . :)i, 0 r, . j 4 Q -7. ,55 3'> . ~21 l. 7 t,O L. 2 7L 0 . l 6 7 
51, I :,::,') 7.) ) ,) l O . 7 5 1 -7. 2'>5 3 7. CJ l I. 52 7 !. OF , 0 .1 46 
~>I, d '>o~ 7. JJO U .1 5 4 - 7. 2 '> 5 3~ .1 08 1 • . 114 0 . 0 30 0 . 08 4 
5b'i 56 / 7. JOO 1 3 . 556 -7. 255 39 . 0?A 1 • l 3 2 0.765 0.046 
5 7 0 S68 7. JOO l b . H I -1. 2 , 5 39 . 00 5 0 . 626 0.465 0.029 
'> 7 I '169 7. ,JGC 0. 1>52 - 7. ?5'> 1 A. 1 R3 4. 4 74 2 . I '> 4 _,_. 00 7 
5 7l 5 / U 7. '.J 1JO C. 9 ll. -7.l'>5 20 . 9 1 3 4 . 4 ,. U l. I t..3 -4 . 0Jl 
5 7 l 5 71 7 . 000 l. 213 -7 . 255 2 3. 2 1 9 4 . )56 2 . 05 7 - ·1. I'> 3 I-' 

5 7 '• '> 72 7 . J OO 1. 4CJ 4 -7. l.55 4 . 224 2 . Jl'l - 3 . l l.O +:> 
0 5,., '> 7 l , . ,nn I. 7 7 4 - 1. I 'i 'i 4. 0'12 1 . </?CJ - LOl5 

'>7b 5 / 4 7 . i) ~_j U 2 . O','> - I. ?.'>5 3 . 8'> 4 1. till\ - 2 . ld 7 
5 17 5 75 7 . JOO ? • 3 J ~ -7. l'i5 2 a. 8 4 o 3 . b'lb l. HO 3 - 2.4A2 
'> 7 i\ '> 76 7 . <) '.) !) ;, • 9 '-ii> - 7 . /55 3 . 376 I. 1,!J8 - 2 . l 71 
'>I I ',I I I . u,,o i . ,, c; 7 - 7 . I 'i r-; 1 . l '>f, 1. ~•l4 -7 . 1 1, ~ 

'>bJ ., 71:l 7. OuO 4 . U I t< -7. 255 2. 86 1 I. 5 2 1 - I. 8h 1 
511 I 5 79 7 . •)JO 4 . 57~ - 7 . l55 2 . 60 1 1. 410 -1. 7 58 
5 q ; ') J: 7 . ,) GO '> . I ',C - 7. 2~5 H .313 2 . 1, 28 l. 1H8 -1. 55 1 
'J ~ " ", S I 7. :JOO t . 5,3 -7. 755 2 . I 72 1. 275 - l. 318 
~ •14 ") ! ~ 7. JL,() 7 . ,, ,, t, - 7 . 2 ~J ':> l. 'l I I 1. I 'l 2 - l. 0 9 6 
5•15 '> ➔ 3 7. 000 9 . 1', 8 - 7. ). 5 5 I. -~20 l. l ? I - 0 .79 7 
5nb 5d4 7 . uOJ I C. 7 5 1 -7. l55 1. 640 I. 028 -0. 66 2 
5a 1 '>85 7. ,JOO 1 2 . 1 5 4 -7. ?5 5 1. 30A 0. 86 3 -0.459 
.,~ q 5 81> 7. 0UO 16 . 11; 1 - 7. 25 5 O . hh 1+ 0.514 
',,l', '>~ 7 4 . oJOO o. s,o o. o 14. 9 1 5 4. 29?. 2 .7 82 0.0 5 3 
5'1 J '> j~ 4. vdO 0 . q I I o . o I B. '>">2 4 . 3 1 3 ? . 745 -0.002 
~ ~ l ',-j<; 4. J UO t. cq o . o 7 I. 3 4 2 4. 5 1 2 7 . b 7 1 
'> 'il ~)'I) 4 . UOu l. 3 7 2 c . o ?l . 2 5 7 4. 540 2 . 540 
5<; 3 5c; I 4. JOO l . 65 :! u . o 2 ,, • 7 9 2 4. 255 2. 3 74 
594 '>"l2 4. 0Cll 1. c;13 0 . 0 26 . 4A9 L qH4 2. 28 1 
5'l 5 -;c;3 4 . ~oa 2 . 21 4 o . o 2 7.717 3 . 69 4 2. 20 1 -0.002 
5'lb 5<)4 4 . 00 :) 2 . 77 5 u . O 2 'l . 4 '13 1. 292 2. 0 15 
5 'l 7 '>95 4. ullO ). 336 o . o 3 C. 5<;4 3.141 1. 8 3 8 
5')8 596 4.J JO 3. 8', 8 o.o .3 1.2 6 1 2 . 66 3 1. 7 3 5 
'>99 5 97 4.0 0 0 4.45S o .o 31. 756 2.513 1.7 0 3 
600 590 ,,. 0 00 5. 02 0 o.o 32.76b 2.412 I. 662 -0.021 



Table III (Continued) 

T ~S T X y l VE LOC I TY u RMS V RMS w R '°'S UV uw 
/I.UM'1LR f',,1)'4 ,<(" h : tl ( l';(H( S 1 d~6 ~ ~ ~p~ FI'~ FP F p ~ f!olH Yr rrnr ,~nri~rrnr 

lJul ~lj lJ 4. dUU !, • i. 2 j 3 • 333 2 .2H l. 568 
1,0/ 1,;J :J 4. 000 7. H2', a. a 34. 778 2 . l l 0 l. 4 S6 
/ , O ! t,O L 4 . •JJ1 l O. I, J 3 o . o 3 6 .7 58 l. 634 l. l 73 
A0 1, ',Ql. 4 . JlJO LJ.4 1c; o . o 38 . 499 L. 20& 0 . 769 
605 603 4.J CO I t . 2 '• '.> o . o 39 .62 3 0 . 653 0.447 
6J'-, t,U4 4. JuU U . '> ~ C a. a 4.2ll 2 . 059 -2.7 29 
60 7 1>u5 4. (hJO 0. tl l l c.o 4. 356 2 . 085 -3.3'15 
t,0'3 60 6 4. llvfJ L. 0<;[ o . o 4 . 4 11 2. 137 -3 . 755 
1>0'1 I, <) 7 4. ,)lJU I. l7 2 0.0 4. 3~6 7 . 072 -3.4 dR 
6LO oJo 4 . ,1,10 I. t, 5 3 o . o 4. l 2~ 1. <10 1-\ - l . 19 5 
f,L I (,(; I 4. ;uo I • ' • 3 3 O. J 3 . il9 4 l. R65 - 3. 142 
o i l :, lJ 4 . ,.,00 2 . 2l 4 c. o , . &5 ~ l.74 9 - 2 . 74 3 
h I J 61 1 4 . JUO 2 . 775 o. o 3.3 00 l. 6 19 -2. 290 
6 14 /: 12 4 . ·)0 ,) 3 . 3 3(, o . o 2.944 l. 5 15 - l . 7 26 
,, l ~ 1,1 ·1 4 . ,JUO ·1 . ~ r, e o .o 2 . '>40 l. '• 38 -l.41 6 
b ib hl4 4 . J ·J O 4 . 4 c,c; o . o 2.513 l. 4 1 6 -1.3 53 
/,I 7 Al ""> '• . oon 5 . C2C o. o 2 . JI,() l. 3'15 - 1. 353 
6IU !:>16 4 . UCu I: . 42 3 0.0 2 . 234 l. 3 32 - l . 20 3 
6 10 t, I 7 4. JOO 1 . 626 o . o 2 . 030 L. 2 3 8 -l. l 6 l 
6 / 0 6l<l 4 . 0(:t,j L0. 6B o . o l . 1>25 l. 049 -0 . 767 
,-,7.1 l,t 9 4 . J CO l l .4 3<; c . o l.11 7 0 . 8 19 -0 . 384 
l,i l 020 4 . O:...G 16 . L4 '.> o . o 0 . 5ll 0 . 483 -0.117 
h,CJ t,7! 4 . JJO C . 5 .JC - 7. 5 32 1 1,. 2ao 4 . 970 7.956 2 . 239 1--' 

bl 1, 1,;,z 4 . JGU 0 . 8 l l -7. 537 I <; . 51,5 4 . 693 7 . ll2 7 l. 918 
.,. 
1--' 

6i5 t,2j 4 . 000 l. O<l l - 7. 'i 32 22 .3 '.>2 4. 39 7 2 . 60 7 l. 5 35 
6 21> t,2 4 4. UJO l. 3 72 - 7. 5 32 2 1, . 44 7 4 . 0 1, 6 2 .4 06 l. 7 39 
6 ✓ 7 1>25 4. JOO l. I· ~ 3 -7. ?32 21, . l 14 3 . H'i '.> 2 . 2'iH l. 1 ·io 
67.8 /, 21, 4 . J'.)0 l. 'll'l -'l . 5J2 2A . 'l5l 3 . 6 32 2 . 1 1 2 l . l OJ 
biq 1, 2 1 4 . ,JJO 2 . 21 '• -7 . 53L 2ti . 3H 3 . 33', 2 . l 1, 6 o . 793 
6.lC 62~ 4 . (JJQ 2 . 775 -7. 5 3 2 29 . 5'>2 3 .1 35 l. & 30 0 . 605 
1>31 029 4.U JO 3.3 31> -7.532 31 . 298 2 .11 2 1.7 59 0 . 563 
63l 63J 4 . JOO 3. t<9P. - 7. 532 31 . 973 2 . 563 l . 697 0.409 
63 3 b 31 4 . JOO 4. 4 5<; -7.53 2 32. 3 86 2 .4 AH l . 655 0 . 409 
63 4 b32 4. J:JJ s .o ,c -7.532 32 . 63b 2 . 2 1,0 1.594 0 . 30 7 
035 o3! 4. J;J(l I: . 4 2 3 -7 . 5 32 33. A3 l 2 . 0 1,0 l. '• 50 o. 379 
6>b (, .J4 4.0JO 7. 13 26 - 1. 5 12 34 .7 65 l. 9'tl l. 326 0 . 225 
637 6)5 4 • .;JJ 1 0 . ~)3 - 7 . 5 32 36 . 6 7 4 l. 4 1, 1 l. 039 0 . 092 
6H 1,31, 4. ,Jc10 l 3 . 43Q -7 . 532 3 A. 5 1 6 0 . 9 71 0 . 6 79 0. 0 41 
oJ9 6 'j 7 4 . JUO l 6 . Z45 -7. ':>32 39 .05 6 0 . 473 0 .350 0.02 0 
640 I, ·1g 4. CJl.l C . 530 -7. 537. 4. il 74 2 . 256 - 3.965 
6 41 6 l9 4 . JCU 0 . fl l l -7. 'i.JZ 4 . 6~3 2 . l 79 -3.837 
1>42 1, 4 0 4. 000 l. 0 'l 1 -7. 53l 4 . 3<17 2 . 04 1 - 'l. 709 
b4> 641 '• · 000 l.H2 - 7. 53l 4. l I 0 l. <l lA - 3.326 
644 f,42 4. 000 l. "' 5 ~ - ·1. 5 J2 J. A55 1 . FH, - 2 . 6A6 
64 5 1, 1,3 4 . JJO l. '133 -7. 532 3 . 632 l.7 J4 -2. 551! 
646 64 4 4 . 000 2 . 21 4 -7 . 532 3.3 3 4 l . &25 - 2 . 302 
b47 I.J45 ,, . OJJ 2 . n5 -7. 5'!2 3. O l l l.501 -1. 8 16 
64il 6 4 6 4. 000 3 • . D6 -7.532 2.6!:18 l .45 0 -1.714 
649 6 47 4. 000 3. 898 -7.532 2.488 l. 35 7 - l. 5 A6 
(,~Q 64 8 4.000 4 .4 ~<; - 1. ':> .JL 2.363 1.357 - l. 351 



Table III (Continued) 

nsr X y l VELOCITY u R'1S V RMS w RMS UV uw 
lloUr-> ~Ell 11ou .~rE~ FC.:T I NO•ES I NCHES FPS FPS FPS FPS (Ff> S )XIFPS) (FPS)X(FPSl 

6~l 644 4. ')00 5.020 -7. 532 2.314 1.3H - l. 2 79 
b52 650 4. :JJO 6.421 -7.532 2 . 0 40 l. 244 -l. 126 
b53 b5 l 4. 00U 7. 826 -7. 532 l.866 l. l 52 -0.890 
654 1,;2 4. 000 10.633 - 7. 5 32 1.51 H 0.987 -0.645 
655 1,5 3 4.J OO l 3 . 4 3q - 7. 5 32 I . 09 1, 0.741 -0.276 
1,~6 1,54 4. tl OO lt.245 -7. 5J2 0. 5'l 7 0.494 -0.102 
657 655 2 . JOO C. 50C o . o I 4 . 361 4 .2 33 2.768 -0.002 
1,~8 1,51, 2 . 000 C. THC c.o l A. '12 3 4. 376 2.731 0.064 
65~ ,,5 7 ;, • ,jl)I) 1. cs •; 0.0 22 . 072 4.4 J4 2.',)'1 -0.002 
t,,;, ,J h5<:I 2 . J00 l. 3 J 'I o.o 24.771, 4 .233 2 .4 36 
6f, 1 65'1 2 . 000 l . b I t! o.o 26 . 025 3.865 2. 25 1 
t,1,2 6h0 1.000 l. ti <J;; o .c 27. 8J 7 3. 5 HO 2.0 85 
66 3 61>1 2 . 000 2 . I 7 fl o.o 29. HS 3 . l ~ l l.'l65 0.052 
61,4 bt.2 2 . 000 2 . n, o . o 30.<'54 2 . 95 1 l. 849 
6h~ 61.3 2 . cc o ]. j',~ o .J 30.t.26 2 . /7~ 1 . 799 
t°'A~ t;. I.J 4 2 . ,; :) l) i . R', rj 0 . 0 3 1. 4 !O 2 . 611, I. 74tl 
6/,7 6 6 ~ I . 'J,JG 4 . 414 o . o 32 . ?75 2 . 525 I. 7 22 
61,H 1,66 2 . JL.0 ,, • g /4 0 . 0 3J . 08 0 2 . 376 l . t.. 5 3 -0.103 
66'1 66 7 2 . 000 t . l 7 ;> o . o 34.653 2 . 225 1. 560 
670 61\tl 2. 00 0 7.77 C 0 . 0 3 5 . 642 l. 97~ l.4 37 
671 61,9 2 . 000 I O. 51,1, o . o 37.4 22 I . t,00 I. l 16 
b1l 670 2 . 000 lJ.H 2 O. J 3d .4l 3 l.075 0 . 6 30 
613 6 7l 2 . ·.J.'JO lt .l 5A 0 . 0 39 . 5 74 1.2 00 0. 34 1 t--' 

