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I. INTRODUCTION 

It is important in the comprehension of this work that the 

reader be familiar with the fundamental concepts, significance, 

and problems surrounding near-wall similarity in three-dimensional 

turbulent boundary layers. These introductory remarks are offered 

as a preliminary guide to the engineer or scientist who may find 

the topic only vaguely familiar. 

A.· NEAR-WALL SIMILARITY 

If it can be assumed that the flow close to a smooth wall can 

be determined completely by local conditions, a universal velocity 

distribution must be valid near the surface. Under such circum-

stances, the flow is said to exhibit near-wall similarity. The 

flovl is similar in the sense that velocity profiles can be non-

dimensionalized so that they collapse upon one another in a small 

region near the wall. 

In the very near-wall region of a two-dimensional turbulent 

boundary layer, the viscous sublayer where viscous shear dominates, 

the velocity profile is linear and it can be shown that: 

* ~-~ '* - ·V 
U 

'* where the nondimensionalizing parameter, u , 

(1) 

is defined as ~ , w 

the friction velocity. A little further from the wall, but still 

within the lower -15% of the boundary layer, is a region where the 

I 
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flow is fully turbulent but still affected by the presence of the 

wall. There the nondimensionalized velocity profile is represented 

by a logarithmic function from where this region derives its name. 

This function can be shown to have the form: 

* 
u* = ; In y~ + constant (2) 
u 

where K is called von Karman's constant. Equation 2 is commonly 

referred to as the law of the wall. 

The viscous sublayer together with this logarithmic region is 

sometimes called the extended near-wall or inner region. A mathematical 

expression such as that suggested by Spalding [1] that models the 

entire inner region can be called an extended law of the wall. 

In two dimensions the similarity law for the logarithmic region 

can be derived a number of ways. By comparing the inner region 

parameters to those in the outer region, the remaining portion of the 

boundary layer, and by using dimensional analysis the logarithmic form 

can be demonstrated. Mixing length theory or eddy viscosity theory 

along with the assumption of constant shear stress also will predict 

the logarithmic behavior. 

Experimentally, two-dimensional turbulent boundary layer studies 

have repeatedly confirmed the universal velocity distribution. 

Direct Dleasurements of wall shear stress have verified the similarity 

law for the logaritlooic region. The success and degree of applicability 

of this simple two-dimensional similarity law is quite remarkable. 
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As yet, no similarity law has been verified for use in three-dll~ensional 

turbulent boundary layers. 

B. THREE-DIMENSIONAL TURBULENT BOUNDARY LAYERS 

A basic characteristic of three-dimensional boundary layers is 

that, unlike the two-dimensional case, the velocity vector changes 

direction as the distance from the wall is varied. A velocity profile 

that exhibits such behavior is said to be skewed. The only exceptions 

are for plane of symmetry flows and axisymmetric flows without a 

circumferential flow component, neither of which are of interest 

to this study. Skewing of the velocity profile may be pressure 

driven or shear driven. Most attention has been given to pressure 

driven flows where the transverse pressure gradient imposed on the 

boundary layer by the freestream streamline curvature generates the 

cross flows (skewing). Shear driven flows are caused by the 

transverse shearing of the inner layers of the boundary layer such 

as caused by sidewise motion of the wall relative to the freestream. 

Research emphasis has been placed on three-dimensional turbulent 

boundary layers that are thin or fairly thin as defined by Bradshaw 

[2]. These are boundary layers in which derivatives of the 

velocities and turbulent stresses are small in the freestream and 

cross flow directions when compared to derivatives normal to the 

wall. Types of three-dimensional turbulent boundary layers include: 

1) complex flows in the corners between flat intersecting walls, 
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2) flows that are everywhere collateral and which derive 

their quasi-three-dimensional nature exclusively by 

simple cOfivergence or divergence of the flow external 

to the layer, 

3) plane of symmetry flows which are also collateral 

4) flows dependent on only two space coordinates such as 

yawed infinite plates or wings, 

5) full three-dimensional flows such as wings of finite 

span, wing-body junctions, free-jet flows over a flat 

wall ~pinging against a back wall, flow over fully 

three-dimensional bodies, flow in curved ducts, and 

turbornachinery cascades, and, 

6) shear driven flows such as flow over rotating surfaces 

in compressors, turbines, and helicoptor blades. 

Corner flows have weak secondary flows and, though of some importance, 

are difficult to study experimentally since the degree of skewing 

is limited. Flows that are everywhere collateral may be handled as 

quasi-two-dimensional and therefore are not of general interest to 

a study of three-dimensional flows. The last three kinds of three­

dimensional flows are of general interest, and all but the first 

kind meet Bradshaw's requirements and can be classified as thin or 

fairly thin. 

C. IMPORTAl.,{CE OF THREE-DIMENSIONAL i~EAR-WALL SIMILARITY 

The mlportance of near-wall similarity is derived primarily 
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from two considerations: (1) tile need to determine wall shear stress 

in a convenient manner for design purposes and (2) the dependence 

of all flow prediction techniques on near-wall sllLilarity either by 

requiring the closure models to return the similarity law for the 

logarithmic region or to use that law as a boundary condition. 

Surface shear stress or skin friction can be an important 

component of drag. Surface shear is a result of the shearing 

actions over adjacent fluid layers near the surface t and is found 

by integrating the wall shear stress over the body surface. The 

other usual component of drag, pressure drag, is found by integrating 

the surface pressure acting on a body in the direction of flow. 

Determination of the wall shear stress is therefore an important 

element in the determination of the drag on an object. Knowledge 

of the drag is essential for determining flow losses in machinery 

such as turbines, compressors, and fans or for determining performance 

of aircraft, projectiles, or the like. It is obvious that for the 

most part flow patterns for these cases, whether internal or 

external, are three-dimensional and turbulent. 

Since direct measurement of wall shear is difficult, a signifi­

cant contribution by Clauser [3] to the study of two-dimensional 

turbulent boundary layers was his finding that wall shear stress can 

be inferred from the velocity field using the similarity law for the 

logarithmic region. A three-dimensional similarity law might allow 

calculation of wall shear using velocity field information obtained 

analytically or experimentally much in the same manner. 
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Such a law might also make possible the use of indirect wall 

shear measurewent techni4ues in three-d~ensional flows such as 

the Preston tube, which is currently used in two-dimensional flows 

and depends on a ?riori knowledge of the form of the sliuilarity law. 

It can be therefore stated that establishment of near-wall 

similarity in three-dinlensional turbulent boundary layers is of 

fundamental interest in itself. Additionally, a close exanlination 

of current prediction techniques for three-dimensional flo'tls offers 

additional reasons for the importance of near-wall similarity 

studies. 

Nany three-dimensional prediction techniques depend to a 

greater or lesser extent on the assumed existence of near-wall 

similarity. Finite difference techniques have so far demonstrated 

their superiority over other prediction methods. Current closure 

methods in COfillllOtl use include mean field and transport equations 

closures. 

i·lean field closures, also ref erred to as zero-order models, 

use partial differential equations for the mean velocity field 

and mixing length or eddy viscosity models to directly model local 

turbulent shear stresses. For the most part the algebraic expressions 

developed for two-dimensional turbulent boundary layers are used 

without modification in three-dimensional turbulent boundary 

layers. These models usually have been formulated to return near­

wall behavior compatible with classic two-dimensional near-wall 

similarity. For extension to three-dimensional flows, knowledge of 
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the nature of near-wall similarity is imperative. 

Transport equation closures involve additional partial 

differential equations such as the turbulent kinetic energy equation 

or the diffusion equation to provide closure. Popular practice for 

proponents of these methods is to omit viscous shear terms in the 

motion equations and use a three-dimensional near-wall similarity 

law to provide the necessary boundary condition instead of the usual 

no-slip wall condition. Though clearly not a requirement of these 

models, practioners continue to use this matching technique because 

of the significant reductions in computational time that result, since 

near-wall regions require a denser grid spacing to accurately model 

the large gradients that occur there. By matching the velocity field 

to a near-wall similarity law, these numerous and time consuming 

calculations can be avoided. 

D. THE PROBLEM 

While the importance of near-wall similarity is evident, there 

is a problem. Unlike the two-dimensional case, no near-wall 

similarity law for three-dimensional turbulent boundary layers can 

be formulated from first principles. Mixing length or eddy viscosity 

models cannot resolve the problem. Dimensional analysis falters. 

Most attempts at formulating a three-dimensional near-wall 

similarity law have relied heavily on modifications of the successful 

two-dimensional near-wall similarity law. Though some of these 

suggested three-dimensional near-wall similarity laws appear to 
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collapse some velocity profiles, none can be verified until it can 

be shown that the nondimensionalizing parameter, the friction 

velocity, is related to wall shear stress in three-dimensional 

flows in the same way as in the two-dimensional case. Since this 

has never been adequately demonstrated for any proposed three­

dlllensional near-wall sWlilarity law, no such law has ever been 

shown to be valid. 

It would appear that the only way available to establish the 

existence of near-wall sImilarity in a three-duaensional turbulent 

boundary layer or the form of any three-dimensional near-wall 

similarity law would be by physical experiment. Such an experiment 

must measure all local parameters including the velocity profile, 

the pressure gradient, and the wall shear stress including direct 

measur~lent of both its magnitude and direction. While experiments 

have been reported which have measured velocity and pressure field 

data, no direct measurement of both the magnitude and direction of 

wall shear stress in a three-dtmensional turbulent boundary layer 

has been previously reported in the literature. 

In 1972 Nash and Patel [4] wrote, "The applicability of 

the law of the wall in a three-dimensional boundary layer is of 

considerable importance in calculation procedures which use the 

differential equations since it is often used as the inner boundary 

condition. The exact form this law should take is likely to r~lain 

open to controversy until a satisfactory method is developed for 

the direct measurement of the direction and magnitude of the wall 
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shear stress in a three-dimensional flow." 