~ 
l, 7 4 6 12 2 . JJ O C. '> CG a. a 14. 1>~6 4. 0t\ 7 2 . 001 - 2 . 919 N 
675 67] 2 . J •J0 0 .7 HO o . o 1 8 . 856 4. 3 l il 2 .0 50 - 3. 602 
1,76 b 74 2 . 000 l. 0~<; o . o 22 . '/29 4. 123 I. '11>2 -3. ',78 
1,71 1,75 2 . •J OO 1.n<J a. a 4 . QI, 7 I. Rt\2 - 3. 2'11 
1, 1 a- 6 71, .? . 000 1. 1, I ll a. a 3. 8 17 I. 6 ~ 7 - 2 . 6 71 
t, 7 'l 6 77 2 . 000 1. sc;~ a.a 3 . 427 I. 53 7 -2.236 
680 6 78 2.000 l. l I tJ o.o 2!!.555 3 .1 4FI I. 451 -l. '1R7 
t.81 679 2 . 000 2 . 737 o . o 2 .1q5 1.378 -1.58'1 
6A2 6tJO 2 . J:JO 3.2<;6 o . o 2 . 575 1. 348 - I. '> I'> 
683 6 8 1 2 . 0JO .i. 85 5 o . o 2 . 45.? l. 36n -1. 540 
1,/)4 682 l.uCG 4 . 41 1, o . o ;> . 3 78 1. 358 -I . 4 ',l 
685 &d3 2 . JOO 4 . 'I 74 o.o 2 . 231 l. zq 7 -1. 34 1 
lrlb 6H 4 2 . 000 c . } 12 a.a 2 . 10 9 l.2 1l7 - I. 162 
6 ➔ 7 685 2 . 000 1. 11 0 o .o l. 937 l. I 75 -0.9 83 
6dq 1,86 2 . uco l O. 56!, o .o 1. 520 0 .9 8 3 -0.636 
1,99 68 7 2 . llOO IJ. 30 0 .0 I. 0 3 J 0.110 -0.308 
1-,~0 6 8 tl 2 . •J QO 16. I '>8 a. a o . '> 39 0.497 -0.110 
&GI 1,89 2 . <.JO O. Sfl O - 7. 79 I 16 . U2 5 4 . ~Fl2 2 . 960 2 . t,1,0 
t,'l2 1,<;0 1 . 0-;o c. 71,0 - 7. 7'l l 20. 93) 4 . f>'-12 2 . 7 5q 3.4d2 
6'l 3 6 C,l 2 . 0JO 1. 05'1 -7. 7'll 23 . 606 4 . 534 2 . 6 13 1.040 
6'1 4 692 2 . 1)J\) I. 3 3'1 -7. 791 25 . 463 4. I o4 2 . 1'1 1+ 2.2110 
695 693 2 . 0JQ I . 1, l ll -1. 791 27. 356 3 . 740 2.1n I. 4 6'1 
6'lh 694 2 . :JJ0 I. !l'lll -7. 19 I 2 I. 83'> 3 . 424 2 . 065 0.'11,) 
697 (,<;') 2.000 2. I 7 tl -7. 7'11 2'1.463 3 . 11+4 l . '1 '>8 0.836 
698 696 2 . 000 2 .7 37 -7. 791 30 . 408 2 . 74 8 1.81 9 0.'>'> 7 
699 697 2.000 3.2'16 -1. 791 31.079 2.64'1 1.740 0.431 
100 698 2. GJO J.855 -1. 79 I 31. 661 2.550 l.699 0.431 



Table III (Continued) 

Trrl t 11 ',1r ~ 11 ft I r1,1 ti 11, Ill I I IJ M ll ll J Ui ll 
l'<U" l'F R MU ·'H<U< f-f ET I NCHfS 1t~c11rs Fr S H'S FPS FPS (FPS) XlFPS) I f-1-'~ l XI f-P S l 

7 0 l 699 2. 000 4. 'tl4 -7. 79 L 3 3. L 2 3 2.476 l.647 0.3130 
702 7JO 2. 00 ,1 4 . 9 74 -7.7 9 1 33.544 2 . 302 L. f..27 0. 374 
703 7nL 2 . JU 'l 6.H2 - 7. I 'll 3-;.205 2. L 79 l.~24 o. 324 
7 0 '< 7 ,J .' ? • \1J1) 7. I I C - 7 • f l 1 i )6 - 076 l . 951, l . 3 tl l 0.213 
7U'i 7 _;3 2. J(JQ 10. '>61: - 7 . 7'l l 37.238 l. 41, I l.044 0.177 
7 Co l u 11 2 . JCO 1 3.JU -7. I 'd B . 260 0 . 91h 0.634 0.040 
707 70 5 2.c oo l 1,. l '> E -7. 7'1 1 39.116 0.544 o. 38"1 0.015 
7 0:l 7C6 2.J CO C.50C - 7. 79 l 16.211 4.655 ? • l 'i 3 -l.506 
709 70 7 2. coo C. 7 ~C - 7. 7 <l I 21.155 4.717 ;>_Q<J2 - 3.013 
71] / Oij 2 . JOO l. C'i~ - 7. 791 23.'> 07 4. 1,V, l. 'l6 7 -2 - ll'lO 
7 l l 109 2. ) :JO l. 3 .Vi -7 . 7'll 3 . '192 l. 8 1 R - 2 . 1, 45 
712 /1 0 2 . 0 0 0 l.nl 8 - I. 791 3 . 659 1.664 -2. 137 
7 L 3 7 l l 7 . JUO l. ll'ltl - I. 7 ·11 3. 36 7 l. 593 -2 . 029 
7 L 4 712 2. :JJC 2 . l 711 - 7 . 79 l 29. 729 3 . 04'1 l.684 -1 . 784 
7 I 5 713 2 . 000 2. 737 -7. 7CJ l 2 . 70R l. 1,42 - l.397 
7 I 1, 714 2 . J ,)O 3.l It - 7. 791 2 . 6 l 0 l. 3 31 -l.446 
71 7 715 2 . •) 00 3. ~ '>'1 -7. 7'11 2 . 4 ~9 1.210 - l. 7.99 
71q 716 2 . O:JO 4. 1tl4 -7. 7 <l l 2.36 6 l.240 -1.357 
711 7 l 7 2.J IJ O 4. ,, 74 - 7. Fl t 2. 294 l. 169 -1 . 2 79 
120 7 18 2 • . )•J 0 I:. 37 2 - 7. 7c; l 2. 14 7 1.079 - 1. oa2 
7 2 1 7 l 'l 2. vOJ 1 .1 1c - I. 7G L 1. A7'l 0 . 948 - 0 . 8 75 
7?2 7l j 2 . J .,o 1C. S6li - 7 . 71 L L.44 0 0 . 6 1,5 - 0 .5 8 0 
72 3 7 ?I 2 . j()J u. 31:2 -7. 7-71 0 . 'l2 7 0.414 -0.226 

,_. 
~ 

724 U.2 2.J OO l 6 . l Se - 7. 7'-l l 0 . 562 0.242 -0.044 v,I 
72S 7 23 l L. JOO 2.cc;4 o. a 25 .7 24 3 .9 0 1 2 . 514 -0.00 2 
7 26 724 I I. JOO 2 . C'l 4 - 2 . 1 ➔ 7 2 5 . 134 3.~ 1 6 7. 1, H4 -0.00 7 
777 125 11. ,Jj ,J 2 . (J'J4 -4. •l2 L 2 6 . l fi l 3 _q 75 7. 4 q4 0. 51,9 
7 / d 72~ 11 • .J vO 2 . 0'l4 -3. 5J 4 2 5. I 38 3 . 1J l 2 . 4 6A 0.541 
7?9 7 ?7 l l . )CJ 2. . 001, -7.714 2 5 . 1, l 5 4 . 0?6 2 . '>1 4 0 . 414 
7 ; ,: il tl L l • . l OD 2 . 0') 4 - t . L J <; 25 .716 3. ' l ,l l 2. 4 '>q I - 05'l 
73 L ,n I I. , li)J 2 . U<J 4 -1:. •'J?<; 26 . 04'1 3 . 776 2 . 375 1.00 7 
7'J2 7l0 LL. 000 2 . 094 -7.4~6 26.569 3. il50 2.375 1.44 7 
7 3 3 731 LL. ,;oo 1. ,)'i', - 7. 'l" ; 27. 033 3 . &71, 2.129 l • 1 qA 
734 732 I l. 000 2 . 0'/4 - c .113 2 8 . 595 3. 52 6 2 . L <JO 1.369 
7,5 733 L l .O dO 2. l. 'i4 - I O, O'l l 2'1 . 348 1.2 51 2 . o 36 O.fl?6 
136 714 l L. ')J C 2 . 0'J4 - 1L.4 08 28 . <; l B 3 . 126 1.943 o. 5'15 
73 7 715 LL. COO 2 . 0'14 -1 2 .725 2<; . L 14 3.075 I. BA L 0.465 
n~ 73& l I • .J OJ 2 . 0 'i4 - l '•. J4 .l 2 " · 914 l . 'l76 1. 8 50 0.414 
7 j r; 7H I I. OC•) ; • Q<; t. - I 5 . ll,O 30 .2 39 2 . 97h 1. 86 6 0.414 
7 ,, J 73 ➔ 11 • .J OiJ 2 • (j<) I , - LI; . " 11 30 .3 44 2 . <i :J L l . 1:l 35 0 . 4L4 
7 ,. 1 739 L 1. :mo 7. . 0'1 4 - I 7. ,;·15 30 . 063 2 . H76 1. 835 0.388 
742 74 0 11.J JO 2 . C'l 4 - 18 . 'i2 2 30. 5 34 2 . 876 1.866 0.233 
74 i 71,1 l l.U OO 2.0<;4 o.o 25.237 4.006 2 . 0LR -3. 1,97 
744 742 L L.O JO ? . 0 '1 '• - l. . l H 7 3 . 980 7.044 -3 . 578 
745 743 l l . 000 2 . 0<;4 -2 . 714 4 . 031 2 . 031 -1. 281 
746 7,,,. L 1. 0JO z. oc;,, - 3. 504 4.0 06 2 .0 05 -3.518 
74 7 745 11. 0JO 2 . C•i .:, -4.821 3. t!O I 1. , 1 .:i -3.120 
7 itci 740 L l . OJO 2. 09 4 -t.139 l .R?7 J.'ll,5 -3.362 
74 9 747 L l. 000 2 . 0 'J 4 -6.929 3.801 L. 9 1 3 -3.2213 
750 7413 11.000 2 . 094 -7.4'>6 27.030 3 . 77 6 l. 92 6 -2.851 



Table III (Continued) 

Tt:ST X y l VELOCITY lJ R~S V RMS w RMS UV uw 
t,U ,'\~U,. l , iJ>', ·lcR Ff-F T l~ C:,<(S I NCH[ S FPS FPS FPS FPS IF PS lXIFPS) IFPSlXIFPSl 

7 5 l 7 1, q I I • )•J ;j 2 , ()<, 4 - 7. ·; !I 3 3 . 64') I. A 6 l - 2 . Q32 
75l 750 I I. OuO 2 . J 14 -8. 773 3 . 4 1,4 1. 744 - 2 .3q3 
7 5 1 7 'i I 11 . 000 l. 0', '• - 10 . 09 1 3. 2/JI, 1. 1>40 -2.206 
754 f ~; l I I. 000 ?. U<J4 - I l. 408 1.l 6 l l. 6ll l - 2 . ::JO 1 ,., ., / ~ J 11.u vu , • c;c;4 -u . fl'> 3,062 l. '> 7 5 -2,044 
7'>1-, ·,,;4 11. J:JO 2 . oc; 4 -14. 0 1,3 2 . 934 1. 509 - 1. qo5 
7 5 7 7 ~S 1 I • -J <l 0 2 . 0'1 4 -15.360 2 , q(,Q 1. 509 - l. 926 
7S~ 7 '16 11. 'J:J:) 7 . 0'14 - ll-..677 2 . 9 14 l. 4q6 -1. 8 39 
7'> '1 7 •; 7 I I. ,; ().) 7 . (Vi4 -l7.9<J5 l . <JO'l I. '• •14 - 1. f> I S 
/ 1-,i:, 7'id l !. •JOO 2 . C<i t. - l tl . 52 2 2 . 1183 l, 1,?b -1.743 
7t, I 7 .,.., l S . JUO 0.75 0 o .o l 7. I A3 4. 385 7. . 0 I 5 - 3 . l '7 9 
7bl 71,0 l 'i . :J·J C I . O JO o.c l <J . '177 4.232 2 . 0AO -1.424 
76J 7b I 15. JOO I. l I C o.c 22 . 389 4. 2'> 7 2 . o;i o -3 .4 2 4 
fb4 71,2 15 . UOO l. S<;O c . c 2 J . 422 4 .1 28 2 . 080 - 3 .512 
7 6 5 76 3 l '> . OUU I. '1 70 o . o 74 . zoq 4. I Ol 2 . 090 - i . 3 15 
76 6 1 114 I r, . ,)() C 7. . I SC 0 . 0 75 . 1,71, 4 . 0()0 2 . 0'>4 -l . 537 
71-,7 f t,', I', . JJO 7. f l G o . o 76. ll<J 7 3.1,;>0 2 . 0 ', I -3.i25 
7 1, H /1,<, I ·, . ,J u .J J . l 7t c. u lH . 5•J 7 3 . 5'>0 1. 9 36 -7. CJ H9 
Jt, 'l 'ft, f I'> . J vJ 3, A3C c .o 2q.205 L4bl I. 114 4 -7.. 7 <J8 
11 0 7t>B I 5 . •J GO 4. l <;C 0.0 l0.314 3 .1 5'l 1. ,n 1 -7. 55 4 
7ft 71,q 15 . JilO 4.~50 o .o 3 0 . 735 3 .1 110 1. mo -2 . 500 
17l 11..i I '> . UOO 5 . 1,'i C 0 .0 31. 808 2 . q1 1, I. 6 15 -I . qA4 
7 n 71 1 I 5 . l ,>O i: . <50 o . o 33. 1 36 2 . 821 I. 570 - 1. <J29 I-' ..,. , ,,. nz I '> . Ju() I. f '>C o. c 35.0<;7 2.43& I. 4 1 3 -1.413 ..,. 
77., 77 l I 5 . JJC l O. 5 1, ~ 0 . 0 37. 754 1.770 I. I Jg -O . B3 7 
776 7 11• l'> .. JOJ 13 . 34<; 0 . 0 3'1 . 053 I . 2 fl?. o . a1q -o . 52 1 
77 7 71', l '> . J JO lf. I 4 <; o . o 311. 733 0.820 O.b-.b -0.158 
7 f ri l II-, l ~ . JCC C . 7 5C o . o '•. 1 56 7 . <j ,)3 O.:l/,b 
17'! 7 f7 I , , Q,lu I.CJC 0 . 0 1q.209 4 . 5JO 2 . q1, 1, O.Obb 
, ~o 7 ,~ IS. uUO I. 110 o . c 4 . 1,71 2 . 1 qz 
7 1,t 77q 1 5 . JJO I. 5c;o o . o 4 . 413 2 . 7,5 
/Ml ftiU 1 '> . uuu l . Ii 1 1.: (; . 0 4 . 2 11 2 . 64 1 
1 a J 7/J I I~. J<l0 7. I r,o o .o 2s.on 4. 0 10 7. S R5 -0.002 
7q ,, 7 P. I I~ . 0,10 /. II 0 c . o l . ,J <; l ?.4'?2 
795 7 ½J l !1. J ,;C J. nc o .o 3 . 81,5 2 . 379 
7 "b 7 'l 4 I'>. J ,JO 3 . o IC o . o 3.519 2.2A5 
n1 mo; 15. )00 ,. • 1 c;o o . o 3 . HII 2 . 2 10 
1~. 7 % 15 . IJOJ 4 . 'l~C a . a 3 . 23 l 2 ,117 
7 >1'1 7 1l 7 15 . JOO 5 , b ',C o . o 3. 11 5 7 . 0!> 1 
70,:i 7 ll'l 15.JuO ~ . 35 0 o. o 2 . 7 9 '1 1. Q ;><J 
7 'l I 1 ~') 15 .-lu<J 1 . 7 5 C 0 . 0 2 . 1. 23 I. 1 1,2 
7 92 79,J 1 5 . CQO 10 . 54<; o. o I.R4 6 l. 349 
7 9 J 791 l '> . JOG I 3 . 3 4 <; o . o 1.3 56 O. 'l16 
794 792 t,.J OO I c . ! 4 <; 0 . 0 o . >!1,6 0.6Jf 
7<1 ~ 773 ! ~ . JOO C . 75C 0 . 0 lb . 7 Rl 4 . 500 2. 903 -0.021 
7"6 774 15.0 UO C . 750 -2.13R lb,Ql8 4 . 500 2 . HA5 -0 . 002 
7 <'1 7 775 15. )OJ C.750 - 3. 4 2 b 16. 938 4 .471 2 . 866 o. 319 
7 '1 '1 1 lb 15.0JO C.750 -4.714 17.066 4 . 587 2 . 97A O.b'l3 
799 717 15. 000 a .7 5C -6.002 17,07 R 4,52q 2 .90 3 -0.002 
600 77ti 15.000 0.750 -b. 775 11..CBb 4,587 2. 97B -0.2bb 