In 1974 Chandrashekhar [5] stated, "The most important lacuna 

in three-dimensional turbulent boundary layer studies is a reliable 

technique by which both the magnitUde aIJ.d the direction of the wall 

shear stress vector can be measured. The technique is essential 

for gaining confidence in using the available methods for inferring 

wall shear stress from the mean flow velocity profile data. Thus 

independent direct measurements would go a long way in deciding 

upon the relative merits of the various methods available." 

The insistence on direct measurements is essential since in­

direct measurement techniques such as wall pitot tubes, Stanton 

tubes, Preston tubes, heated elements and the like all derive their 

usefulness from a priori knowledge of the existence and form of 

near-wall similarity. The common practice of using these two­

dimensionally calibrated instruments in three-dimensional flows is 

not valid since this assumes that the nature of two-dliftensional 

and three-dimensional near-wall flow is the same without regard to 

the changing direction of the velocity vector in the three-dimensional 

flow. As van den Berg [6] has stated, "The measurement of the wall 

shear stress with a wall pitot is based on the assumption of the 

existence of a universal velocity distribution near the wall at a 

given wall shear stress." He further states, "Yet this procedure 

to find the wall shear stress can not be regarded as really satis­

factory. The only correct way to establish the wall shear stress 

would be the direct measurement of the wall shear force, e.g. on 
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a f1oatine; element, but this appears to be very difficult." 

E. SCOPE OF WORK 

This study provides the first comprehensive da ta needed for 

the eventual evaluation of the 'validity and form of near-wall 

similarity in a three-dimensional turbulent boundary layer. An 

experill1ental investigation of an incompressible three-dimensional 

pressure driven flow around a circular cylinder protruding from a 

wall was completed. Measurements including velocity profile data, 

static pressure field data, and direct measurements of magnitude 

and direction of local wall shear stress using an omnidirectional 

floating element device will be presented. Comparisons will be 

shown between measured data and existing three-dll~ensional near-wall 

similarity models. With measurements of this tT~e now possible, 

a wide variety of flow conditions and geometries can be studied 

which should eventually lead to a determination of the existence 

and (if confirmed) form and extent of near-wall similarity in three­

di~ensional turbulent boundary layers. 



II. LITERATURE SURVEY 

A. INTRODUCTION 

A historical viet-7 of fluids mechanics research indicates 

that the study of turbulent three-dimensional boundary layers is 

relatively young. In 1904 Prandtl made his classic boundary layer 

approximations. A ,review paper of three-dimensional boundary layers 

by Cooke and Hall [7] in 1960 offered the observation that "Very 

little work on (three-dimensional) turbulent boundary layers has 

been done. ~fuat little there is relies rather heavily on two­

dimensional work, especially for the empirical value of the skin 

friction." Twelve years later a review paper on three-dimensional 

turbulent boundary layers by Nash and Patel [4] opens with the 

statement that, tiThe subject of three-dimensional turbulent boundary 

layers, although of great practical importance, is still in its 

infancy." They further state that, " ••• advances in the art of 

calculating three-dimensional turbulent boundary layers have 

stemmed, almost entirely, from the application of techniques first 

established in two dimensions. Often the extension of these 

techniques to three dimensions is made in the absence of experimental 

verification of their continued validity." 

The first experimental study of three-dimensional turbulent 

boundary layers was by Gruschwitz [8] in 1935. By 1960 there were 

still less than 20 ex~erimental studies reported. Since the 

mid-sixties, the research pace has accelerated to about six studies 

11 
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a year. Johnston [9] has counted approximately 80 investigations 

since the first one by Gruschwitz. 

The direction of research should be noted. The central 

problem in calculating any turbulent flow is the mathematical 

modeling of the turbulent shear stresses. Analytical studies have 

concentrated on improving these closure techniques and upon 

improving numerical methods for solving the resulting set of 

equations. Experimental studies have for the most part sought to 

provide velocity field data for comparison with the numerical 

solutions. In the seventies, some studies have also included 

measurements of the turbulent shear stresses for comparison with 

numerical predictions. 

Though the fundamental tmportance of near-wall similarity in 

three-dimensional turbulent boundary layers in inferring wall shear, 

in providing input for modeling near-wall turbulent stresses, and 

in reducing calculation times, is widely recognized, relatively 

little effort has been spent or headway achieved in addressing 

the fundamental questions surrounding the subject. As late as 

1976, Johnston [9] in a review of three-dimensional experimental 

studies noted lithe need for further development aud testing of an 

improved three-dimensional law of the wall." Fundamental three­

dimensional turbulent boundary layer studies cannot continue in­

definitely while the foundation stone of near-wall s~ilarity rests 

on uncertain footing. 

The following literature review will seek to briefly disclose 
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the analytical basis for near-wall stmilarity in two-dimensional 

flows, since three-dimensional near-wall similarity laws rely 

heavily on the experience gained from the two-dimensional case. 

Models for three-dimensional near-wall snailarity laws and their 

bases will also be discussed. 

Owing to their essential role in verifying any analytical 

model for a three-dimensional law of the wall, experimental 

techniques in two and three dimensions for the determination of 

wall shear stress will also be discussed. Both direct and indirect 

techniques will be examined in order to demonstrate the inherent 

superiority of direct measurenlents as a verif ication technique .. 

Error sources and their effect on three-dimensional measurements 

will be part of that examination. 

B. TWO-Dn"1ENSIONAL REAR-WALL SIMILARITY 

The current concept of a turbulent boundary ldyer on a smooth 

wall provides for an inner region which is directly affected by 

the presence of the wall and an outer region which is only in-

directly affected by the wall through interactions with the inner 

region. The outer region is fully turbulent and governed by 

von Karman's [10] velocity-defect law, 

u - u = f(T , p, y, c) 
w 

(3) 

The inner region, which comprises only approximately 15i~ of the 

whole boundary layer, may be further divided into three subregions 
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extending from the wall: 1) a ~hin region adjacent to the wall called 

the viscous sublayer where viscous shear dominates, 2) a very small 

region called the transition region where both viscous shear and 

turbulent shear are ilIlportant, 3) and a fully turbulent region 

called the logarithmic region where turbulent shear dominates. 

Figure 1 shows these regions on a nondtmensional plot of velocity 

versus the log of distance from the wall. The inner region is 

governed by the inner law suggested by Prandtl [11]: 

u = fer, p, ll, y). 
w 

(4) 

The entire inner region is sometimes referred to as the extended 

near-wall region and is of interest to this study. The nature of 

the functional relationship given in Eq. 4 changes from one sub-

region to another. 

In the viscous sublayer, only the viscous shear is important 

and since the region is very thin, 

It follows that 

u = T y/ll. 
w 

(5) 

(6) 

* It is convenient to define u =~, the wall friction velocity, 
w 

in order to nondimensionalize Eq. 6 so that, 
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* .!!.-. - !!....Y * - v 
u 

+ u 
u = * 

u 

then for the viscous sub layer , 

+ u + y • 

(7) 

(8) 

(8) 

(9) 

There are a number of ways of deriving the relationship that 

holds in the logarithmic region. Hinze [12] provides possibly the 

best compilation of these derivations. For demonstration purposes 

Prandt1's mixing-length theory will be reviewed. Since the 

logaritbu1ic region is fully turbulent, 

au 
8y 

(10) 

Prandt1 made two important assumptions: 1) that the mixing length 

in this region is proportional to the distance from the wall, i.e., 

.Q, = Ky (11) 

where K is von Karmants constant, and 2) that since this inner 

region is small, 
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T constant T . 
w (12) 

It follows that 

2 2 (du) 
2 

T P K Y w dy (13) 

Introducing the wall friction velocity and separating the variables, 

one obtains 

* ~~= du. 
K Y 

(14) 

Now utilizing the definitions in Eqs. 8, Eq. 14 may be rewritten 

Integration results in 

1. dy+ = du+ 
K + · y 

u+ = 1. In y+ + C 
K 

(15) 

(16) 

where K, von Karman's constant, and the constant Care experlluentally 

determined. More about these constants will be discussed later. 

Other methods of deriving this logarithmic expression include 

eddy viscosity theory [12], turbulent energy equation [13], and 

dimensional analysis [14,15]. Indeed it is from the dTInensional 

analysis approach that the wall friction velocity is found to be 

a suitable nondimensionalized velocity characterizing the wall 

turbulence. 



18 

The relation for the transition region is assumed so that a 

smooth transition takes place between the viscous sublayer and 

the logarithmic region. Sometimes this relationship takes the 

form of 

+ 
u = A' In y+ + B' 

where A' and B' are constants different from 11K and C. This 

(17) 

three-formula representation of the inner region may be set aside 

in favor of a single formula for the entire inner region. 

Spalding [1] and later Kleinstein [16] independently developed 

a single fonnula for the inner region. Their expression is, 

+ 
y + KU (18) 

Development of this relation requires the assumption, as was made 

previously, of constant shear. This expression also satisfies the 

requirements that the eddy viscosity is proportional to the cube 

of the distance from the wall in the viscous sublayer as first 

noted by Reichardt [17], and that the eddy viscosity vary as the 

exponential of the distance from the wall as the sllnilarity law 

in the logarithmic region requires. Elrod [18] in a later study 

concluded that the eddy viscosity varies more closely with the 

fourth power of the distance from the wall. Spalding altered his 

. (KU+) 4 
equation to satisfy that requirement by add1ng the teThl, - 4! ' 

to the bracketed expression in Eq. 18. This additional term does 
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little to alter the curve as is shown in Fig. 2. 

Other ~lpirical expressions have been developed by Rotta [19], 

Reichardt [17], Deissler [20], van Driest [21], and Mellor [22]; 

however, none of these results in the useful closed fonm expression 

of Spalding. More recently, Rasmussen [23] and Green [24] have 

developed single formula expressions, however they appear to offer 

little advantage over Spalding's form. Very recently Dean [25] 

has combined Spalding's inner law with a single polynomial for 

Coles' wake function [26] for the outer region as developed by 

Finley et al. [27] and later by Granville [28]. The result is a 

single formula for the whole turbulent boundary layer profile. 

It would be useful at this point to discuss the effects of 

pressure gradient and inertial effects on the similarity law for 

the logarithmic region. Since only smooth walls will be studied, 

no roughness eff.ects will be considered. Prandtl t s constant shear 

assumption seems adequate for many flows even for moderate pressure 

gradients or lIloderately accelerating flows. For cases where these 

conditions do not exist, the shear stress distribution will vary 

throughout the boundary layer. At the wall, the turbulent shear, 

as well as the velocities parallel and normal to the wall go to 

zero. Therefore the momentum equation provides that the viscous 

shear stress gradient be balanced by the pressure gradient: 

8 (11 au) _ E.E. 
8y ay - dx (19) 
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au 
Noting that at the wall }l oy = TW' one can write 

T = 
dn 3 

TW + ~ y + O(y ). (20) 

Ignoring the higher order terms caused by inertial effects for the 

moment, Eq. 20 may be rewritten in the form 

where 

T -= 
T 

W 

a. = E:E. 
dx • 

pu 

(21) 

Utilizing the mixing length assumption as before, Eqs. 10 and 11, it 

can be shown that, 

(22) 

By combining Eqs. 21 and 22 and integrating, it can be shown that 

+ 1 + 2 + 1/2 
u = -[In y + KC + 2 In[ + 1/2 ]+ 2(1+a.y) - 2]. (23) 

K (l+a.y) +1 

This equation was originally derived by Townsend and for zero pressure 

gradient reduces to the near-wall s~ilarity law for the logaritronic 

region. + Van den Berg [6] points out that for ay «1, Eq. 23 may be 

simplified to: 

(24) 
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Variations of this analysis have been made by Patel [29], McDonald 

[30], Tovmsend £13], and lYlellor [31]. 

The higher order terms in Eq. 20 that have thus far been 

ignored represent the influence of acceleration of the flow which 

results from the large velocity gradients near the wall. Van den 

Berg [6] estimates that in the logarithmic region, these terms are 

on the order of half as large as the pressure gradient effects. 

Allowance for the inertial terms can be made by mUltiplying 

the pressure gradient term by a factor representing the contribution 

of the inertial terms in the region considered [32]. A constant 

shear gradient is assumed. Townsend [33] and van den Berg [6] 

suggest that since the shear gradient is essentially not constant, 

a more satisfying procedure would be to estimate the contribution 

of the inertial effects as a function of the wall shear stress 

gradient in the flow direction. If the shear stress varies little 

with distance from the wall, the velocity profile may be a.ssumed to 

de~end only on the shear stress at the wall. A first approximation 

of the inertial tenus for a given wall shear gradient in the flo\o7 

direction can therefore be calculated by employing the near-wall 

similarity law. 

Following the derivation of van den Berg [6], we may write the 

near-wall similarity law in a more general form: 

(25) 

It follows that the velocity derivatives may be written as 



Continuity provides that 

v = 

23 

*2 
au u df ay = -v- +. 

dy 

-f 
o 

du d - Y dx 
* du 

= - dx yf. 

(26) 

(27) 

By substituting these velocity gradients into the momentum equation 

and intehrating, one finds that 

~ IY 
dU au 

T - TW = Y dx + P 0 (u ax + v ay)dy , 

or in nondimensional form, 

where 

and 

T -= 
T 

W 

(28) 

(29) 

Applying mixing length theory as before, Eqs. 22 and 29 may be 
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combined to give 

au+ 1 + Q I )1/2 + ::: + (1 + fly + ~1 1 . 
ay KY 

(30) 

+ Assuming that fly and SlIl~ are small, Eq. 30 may be approximated to 

ease integration as 

Integrating gives 

where 

+ 1 + + Sl I 2 u = -[In y + KC + ~ + --] 
K 2 2 

+ dy • 

(31) 

(32) 

To evaluate the integrals II and I2~ van den Berg suggests the use 

of the similarity law for the logarithmic region giving 

+ + 
II = ~ [In y+ + (KC - 1)]2 + Y2 + constant. (33) 

K K 

+ for large values of y , the last two terms become small and may be 

neglected. Substituting Eq. 33 into the expression of 12 gives 

+ + 2 
12 = Y2 (In Y ) • (34) 

K 
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Substitution of II and 12 results in a near-wall similarity law 

including pressure and inertial effects of the form, 

+2+ 
+ I + + BI(ln y ) y 

u = - [In y + KC + ~2 + ] · 
K 2K2 

(35) 

Once a two-dimensional similarity law is established, its 

usefulness is enhanced by the ability to infer wall shear from 

velocity profile data. As an example, the two-dimensional similarity 

* law for the logarithmic region can be multiplied by u /U to give 

* * u u [1 In(Y U u ) + c]. U=U K vU (36) 

Defining a wall friction coefficient C
f 

as 

Eq. 36 may be rewritten as 

% =V~f' [~lnCl \! U V ~t') + c]. (37) 

By plotting u/U versus In ~ , this relation suggested by Clauser 
\l 

[3] yields a family of curves having as a parameter, constant values 

of skin friction coefficient. Such a plot is referred to as a 

Clauser chart. 

Bradshaw [34] has suggested a somewhat simpler method. One 

suitable reference point in the logarithmic curve is chosen, and 
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* plotted on a y versus u/U plot using ulu as the variable parahleter. 

The resulting single curve can be plotted along with the velocity 

profile. By noting the intersection of the two curves, unique values 

* of ulu and ulu can be obtained, thereby giving the wall shear stress. 

It appears that this method is somewhat less attractive than the 

Clauser charts since a very small part of the velocity profile is 

used to determine the wall shear. In short, that small portion of the 

velocity profile used is severely tested for its local accuracy. 

An alternative to both the previous methods has been suggested 

by Kline and Schraub [35]. They noted that 

++ 
u y = uy/v. (38) 

Rewriting the similarity law in the logarithmic region explicitly 

+ in terms of y gives 

or 

+ Nultiplying by u gives 

+ 
y 

+ 
KU - KC = e 

+ + KU - KC o = -y + e (39) 

(40) 

Since ~ is known throughout the boundary layer, usually at discrete 
v 

y locations either by numerical calculation or by velocity profile 
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measurements, Eq. 40 is SDnply a transcendental equation that may 

* be solved for u at each y location. This method can also be 

extended to Spalding's relation, Eq. 18. This method has the 

advantage in exper~ental studies of providing an individual value 

of wall shear stress for each velocity data point in the boundary 

layer. Hence, it follows that any desired portion of the velocity 

profile may be used to determine an approximation of the wall shear. 

The preceding paragraph leads to an important observation 

commonly overlooked by the casual investigator. S~ply stated, 

the value of wall shear inferred from a law of the wall is subject 

to variation depending on a number of variables. Included in these 

variables are: 1) the value of the constants K and C used, 2) the 

choice of the law or laws used, 3) the portion of the inner region 

used to infer the wall shear, and 4) the accuracy of the velocity 

data itself. 

Table I shows a listing of same of the law of the wall constants 

found in the literature and Fig. 3 shows how the slluilarity law in 

the logarithmic region is shifted for some of these constants. 

+ The area 50 $ y $ 300 is noted since this is the area in which 

the similarity law in the logarithmic region is usually assumed to 

be valid. From the scatter of the curves it should be obvious that 

choice of constants will affect the inferred wall shear stress. 

Cole's or Patel's constants are the most commonly accepted. Both 

are nearly equal and give nearly the same curves. It should be 

noted however that only Smith and Walker's constants were detennined 
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Table 1. Law of the 'wall Constants 

Investigator 

Coles (1968) [36] 

Patel (1965) [37] 

Clauser (1956) [15] 

+ 1 + 
u = - In y + C 

K 

K 

0.41 

0.42 

0.41 

Smith and Walker (1956) [38] 0.46 

Staff of N.P.L. (1958) [39] 0.47 

Spalding (1961) [1] 0.40 

Laufer (1950) [40] 0.33 

Doench (1926) [41] 0.40 

Townsend (1956) [33] 0.41 

Klebanoff and Diehl (1951) [42] 0.40 

Schultz-Grunow (1940) [43] 0.39 

Coles (1956) [26] 0.40 

C 

5.0 

5.45 

4.9 

7.15 

5.9 

5.5 

5.5 

5.0 

5 .. 85 

4.2 

4.07 

5.1 
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with direct measurement of wall shear stress. 

To quantify the possible scatter in inferred wall shear stress, 

the following example is presented. Consider a boundary layer at 

y+ = 135 where the mean velocity is 15.24 m/s (50 ft/sec) and the 

density is 1.1 kg/m3 (0.069 Ibm/ft
3
), conditions that are similar 

to those for this experiment. If Patel's constants are considered 

as the reference, Laufer's constants result in a wall shear stress 

29% low. Using the NPL constants, the inferred wall shear stress 

is 10% high. These are extremes, however the qualitative effect is 

amply demonstrated. 

+ + Figure 2 shows the two-fonnula law of the wall (u = y and 

the similarity law for the logarithmic region) as well as Spalding's 

3rd and 4th order expressions using Patel's constants. The choice 

of a formula or fonnulas can be important especially if data in the 

transition region is used. It seems unlikely that there is not 

a smooth connection between the viscous sublayer and the logarithmic 

regions. Therefore either a three-formula law of the wall that 

includes an expression for the transition region or Spalding's 

formula would appear to more nearly model expected behavior. 

Spalding's single formula is easier to use than the three-formula 

law of the wall and is preferred. Spalding's fourth order formula 

appears to offer little variation, so Spalding's third order fonllula 

was used in this study. 