Table III (Continued) 

1 l JI A l VI: Lilli I Y u IJM~ V IHI~ \,/ IHI~ LIV uw 
NU l< IHK Nu'1 fl l:k ~t ~ I ( !l;C,H S 1-.CHE~ FPS F PS FPS FPS (FP S )X(FPS) (F PS JXIFPSI 

80 l 7"/ 'i l '> . ouo 0 .7 50 -7. 2 'J0 17.1 96 5. 0 1 9 3 . 054 0.611 
,JQ 2 7RU 1 5 . )Ou C. 75C -7.~ 06 l 3 . 5C6 4.730 2 . 9 7A 2 . 5?9 
'lJ.l 7 tl 1 l5. UJO C . 7 50 -H . } ?l 2 0 . l 2 <; 4.41 3 2 . 735 2 . 609 
tlJ ,. 7 iJ 2 I ', . •lJO C. 75C -ll . l:l 36 It . LU'> 4. 175 2 . 5 l O ?. . 26 4 
,-j()', 1g3 IS.JOO C .7 5C -'l . P.6 7 2 3 . 5 I 8 3.663 ?.. 266 1. 4 9 1 
o U6 /H4 l '> • .JOO c . 7'>0 - I l. 1 55 24 . 203 3 . 5 19 2.191 0 . 719 
80 7 I ~5 15.J00 C.7 5C -12.443 24 .4 39 3 .4 9 0 2 .1 55 0 .74 6 
80i! 7 % 1 5 . ()00 C. 7">C -13.731 24 . 87 1 3 .4 90 2 .1 36 O.A25 
rn 1 a , 15. cco C. 1•,)C - I ', . ' l 19 2 5. 4 72 '.1. 0¼- l . U8lJ 0 . 3 72 
diO 7 '1 8 l "> . JJC c. ·.n~c - If . 18 7 25 . ·nu 3. 375 2 . 091l 0.613 
" I I 7 d'I I '> . ,)JC C . 7 ', C -1 7. 5 <J5 26.544 3 . 40 '• 2.0AO 0.399 
Pl 2 l <i u l '> .'J CU C. 7 '>C - I A. I l C 2 6 . l 06 3 . 433 2 .0 61 o. 18 7 
OD 7 '-11 l 5 • .:>0C c. 7':,0 -9.351 22.267 3. 750 2.285 l .278 
8 14 792 1 5 . 0 0U C.7 SC o.o 17.191 4.312 2 .011 -3 . 3? 4 
HI S 7'13 1 5 .U OO C.7 ~0 -? • l 3~ 4. 5 35 2 . 0~6 -3.637 
Rl6 79 4 l '> . JOC C.7 50 -3.4 76 4.452 2 .049 -3.511 
? I 7 7 95 15. CuO C. 7~ C -4. 71 1, 4 . 42 1♦ 2 . 049 -3.5ll 
rl I~ 7 '1 6 15.JCO (; . 7~() -6 . 002 4. 28 1, 2 . 0 1.CJ - 3. 7 00 
9 19 7 9 7 I 5 . JUG C . 7'>C -6 . 775 4 . 508 2.100 -3.574 
H2 J 7 <Jil 1 5 . ,1') ::J C. 7'>C - 1. 2 •;0 4 . 92 7 2 . 250 -4 . 20 1 
n 7 I , .. ,., l 5 . '.Jfl 0 o. , ~c - 7. ih)I, lA.652 4.5 9 1 2 . 0 74 - ·i. 374 
H22 6J J 15.0JLI C . 7 SC -0 • 32 1 4 . HO l . CJ99 -? . 8 Z2 

~ 
~2 3 RC l 15. ::>JO C. 7 5 :; - l:l . R36 , •• 004 l. 7'l8 -7 . JR'I .;::.. 
q 2 4 E<Ol I 5 . 0.:>0 0 . 750 -9 . J 5 l .! . 7l.4 I. 6"'4 -2 . 069 (./1 

3<' 5 803 l'i. JJO 0.7~C -9. Al, 1 3.5'14 l. 6l. l - I. A82 
9l i, ~04 15.J :JO C . 150 -l l.1 5 5 1 .444 I. 5 l3 -2. 0 :12 
ll/ '/ 405 1 s . ,oo C . "1 'i0 - 1 2 . 443 3 . 416 I . 4 9 5 -l.6Q6 
nio F>Ot, 1 <; .c1 :JO o. 7', l) -13. 711 3.360 l.4 33 -1 . A06 
1:! l'I d0 7 1 5 . ilOC 0 . 7 '>0 -1 5 . Cl9 3 . 10 3 l.421 - l. 756 
0 j J hJ~ I~- .lOO 0. 1~ 0 -1 "· 107 3.331 l. 42 l - l. 1'26 
i:131 d09 15.000 c. 750 -11. 5 c; 5 3. 3 31 l.4 21 - l. 776 
d37 810 15. 00C C.7 5 C -IR.llO 3.331 1.408 -l.756 
831 H l l l '> . JOO l. 87C o.o 2 3. 90 I 4.076 2 . 560 0. l 03 
R 3 '• l:l 12 1<;. JQO l. A 7 C -2 . l 31l 24 . 1,6 l 4 . 0l.6 2 . 5 91 o.01q 
f1 ,5 8 1 3 I 'i . J :;o L. ti 10 - 3 . 42 6 24 . 4 2 1 3 . '-I 7 6 2.4 P 4 0 . 0 78 a,,, d l4 l 5 . ,l OO 1. 87C -4.7l4 24 . l 12 4 .1 2 5 2 . 5 !,Q 0 . 5"5 
ti I 7 8 l '> l ">. JCO l. 8 70 -1: . 002 24 . 1,1 9 4.001 2.529 o. 723 
8H 8 (I, 1 <;.()QO 1. II 70 -6 . 77<; 24 . 7 5 7 4.001 2 . 529 O.tl52 
83'1 d 11 1 5 . J fJ O l. 87 C -7. 790 24.A70 4.051 2. 529 l. 0~5 
8 1t 0 1:1 l8 1 5 . JOO l. H7C -7.ilQI, 25 .7 96 3.901 2 .4 6A 1.71>1, 
ll4 I ,J 19 15.JOO 1. d 70 -a . 12 1 26 . d6 7 3. 751 2 . 129 l. 240 
8 4/. ll2 0 1 5 . JOO 1. l:l 7C -8 . tlH 27.370 3.575 2.252 l. 344 
H'• 3 821 1 5 . )00 1. a 10 - <.;. 35l 2 7. 758 3.~0l 2 . 205 l. 3 l A 
!< 44 872 15.:J CC I. il 7G -9 . ~I, 7 2 7. 58 l 3 . 376 2 . 09~ 0 . '156 
H45 8 £3 IS. CCC t . fl 7C - l l. 15 5 2tl . l Ol 3. 2 5 1 2 . 005 0 . 1,20 
A 1d) dl.4 1 5 . JCO l. R 7 C - 12. ,,4 3 77. 791 3 .1 26 l. 9 12 o. 7 23 
h4 7 825 15. 000 I. 8 7C -1 3 .731 2 8 . hOQ 3.176 1.91? 0 . 541 
n4 rl i.17!> 1 5.000 l. 8 7C -15.Cl<J ;>0.036 3 .126 I. 9211 0 . 50 <1 
849 82 7 LS.JOO 1.870 -17.595 ?9 . 953 2.926 l. 8 8 l O. l 2'l 
850 828 15.000 l.R70 -18.llC 29.852 2.976 l.881 o. 207 



Table III (Continued) 

TEST X y l VELOCITY u RMS V RMS w RMS UV uw 
NUM 9ER NUM HE R fli:: T l NC Hf S I NCHE S FPS FPS F PS FPS (FP S )X(FPSI (FPSIX(FPSI 

A5 I 828 1 5 . UOO I. A 7 G o . o 23.776 3 . % 1 2 . 034 -3. 293 
A':,? Ht'l 15 . dJu l. ll 7C -2 . 138 4 . o 11 2 . 04 7 -J.420 
~5) ~ .lD 1 5 . 0JJ I. R 70 - J . 426 3 . 96 l 2 . 0 2 1 -1. 1 4 l 
R5'• eJL LS. JOO l. A 7 0 -4 . 714 4. 095 2. 02 1 - 1 . 4'l6 
~ 55 8J2 1,. 00 0 l. R70 -6.Cn 3. '19 7 I. ')5 8 - 3 . [ 1,6 
85 6 tDJ l '> . 000 l. '17C - 6 . 17 5 4 . 0 11 l. 'lfl 1 -3 . 2 17 
R'> 7 '134 1 5 . 00 0 I. A 7C -7. 2'l0 3 . 'l~o I. qq1, -3. 11>6 
85R A) S l '>. 000 I. A7C -7. AO o 26 .041> 3.A n2 1. 913 -2 . 862 
85'1 'l l o l 5 . tlvO l. A70 -fl . 11. 1 3. 71 ' • 1. fl 44 - 2 . 711, 
9 ','.) i, 17 l '> . v:lO I. A 70 - ~ . 0 3" 3 . 1, I r, 1. 7 ·n - 2 .4'>7 
Kb l :I !'I 1 '> . Cu:> I • ~ 7 C - " . 3-; I 1 . 41,6 l. 73 1 - 2 . 40 6 
ttt,2 d 3</ 15 . CJU l . 8 7C - 9 . 81:J 7 3 . 31 A I . oAO - 2 .1 53 
86 1 9 4 0 l '> . JJJ 1 . ti 7C - 11. 155 3.2111 I. o l 7 - 2 .15 3 
81- 4 8 10 l 1 5 . ·100 l. 8 7C -1 2.443 3 . 2 1 A l. 004 - 2 . 2tl0 
8(, 5 i! 4 2 1 5 . ) 00 I . A 70 - I 3 . 711 3.1 1,'l 1.528 - 2 . 204 
81>6 84 l I ? . :)J O l. A7C - 15 . C l 9 3 . 0"5 1 . 503 -l. A44 
p 1, 7 i44 I 5 . ,10C l. ll7C -17. 5'l'> 3. 0 1, I, I. 4 'l l -1. 7A4 
8&3 c, '•'> 1 5 . 0()0 l. H7 0 - I H. I I 0 '3 • 0 1, 6 l.478 -1.824 
~I, '/ tl 4 6 1 5 . 000 3 . 5 50 o . o ZR .766 3 . 55 1 2 .3 60 -0.1 0 3 
6 10 94 7 I S . JO U 1. C,',C -2. 1 )tl 2tJ . 55 1, 3 , 55 1 2 . 36 0 o. l 2'l 
P. 11 O"•A I '> . 1:10 3 . 5~0 -L4l6 2 9 . 1, 0 4 3 . '> 7 '> 2 . 3 7 5 -0. 002 
IJ72 <)49 15 . JU() 3 . ','>C -4. 714 28 . 6'>0 3. 4 76 2 . 31>0 0,2A4 
e 7 I 850 l ? . JJJ 3 . C,',Q -6. 002 2') . ?94 1 . 50 1 2 , 2A7 o . 1 10 ..... 
?. 7 4 il~ l l '> . CCO 3 . '.,50 -6 . I 1'> 30 .47 0 3 . 371, 2 . 283 0.4 65 