Figure 1 shows how data normally falls on a law of the wall 

plot using Patel's constants. Two types of data are noted. The 
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first is called the 'best fit data' and is usually shown when an 

author wishes to demonstrate the success of the similarity law for 

the logarithmic region. Lindgren and Chao's [44] and Laufer's [45] 

fully developed pipe flow data usually are shown. The second type 

+ of data fits the logarithmic region in the region 50 ~ y ~ 300 but 

tends to show an upward excursion as the transition region is 

approached from the edge of the boundary layer. This data is typical 

of much data in the literature and coincidentally of this study. 

Coles [361 assumed these excursions were due to the uncertainty of 

data measured in such close proximity to the wall and therefore 

suggested that all data for y+ ~ 50 by ignored. The more recent work 

of Pierce and Gold [46], however, indicates that these excursions 

cannot be easily dismissed and the reader is referred to their work 

for an excellent discussion of the matter. 

C. THREE-DIMENSIONAL ~EAR-WALL SIMILAltITY 

Most analytical approaches used in the study of three-d~ensional 

turbulent boundary layers rely heavily on the experience gained in 

two-dimensional turbulent boundary layers. This section will outline 

briefly eleven proposed but unverified models for a suitable 

similarity model in three dliaensions. 

The first siK models to be discussed have approaches centered 

on finding an equivalent velocity for a three-dimensional turbulent 

boundary layer which, when inserted into the two-dimensional near-wall 

similarity law, would collapse the velocity profiles, i.e., 



* where q 

32 

+ = qeguivalent 
q * 

'Ie 'Ie 

f(~) = 1 In ~ + c. 
\) K \) 

q 

* hlP just as u was defined. At least for small 
w 

(41) 

deviations from two-dimensional flows, this seems to be a reasonable 

* approach. The assertion by the investigators that q hlP is w 

* without verification, and it should be noted tha t the parameter q 

might collapse the velocity profiles without being related to wall 

shear. It is noted once again that only direct measur~nent of wall 

shear stress can verify the relationship between wall shear stress 

* and q because indirect wall shear stress measurement techniques 

depend on a priori knowledge of the existence and form of near-wall 

similarity. 

For the reader's convenience, Fig. 4 shows a sketch of a 

three-dimensional turbulent boundary layer velocity profile skewed 

in one direction only and Fig. 5 shows a typical polar plot of such 

a velocity profile. Both notation and the coordinate system used in 

the first six models are also shown. 

In 1956 Coles [26] suggested that the velocity vector, 

+ + + + 
q = u + w, could be expressed as the sum of a wall, q , and a 

w 
+ 

wake, q k' component. He reasoned that: (1) near the wall the wa e 

wake component would be small, (2) that the direction of the hlean 

flow near the surface is also the direction of the wall shear, T , 
w 

as well as the direction of the wall velocity component, and (3) that 

+ 
the component of velocity in this direction, q , may be described 

w 

by the two-dimensional similarity laws. Coles' model results in 
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~ 
* q 

~ q cos y 
* q 

Coles used the data of Kuethe, McKee, and Curry [47] on a 

swept airfoil to test his model. Coles points out that large 

angles of skew were noted throughout the boundary layer, but that 

(42) 

"sudden" changes in flow direction within the sublayer were assumed 

to be fictitious. The airfoil used was an elliptical planform with 

the major axis swept back at an angle of 25.0°. Though the velocity 

profiles seemed to be fairly well represented by Coles' theory, no 

direct or indirect measurements of wall shear stress were included. 

Four years later, Johnston [48] introduced a second model. He 

noted the existence of an apparently collateral region very near 

the wall. He proposed that the angle which the velocity vector has 

with respect to the freestream approaches the angle a O in the 

collateral region, and that aO is the angle the wall shear vector 

has with respect to the freestream such that 

lim 
y+O 

w - = 
u 

(43) 

He proposed that the two-dimensional similarity law for the logarithmic 

region be used for local velocities in the direction of aO' and 

expressed as ulcos aO' He therefore defines his nondimensiona1 velo­

city as, 

+ q 
= Qequiva1ent = 

* q 

ulcos a O 

* Q 

(44) 
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When q is along aO' u/cos a O is equal to the physically real q. When 

q is not along aO' u/cos aO leads to physically unreal velocities. 

Johnston based his model on the exper~ental measurements of Kuethe, 

et ale [47] discussed previously, Gruschwitz [8] in a turning passage 

of a rectangular duct, and his own study over a flat wall bounding 

a two-dimensional air jet impinging against a perpendicular back wall. 

No direct or indirect wall shear measurements were noted. 

Both Cole's and Johnston's models assume that the mean flow 

near the surface is in the same direction as the wall shear stress. 

The dangers in such an assumption should be recognized. In 1969, 

Rogers and Head [49] developed a precise velocity measurement system 

for three-dliaensional boundary layers. Their measurements indicated 

that large changes of flow angle may occur all the way to the surface, 

i.e., that no region of collateral flow exists. In addition, Pierce 

and East [50] have demonstrated, by the use of a finite difference 

solution to a three-dimensional turbulent boundary where the viscous 

stresses were retained in the motion equations, that no near-wall 

collateral flow is predicted by analysis. Since only the viscous 

equations are being solved in the very near-wall region, the Reynolds 

stress model used is immaterial and the existence of a collateral 

region appears to be inconsistent with the governing equations. It 

is therefore especially important to note that when three-dimensional 

experimental measurements are made of the velocity profiles, typi­

cally to limits y+ > 10, the direction of the velocity vector nearest 

to the wall is probably not the lUliting wall streamline direction 
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or the direction of wall shear. It is unfortunate that the polar plot 

shown in Fig. 5 has gained such extensive use, since it tends to 

obscure small angle changes near the wall and suggests support 

of the false assumption of near-wall collateral flow. 

It should be noted that only for profiles where the boundary 

layer is skewed in one direction does the triangular shape of the 

polar plot develop. :For flows where there is recurvature 

of the freestream lines, such as in a S-shaped duct, bilateral 

skewing may occur. Figures 6 and 7 show a bilaterally skewed three-

d~ensional profile and a typical polar plot. Note that the polar 

plot no longer retains its triangular shape. 

Returning to near-wall sWLilarity models, in 1963 Hornung and 

Joubert [51] completed a study of flow around a circular cylinder with 

trailing edge standing on a plate. Their measurements seEmled to 

confirm Johnston's polar plot; however they showed that in contra-

diction to Johnston's assumption, the peak did not necessarily 

lie within the viscous sublayer. Hornung and Joubert proposed with-

out explanation that the freestream profile follows the two-dimensional 

similarity law for the logarithmic region, i.e. 

+ = qeguivalent 
q * 

q 

u *' . q 
(45) 

They indicated that their model applied "up to the point where the 

+ boundary layer becomes yawed," usually to y < 150. No direct or 

indirect measurements of wall shear were reported. 
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A sllui1ar model of unknown origin was first reported by 

Pierce and Krommenhoek [52] in 1968. Without substantiation, the 

model assumes that 

+ u 
q =--;- (46) 

q F; 

* . * * ..-----where q is the freestream component of q and equal to q Icos a. 
F;xi 

Therefore it may be written that 

+ q 
q u//cos a

O equivalent = * -----*--~ 
q q 

(47) 

In 1969 East and Hoxey [53J modified Johnston's model slightly. 

By applying the sine rule to Johnston's polar plot, they noted that 

sin So (48) 

where U is the freestream velocity and So 

for a
O 

gives 

where Kl is an empf;rical constant defined by the equation 

u 
= <u) apex 

Their experfmenta1 setup was sfmilar to that of Hornung and Joubert, 
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and when their data was plotted in polar form they noted a "definite 

trend" of vague description. To reduce this trend they suggested 

that the angle a
O 

be written as 

(49) 

where Kl ~ 19.45 and Uo is the "working section reference velocity." 

Under these conditions, East and Hoxey indicate that a
O 

is actually 

no longer related to the polar plot. The equivalent velocity is 

written just as it was for Johnston's model, 

+ = qequivalent 
q * 

q 

qlcos aO 
* q 

(50) 

but with a
O 

redefined as above. Unfortunately East and Hoxey never 

indicate a value for UO' so for this study Uo was simply set equal 

to 25.9 m/s (85.0 ft/sec). Both Preston tube and razor blade methods 

for indirectly measuring wall shear were used. 

The last of these s~ple models was suggested by Prahlad [54] 

in 1968, and based on studies of flow around a circular cylinder 

and an inclined flat plate Vlaced normal to the tunnel wall. Without 

explanation Prahlad assumes that the magnitude of the velocity with-

out regard to direction could be used so that 

q+ = qequi:alent = ~ • (51) 
q q 

Preston tubes were used to measure wall shear stress indirectly. 



42 

Prahlad noted that larger Preston tubes give smaller values of skin 

friction than smaller Preston tubes. He concludes that, "This 

deviation implies departures from wall similarity and consequent 

errors in the use of the Preston tube technique in these flows. 1I 

The last five models tend to become quite cooLplicated. Each 

of these models will be discussed briefly in order of ascending 

difficulty_ The complications encountered in these last models 

come about through consideration of some or all of the following: 

1) pressure gradients, 2) wall shear gradients, 3) wall shear angle 

gradients, and 4) separate consideration of velocity components. 

The model recorr~ended by Chandrashekhar and Swamy [55] in 1976 

is characterized by the separate consideration of the freestre~l 

and cross flow components of velocity. Examining the data of East 

and Hoxey cited earlier, Chandrashekhar and Swamy observed that 

logarithmic functions could be applied separately to the freestream 

and cross flow components of velocity such that 

* u* = A' log .!....E:.- + B' 
10 v 

u 

where A'= 5.4 and B'= 4.9, and 

* w D'l ~ + E' * = oglO v 
w 

where D'= 1.0 and E'= 11.8. 

* * 

(52) 

(53) 

The parameters u and ware the wall friction velocities in the 
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freestream and cross flow directions respectively. The value of the 

constants, A; B: n: and E'were determined from the East and Hoxey 

data. Wall shear was indirectly measured usin6 both the Preston 

tube and razor blade technique s. Figure 8 is a plot of E<qs. 52 and 53. 

Perry and Joubert [56] developed a luodel in 1965 using similar-

ity arguments and treating the near-wall region as an equilibrium 

layer. Their model relates the mean velocity distribution with the 

pressure gradient vector and the wall shear vector. The theory was 

compared with the data of Hornung and Joubert cited earlier; however, 

the results were inconclusive due to a lack of sufficient data. No 

direct or indirect measurements of wall shear were incorporated. 

Since the details of the analysis by Perry and Joubert are quite 

lengthy, only a brief outline of the development of their model 

will follow. 

Considering a prisnatic element with sides dx, dy, and dz at 

a short distance y from the wall, a force balance on the element 

gives, 

.££.+ 
d T d T 

xl + 
xz 

0 (54) ax ay dZ 

~+ 
a T a T 

yx+ y"Z = 0 
ay ax dZ 

lE.+ 
d T d T zx + lZ o. = dZ ax ay 

Using Townsend"s equilibrium layer concept [13] led Perry and Joubert 
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to an eddy viscosity model by which the shear stresses and 

strain rates are related with 

'[ = P £ [au + _av] 
xy I ay ax 

'[ 
xz 

'[ 
yz 

[au + aWl 
p £2 dZ dX 

(55) 

where £1' £2' and £3 are the three components of the eddy viscosity 

expression. 

a a a 
Close to the wall ax' a; « ay for the velocity, hence 

and Eq. 54 becomes 

T xy 
= C' p-.au 

"'1 ay 

T = 0 
xz 

aw T = £3 P ay yz 

.2.P.= 
aT xy 

ax 8y 

.2.E. = 0 
ay 

lE-
aT 

yz 
dZ ay 

(57) 
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Integration of Eqs. 57 gives 

T = T _ y lE. (58) 
xy xYw ax 

T = T _ y 1.P. 
yz yz az 

w 

where w denotes conditions at the wall. Perry and Joubert assumed 

that the eddy viscosity is isotropic and that the maximum 

shear stress acts in the same direction as the maximum strain rate. 

They suggest that 

[ 2 + T 2]1/2= £[(du)2+(dw)2]1/2 
Txy yz P dy dy , (59) 

and by dimensional reasoning that 

-1/2[ 2 + 2]1/4 
£ = KP TTY. xy yz (60) 

Substitution of Eqs. 58 and 60 into Eq. 59 gives, after slllplification, 

[
T 2 2 2]1/4 
L - 2y T pa cos 8 + Y a w w 

where 

T 
W 

1 [(~)2 + (lE)2]1/2 
a = p ax az 

(61) 
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T P cos e = (.£.l?) + (~) w lXY dX Tyz dZ 
w w 

and e is the angle between the pressure gradient and wall shear 

vectors. Intesration of Eq. 61 gives 

(62) 

* + * where q =;;-zP and y = yq Iv. The integral on the left side of 
w 

the equation represents the 'developed' velocity profile and is equal 

to the length of the arc on a polar plot. In the limit for small value 

of y+ within the logarithmic region, 

u~ = 1 In y + + C , 
K q 

so that Eq. 62 can be altered to read 

+ 
Uo _ 1 fY 1 ~v 2 +2 1/4 + 
- - - [1 - 2 cos 0 (- )y+ (~v ) y] dy + C. * - K + *3 *3 
q 0 Y q q 

(63) 

Equation 63 is plotted in Fig. 9 for various values of 0. The effect 
*3 

of the pressure gradient parameter, ~vlq ,is to cause the deviations 
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from the simple logarithmic line to shift bodily up and do\vu along 

the line. A value of e = 0 corresponds to the two-dinlensional 

favorable pressure gradient case. A value of e = 180 corresponds 

to the adverse pressure gradient case. It should be noted that e 

depends on a priori knowledge of the direction of wall shear. 

Following the same general Inethod as outlined for the two-

di~mensional case in Chapter II, van den Berg [6] developed a model in 

1973 that includes both pressure gradient and inertial effects. 

His theory was compared with a linlited number of measurenents by 

van den Berg and Elsenaar [57] and Venneulen [58]. Wall shear 

was indirectly measured by the Stanton tube and sublayer fence 

methods respectively. The van den Berg and Elsenaar exper~ent 

was carried out on a swept flat plate with an induced pressure 

distribution, while Vermeulen's experlinent was in the boundary 

layer of a curved duct. Van den Berg emphasizes that his model 

is not valid for large pressure gradients or for large changes of 

shear stress from the wall value. In short, his model is not 

reported to be valid for large deviations front the two-dimensional 

similarity law. 

Beginning as in the two-d£mensional case, near-wall s~ilarity 

in the near-wall region can be expressed by 

+ q 

Therefore one may choose to write that 



u = * + u f(y ) 

50 

and w * + = w f (y ) (64) 

where u* and w* are the components of the vector q* = IT~. Equation 
w 

64 may be substituted into the equations of motion, and the velocity 

v may be eliminated with the continuity equation. Van den Berg 

suggests that a simplification of the llLath~latics can be rendered 

if the x-z plane of the wall is rotated such that the x-axis is 

now in the direction of the wall shear stress. With the substitution 

* and the transformation of coordinates complete (and therefore w = 0), 

the equations of motion would be written as 

* * + 
au au au * dU f2 + * ~ df IY 

fd + u - + v - + w - = q ax q dZ + y 
dX ay dZ dy 0 

dW dW dW * dW 2 
u - + v - + W - = q "'x f • ax ay dZ 0 

Solving for the shear stress distribution gives 

where 

T 
W 

+ 
df IY [- . 

dy+ 0 

+ 
f dy - 11 

(65) 

(66) 
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and 

+ 

I
Y

o 
I = f2 dy+ 
1 

The integrals II and I3 were obtained by numerical integration using 

data tabulated by Coles [59]. Since I3 was found to be significantly 

smaller than II' it was omitted. Noting that for the coordinate 

system used, 

* * * d ~ ~ _19..- and dW - q* "xT 

dX - ax ~ - 0 
(67) 

where $ is the angle of rotation of the coordinate,system, the 
T 

shear stress distribution may be rewritten as 

T 
y+ + + x -= 1 + a. Sx II(y) 

T x 
(68) 

'\i/ 

T + (y+) z 
+ S II -= a. y 

T Z Z 
W 

where 

Using mixing length relations and noting that L
Z 

« TX' van den Berg 
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writes 

Substitution of Eqs. 68 into Eqs. 69 and integration gives 

and 

'tvhere 

with b ~ 

u 

and 

w+ = 1. [a. y+ + f3 I ( +) + B] 
K Z Z 2 y 

1 + 2 + 
I2 ~ -z [In y] y and B ~ b a. z 

K 

13. Thus van den Berg's model reduces to 

+ + 1 + 1 + 1 (In y+}2 
= - [In y + - a. y + - B ~ ] 

K 2 x 2 x 2 

w+ = ! [a. (y+ + b) + f3 
K Z Z 

K 

+ 2 (In y ) 
2 

K 

+ 
y ]. 

+ c 

(69) 

(71) 

When only the pressure gradient effects are considered, van 

den Berg's model reduces to a model similar to that of Perry and 
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Joubert. Figure 10 sho\~s the effect of various 0-values, as defined 

in Perry and Joubert's analysis, on the u component of velocity. 

The qualitative results are similar to those of Perry and Joubert's. 

For this plot, all the inertial terms are set to zero. lfigure 11 

ShOHS a similar plot on a linear scale for the w component of 

velocity. Finally Fig. 12 shows a typical similarity plot by van 

den Berg showing data comparison with the two-dimensional similarity 

law, van den Berg's model with inertial terms set to zero, and with 

the inertial tenilS included. It should be noted that the inclusion 

of the inertial terms requires a priori knowledge of the magnitude 

and direction of wall shear. 

East (60) has developed a model for use with compressible flows. 

Ei8ht differential equations are developed which must be solved 

silllultaneously using a Runge-Kutta scheme. No experimental data 

were used for comparison, however, a simplified model for the in-

compressible case was developed. Basically, East attempts to take 

into account the rotation of the stress vector as it moves away from 

the surface. He makes the first order approximation that 

= IT I and l/J w 
= (dtlJ) 

Yayw (72) 

where W is the angular displacement of the total shear relative to 

the wall shear stress direction. The total shear stress is cOillposed 

of a laminar component, 11 1;, in the direction aR, and a turbulent 

component, T t , in the direction St. Through a shear stress polar 

diagram, East relates the stresses and angles by 
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and 

Nondimensiona1izing and rearranging of Eqs. 73 and 74 gives 

+ I d + I + 
2 

2 + dll. + + 1 12 ~ ~+ = ± [1 - T sin (y (~) (a - s »] + w R, t 
dy dy 

where the negative root is taken if 

and 

+ +(lL) a y 
dY+ W 

-1 tan 

cos [y+ (~) (a + - 1)] < 0 
8y+ w R, 

+~ cos[y ( +) ] 
dy w 

The nondimensiona1ized terms are defined by: 

.,+ - ~ q*-­
y. - *' 

q 

+ * y = yq Iv 
W 

(74) 

(75) 

(76) 

(77) 
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+(lL) 
Y + w 

dy 

and ~+ = +,~) = 1. 
y \. + w 

ay 

Ex~aination of a velocity gradient polar plot gives 

and 

(78) 

(79) 

where ¢ is the velocity vector direction. Written in nondimensionalized 

form, Eqs. 78 and 79 

and 

where 

'* alq I 
+ ay 

a[y+(~)w~+] 
8y 

------= 
+ ay 

(80) 

(81) 
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The temperature distribution is assumed to be given by the Crocco law, 

2 
C T + ~ = constant 

p 2 
C T 

p w 
(82) 

where r is the recovery factor. The temperature distribution in 

nondimensiona1 form is then written as, 

T+ =; _ 1 _ F2 q+2 
w 

where F, the compressibility factor is defined as 

r(y' - 1) 
2 

(83) 

(84) 

X' is the ratio of the specific heats, and M , the Mach number, is 
t 

defined as 

* 9 
Mt = y-;=y=, =R===T=-' • 

w w 

With this temperature distribution, it can be ShO'l:ln that 

and 

+ p 

+ 2 +2 n 
l.l = (1 - F q ) 

where n ~ .76 at sea level. 