.,. 
(J\ 

II 7 '> A '>2 1 5 . CCO J.550 -7. 2 •;0 30 . 0 71 3.150 7. . l 'lO 0.4'll 
8 71, A'>3 15. 0JO 3.550 -7 . rlJ6 3 •) . CAZ 3 . 350 2 . l 'lO 0. 00 1 
ll7 1 t,54 1 ? . oor. 3 . '>?0 - tl . ~2 1 30 . G~7 ·3. ·12 5 2 . l',4 O. ~lh 
qrn 8 '> '> 15 . '.:O ll 1 . •, ~ C -~ . Q~6 30 . 2 1, 0 3 . 201 2 . o ,;A 0 . 641, 
8h ll~I, IS . •lC O 1 . '>'>0 - <i . e 01 30 . 7?'l 1. Ol 5 I. 'l'lO 0 . 5<;5 
tAJ d? I 1 ~ . '.l() C J. 550 - 11, l '>? 3 0 .4 09 3 . 02'i l. 9 4 3 O. V,2 
881 e ?a 15 . 000 1 . ??0 -12.443 31. 572 2 . 'l5 I 1. 9 12 0.3 88 
8~2 859 15. 000 3.5 5 0 - 15 . 0 I 9 32 . 211 2 . 826 l. 8 81 0. 31,2 
883 H60 15 .uOO 1 . ?~0 - I 7 . ~<J5 32 . 504 2 . 750 l. 8 8 1 0.233 
8l:!'> 86 1 l :; . O~JO 3.'> SC - 18. 110 32 .4 03 2 .7 '>0 1.866 0.103 
H~'> tl'i7. IS. JOO 3 . 5':iC a. a ;,0 .452 3.626 l. 91>5 - 2.868 
8~& j l, 3 I', . J~C 3 . ,;~o - 2 . l 1fl 3 . 5 7 '> 1. 990 -2 . 'l72 
88 I d&4 15 • .j(;Q 3.550 -J . 426 3. S75 I . CJS?. - 2 . 842 
t<'!<i a~s I S . JOO 3.~50 -4. /14 3. '>7.n I. A 7 5 -2. 6 35 
8 8 9 d 'A~ 15 . 00 0 3 . 'J~C - ~ . 002 3. '• 7 6 1. 862 -2 . 42'l 
d 'l:l d b 7 15, 0JO 3 . 550 -6 . 775 3 , 4/1, I. Bh 2 - l . 4 8 0 
ll'll 9oA 15 . J OO 3 . 5'>0 -7. 2'-10 3 . 4 0 1 I. 82 5 - 2 . 42CJ 
H<l?. tJ o9 15. JUO 3. 5'>0 - 7. rl06 3.275 1.7 1> 1 - 2 . 2CJCJ 
ecn B 70 1 5 . uOO 3 . 5'>0 - 8. :121 3.226 1.715 - 7 . 144 
li'l 4 IJ 7 1 15. 000 "! . ~~o - H, il 3b 1 . 15 I I . 710 · - l . 0 15 
HCJS ::J72 l ~ . OGC 3.'>~C -9 . 86 7 3 . 075 1. 1, 71 - l . tlR6 
'1Qfl tJ 7 I l 5 . ;JOO 3 . 5~C -ll . l'>5 3 . 000 l. 1>2 0 -l, 9 37 
5:; 7 iJ 14 1 5 . CC C 3 . 550 -1 2 .4 43 2 . a11, 1. 569 -1. 75 7 
o9n B I? 1 5 . 00J 3. 5 '> 0 -15.019 2.87 6 1. 51> 9 - I. 'l 11 
89 ') IJ 76 15. J OO 1 . S '>0 - 1 7. 5'l5 2. 826 1.543 -1.8 86 
900 977 15.000 3 . 55C -18. 110 2.800 1. 543 -1. 731 



Table III (Continued) 

I i I I If I L UH IIL l I Y lJ IHI~ V ilMS lo; IU-' S UV uw 
NU" :sE ~ NU"' .-JcK ~t LT ! NCHFS ['KHt~ FPS FPS FPS ~PS IFPS)XIFPS) If PS) XI FPS l 

90 1 fl 7H 15.JllO t.35C o.o 32.383 2.686 1.700 -0.040 
' ) iJ t d 7•l 1 5 . JOO c.1',0 -2. I 3H 3 2 . ll 67 2. 6 I l I. 7 3 l 
'10, tl ,10 15. JOO /; . 3?0 - 1,. 714 32.634 2.538 l. 73 l 0. I 11 
904 Rt! I 15. JOO f.. 3SO -6 . C0 2 32 ~ 433 Z .4 fl9 1.6 80 0.201 
'105 •li!2 l 5 . ,JOO 6 • . i r;o -7. 2'l0 3/.290 2 • 1,40 I.<'> 19 0.251 
<il.i(, oil ) l ~ . ;100 t . l'>O - o .~>73 3 3. 3 I 8 2.3 65 l. 6 :J •J o. 2 31 
907 Hfl4 15. 000 t . 350 -'!. i!. 6 7 34.075 2.291 1.578 0.431 
11 (; ~ "1 ►l'i l '> . O·J'J f • i 'Jt) - 1 l . '• ' • "'i 34 . 052 2. I 4 3 I. 487 0.150 
'lO'J •1 r1 (, I"• • .J ')0 6 . -i • , ( ) - l 'i . O ! ') 34.718 7. 0• 11• l. '•46 0.0 90 
'ilO tid 7 l ,;. ,)GG t.1,1J - l 7. 5'J5 34.1~6 2 . 021 l .456 -0.002 
911 !HiH l 5 . 0 ,10 6 . }~0 o. c ? • 6h I 1. 1156 -1.405 
'112 B~q l '>. ()UC l . !'> 0 - 2 . l rn 2.? 8 7 I. '• 7 7 - I. 4 05 
'i l J H<JU l ~ . uvo f- . J ':, (} - 1, . 7 L 1, l . ':>l J I. 41 <'> - l. 1,55 
914 HGl I S . JOO 6 . 3:>0 - I; . 002 2 . 41>4 1.395 -1. 405 
"I 5 ~',/ 1 , . ,ino I· . ; '>I) - 7. ,• ·JO ? . ,,o,. I. 3~5 -1.3 0 1, 

·; 1,J h , i 1 'J . u1;u I • . 1', ,J - rl . 'JI r1 2 . ll, 7 1. 14 '• -1. I 74 
917 d'; 4 1 ') . JjJ t:. j : l) - '-; . ,q ~ 7 2. Z I H I. 2 8 3 - l. 164 
" l!> o;5 l~. 0 u0 6.)5 0 - l2.443 2. I 19 I. 2 52 -1.124 
',L ,.., A<;(, I c, . ,)OrJ I • . )5C - I,. C I <J 2. I I 9 l. ?.52 -1.1'>3 
'l20 1-i '1 7 1 5 . uJO I- . • '>'l - I I. 59'.> 2 . I l 'l l. 252 -l.174 
92 1 A"l:l 1 5 . ,Jc; J 2 . ll~O o. o 2 l. 1 50 3.657 2 .4 25 -o. l '>4 
<J2 2 pc,q 1 c:, . Qt; {) 2 . ~5 0 - l . 11 A 2h. 71,4 3. 7A2 2 • 1, ,h 0 . 0 77 ..... 
'd J 9UJ I ' ,. ,JJO <. <150 - j . '• l. IJ z t. . n,,4 3 . 6 ,i 2 2.4 10 0 . ?',I, ~ 

G? ~ 4J I I 'j . ,J :J 0 2 . A50 -4. 7 I 11 2 I. I. 3 <./ j. 657 2 . 39 4 0. 3n 4 " 'l:?5 'lC2 15.J ~O 2 . A5C - 6 . 0CJ 27 . '.i2 1 3 . 5 A 3 2 . 39 4 0 . 5 37 
'12& Ql)) I 5 . JCO ? . 9~G - 6 . 77', 2 8 .1 8', 3.608 2 • . \64 0.717 
'1? 7 9,)'t I 5 . l ,)l) 2 . ,i ,c -1. 2 ,,0 2'l . 2'l2 3 .4 9 1, 2 . 2,i 1 0. 5 37 
9t A <;0, l,. OJ O 2 . A~O - 1 . cl Co 29 . 1'11 3.459 2 . 2 40 0 .6 <J l 
'll ', Q :11> h. :J :;O 7 . P 'jC - A . 3 2 I 2" . ,'2 1 1. 3 •1 4 2 . 2 10 O. 71-,R 
q J ; <;O 7 15.0 0C 2 . a , c - H . ~ \1, 2'l.216 3.235 2 .1 03 0.640 
<;H 90'3 15.00 0 2 . 850 -9.351 2 'l . 285 3.260 2. l O 3 0.435 
93l <J Q• , J 'i . d )\,) / • C ,, :) -" • i

1 f- 1 2 t ~ . •) , .. ,. Lll O l . O:> 7 0.640 
9 11 <J lll I 5 . JOr. l . A c,o -1 I. 1 55 2CJ . 7 20 3. 0: l l. 9'l 5 0 .3 A4 
•)3 4 '111 1 5 . J..iu 2 . ASC - 1 2 . 1, 1, 3 3:J.458 2 . '1>36 l . <J 34 0.307 
'HS 'i 12 l '5 . JOO 2 . H5C -13. 73 1 31. 122 3. 01 I 1. 903 0.102 
936 913 1 5 . JOO 2 . 1• 5 0 -1 5 . 0l'l 31. 24 3 2.%1 1.903 0.051 
937 '1 14 I, . O:J O ? . 850 -17.'5G5 31. 5P.4 2.a12 l. '3 8 7 0.128 
938 'l I 5 15.u JO 2 . tl50 -1,l. I 10 3l. 60<J 2 . 787 1.857 0.026 
91'; •)16 1,. ::ioo 2 . 6,C c . o 27 .267 3.657 l.'l 90 - 2.'142 
<;40 'I I 7 1 s . ,Jt:o ?.B,C - 2 . l 18 3 . 8 'i6 2. 0 5 7 - 3 . I 7 2 
'1 41 'lid 1,.J o~ 2 . ~ 'i:) -3 . 4?6 1. flJ? 2 . 0'.)6 - 2 .7 63 
942 'l l <; I 5 .. JUO 2 . n5C -4. 7 14 3 . td2 l. 'il,1, - 2 . Al4 
94 I 920 l 'i. GOG 2 . H50 -6 . 0:J ? 3. 6H? l. '129 - ? . 609 
'144 'l 1.1 l',. UOC 2 . H5C - 6 . 775 3.608 l. 91 7 -2. 48 l 
94'5 (,2£. 15. 'J OO ?. A50 - 7. ? 'lO 3.5n3 l. 8',6 -2. 1,56 
946 9/3 l '> . J OO ?.85C -7. t1C6 28.753 3.4 tl4 I. Alb -2. :i28 
94 7 924 15.00:J 2. 850 -H. 32 l 3. 38 1, l.765 -2.328 
94~ 92'> 15.000 7.85 0 -8. RH: 3.1 09 l. 77tl -2.174 
949 926 15.000 2,850 -<;.351 3.135 I. 70 l -2.123 
950 927 15.000 2 . 8~0 -9.867 3.210 1. 688 -2.046 



Table III (Continued) 

TEST X V l VELOCITY u ~M S V 1{'1S w RMS UV uw 
NUl"tJ EI{ NU~ ~E r< FtE T I NCH ES ( llj CHE S FPS FPS Fl' S FPS IFP S JX(FPS) IFPS)X(FPSl 

9'> l Q2 f! l 5 . JJO 2.A 5 0 -ll.l 5 5 3.0'!5 l. 6 12 -l. A42 
9'>l 9 74 15 . llUQ 2. A'>O -12.441 3.03', l.5Q9 - I. 790 
"5 3 C, jJ l 5 . QGO 7. . ,1 50 -l ·l.73l 3.03 6 l. 5H 7 -2.046 
G5 4 '-1 ll 15 . 0 ,) 0 2 . U50 - 15 . QI 'i 2. ·n1, 1. 5 )6 -l.A42 
9'> ~ 

"' 2 
1 '> . ,lO O 2. ,i50 - l 7. 5 'l5 2 . t136 1.510 -1. 714 

g5 ,, 9H 1 5 . 0 J O 2 .d 50 -1 8 .110 2. 8 36 l.497 -l.688 
95 7 9 34 1 5 . 000 0.7 5 0 -1.806 1a .683 4.580 2 . 88 5 2. 315 
<; ',A 9 3S l S . 00 0 1. 03 0 - 7. 80 6 2 1. HJ 4.4 98 2 .716 2. 022 
95 ') 916 15 . 000 l. 3 I 0 -7. %6 7 L 0 4 1! 4. 38 7 7 . 7 0 6 1. 70 6 
<J1,0 <;J7 15 . COO !. 5'1 C -7 • . 9J I, 2 4. 6 2 4 4.0 8 4 2 . 54 4 1 . 4 6 1 
<, 1,1 'i3'i I '> • . J~G 2 . l '; :; - 7. 806 2'> .71 8 3. 725 2 . J?<J I. l '1 4 
96/ 'd<t l ~ . J <J C 2 . 7 I C - 7. 8 Co 2 1.5A 5 ,.44 a 2 . 22 7 0. 82'! 
q ;J 3 Q4 0 I 5 . ,JOO 3. 270 -7. ~C 6 2 8 .7 '12 3.3 2 6 2 .1 38 0. 5 36 
'1 6 4 ') q I '>. :) J O 3 . e3C -7. ~J6 3 0 . I 'l2 3 . l 37. 2 . 06 7 0. 5 85 
gt, ~ 9 ·,2 l '> . J OO 4 . H U -7. il O':> 11. 2 12 2 . 9 37 l . 91, 7 0 . 4',3 
966 9,, 3 l '> . •JOO 4. ~ ':i C - 1. H0 6 3 2 . 396 2 . 81, l 1. 9 16 0 .414 
9t, 7 ~ r,4 1 5 . 1)() \) t . l '.: 0 -7 . H06 1 3 . 9 1,9 z . ~9 1! l . 73 6 0 . 31,f, 
%~ 4 1t 5 I ~ • .J :JO 7 . 7 50 -7 . 8C 6 ) 4 . 5 4 2 2. 18 5 l . 5 75 0 .17 0 ..... 
C,6', 9 46 I 5 • . JO 1 10. 54<; -7. t! C6 3 6. 11 6 l. 74 'l 1.234 O. O'l 7 .i,:. 
'l , ~ '-14 7 l ':> . ll ~ O 13 .3 49 - 7. 80 6 37. 770 l. ) I I 0. 9 13 0. 09 7 00 