(85) 

(86) 

(87) 
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East further modifies Bradshaw's Reynolds stress transport 

equations by including a fluctuating pressure term of the form 

(83) 

where C
l 

is assumed constant. In polar coordinates Bradshaw's 

equations become 

(89) 

and 

o = hl I~I [cos(a - B ) - C cos(a - 4»] (90) 
P dy £ t 1 £ 

3/ (1 - Cl ) (l) 2 ___ _ 
p L 

where L is the length scale. Written in nondimensional fonn Eqs. 

89 and 90 become 

(91) 

and 

aT + + I a q + I + l:L + Q +) ~ = [T + [COS(Y ( +)w (a£ - P t ay dy ay 
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+3/2 
+ ~ + + T (1 - Cl ) + 

- Cl cos(y ( +) «In - cP »] - + l/Cllq I. (92) 
ay W N K Y ;p=F 

Equations 75, 76, 80, 81, 86, 87, 91, and 92 together form a closed 

set that describe conditions in the near-wall re6ion in terms of the 

independent variables y+, i, and (~) . 
ay W 

East looked at two cases: small cross flmqs and large cross 

flows. :For the small cross flows case, Eqs. 80, 91, and 92 reduce to 

'* I~I alg I = 
ay+ dy 

(93) 

* 
+3/2 

1:>1 
T 

t = 
+ /p+ Ky 

(94) 

(95) 

Since the lmuinar stress contribution is small in the overlap layer, 

East uses the approximations that T
t
+ ~ 1 and St+ ~ 1. Combining 

Eqs. 94 and 86 then gives: 

(96) 

The bracketed term is recognized as the logaritbmic portion of the 

two-dimensional similarity law. Indeed in the limit for the case 
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of incompressible flows, Eq. 96 becomes the s~ilarity law for the 

logarithmic region. East proposes that this bracketed term be 

replaced by the analytic expression of Green [24] to give: 

q+ = 1 sin{Fr~ In(y+2 ~ + 1) -D (1 - exp(- y+»]} 
F LK D 1 D 

(97) 

where 

This analytic expression extends the model to the wall, and is 

roughly equivalent to Spalding's extended law of the wall in two 

dimensions. In essence then, East's model indicates that for small 

cross flows, Prahlad's model holds true. 

For large cross flows, no simple analytic form could be deterntined 

by East. An empirical fit for flow situations where uR, ::. 1f results 

in 

+ q (98) 

where qo+ is the value of q+ given in Eq. 97. Figure 13 shows a 

similarity plot for the incompressible flow case for various values 

of (dW+)W. Two points should be noted: 1) that no effect on the 
dy 

similarity law for the logarithmic region is seen until values of 

y+ > 200 which is nearly outside the expected limit of the logarithmic 

region, and 2) that the gradient of the angle of rotation of the 
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shear stress vector at the wall is a most difficult parameter to 

measure. 

Finally, the eleventh and last model has been put forth by White 

Lessmann, and Christoph [61] in 1975. Actually their work emcompasses 

not so much a model, but rather a nmoerical method of calculating 

wall shear in a three-dllllensional turbulent boundary layer. 

They begin by rotating their coordinate system such that x 

is in the freestream direction. Wall shear components then exist 

in the freestream direction T and in the cross flow direction, 
x w 

T ,and are related by 
z 

'W 

T = p~IT where C' 
z x 
w w 

tan 8' (99) 

and 8' is the angle between the freestreanl and wall shear directions. 

In a manner similar to Eq. 21, one may write 

T 
X 

~ T 
X 

W 

+ .L lE. 
h ax y 

1 
(100) 

where hI is the streamwise metric. Utilizine Eq. 13, Eq. 21 may be 

rewritten in the fon.! 

(101) 

where a' and the nondimensionalized quantities are 
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defined as before. Integration results in the streamwise velocity 

approximation: 

(102) 

where S = (1 + a'Y+) 1/2 and S 
o 

is chosen to be S = (1 + 0.1108 0,)1/2 
o 

to enable Eq. 102 to reduce to the similarity law for the logarithmic 

region for a zero pressure gradient. For the cross flow component 

White, et ale use a slightly modified version of the simple unilateral 

hodograph proposed by Mager [62]: 

+ 
w 

+ + 2 
= u l;'(l + ~) 

q 
(103) 

+ w * ,,--....,..-
where w = ~ and w = IT /P. It is accurately noted that the z 

w w 
}~ger hodograph does not allow for S-shaped profiles. 

The three-dimensional turbulent boundary layer equations for 

continuity, streamwise momentum, and cross flow momentum are invoked. 

The velocities u and ware assumed to be known from Eqs. 102 and 

103, where v is determined from continuity. Integration of the two 

momentum equations results in two coupled first-order partial dif-

ferential equations in terms of the depen.dent variables, streamwise 

wall shear and l;'. A solution requires: 

1) q(x,y) and four of its derivatives 

2) hI (x,y) and two of its derivatives 

3) h2 (X,y) and its streamwise derivative. 
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It should be noted that none of these quantities is easily obtained 

from experimental data. Comparison was made with exper~ents by 

Klinksiek and Pierce [63] in a doubly-curved duct and by Johnston 

[48] in flow over a flat plate impinging against a back wall. Agree-

ment was lacking in the quantitative sense, but good in the qualitative 

sense. No measurements of wall shear, direct or indirect, were made. 

D. WALL SHF..P ... R STRESS MEASUREMENT TECHNIQUES 

In the last fifty years nearly fifty investigators have 

attempted to measure wall shear in incompressible turbulent boundary 

layers. This number does not include numerous investigations in 

compressible flow or those with mass injection. All but seven of 

these investigations have dealt with two-dimensional flows. 

For two-dimensional flows the techniques employed include: 

floating element devices [38, 64-77], Preston tubes [78-82,37,38,39, 

64,72], Stanton tubes [84-86], sublayer fences [87-89], razor blades 

[90-92, 72], heated elements [93-102], and electrochemical meters 

[103,104]. The floating element technique, comprising almost a 

third of the total, is difficult to use, but only it can provide a 

direct measurement of wall shear stress. All other techniques rely 

on the assumed existence and form of near-wall similarity to infer 

wall shear stress. 

The indirect techniques listed above may generally be divided 

into two groups: 1) those which infer wall shear stress through 

pressure measurements and 2) those which infer wall shear stress 
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through heat or mass transfer rate measurements near the wall. Both 

groups rely in one form or another on the assumed existence of near-

wall similarity, i.e. 

+ + 
q = f(y ). 

For instance Preston tubes are simply pitot tubes laid on the 

wall. They may be used to measure dynamic pressure which is 

correlated with the local wall shear stress. Stanton tubes and the 

razor blade technique are somewhat similar to Preston tubes but 

are slightly smaller and may even be confined to the viscous sublayer. 

Heat and mass transfer techniques utilize near-wall simi.larity 

through Reynolds analogy. These methods sense flow conditions in 

the thin thermal or concentration layers, respectively, above the 

wall. These layers must remain within the viscous sublayer for 

accurate calibration. Miller [72], Rechenberg [82], and Pierce and 

Krommenhoek [52] provide more detailed discussions of these 

techniques. 

The only technique that directly measures the wall shear stress 

is the floating element technique. In essence a small area of the 

wall is isolated and the force acting on that area is measured. 

This technique would appear to be the only one capable of resolving 

the question of near-wall similarity in three-d~ensional flows; 

however floating element measurements can be very difficult due to 

a number of possible error sources. 

Errors in the measurement of wall shear with the use of a 
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floating element device can be caused by a number of different 

occurrences [64,67,52,105]: 

1) Misalignment of the floating disk with the surrounding 

wall can cause significant errors though these errors 

can be minimized through careful installation. 

2) Secondary forces may be imposed on the edge or lip of 

the floating disk by penetration of the freestream 

pressure into the air gap. It is usually suggested 

that these errors can be minimized by minimizing the 

lip thickness,thereby decreasing the area over which 

the pressure may act. Everett [67] alone has suggested 

that a thicker lip will result in reducing the error. 

Kegardless of how these errors may be minimized, they 

will remain significant when the wall shear approaches 

zero. 

3) The pressure gradient will cause a pressure difference 

between the boundary layer above any point in the air 

gap and cause flow through it. These errors can be 

minimized but not entirely elblinated by sealing the 

floating eleIJlent casing from the .surroundings. 

Of possibly less ~portance, other occurances include [64]: 

4) The air gap will act as a roughness element in the 

smooth wall. Everett [67] suggests that the gap be 

reduced in size to minimize errors as is the usual 
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practice. i .. llen [105] however suggests tha t less error 

is encountered for larger gaps. 

5) The shear stress measured is the mean shear stress over 

the area of the floating disk. If the flow geometry is 

large in comparison to the floating disk, this effect 

can be minimized. 

6) The floating element can alter the geometry of the device 

according to its position and thus cause changes in the 

flow pattern through the air gap. It would therefore be 

advantageous if the floating element device were of the 

nulling type. 