'17 1 t/ ' • H I 5 . J () tl 16 . 11, 'l - 7. A'.J6 38.9al O. R25 0. 5 41 0.04'l 
~, I ?. .,,.q l 'J . :) O~ C. 7'>C - 7. HO'i 4.1>1 5 2. I 12 - 3 . o .-.s 
" 7 j .; ',0 15 . J l) (J I. 03 0 - 7. 806 4 . 4 l '> 2 . 0fi2 - 3 . 0 1, 5 
<l 7 4 9'> l 15 . J OU I. 'J I 0 - , • eo 6 4. 38 / 2 . 0 6 7 - 3 . l 6 7 
975 9';2 l '> . 'J OO l. 590 - 7. !l06 4. l 39 2 . 0 0 1 -2. 9 7 2 
Q7(; 953 l 5 . U0 u 2 . l '> C -7. 806 ·1 . 7 2 5 l. ll 8 7 - 2 .7 28 
ClJ ,' 9 5 4 ! ~ . J OO 2 . 7 I 0 - 7. AJ 6 3 . 44 9 l. 79 8 -2 . 36 3 
'l 7 >j 955 l ', . ') ,JJ 3 . 27 C -7. 806 3 . 339 l. 737 - 2 . I 4 3 
9 79 9 ':J t) l :, .. j QC 3. R} C -7. Uv6 L l 73 l . 7 J 7 - l. 949 
<;~ -J <;', 7 l '> . a c e 4. 3 'l(; - 1. a06 3 . Ob 3 l. 662 - l. 75 4 
CJ~ I 9 5A l 5 . JCO 4. 9 50 -7. 80 6 2. 925 l. 6J2 - l. 730 
9 A2 9 59 1 5.000 6. 35G -7. 8 0 6 2.5 'l 4 l. 4 'H -l.5A3 
9& 3 960 1 5 . UJ O 7. 7 5 .: - 7.806 2 .1 8 0 1. 3 33 -1.1 9 4 
9 t! 4 9 6 l I 5 . 000 10. 5 4 9 -7.ll0 6 1.79 3 l. l 5 4 -O. S52 
9 8 5 9 62 1 5 .000 13.3',<; -7. 8 06 1.297 0. 8 68 -0.512 
9 8 6 9 6 ) l~.000 lt.l4S -7.806 0.800 0. 59 9 -0. ·19 5 



Table III (Continued) 

~ t_ ', ~ X y l 11 tu)tl y u l<M~ V ~M!: w l<M UV Uw 
~dJ "'4 •' f~ NlJ " ·-'t R FEET INC.HES ll'<C>1ES FPS fP~ FPS Ff>S CFPSIXlfPSl (FI-SlX(FPSl 

9>< 7 987 9 .0 00 .4 .H! 0.000 14.lbl 4.0~0 2.201 3.034 
9'<8 C/8~ 9 . uoo .716 0.000 17.obl 4.ld 2.195 2.9'17 
c,,~q 9 rl ·~ 9 . UOO . <;'l4 0.000 21.'::>37 4 .111 2.220 2.tldb 
C/'l() 990 9 . 001 ! . i:'73 ll.000 u . (I':, J . 80 9 2.1 8 ] 2.tl49 

'-" I -, ,, I ". ooc !.C/bd O.OJU 2d.l4b 3.719 2.10-. 2.bSI 

'"' ''"' <; ·~2 9 . vuc 2. 66 4 0.000 2-.. s o2 J.Std 2.047 2.442 
~r,l 9 '1 3 9. OGO 4.055 0.000 31. 4 79 J.Ot'::> l.7J9 2. OJ'::> 
<;<,4 99:, 9 . uoo 5.446 0.000 3J.t, /4 2 .4--J2 l.S17 l. 711> 

99', '19'::, 9.UOC b.t!J8 o.oou J',.4~ I 2.241 l • .JYJ I.bbl 
'19', '-1 9 '> 9 .0 00 tl.22'1 0.000 31.066 1.9-,0 l.2 il2 l .4b 7 
9'-1 7 997 9 . 000 'l. ',c O 0.000 3/ .b fo 1.1 .. 9 1.15'1 1. J07 

"9" 49':I 9. Goo 11. 01 I 0.000 37.db', l. 5 I tl 1.01b l.Ul 
<; c;q 49'1 e; . ouc 12.40 3 0.000 3H.J4'+ !.2ob . 9b2 . '174 

I GOO ! OGG '1.00C I j . 79 4 o.c,oo 39.•H5 1.045 .82t> • 740 
I ,)O I I ~O I <, . ooc b.11:!5 0.000 40.b'::>l • 7-,4 .678 .029 
l uu? 1002 4 . 000 lo. ', 7b o.oou 40.':>I~ .4'J2 . 506 . 419 
1003 100 3 9 . 00 0 11. 9t>E> O.uUO 40.2t15 .3/2 .407 . 321 
10 04 10 0 4 9 . 00C 20.75 0 0.000 J'il.'lt!d • I 'JI .24 7 .1 97 
I OU'> 100':> 11. 00 O . 625 0.000 lb • .Jl l 4.2 11 2.18J 3.009 
I OO ', l 'lO'> 11 . 000 • 73b 0.000 11.J]~ ... J~2 2.1 5tl 3.034 
l O O 7 I OfJ 7 11. ooc I . o 14 o.ouo hi.lob 4. 0 /0 2 .170 2.-.10 
I 'l iJ >< 10() ~ 11 . 000 1. 29 1 o.uoo 22.U':>b 4. lei 2.ao 2.H 24 ..... 
I 00°• l OO-i 11. ouo !. 5b9 0.000 24. I 7t> J.910 2.uo 2.b>ld ~ 

1010 IO I 0 11.000 2.20) 0.000 26.4 l':> 3.61d 2.lJJ 2.':>40 I.Cl 

l O 11 l O I I 11. ooc 2 . 9'::, 7 0.000 27.<;33 J .41 7 2.010 2.442 
l O l? 1012 11.000 4. )45 0.000 11.lt!b J.015 I.tic ~ 2.047 
I O l 3 I O I 3 11. OOC '::,. 7)) 0.000 32 .'IJ'+ 2.So3 1. 5 78 l. 78tl 
10 14 I O I 4 11.0 00 ,.1 2 1 0.000 ]'::, . bl'::, 2.412 l. 'd0 l. o4 0 
10 15 I O I'::, 11. 0 o 0 8 . 509 0.000 3t>.5Jt, 2.ouo l. 2t12 l.4o 0 

I O I" IO I 6 11. uoc 'l. 8'16 u.ooo J o . b72 l. 7 4'1 l.24S l.J56 
IO I 7 IO I 7 11.0 00 11. ?Ii'- 0.000 3d.J49 l.'> otl l.O<;o 1. l 84 
101.q I u I I:\ 11. ooc lc.672 0.000 3 J.4t!J 1.2~6 .950 .987 
I O I~ . I u I ~ 11. 000 14.060 0.000 3Y.40',1 l.Otl5 .85 1 .752 
) Q? Q l ,l'U 11. OOC I S .44 8 O.vOO 40.0tl7 .8U4 • 715 .617 
10"1 I Q:> I 11. 000 18 . 224 0.000 )-J. -,2J . :Jd2 .4Jl .2d4 
l flc2 I n! 11.0 00 21.0 00 0.000 40 ... so • l o l .210 .H7 
10n I 02 3 I J . OuG . 5'::>5 0.000 15.334 4.0cO 2 .1 21 J.Otl3 
10~ 4 I fJt4 13 .00 G . ~25 0.000 14. ',t,7 3.9/0 2.09b 3.009 
I 0,.-5 I O?':> 11 . uuc . 904 0.000 19.U2'i 4.171 2.1 9 '.i 2.921 
I G , ., I o ;, i, I J . OU~ I. 11:l ) o.oou 21 .401 ... l cl 2. I 83 2.b)t, 
10,1 10 ?1 13.0 0C 1.462 0.000 22.-;o .. 3.9cO 2.170 2.tll2 
I 0/11 I U?~ I j . 000 2.160 o.ouo 25.94~ ::i. 7o~ 2. I OY 2. SQ O 
I fJ/9 I O;> ·} l). OIJO 2 . 8'::,tl 0.000 2tl.)4t> J •'::,I tl 2.0'10 2.429 
I I) 10 1030 1:i . ooc 4.253 0.000 Ji.4b'+ J.llb 1. 91 1 2.14b 
I o) I 103 1 J J . uoo ',. 649 0.000 3J.2YJ 2.SJJ 1.603 1. ',48 
lfJ V 1032 11.000 7.u4'::> o.uoo 34.40tl 2.102 l.45S 1. 702 
!OJ) 1013 13 . 00C d.440 0.000 35.t> 7b 2.010 l.35t> l .5bb 
I u _1 4 10)4 J J .0 00 9.a)b 0.000 37.JJ-. l. 7>.J9 1.1 84 l.J9J 
I O)'> I U3':> 1::i.uou ll.2Jl 0.000 38.ldO J .5.J!:! 1.110 l .1 ~'ii 

IOJ"i 1036 13.000 ll.t,27 0.000 38.SO'il 1.407 1.048 .974 



Table III (Continued) 

TE<;T X y l VEL OC ITY u RM S V RMS w ~MS UV uw 
._u ,. ,.:<:« "IU '-' >1E.R fE ET INC HE S I NC,,t:5 f PS fP S fPS FPS <FPSlX(FPSl !Ff'SlX ( FPSI 

10 !7 103 I lJ. OCO 15 . 4 1d 0.0 0 0 3 9 .' l d«: • !l O'+ • 72d .017 
1 G I ~ l 0 3 '1 1 ) . 00 0 l t1 . c 09 0 . 000 40. 0 14 .Jo«: .-.32 . J oi; 
10n 1039 }J . 000 21 . 000 o.ooa 40.20'i . 2Jl . 24 7 . 173 

~ 
u, 

CrJ<dH:CTEU OAT A FOR U(MEANl J U fPS 0 

T F. ST ~ y z VE LOC ITY u kMS V RMS w RMS UV uw 
t! 1Y-1~E._;., MIJ'-' ~t. ~ f lET I NCHES I NCHES t' PS fPs FPS f,-,5 <tPS lX(F PSl (FPSlX<F PS I 

I U'-0 I 04 ,J ! S . COO 20. 742 0 . 000 .?.9.'-l'-11:j . bd . 20 0 . 14':i 
I 0 <- 1 1 o-. 1 15 . 000 1 '1 . 65 7 0 . 000 2'-1 . tlOO . 1-,, 7 . 266 • Hl2 
10~2 1 042 I S . 000 l d . ?55 0. 00 0 29 . t> I O .316 . 339 . 218 
104) 1 U4 j I S . OC,c:, J h.i\<.J 0.000 z-. . JS9 . Jo5 .4 12 . J27 
1044 l 044 15 . 000 15 . 45 1 0. 000 2d . '-194 .66 1 . 569 0436 
1045 1045 15 .0 00 14 . 050 0. 000 2t1 . 076 . ii .. 9 . 605 . 005 
1•)4", l LJ <+ I> 15 . 000 12 . ;,48 0. 00 0 2d . b0 l • 9'-1 7 . 69 0 • 7 39 
1047 1 04 f !S . 000 11. 246 0 . 000 2d . J76 1.1 2s • tl60 . 932 
IU<o-l I /J -. ~ 1 •, . 00 u "-J. R,,4 0 . 000 27 . /:, 4'-J l . 2d) • 9':, 7 1. 12 0 
1 uc. 0 I 049 15 . 0UC d . 44) 0 . 000 20 . ... J-, 1. 509 1 . 060 1. 247 
l 1hO I 1)50 1 s . one 7 . 0••l 0 . 00 0 2S . Sb l l • 7-+ 7 l .1 50 l. 3so 
1 ~:- 1 105 1 15 . 0uu 5 . 639 0 . 000 24 . 22'-J 2 . 062 l. JOd l. Sl4 
j I)',;, 1052 15 . 000 4 . 237 0 . 000 22 .1 s::, 2. 4b 7 l.<+ 53 1 . 71~ 
l ,1-,J I 0:, J 1 5 . ooc; J . 5)6 0 . 000 2 l. 6J7 2 .6 ! 5 1.51'+ 1. d l 6 
l U:, 4 1054 I :, . 000 2 . l!J5 0 . 0 0 0 20.416 2. 84 2 1. 58 0 1. 9 25 
1055 1055 15 . vUO 2. 1 JS 0 . 000 l 11. -19 J 2. 90 1 1 . 6 10 2 . 0 11 
1 Q'.:,h l 0 :,~ 15 . 0 00 l. 4 34 u. ooo l o . 050 ) • lJ tl l . 64 7 2. 0½15 
1 v'> 1 1057 15 . 000 1.1 53 0. 00 0 l " . o l 9 J .O t19 l.62 3 2 . l 'i.2 
10'>8 l OSd l 5 . ooc, . 873 0. 0 0 0 12. 736 3.0/9 1. 5 74 2 . 2t,4 
105 9 1059 15.0 00 0 0A A 0. 0 00 ll.62.2 J.o:io 1.526 2.2 52 
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Table IV 

Summary of results from carriage-effect potential solution 

u V 
2 (p-p) I y q 

(in hes) (fps) (fps) (fps) (fps)2 Notes 

42 000 39.755 0.000 1580.433 9.784 Carriage 
40 800 39.756 -0.018 1580.516 9.742 Centerline 
39 600 39.759 -0.036 1580.763 9.619 
38 400 39.764 -0.054 1581.168 9.416 
37 200 39. 771 -0.071 1581. 723 9 .139 
36 000 39. 779 -0.086 1582.415 8.792 
34 800 39.790 -0.101 1583.232 8.384 
33 600 39.801 -0.114 1584.155 7.922 
32 400 39.814 -0.125 1585.169 7.415 
31 200 39.828 -0.135 1586.255 6.873 
30 000 39.842 -0.143 1587.394 6.303 
28 800 39.857 -0.150 1588.569 5.715 
27 600 39.872 -0.155 1589.764 5.118 
26 400 39.887 -0.158 1590.963 4.519 
25 200 39.901 -0.160 1592.151 3.925 
24 000 39.916 -0 .160 1593.316 3.342 
22 800 39.930 -0.159 1594.448 2. 776 
21 600 39.944 -0.157 1595.538 2.231 
20 400 39.957 -0.154 1596.579 1. 711 
19 200 39.969 -0 . 149 1597.564 1. 218 
18 000 39.981 -0.144 1598.489 0.756 
16 800 39.992 -0.138 1599.351 0.324 
15 600 40.002 -0.131 1600.149 -0.074 
14 400 40. 011 -0.123 1600.880 -0.440 
13 200 40.019 -0.115 1601.545 -0. 773 
12 000 40.027 -0. 107 1602.144 -1.072 
10 800 40.033 -0.098 1602.676 -1. 338 

9 600 40.039 -0.088 1603.144 -1. 572 
8 400 40.044 -0.079 1603.547 -1. 774 
7 200 40.049 -0.069 1603.888 -1. 944 
6 000 40.052 -0.059 1604 .167 -2.083 
4 800 40.055 -0.049 1604.384 -2.192 
3 600 40.057 -0.039 1604.542 -2.271 
2 400 40.058 -0.029 1605.640 -2.320 
1 200 40.058 -0.019 1604.680 -2.340 
0 000 40.058 -0.009 1604.661 -2.330 Tunnel Floor 

-1 200 40.057 0.002 1604.583 - 2 . 29 1 

Not e : The solution is based upon an oncoming mean velocity of 40 fps. 
Values are computed for the location corresponding to the 
probe location used in the tests (three feet upstream from 
the cylinder representing the carriage). 
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Table V 

Cross-flow (W) data 

er ,•~~ F-C TE[) 
TEST X y l VE L IJ C IT'( ~•F.AN (II\ S VFLl'C lfY 

NlJ/-'Bf:R FEU I NC Hf: S ! NOtf'S ( FDS )( :,;I V'.l l T :\GE VCI.TAGF ( F P 5 l ( w) 

I l<;.(}JC 20.1 0' ) o.o 0. J '>5 0 . OOl, i). ()6 9 0 . •}5 3 
z l-;. J CO 17. ')87 o.o ,) • 020 0 . 002 0. 06 ?. 0. 0 l ·J 
) 15.0JO 15.11 6 o.o - l) . 0 0 2 u.o 0 , 06 3 -a.c o~ 
4 -- 15.C ,)J l 2 • 3 c) 6 o.o 0 . 0 10 o. oo~ ,J . (11:, 3 o. n 1q 
5 15.000 Q.556 o.o J .062 0.006 o. 06 7 0.060 ,~ 15.01)0 6.746 o.o 0 .043 i). 00 4 0. o,:, 7 0. 0 (+ 2 
7 15.0JO 3. 9 j 5 o.o - 0 . 0f. 8 -0. 007 0 . C.1 -'> 6 -0.066 
H 15.0.}0 l. U 5 o.o -0. zt+Q - :). 025 0.05J -0.2 1tl 
g 15.000 0. 5 ') 3 o.o -0. 573 -0 . G'58 O. ll45 -0.5'54 

10 - 15 .000 - l. 12 "i 14.Q54 0 .201 c . 020 O . CJ0 6 0. 1 q4 
l l 15.000 1.1?.S 1 2 .312 0.29 1 o . 02q 0 . O~ ':, 0.2 :1 1 
12 15.Q :)Q 1.12 5 9.670 0 . 202 0 . 020 0.066 O.l<l5 
11 15.0JO l. U·i 7.02 8 0 . l 5 7 0 .01 6 J.0 70 0. l 5?. 
14 15 • .J ,) Q l. l 2 S 4.3 t~6 -0.021 -0.007. 0 . 0 62 -0. D?.'J 
15 15.0 ,1 0 l. l 2 'i -0. /398 -0.181 -0 . 019 o. osq - •).t/5 

- -- - L 6 - ·- - l 5. 0 0 0 1 • l 2 '.> -f>.1 82 -o. 3513 - 0 . 016 0. 06;, -C. ] 46 
17 15.0')Q L. 12 5 - tJ ,82l+ - 0. 162 - \).016 0.06t- -0.157 
18 15.000 l. l 2 5 - l l • '• €• f, - 0. l 56 -0.01 6 0.071 -0.15 1 
19 15.0()0 l. LI 5 -14.1 08 -0.096 -G. 0 10 u. 0"> 3 -o. c~'l) 
?O 15.GOO 1. U'i -l6.7'i0 0.021 o . :;02 0 . 0 7l 0.020 
ll 1s.o:;o 1 • l 2 '1 -l9.~S2 0.073 0 . 001 0 , 0 72 0. 0 7l 
22 ··- 15.0JO 0. 5 -S 3 -19.3<Jl 0. 01'~ 0.004 o. 06 5 0. 03~ 
23 15.00 0 0.563 -16.750 -0. 0 36 - 0 .004 0. 06 5 -0.035 
24 15. 0() 0 0. 5 1) 3 -l't.108 -O.ld5 -0.019 0. 0 65 -0. l 7".J 
2? l 5. Q .)O o. 56 J -ll. 1•66 - 0. 3 98 -J.J40 0 . 0 72 -0. Ji<'., 
?6 l ':i • \J ,J () 1.5 6 3 -10.1 1,s -0.4 1t5 - ~1. 0 1, 5 O • .J.',t - •) .,, ·,o 
27 l 5. O!J 0 0.5 1; 3 - 8 .824 -0.341 -0.034 0 . 0 1, 0 -o . J?. C) 

23 --- - 15.0•JO l. tP 8 20.23d 0. 02 0 () • Oi.l?. o. ()66 0.019 
29 15. Qi)O l. 82d l 7, 5% 0.061 0 .006 o. ·J6 7 o.os1 
30 15. 0 ·) 0 l. 8 2 tl 12. 312 0. 115 0 . 012 0. 069 0. 11 l 
31 - 15.01)0 l. e? '3 7.028 o.oa<J O.OO<J 0.065 0. 0 fl/, 
32 15,0JO l. 82'l l.744 -0 . 072 -J. 0 )7 o. or, 2 -Q,')70 
3] 15. UJO l. 8 2 ·l -3.540 -o. l 55 -0. 0 16 0.06 7 -0 .l 'i O 

- -·v. 15.0 oJ O l. 8?S1 -R.824 -0. 04 1 -0. 00 1, 0.()7 0 -0. 0 1 .. 0 
35 I ':i. ,no l. 82 tJ -14.10 8 0. 00 3 o.o 0. 0 74 0.003 
36 15.00 0 l. 8 2 fl -19.392 0.103 0.011 O.J7 0 0.100 
37 15. (J!):) 3. 2J 3 20 .2 38 O.G 1t 8 0 . 005 D. 0 7 l 0. 0 4- -'> 
38 15.0JO 3.211 12,312 0 . 001 0.00 1 l) . 0 73 0 , 007 
39 15. 0) 0 3. 2 13 7.0 28 -0. 037 - 0 . 0 ') ', 0, 0 70 -0. 03~ 
I+ Q , r " ' " L J • V · IV 3. 211 1. 744 - C. Cl 9 - l). iJ 02 O. lF. 6 -0. 01~ 

'• L 15. o:rn 3.z-n -3.5 1+0 -0.039 -0.01)4 0, Oi, 11 -0.0lf! 

'• 2 15.0)0 ).?3.l - fl. 8 2 ,, 0.039 Q • 00 1+ 0. 0 70 0. 0 38 

'• 3 1 5. 0 .; 0 3.213 - l t+,lC B 0. Of, l l) . 00 6 0 . ,)7 7 0 . 05<) 
4'• l 'J , tl.i O 3.2 B -19. 3 <)2 0 . 09 1 O . OOf\ .J. G7 1 0. 073 

'• 5 l"J. :))0 5. 3 1, C 2C.238 0 . l '• 1 O. Cl 4 0 . 0? !+ 0.11 9 
4(, l 5. o ) ,) 5. 3-', 0 12.112 0. 0-'3 l o.ooa o. 0 i ~ 0.07fl 

'• 7 15.G JO 5. '340 7.02 ~ - J . Ol4 -0.001 0 . :} ?. 'j ··0 .01'• 
'• a l 5. 0 J ,J 5 • 3 '• C 1.744 Q • QI♦ ') 0.005 0.0 3 0 0.047 
,,q l 5. Q;J O 5 . 3'+C ·· 3. S40 O. C l7 0 . 00 2 o. ::n 2 :l. o l f, 
5 l) 15.0 ),) 'i . 3 1+ C - 8 . 8 24 0. Q6q 0.001 o. 0 37 0.067 
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Table V (Continued) 

U,RqEr.TEO 
TfS..i X y l V[LOCITY I~[ A "l ~!AS VELOf_(TY 

NU'lllc ~ FEET 111.lCHcS [ NCH ES ( f-PS ) ( 'n' l VIJLThC.E VOLTAGE IF PS l (WI 

'>-1 15, 000 5.340 -1.;,1 c~ l) , ()}l) 0.003 0 .03 1t 0 . 02 ') 
~ 15.J() O :; , 3 4 :) - l <J • ·1 <J 2 - ,) ,U5J - •) . Ou5 o. 037 -0.051 
5 15.::> 00 5 . 340 -(), Ar.ti -o . cJ.; o. o 0 . 0~1 -0. 0 04 
¼ 15.000 Q,556 20.;'JI{ o. l Ii>! o.01q 0.042 0 . 182 
5 5 15.000 g , 5 ':>h 1 2 . 312 0. 1 l 0 0.011 0.045 0.106 
55 .- 15-. ,)00 g , 556 1.0 2~ 0 . 0 7 '1 0.ooA 0 .042 0.075 
5] 1 5. JO 0 <J . 556 1. 74 1+ o. i) 22 0.002 0 .0 41 0 . 021 
53 l'>.O •JO 'l, S 5 6 - .3, 5 1+0 0. ()'J •4 0. r.0 1 0 . O ·'.t l u.0oq 
5 ~ 15.000 ') . 5 5 !) -fl. 11 24 - J. ·) l3 -o . o,n O, •J3A -0.032 
6) 15.00 0 <'.l .55 6 -14 .1 01 - J. ;) ,JJ - l) • ') J ~ 0 . 04J -o. 01m 
6 15.000 q . 5 56 -1<;,392 -0.13 fJ -0.014 o.o 37 -0. 13'3 
6 _ l':i.000 l 'J . 3 q 2 .?C.?.38 0.056 0.006 0.036 0.054 
6 l 5.000 l'? . 392 1 2 . 112 0.11g 0 .012 0.037 o . 115 
6 15. JO 0 l'J , 392 7,028 0 . 0 9 0 J.009 0.033 0.097 
6 ; 15. 000 t<J .392 l. 7 4 1, o.o,,5 0.005 0.032 0 .043 
6 15.000 '). 39 2 - 3. '>40 0.0 1, 1 0 . 00 1+ 0 .033 0,042 
6 15.000 1'1,392 -8. rl2 4 o.ozu 0.003 0 .034 0.021 
6 . 15.000 l ·J. 3 9 2 -14.108 -0.052 -,J.OOS 0.033 -0.050 
6"1 l 5. 00 0 l Y.102 -19.392 -0.0 1, 6 -0.005 o. 033 -0 .044 
7• 15. 00 0 u. 771 2 0 . ?. 33 0 . 218 o.on 0 . 0?9 0 .7.11 
7 - l S. 00 C l .l . 77 1 12.312 O, l 70 J.Ol7 0 .034 0. l 64 
L 1 5,000 lJ. 771 7.0 ?t! O.O BO O.OOil a. 036 0.077 
L 15.000 I 3. 771 l • 7 1, 4 0,0 5 3 0 .0 05 0.033 0 . 0 'l l 
7 l 5. 00 0 ll.771 -3.54:J -0 . 0 1.;, -0.00 1• 0.036 -0 .041 
7 ! l 5.000 13,771 -Q. 82 4 - 0. O:'i 3 -0.001> 0.033 -0.061 
7 ~ 15. JO 0 13.771 -14.108 -0. O'}J -:l .009 0 .032 - 0 .0d7 
r l 5. Ou 0 ll.771 -19. 392 0. 00 1 o.o 0.015 0.00 1 
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Table V (Continued) 

CCRR l: C rt U 
TF S T X y l VI-L 1J CITY Vf ,\ 1-, RI .'1 S Vf:L CC ITY 

NU I-' fH: R H.: tT I \CHFS I ,\CHES ( r f' S l I ;1 l Vll l. T AC E VOLT ,\GF. I r- PS ) ,, .. ) 

l2 9 7 • l) ,:: ·) cJ . J75 - 2 . 7'l.u 0 . C !ld l) . ·; ',)'-i O,Jlu 0 . l 08 
lJ O 1. c,rn l 4 . 0 4 ,; -2. . 1t0 - c. JJ 't ' -, I• . J 0,'))l -J . 005 
Dl 7. Jv J tl • ,, ,, '• -; . uo 0 . :)97 U . J l 0 -0. JJ l 0. 119 
l32 1. 000 '.J • 6 1tl - 2 . 120 l) .047 l.l . J 05 -0. LlJl. 0 . 058 
1 J3 l. COO 2 . d 3 ,J - 2 . 720 -0 . 03R -\) • J L)l, J. OJ,~ -0 . 047 
lH 7.C JO 2 . 201 -2 . 720 -0 . 0 7/ -J.Jll8 O.JJl -0 . 094 
lJ5 7. CJO 2 . 1 3 7 -1 9 . ':: '- 5 o. 219 j • .: 22 -G. J l9 0. 269 
l 3 h 7. 0\)l) 2 • l ~ l - 14 . 3 L >l J . ?.06 ,J. J 2. l - 0. t)?. l 0 . 2 '> 3 
l 3 7 7. COll 2 . l 1 7 - ':i , 9Clu J . ll 76 ,l • . JO b -J. 01 7 0 .0 -; 1 
u a 7. LiJ 0 2 .13 7 -J . o7J -0.0,, 1• - 0 . J(Jt. - J • 1) l lt -0 . 05,, 
139 7. 000 2 . 1 3 7 -l . 3S6 0 . Ll l u V. JO l -0 . 0l 7 0 . 0 1 2 
140 1. 0llO 2 . l J 1 2 . 962 iJ . 047 J . '.rn5 - J • J l i, v . Ll58 
141 7. CJO 2 . 13 / 7 . 27 9 0. 109 0 . 0 l l -0. Jl. l 0 . l 34 
11,2 7. 00J 2 . 1 3 I 13 . 7'>5 c: . lc'j IJ.0 13 -0. 0? l 0. 15 3 
ttd l. DOU l. l 5t -lt.625 0 .1.iJ u . C l3 -0.J21 0 .1 60 
1,,4 7. 0vO l. 1 56 - 1 1• . J 08 C. l 02 u . J lO --u.on 0 . 12 'i 
145 7.u JO 1. 1 5 6 _,, . 9c,o o. J 73 J.007 -0 . 021 0.090 
146 7. 0 1) 0 1.1 5c -5 . t:73 0.072 0 . 00 1 -0. 02 1 o .• 088 
1', 7 7. DOJ 1.1 56 -l . 35b C.C 8 7 J . C0 9 -J. O? l 0 .1 0 7 
14 R 1. 0 0 0 1. l 56 2 . ')l:2 o . l 27 'J. Cl3 -0, •Jci 0 . 156 
l't '.'.l 7. o-::,o 1. 1 56 7 . 27'-J 0 . l 12 0 • ,) l i -0. ,];: l 0 .1 37 
L SU 7. 000 l ~ l <.Jh 13. 7';55 O.C47 O. Ju 5 - J . ,] n 0.0513 
l S l 7. OJO 0 . 876 2 . 962 0 . l c;2 0.019 -0 . 02.2 0 . 236 
l ':>2 7. 0JO 0 . 8 76 -1 . 356 0.055 0.006 -0 . 022 0 . 06 7 
15 3 7. 000 0 . 8 7 6 - 5 . 67) 0.039 0. CJ'• -o. Jn 0 . 048 
154 7. OJO 0 . 8 7 ::i -c; . c;,;o 0 . 008 O.COl -0. 022 0 . 0 10 
l '> 5 7. 000 ,) . 8 76 - 1 4 . JOo O.JdO J . U08 - 0 . 02?. o . o,;a 
156 . 7.0 0 0 0. 8 76 - 1!3 . 625 0.130 u.Ol3 -a.on 0 .1 60 
l ':> 7 7.0 00 0 . 5% -l B. c25 O. 1 H 0.014 -0. 022 0 . 16 8 
15 8 7.00J 0 .5 96 - 1 4 . 308 0.049 0.005 -0.022 0 . 060 
159 7. 0JO 0 .5 '-!6 --; . c;r; o -O.C35 - o. co 1• -0.022 -0 . 043 
l c O -3. 000 i0 . 625 o. c C. 0 39 '). 00 1t o.o 0 . 049 
l 61 - 3. UJ O 16 . 8 17 o. o -o. a _;4 - ll . •J:) 3 o.o -0 . 04 2 
162 . -3.U •}J 14.0 3 7 o. c -O.CS4 -0. 0:)9 0.0 0 3 -0 . 11 5 
163 -3.0 JO 11.2 5 / o. o -0.056 -J. 00 6 0.003 - 'J . 069 
l 6 1t -3.0 :)0 8 . 4 7 8 u.o -0 . 0 72 -0. 0 07 u. o - 0 . 088 
16 5 -3. 0 ·)0 5 . 6'1'3 c.o -0 • C.3--J -Li. CO ', 0. 002 - 0 . 048 
16 6 -3. U) J 2 . 9 19 o. o -C.JlO - J . OJ l -O.O'J2 -0 . 0 1 2 
16 7 - 3.0 JO 1. 5 za L) . 0 - C.t 2 ,') - (J . 0 12 -0.JJ6 -0 . l't 7 
168 -3. 0J O 0 . 9 73 o.o -0. 0,, 2 - 0 . 00', -O. OJ 6 -0 . 0 52 
l 6CJ -3. 0 J O 0 . 4 l 7 o.o -0.0 'l l - C. 008 -0.0 i)h -O . J9 9 
170 -J.U ,JO 1. 8(,6 1 c; . oco - 0 .017 -0. 0 l l -0 . 004 - 0 . 0 21 
l 7 1 -3.0 J O 1. 806 1 3 . ',33 0 . 0 1.& -0. C'.) 4 -o.o :n 0 . 0 56 
172 -3. 000 1. 806 e. "6 1 - 0 . 015 -c. 0 10 -O.O J2 ··0 . :) 18 
l 73 -J.O l,C 1. 806 3.8CC 0 . J j';, - i) , U0 /J -0 . 0 J4 0 . 0 43 
174 -3.0 uG 1. eoo -1. Zt, 7 0.019 -O . u07 -0 . 006 0.023 
175 -3.0!J l) l. 806 - (: . 333 C. 11 7 0.003 -0.002 0.144 
176 -3. 0JO 1. 806 - ll. 4CO 0 . 2 1,0 0 . 015 -0 . 002 0 • .Z:, 4 
177 -3.0 0 0 1, 806 - l t-. . 1, 6 7 0 .23 1 O.Cl4 -0 . 0J l 0 . 28 '• 
178 -3.LJJ O l. u!Jb - l S . CGO 0.2.h 0. 0 19 -0 . 002 o. 337 
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Table V (Continued) 