7) Even when the disturbance caused by the gap is ignored, 

there will be a shear stress transmitted through the shear 

layer. Hakkinen [106] suggests that a part of the gap 

area be considered effectively floating element area. 

8) An imposed pressure gradient can result in a normal force 

acting on the floating element some distance from the 

disk's center. This normal force can therefore cause a 

moment that can introduce errors for large pressure 

gradients. 

From the preceding list it can generally be concluded that largest 

errors for the floating element technique are derived from two 

sources: 1) element misalignment and 2) the pressure gradient 

imposed on the element. 
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Two experimental studies have been made concerning errors 

induced by floating element misalignment. Both of these studies 

were carried out in supersonic flows, and their applicability to 

subsonic flow is somewhat questionable. The results of Allen [105] 

and O'Donnell [107] are compared under similar flow situations in 

Fig. 14. 

O'Donnell points out that on a smooth surface a misalignment 

error of 0.005 mm (0.0002 inches) can be felt by hand and that an 

error of 0.013 mm (0.0005 inches) can be readily seen. Therefore 

it certainly should be possible to keep these errors below ± 3% of 

the flush reading. 

Pierce and Krommenhoek [52], Brown and Joubert [64], and 

Miller [72] have made experimental studies of pressure gradient 

effects on floating elements. These studies were made in small 

subsonic wind tunnels. The conditions studies are given in Table 2. 

Both Pierce and Krommenhoek, and Brown and Joubert studied 

the effects of adverse pressure gradients. Miller studied both 

adverse and favorable pressure gradients. Figure 15 shows their 

results. The results of Pierce and Krommenhoek are based on 28 data 

where the wall shear stress was inferred from Clauser charts with 

Coles' constants and compared with a floating element device that 

could not be nulled. Brown and Joubert's results are based on more 

than 120 data, exhibiting much scatter, where the wall shear was 

inferred from Preston tubes using Patel's calibration and compared 

with a floating element device that was nulled by tipping the 

device. Miller's results for favorable pressure gradients were 
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dx m 

o ~ 2.0 
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based on 9 data points. Miller used fully developed flow between two 

plates and calculated the wall shear stress with a momentum balance, 

i.e. , 

(104) 

where the distance between plates, d , was 0.318 cm (0.125 in.) and 
p 

1.27 cm (0.5 in.). Miller's floating element was of the nulling 

type. Miller used a different tunnel for his adverse pressure 

gradient studies. There he compared wall shears using a Preston 

tube with Patel's calibration, a near-wall similarity plot for the 

logarithmic region using Patel's constants, and his floating element 

device corrected by + 10% using Brown and Joubert's results. Compared 

with the floating element results, the Preston tube measurements were 

reported to be 2 to 4% low, while the similarity plot gave results 

that were high by as much as 5%. The worst agreement was in 

accelerated flow regions. In addition, Fig. 15 shows the pressure 

correction suggested by Everett [67] which takes the form 

T 
W 

- T - ~~ 
meter - 2 dx (105) 

where t is the thickness of the floating element lip. (A t = 0.64 mm 

(0.025 in.) and a diameter of disk d = 2.86 cm (1.125 in.) were 
m 

assumed). The gap-to-disk diameter ratio was 0.0044 for the Pierce 

and Krommenhoek study, 0.004 for the Brown and Joubert study, and 

0.0035 for Miller's work. 
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Examining Fig. 15 several observations can be made. Firstly, 

the studies of Pierce and Krommenhoek and of Brown and Joubert are 

* apparently in conflict for equal values of Cd u Iv). One suggests 
m 

positive corrections associated with adverse pressure gradients 

while the other suggests neeative corrections. Although not shown 

in Fig. 15, Pierce and Krollmlenhoek results show a constant +3 to 

+5% correction required up to a value of the parameter (d dp/dx) ~ 33. 
m T w 

The correction from there out to 51 increases to +17%. Everett's 

simple correction fonnula seems to support Pierce and Krommenhoek's 

results at least qualitatively. However, tliller's studies in 

adverse pressure gradients appear to support Brown and Joubert's 

results. In contradiction however, Miller's studies in favorable 

pressure gradients appear to be supported by Everett's formula. 

The confusion, demonstrated in Fig. 15, that now exists in the 

literature on pressure gradient corrections makes application of 

correction factors for this study rather difficult. The confusion 

is heightened if one considers that, unlike the two-dwlensional 

flow studied above, the direction of the pressure gradient in a 

three-dimensional flow is generally different from the wall shear 

stress direction. Obviously further work needs to be done in the 

area, although the manner in which an exacting expernlent could be 

performed remains somewhat unclear to the author. For this study 

the pressure gradient parameter Cd dp/dx)varies from - -0.3 in the 
m 

T 

two-dimensional cases to as much as ... w -22 for f lO~i near the three-

dimensional separation line. Typically this parameter is >-10 with 
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* Cd u Iv) ~ 1500. 
m 

For the zero pressure gradient case, Pierce and Krommenhoek's 

device read consistantly low by 3 to 5% when compdred to wall shear 

determined fronl Clauser charts. Brown and Joubert's instrument read 

consistently high by 4 to 5;; when compared to Preston tube measure-

ments. These can be compared with Allen's instrument which read 

consistently low by 6% when compared to Preston tube measurements. 

Miller does not report any data for his device in a zero pressure 

gradient flow. It should be noted that: 1) these errors are 

calculated under the assumption that the near-wall s~ilarity la~·s, 

the law of the wall constants, and the instruments that depend on 

them can provide exact wall shear values, and 2) an apparent 

± 5% uncertainty can exist between very carefully designed and 

constructed floating element devices. 

For three-dimensional flows the techniques employed for measure-

ment of wall shear have been similar to those used in the two-

dimensional case. The techniques employed include: Preston tubes 

[52,53,54, 108-110], Stanton tubes [57],sublayer fences [110,111], 

heated elements [52,112], and razor blades [53]. All the above are 

indirect measurement techniques and were calibrated in two-dimensional 

flows. Only the work of Pierce and Krammenhoek [52] includes three-

dimensional measurements with a floating element device. 

The direct force measurements by Pierce and Kromnlenhoek totaled 

five data points. Their test flow was the boundary layer confining 

a jet impinging on a back wall. They compared their results with 
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wall shear values inferred from a directionally sensitive heat meter, 

a Preston tube, and a yaw probe calibrated as a Preston tube. All 

the indirect devices were calibrated in a two-dimensional flow, and 

agreement between these devices and the floating element was within 

5 to 10%. This would tend to indicate that the nondimensionalizing 

wall friction velocity is at least approximately related to wall 

shear in the same manner for both two- and three-dimensional flows. 

Regrettably, their experiment was flawed by : 1) an insuff icient number 

of measurements, 2) a lack of companion velocity profiles, 3) a lack 

of static pressure data in the neighborhood of the measuring location, 

and 4) the inability of the floating element to discern the direction 

of wall shear. 

On this last point, some further discussion is required. As 

stated earlier, the direction of wall shear stress cannot be assumed 

to be the direction of flow at even small distances above the 

wall. Since evidence would suggest that the direction of the 

velocity vector generally changes continuously to the wall, the 

velocity vector direction is only an approximation to the wall shear 

direction that becomes less valid as the distance from the wall 

increases. Since the floating element device used by Pierce. and 

Krommenhoek allowed movement of the floating disk in only one 

direction, a directionally sensitive heat meter was used to align 

the floating element. One would expect that the heat meter would 

respond to some average over the thermal boundary layer which should 

be very small; however, the degree to which this approximation is 
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valid is still in question. 

Other than the work by Pierce and Krommenhoek, only Prahlad 

[54,109] has sought to address the problem of near-wall s~ilarity 

in three-d~ensional flows. Prahlad used Preston tubes calibrated 

in two-dulensional flows to infer wall shear in the limiting wall 

streamline direction as determined by yaw probes. The objection 

to yaw probes to determine wall shear direction would be even 

stronger than cited above for the heat meter. Prahlad studied the 

flow around a cylinder and an inclined plate. His results for small 

skews suggest that a nondimensionalizing wall friction velocity 

correlates his data. Since his measurement technique is indirect, 

it is impossible to conclude any direct relationship between the 

wall frict'ion velocity and wall shear. Prahlad also noted two 

other results: 1) the effects of pressure gradients in three­

dimensional flows appear to be qualitatively similar to those in 

two-dimensional flow's, and 2) the larger Preston tubes give smaller 

values of wall shear than smaller Preston tubes. With regard to this 

last point, Prahlad states, "This deviation implies departures from 

wall smtilarity and consequent errors in the use of the Preston tube 

technique in these flows." 



III. EXPERIHENTAL PROGRAM 

A. Ii~TRODUCTION 

An experimental program was undertaken in a pressure driven 

three-dll~ensional turbulent boundary layer to measure: 1) direction 

and magnitude of wall shear stresses with an omnidirectional floating 

element device, 2) the velocity profile data over the measurement 

stations for wall shear stress, and 3) the static pressure field in 

the neighborhood of the wall shear stress measurements. The purpose 

of this experiment was to establish the instrumentation and experi­

mental technique for measuring wall shear stress, and to obtain a 

complete set of data which would allow comparison of some existing 

near-wall s~ilarity models for three-dimensional turbulent boundary 

layer flows. Working in reverse order, the instrumentation systems, 

their calibration, and experimental uncertainty will be discussed. 

But first there should be some discussion of the wind tunnel and 

flow configuration used for this experiment. 

B. DESCRIPTION OF WIND TUNNEL AND FLOW CHARACTERISTICS 

A careful survey of existing two- and three-dimensional data 

suggested the need for a tunnel of large flow section. A suitable 

tunnel would have a large cross section to allow for relatively 

large boundary layers while maintaining a substantial potential core, 

a low freestream turbulence level, and freestream velocities high 

enough to result in local wall shears that could be measured with 

79 
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reasonable accuracy. The velocity and wall shear instrumentation 

should be capable of being precisely positioned. No existing 

facility adequately satisfied these requirements, so a new tunnel 

was designed and built. 