CCJf{R f C rm 
Tl-3 T X y L '✓ t- L UC IT Y ~ f= \ 1, 'HAS VtL O:t rY 

t-;UIJ ltR F L:E: T l 1'1CH t.: S l i\CHES l F fJ S l ( ~I } Vli l. l AGE VCLTA GF. I F PS l ( 'rl ) 

l '} -3 . ,) -)'.) 0 . ':> 50 h . OC J - 0 . J J J - l) . ,)0 9 -J . JJ2 -o.oo ➔ 

HJ -3. J CO 0 . 'j 1J : 1 l -~ • c; 3 3 u • . .h l - G ., d Li It -J. 0 0 2 0 . ') 6 J 
L-H - 3 . vOO 0 . ':> "J 6 s . 2i r 0 . C ?. CJ - () . J 06 - J . li 0 2 0 . 0 J .', 
l:l2 -3. CJO o . ':> ':, .') J . tlO ~ -0 . C2 C/ -,) . OU -O. Ol)2 -0 .0) 6 
l ::, 3 -J.OJO J . ) 'HJ - l. 26 7 -0 . C•t 2 - 0 . 0L; - ,) • J 0 2 -0 . O':i2 
1 3 4 -3.cou 0 . '> '>1> -6.3 3 3 J . 0 3 1 - d . 00 6 - o. ,~.Jz 0 . J 3 ~ 
135 - 3 . C •.i 0 J . 5 51:> - l l • ,, C 0 \) , 129 0 . 0 U ,, - J . 00 2 0. l ':i 8 
1 ~6 -J. 00 0 0 . 'j 'j () -lt.4 6 7 0 .11 g 0 . 0 03 - ') . J ·JZ 0 • 11, t, 

l '3 7 - .L 0J d 0 . lj r; 1') - l <; . 0 C ,; 0 . 174 O. JOi\ - 0 , Ull 2 O.?.LJ 
1 8 -3.COO 4. 3 (: ij l <J . OCO u . Jl5 - J . 008 O.ll O.OUl 
1 19 -3. 0JU 4.30 n 13 . S33 0 . 0 15 -u . ooa U,O J 3 0.013 
PO - 3 ,J J O 4 . J Cd tJ . eo 7 u. coo - u . OC8 -0. tJO l o . oo 
l 1 -3. 0JO 1, . 3 Cd J . 800 - O. Oo 4 - 0 . 0 16 0 . 0 0 ,, -o .01 q 
l • 2 -3. 0 00 ,, . J O-l -l.Z '.i 7 -J . 06 0 -o . r: 1s o. o -0 . 07 1, 

l • 3 -3. 0G J 4 . J C:ll -t.3 33 - 0,C ll - 1) . 0 lO O. OJ4 -0.014 
l •4 -3. 000 4.3 Jd -11.400 O. C6C -0.003 - 0 . COl 0 . 0 74 
l "' 5 - 3 . 000 4. 3 C 1l -lc . 46 7 0 . 040 -U.005 o .o 0. 0 '•CJ 
1•6 -3. 0UO 4.JC:3 -1 9 . CCO 0 . 02!3 -C . 001:> 0 . 00 1 0 .034 
1 ~7 -3. 000 ll. 2':> 7 19 . 0CO 0 .1 2 1 0.003 -J. 00'3 0 . l't <J 
l 8 - 3 . 000 11. 257 13.93 3 C. 0 !:> 8 - 0 . 002 - 0 . 0 lJ 0.084 
1 9 -J.O OC 11. 257 8 . tf-:7 0 . 1 02 J . 00 1 -0 . J l O 0 . 12 5 
2 u -3. 000 11. 25 7 3 . 800 -u . Otl6 -C .01 8 - 0 . 0 l O -0.lQ':> 
2Cl - 3 . 000 11. 257 -1. 267 -0. l !:>2 -0 . 025 -0.0lU -O .l<J 9 
I. 2 -3. 00U 11. 1.5 7 -6.333 -0 . 238 -0.033 -0.0 0tl -0.292 
2 ( 3 - 3 , JJ J 11. 25 7 -11. 1, co -0 . 231 - 0 .032 -0.0 09 - 0 .284 
2 ... 4 -3. 0JO 11.257 -lt.467 - 0 . 2 6 4 - C. 036 - 8 ., OJ9 -0 .;2.1, 
2C 5 -3. \JJ'J 11. 25 7 -19. 00 0 -0 . 289 - 0.03d - 0 .011 -0 .3 54 
2 6 -3. 00J 19 . 5<,7 1 '1 . 0CO 0.0cc; -C . 008 -o.o l3 0.011 
2C 7 -3. IJ OO 19 . '.l <) 7 1J. 'd3 -0.020 - 0 . 011 -0 . 01 1 -0 .0 2 1, 
2Cd - 3 . 00 0 1.::J . 5'17 8 . Bo7 -o . czg -0.012 - 0 . 0 11 -0 .035 
2L 9 -].U.JO 19 , 597 3 . 130 0 -0 . 057 - 0 . 0 15 -0.013 -0 . 0 70 
2 \) - 3 . OJO l G. 597 -1.2 6 7 -C .11 0 - 0 .02G - u . ,11 1 -0 . 1 3 5 
2 l - 3 . Jdl) 19 . :,97 -(;.333 -c .11 1. - 0 . 020 - ,J . 0 12 -o .1.rn 
212 - 3 . UCO 19 . 597 - 11. 4 00 -U.1 6 1 - 0 .025 -0.012 -o. 197 
2 j -3. 00 J 19,5g7 -lt::.467 -0.180 - 0 .027 - 0 . 010 -0. 221 
2 4 -3. 0JO 1 9 . 597 -19.COO -0 .153 -0.02 4 - 0 . 0 10 - .O. ld8 
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Table V (Continued) 

C I\ l1 S ::, F L L1 ,~ CArA u -= 30 f U.: T p E: i( st: cu·,o 
COK K- 1:C HO 

TEST X y l 1/f- LuCI TY 1-4 F- A I\ ~ (.\ s VtLCC lfY 
f\ U," BER F [ [ T I NC Hl: S l ~1C HES , r r s I l .., l VIJ L TAGE VGLT<'IGI: ( FPS l IW l 

263 15 . uJJ 20 .7 50 -8 . ?CJ 0 . C:tiO o . uuii o. o 0 . o ,Jtl 
264 15. 000 16 . H '.i 3 -B . SOJ -0 . 1Jl l -0 . 00 1 -0 . 00 2 -0 . 0 l J 
2 1.J 5 l '.> . dJJ t r,. (j'iJ -a . sec ,J . Ll 13 l.l. Ju l -1.LJJ t+ 0 , lllf, 
2 66 15 . JJC 11. 24( - tl . SCO 0 . 028 U. 003 -J. OJS 0 . 0 3ft 
267 l 5 . OJ 0 8 . 4 ,, J -d . ':iCC C . JG .3 U. 006 O.OJ2 0 . 077 
26 8 LS.0 0 0 5 . 6 39 - 3 . 50 0 J . l '> 9 0 . 0 10 0. 00 1 O. L'Vi 
2 6 '1 15 .U \JO 4. 2 37 -8 . S() u O. 2 ll o. on o . JJ3 0.2'.:i<J 
270 l 5 , 0J0 3. 536 - u . SJG 0 . l / 2 0 . 0 L 7 0.009 0 . 21 l 
27 1 15 . 000 2. tJ ] 5 - 5 .':J CO O. L 0 3 0 . 0 10 U. 00 5 0. 126 
2 72 l '>. UOO 2 .13 5 - 8 . 500 0 . 03 1 0 . 003 J . uJ2 o. o:rn 
2. 73 15 . u tJO l. 7 L 4 -13 . SCO -o . oc,. o. o O,J02 -0 . JOS 
21 1• 15 .JUO 1. 4 3 '• - j . SQ O - J . 0 G1+ o. o 0 . 002 -0 . 005 
27 S l:i . 0 ,Ju l. 15 J -t1 . SC0 -:J . 0 14 -0 . 00 1 O. Ju 2 -0 . 0 1 7 
2 76 l '.'i . OJl.l J , d f 3 -5 . SCO -o . 0 i5 - 0 . QJf+ o . '.) J2 -0 . 0 '• 3 
2 77 15 . ullll u. 59J -B . 500 - Q. -:; 02 o. o Q • l) J2 -0 . 002 
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Table VI 

Cross-flow (V) data 

c:v.r.:r-c rro 
HS T X y z Vf: LOC trY 'A!==AN ,, ( -~ s va .. ,c Irv 

NlJ'lq - 1-l F!:'F. T I !•J( Hf· 5 P,CHt 'i IF r> S) vriL Thf.t V 'J l. T ,\ G F' ( FP S ) (V l 
73 l •; • ;)'.) 0 l q. 'l 1 .l 2 20 . ?J ➔ - 0. J ')(, - .1. () 2 S .).()35 -o .? rn ,~ I :; • ,>,) ' l l l • 3 'J?. l?.H2 - d . 11 1 'i -.).::J3' J . Dl ·l - ·) • . 1 ~ ' 
BJ 1 5 . 0l);) l Y .\'-12 7. J ,!'-1 - :1. ~H1 --o. orn o.o zi:i -() • 2.') ;l 

~ l ':> . G00 l "l . J'-,?. l • 7 1, ' • -J . '\ { ,J -0.urn () • J 3 I> -0 . 7.q2 
~- l':i.O O'J l 'l . 1'72 - ·i . S 1, 0 -0.?.M -'J . 1P2 :).J2'l -(). l 09 
R3 15. on l '1 • .l 'J 2 -P . d? •:. -0.? 04 -:) • 0 l 7 ·) . J H -0. l 1!, 
H 1 '5 • ()0 ,) l () , Vl?, - l '•. l 0 Cl -0.2 l)7 -0.017 i) . )? q -o. l 11;) 
R- 15 . :)')() I 'l , 3 CJ?. - l q • ·1 •1,, -0.l'i l - ·). 0 l ;J o.ozr; - : ) • i) 'j '.\ 

lb l';i. 1) 1JO I I. 7' l 20.?3 P - i).15 .1 -0.011 •1 • ;) I 1 -a . J-, ,, 
8 15. 000 l J. 77 l l ?. • 3 12 -0. 3 JO - i).027 0 .()34 -0 . 270 
8 15. 00Q 13. 771 7. 0?~ -0. B2 -0.025 0 .0 3 1 -0.2 1,? 
R 1 5 , 000 13. 77 l l • 7 '• '• -o.no -0.'."l ?. 2 O. OJ2 -0 . 210 
9J l'i. 000 lJ. 77 1 - 3. 5 '10 -0.1 1)0 -:). 01 3 O.J?'l -o. l 00 
q t 5 . 0 0Q l l . 771 -8. R? 1+ -O .ll r3 - '). 1) 1 0 :.i. ()3 :J -0. O'il\ 
C) l ':i ,000 11. 7 /l - l '•. IO '1 - 0. l 115 -0.015 ') . 0 .?H -0. l ,?. 6 
9 l '.J • 0 ') 0 13.771 -1q,,c12 -0. 2l 1 - ,l . Q 1 7 O. ;,HO ·- () .151 
9 J'i.00 0 Q.5% 20.238 - 0. 1 Of, -o.ooq J . O?.f, -0.057 
9 5 15. 0 ·)0 9. 5 'i6 l?.312 -o.1g5 -D.Oln :') .0 25 -0. l 111'> 
9 15 . 000 9. 5 56 7.02q -0.?.'+?. -0 . 020 0 . 0 2 7 -0.1'11 
9 l 'i. 0 00 9.556 l • 7 '• '• -0.?.7.'i - :l.OLA l), 'n-3 -0 . L lr.1 
q 1,.000 'J . 5':i6 -3.540 -0.117 -D.009 0 .0 26 -0 . 05/'J q 15.000 O,'J56 -'l.87. t., -0 . 0 72. -'J. 006 0.0?.6 -0 JJ? 4 

10 15.000 9. 'i'>6 -1 1+.10:-3 -o.12q -0.011 o. 02':i -0.0i1J 
l O _ 1 5 , 00 0 q, '.i 'i 6 -19.392 - :).172 - ,).014 0 .0 26 -0.123 
10 ~ l'>.000 5.140 20 . 239 -0 . 004 o . o t). 0 ·'. 5 () . •)31 
10 l 'i . 000 <;. v .. o 1 ?. 3 U - 0. l d '• -0.015 0 . 025 ··O. llt0 
10 1 5 .00() 5. J '• 0 7.0 2 ij -0.20? -,),017 !) . 0?7 -J, 16A 
10 15.000 5.340 l.744 -0.172 -J.014 0.')?.4 -0. L -,, -, 
10 1 5 .000 5.3 1t 0 -3.54 .) -;).05'> -0. ,) Q 5 0.026 - 0 . 02 0 
10 15.000 5 . HO -8. i:i 2 1

1 -0.023 -0.002 ').025 J · ·'112 
l '.) ~ 15.000 'i • l ,, ,1 -14. l O'j -0. ,')'.)? o.o o. J?7 0 . 0:12 
l O • 15.00J 5 • .34 0 -19,1 92 -Q , ,) It] -0.0 0 3 ·).()26 -0 . 009 
11 • 15 . 000 3 . 231 20.23 8 o. ,J4J 1).001 n . ::1:~4 0 . 06 ~ 
l 1 l 'i .00 0 3. ?33 12.312 -0.049 -0 . 004 ,) , 07.2 -a .on 
11 .: l 'J . 000 3 . 2 .3 3 7.028 -0.102 -0.008 () . 02 ·J -0.075 
1 l • 1 5 . 0 •JO 3 . 231 I. 74 4 -0 .l 'JZ -a.012 a.on -0. 12 5 
11 - l '> . 000 3.213 -1 . 54'.) -J . •)16 -0.001 1. 0:~ o 0 . ''\l 1 
11 .. 15 . 000 3 . 2 33 -'1,A 2 1t -0 . 015 -0 . 001 ,) . 02 J 0 . 0\3 
11 1 "> . 000 3 . 231 -1 1+.1 0 '1 0. IO 7 1.009 J . 0? 3 0. l 3 1t 
11 - l ':i.000 .3 • 2.3 I - 19 . 302 o. 03'3 0 . 003 o.oa 0. 'Jf.>5 
11 ~ l ':i . OOJ l. o? 8 20 .?.3 ~ -0.115 -0.009 ,J . 022 -0.0'JI 
ii l 5. 000 I • '3 2 '1 I 2. 3 12. -0.117 -0 . 010 (), ()) 2 -0.'194 
l 2 C 1 5 . 0 00 l. A 29 7.02A -0.173 -0.014 J. J :> 2 - 0 .l Sl 
1 2 - l 5 . 00 0 l. q 29 l • 7 ,, 1, -0 .L qz - :'1 .01'> .J . 122 - 0 . i 5() 
12 ;;- 15.')00 L. fl 2 i:l -3.'>4 J -0.166 -J . 0 14 J . !) 2 2 - 0 . l '• '• 
l 2 = 15 . 000 1. 1-2 ➔ -8.8? 1• -0.175 -). 014 ·1 . ·)2?. - 0 . 15 1 
l 2 "' 15.000 l • 0 2 ':1 -14.10 9 --0. 055 -l). Qi)5 0 . 0:, 2 -0.033 
l;, 15. 000 l. Q2'1 -19.3 ci;, -0.110 - J .Q .Jg 0 . ) '? -o . Oq'l 
l U 1 5 , QOO l. l2 5 -\G ,1 <,? -0 . 1 Vt -1. <H l o . :')2 2 -0.114 
t r l 5. 000 l. 125 -1 1, .10 '1 -0 . '.)91 -1.0Gd ,) • 0 2? -0.1)71 
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Table VI (Continued) 

C:'.{isUr r.n. 
TEST X y l V:'1.'JC (TY '-1Ei\"l 'I I .\ S Vt-LflC: llY 

~~ \I 'A f\ f Q. Fr-ff [ •;r: t ... ;- S I •:r: H~ <; ( f- .) ,;; ) V~Lr,\Gr. '/ ' l. T \ ;;F , r PS l ( V) 

12 fl i 'i . 0 .) ,:) l. l."> -r4. fl? l+ - ,) • 2 l l - ,) • . 1 1, '.l . l)??. -0 . 1 <l 7 

2 l 5 - L 0JO l ·J . 'i :: 2 - 1n . iq -J . 32) -J. '. ?6 - () . 0 ,) t, -0 . 2 f-, Q 

2lo -3 . 0JO l ') . c; ,, 2 - 1 1 • ,, on -0.25 '1 - L '1 Zl - J . J lJ -0 . 7.1)6 
217 -1.0.)0 1 ') . 5 ·,2 - 6 . 3 1 1 -J.1 ·1'1 -'J . 015 -0 . 0J-t -0 . I J6 
218 -3 . 0JO I O • ">;.,? -l.?.67 -) .1 2i -0.010 - i) • 0 !')I, -0.071 
7Lq - 1 . o·i o 10. 5'>2 l • n 8 ~1 - J . Qt11s -0.0 1) 7 -1 . :J 1 7 -() • I) 1 7 
no - ·1. 010 10.s .:. 2 ~ . P'-1 -:::i . oq1 - ,).007 J . O -o. o v; 
2 2 1 - ·3.dJO l , ) • ':i '-' <' l J . <)1~ - l) . ;)/+ .? - ,) • 0 ') 1 - .) . o ]6 0.010 
222 - 3.0 JO l O. ')1, ? I 7. ') -" 7 0. ·J ll J. Oi)6 -J . OJ 6 0. l 2 3 
22 3 -J .O JO l 1+ • (l J 7 -1 4 .3!,l -0.115 -J . :)O<l - 1J.JlO -0.055 
224 - 3 . Q,JO l', . t):17 - 1 1. '• Ci) - •J. 144 -,J.012 -J . OO<l -0.0R:'1 
2?5 -1.010 l '•. Q 3 7 -', . :13"3 - i) . ()q3 - o. ocn -'1 • JO<l -0. 018 
?.26 -].O J J l t,,'.)17 -1. 2/:-7 -0.05() -0 . 00 1t -0.007 0. 0 10 
I.Z"f -J.0)0 1'1. () 17 3 . 1l-JJ :) • 0 16 0 . 00 3 -J . 0'18 () . ') <J 6 
22d -1.010 I 1,. 0 1 7 ~ . ,'l', 7 :).')87 0 . 0,1 7 -O.J07 0 . 14 7 
729 -3 . 0JO 1 '• . 0 ! 7 13. CJB 0.010 0 . 00 1 -Q.)07 0 . 070 
230 -j.O::)O 1 11. 0 :H 17.967 0 . 0 1, 2 0.003 -0 . 00 1 0- .10 2 
231 -3.0 J O lfJ. f1 17 -lA.141 - O.D4~ -0.004 -0.0 tl 0.016 
?.12 -1.c10 lA. f, l 7 -11. 4 00 -0 .117 -0.111 1 - ') • l)l Q -0.0!2 
233 -1. GJO lA. 111 7 - 6 . 311 -0 .117 - ,1 . 0 1 ~) -0 . 0 11 -0 . 051 
234 - ·1. o :)O 16. tl l"/ -l.26 7 - 0 . 082 -1. 007 -'1 .012 -J. ,11 7 
235 -J . C:)O 16. Bl 7 J. P. Qi) -0.040 -:) . O'J3 --0 . ,) 0 6 0 . 0£'5 
236 -3.0QO 16. f3 17 p. p~ 7 -0.054 -0 . 004 -0.006 O. Oll 
237 - 3. 00 0 16. 81 7 13.911 -'). oq1 -0.00.R 0 . 1) --0.03?. 
2313 -1 . 0:)(J l6.'ll7 1 7. o <4 7 -o. 02<./ - :J . 002 o . o 0 . 016 
1.39 - 3 . 010 ?0. 9U, -t P. 34 1 -0.?.'>7 - .1 . 0?2 -0 . 008 -0 .1 9() 
240 -3 . 0iJO ?O. Q; fi - 11. 400 - o . 31 ·1 -0 . 025 -0 . 009 -0 . 21 8 
2 1+ l -3.0JO 20 . 9~6 - 6 . 3:'• -0.?i31 -1.0?3 -0.009 -0. 21 <; 

242 -3 . 000 20 . •)86 -1.2 6 7 - o . 2-'i3 -0 . ()22 -0.01A -0. lCJ 1t 

243 -l .0 00 20 . 996 3 . 3'J') -0. l 01 -0 . 0lf, -'J.106 -0.!24 
244 -3.0 JO 20.9-Jfi 8 . flH - 0 . l 1tfl -0.01? -J . 00 7 -o. ono 
2 '• 5 -1.0 JO 20 . :'.lAf, il. 9J3 -Q.OA,] -0.007 -:).004 -0 . O 1 l 
246 -3 . G'JO 70.9 8 6 1 7.9 3 7 0. 0 17 '). 0 'J 1 - ,).004 0.085 
247 -3 . 0JO 2J. t-?. 5 l. P'.J) -0.13'> -0.0l 1 -1 . 038 -0. 06 7 
248 -l . 000 16.Pl7 3 • R '.)') -0.123 -0 . 010 -J.027 -0.057 
21,9 -3.0 0 0 14.037 3 . R,J•J -0. 07 1+ -0 . 00h -0 . 022 -0.011 
250 -3 . 0 :)0 11.257 3 . flG1 -0 . 06 1 -0 . J:)5 -J.1)14 -0.008 
2 51 -3 . 0 0 0 R. 478 3 • A;),) - •J . O'i l -') . 005 - 0 . ' ):)'l -0 . 0 16 
252 -3.0JO 5 • 6 CJ Fi 3. RJ) -0.049 -0 . 00 4 -J . ')10 -O . Ol3 
253 -3.000 2. Gli:J ~. 91 ) -0 . 037 -0 . 001 -'J . 0 .)4 -0. 0 l l 
254 -3 . 0JO 0.6 0 ') 3.P OJ -::>.o :n -0.003 0.004 -0.019 
2.,s -3.000 20 . 625 fl . fl6 7 - 0 . ')9~ -0 . 00R -0 . '134 -0 . 010 
2 56 -.LO .JO 16. rllf P. R6 7 -') . oq,, -0 . 00 7 - ·). 0 J4 -0.0?l 
2'17 -1 . 0 ')0 14 . J H 8 . 9!, 7 - ,) • 0 74 - ·J. O'.lh -u.JJ3 -0. ,11'\ 
25d -].OJO 11. 2 '>7 8. % 7 -0 .110 -0 . 00 9 -'J.026 -0.057 
2'i9 -3 . 000 8 . 'tf'l P. Fl ,, 7 -0. ')% -C.007 - .J . J27 -0. 0,, 1 
260 -3 . 0JO 5. 6 ') 9 ~. Q~ 7 -0.12] -0.010 -0.01':, -0 . 0 97 
?61 -3 . 0JO 2 . ,:; l fl 8 . 13q -0.0hl -0.0 0 5 - ·1 .00R -0 . 015 
262 -3.000 O. A<l5 8 . A6 7 -tJ.OAl -0 . 005 () . 0 -0. 0 '• 1 



Table VII 

Evaluation of Terms in Eq. 5-17 

u au au w auv auw au w au Residual 
X y z az u- (see note) az ax ay X az 

2 2 2 2 2 
ft in in fps ~ fps fps 

(fps) (fps) (fps) (fps) (fps) 
ft ft ft ft ft ft ft 

15 0.75 -7.81 19.0 -35.2 -0.25 -0.27 -2.92 -1.62 -4.75 +9.50 +0.21 

15 1. 87 -7.81 26.0 -22.8 -0.24 -0.09 +5.20 -1. 20 -6.24 -2.05 -0.19 

15 2.85 -7.81 29.6 - 6.0 -0.14 -0.02 +3.56 -0.16 -4.14 +0.12 -0.62 

15 3.55 -7.81 30.6 - 2.8 -0 .13 +0.06 +4.00 0.00 -3.98 -0.17 -0 . 15 

15 6.35 -7.81 33.0 - 3.6 -0 .12 +0.01 +4.00 0.00 -3.96 -0.04 0.00 

Note: The residual may be expected to reflect the effects of the viscous terms as well as uncertainties 
in the determinations of the various quantities. 
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<.n 
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Table VIII 

Boundary Layer Parameters 

Estimates of y. (in.) 
1 

* e (1) (2) Based on Based on Based on Based on 
X 

0 u* u* u UI u2 v2 UV 
(ft.) (in.) (in.) H (ft/sec) (ft/sec) data data data data Average (ft/sec) 

I. Centerline Data 

-3 2.25 1.67 1. 35 1. 39 1.4 
2 2.69 1. 79 1.50 3.89 2 .1 2.8 3.0 2.7 2.8 2.76 
4 2.87 1. 89 1. 52 3.57 2 .0 4 .4 3.9 4.5 4.4 4.18 31.5 
7 2.49 1. 78 1.40 3.15 2.0 5.0 7.2 7.4 4.8 6.28 34.1 
9 2.50 1. 57 1. 59 3 .13 6.1 7.8 8.7 7.55 36.2 I-' 

(1\ 

11 2.64 1. 73 1. 53 3.08 7.1 9.5 9.3 8.43 36.5 0 

13 2. 77 1.80 1. 54 3.07 9.4 10.2 9.7 9.55 37.0 
15 2.95 1. 90 1. 55 3.05 1.8 10.4 10.7 10.0 10.5 10.32 37.5 
15 (3) 3.11 1. 98 1. 57 2.49 12.65 12.3 12.8 12_7(4) 12.61 28.8 

I I. Data Near Edge of Roughness 

2 2.49 1. 74 1.43 3.87 
4 2.85 1. 93 1. 48 3.70 
7 2.83 1. 82 1. 56 3.35 

15 3.12 2.07 1.51 3.12 

Notes: (1) From Semi-logarithmic plots (3) Values for U = 30 ft/sec 
2 

00 

(2) From uv data 4) From w data 
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Fig. 3 Photograph of roughness model. 
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Fig. S Block diagram of voltage integration circuit. 
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Fig. 6 Block diagram of pressure measurement circuit. 
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Fig. 10 Block diagram of anemometer systems . 
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Fig. 12 Block diagram of recorder syst em. 
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Fig. 13 Schematic of voltage dividers. 
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Angle Calibration 
Probe #5236 
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Fig. 16 Sample angle calibration for x-wire probe. 
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Fig. 18 Tracings of x-wire microphotographs. 
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Fig . 19 Comparison of J u2 values obtained by different met hods. 
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F_g. 20 Comparison of Jv2 values obtained by different methods. 
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Fig. 25 Coordinate system and general view of flow pattern. 
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