The new wind tunnel is an open circuit type housed in a tempera­

ture-controlled laboratory. It has a rectangular test section 0.61 m 

(2 ft) high and 0.91 m (3 ft) wide. Figure 16 shows a sketch of the 

tunnel with its major dliuensions. Air is drawn through the tunnel 

by a Twin City Fan and Blower Company BC-402 centrifugal fan powered 

by a 30-horsepower motor. Air speeds up to 25.9 m/sec (85 ft/sec) 

can be obtained. Lower air speeds can be maintained by adjustable 

louvers at the fan exit. To damp out fluctuations and obtain a 

relatively low turbulence flow, a nominally 2.54 cm (1 in.) diameter 

matrix of 15.24 cm (6 in.) long tubes and four fourteen-mesh screens 

are installed in the tunnel entrance. The screens are followed by 

a contraction, with an area ratio of 16:1, designed for zero 

acceleration at exit. 

Core flow velocity fields were recorded with a United Sensor 

pitot probe. There was a 6% velocity deficit in the center region 

of the flow at the nozzle exit. Freestream velocity measurements 

were uniform within +2.5%, -1.4% of the main freestream velocity. 

At the test section there was a 1.5% velocity deficit in the 

center region of the flow and freestream velocity measurements 

were uniform within +1.0%, -1.2% of the mean value. The freestream 

turbulence has been measured at the test section to be 0.6 per cent. 
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Additional design features of the new tunnel include removable 

tunnel sections and movable floor and ceiling plates in the test 

section. The flow is tripped on all four sides by circular metal 

rods located at the outlet of the contraction where the unit Reynolds 

number of the flow is measured. The distance between the trip and 

the test section may be lengthened from its nominal length of 4.88 m 

(16 ft) by rolling the wheeled contraction section back and adding 

short sections of tunnel. Both the floor and ceiling of the tunnel 

contain sliding metal plates. The top plate houses the velocity 

probe traversing system, while the bottom plate houses the wall 

shear meter. The bottom plate may also be replaced by a plate 

containing 52 static pressure taps. 

Though there are numerous types of three-dimensional flmvs 

and configurations for producing them, it was decided to study the 

flow around a cylinder with a trailing edge placed normal to the 

floor of the tunnel as shown in Fig. 17. The advantages of this 

configuration are: 1) a wide range of skewing can be studied, 2) 

though a pressure driven flow, the pressure gradients should be rela­

tively small so that their effects on the floating element wall shear 

measurements should be minimized, and 3) this setup represents a 

large general class of three-dimensional flows. The cylinder itself 

has a diameter of 12.7 em (5 in.), is 25.4 em (10 in.) high, and 

has a tapered end that trails to a sharp edge. The overall length 

of the body is 29.2 em (11.5 in.). The body was positioned in the 

tunnel by use of a sting that was secured approximately 2.44 m 
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Figure 17. Flow Geometry 
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(8 ft) downstream of the test section. 

C. STATIC PRESSURE HEASUREMENTS 

The first of the measurement systems required was the static 

pressure measurement system. As mentioned earlier, the floor of 

the test section can be replaced with an aluminum plate containing 

52 static pressure taps in a 15.2 x 61.0 cm (6 x 24 in.) grid on 

5.1 cm (2 in.) centers. The holes are 0.40 mm (0.0156 in.) diameter, 

and much effort was expended in the fabrication to insure: 1) that 

the hole edges would be sharp, 2) that the plate would be flat and 

smooth, and 3) that no leakage or blockage of the ports would occur. 

2 
The heart of the system is a ± 0.69 kPa (±O.l lbf/in ) bi-

directional differential capacitance type pressure transducer, 

model 237 built by Setra Systems, Inc. Manufacturer's specifications 

include: 

Full Range Output. • • ±2.5 volts 

Non-linearity ••• •• < ±0.25% of full 

range output, (best 

straight line method) 

Hysteresis .••••••••.••••••• < ±0.1% of full range 

output, (infinite 

resolution) 

The pressure transducer was installed in a 48-port Scaniva1ve sampling 

valve, model 48J9/0ETM/S4-48. This allows the one pressure transducer 
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to sample 44 static pressure taps in 1 to 0.1 second intervals. 

(No difference in operating characteristics was noted within this 

time interval.) Figure 18 is a schanatic of the static pressure 

measurement system. The signal from the transducer is fed into a 

Vidar model 240 voltage to frequency converter. From there the 

signal is fed into a Hewlett Packard model 5326A counter and read out 

on a Hewlett Packard model 5050A printer. Of the four remaining 

ports available on the Scanivalve device, three were left idle 

while the last one was used as a calibration port. 

Calibration was carried out by attaching the calibration port 

to a known pressure source. This source was produced by carefully 

regulating the flow of laboratory supplied air through a small 

pipe with static pressure taps installed along its length. Control 

over the flo\1 rate was obtained with three pressure regulators 

installed in series. The pressure transducer, through the cali­

bration port, as well as a micromanometer were attached to one of 

the pressure taps in the small pipe. Thus the pressure transducer 

could easily and frequently be calibrated against a steady pressure 

source of known value as given by the manometer. 

Figure 19 shows a typical calibration curve for the static 

pressure measurement system. The manufacturer's calibration is 

also shown. Several calibrations were made and the linear curve 

shown was demonstrated to be repeatable. By introducing known 

voltages into the voltage to frequency converter, it was shown that 

the upward shift in data was not caused by an error introduced in 



- STATIC PRESSURE PLATE ~ .L:::. 
I 

~ r- r"" III 

MICROMANO- SOLENOID COUNTER 
!- METER CONTROLLER CTR2/0ETM - BINY 

~ CTLR 10 P/S2-S6 

I 

PRESSURE 
'\Jan LABORATORY 

U I ~ ..I. ..J AIR SUPPLY D.C. 
~.D..o. POWE R SUPPLY 

REGULATORS 

PRINTER COUNTER 
HP5050A HP5326A 

Figure 18. Static Pressure Measurement System 

SCAN I VALVE 
48J91 
OETMI 
S4-48 ,--, 

--I I ,---

PRE~ 
~TRAN! 

SETR 

I 
V.F.C. 

VIDAR 240 

SURE 
OUCER 
A 237 

00 
0'\ 



-0.6 

-0.10 

-0.5 

.,./ 
/ 

-0.4 -0.3 -0.2 

~0.06 -0.04 ~ 
'/ 

-~ 

/ 
/' 

.,./ 

/ 

Volts 

3.0 

2.0 

1.0 

-1.0 

-2.0 

-3.0 

0.02 

SETRA 237 
PRESSURE TRANSDUCER 
OUTPUT 

0.3 0.4 0.5 

PRESSURE 

-0-- TENNANT 
-- SETRA 

Figure 19. Typical Setra 237 Pressure Transducer Calibration Curve 

0.6 kPo 
00 
-....J 



88 

the signal conditioning. It was therefore concluded that the manu­

facturer's curve was in error. 

Since the desired result of static pressure measurements for 

this study is the estimation of pressure gradients, it is not so 

important that the precise value of pressure be measured. Rather it 

is important that precise measurement of the relative values of 

pressure be made. Therefore it is the slope of the calibration 

curve that is important. In this sense too, the calibration shown 

in Fig. 18 differs from the manufacturer's curve,showing a 4.75% 

steeper slope. 

Estimation of the uncertainty is difficult. Individual static 

pressure tap measurements under flow conditions were repeatable 

within ± 0.5%, which would indicate an uncertainty in the pressure 

gradient of ± 0.7%. This value of uncertainty would appear to be 

unrealistic, however, when one observes that any nonuniformity 

in the shape of the static pressure tap or any flow obstructions 

near the taps can cause errors that are difficult to esttmate. 

It would appear that a more conservative esttmate of the uncertainty 

in the pressure gradient might be ± 3%. 

To minimize the effect of the error of any single static 

pressure measurement on the calculation of pressure gradients, the 

data were fitted to a fifth order least squares curve. At least 

four static pressure measurements were used at each grid location. 

Derivatives of the resulting equation were then calculated in 

directions along and normal to the axis of the tunnel. This 
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allowed the estimation of derivatives in any given direction desired. 

D. VELOCITY MEli.SURE14ENTS 

Velocity measurements were made with a specially designed goose­

neck, cobra, stagnation pressure, impact probe. The probe tip consists 

of three 0.51 mm (0.020 in.) on tubes located on the vertical axis 

of rotation. The outside tubes are cut at an angle, and are nulled 

to determine the flow direction. The stagnation or total pressure 

is measured with the center tube, while the static pressure is 

sensed from a 0.40 rom (0.156 in.) diameter pressure tap located in 

the tunnel floor approximately 0.635 cm (0.25 in.) downstream of the 

impact probe tip. Velocity measurements from 0.254 mm (0.010 in.) 

to 12.7 em (5.0 in.) distance from the floor of the tunnel in a 

nominally 7.6 em (3.0 in.) boundary layer were obtained. 

The probe is held in place and positioned by a specially 

designed traversing mechanism located on top of the tunnel. A 

Unislide translational screw manufactured by Velmax, Inc. provides 

for adjustment of the vertical position, while mating worm and spur 

gears allow for rotation of the probe around the vertical axis. 

Figure 20 shows a schematic view of the entire velocity 

measurement system. The major components of this system are an 

electrical setup to indicate when the impact probe touches the 

tunnel floor, a differential pressure transducer setup to position 

the probe in the direction of flow, and a micromanometer setup 

for measuring the dynamic pressure and thus the velocity. 
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To position the impact probe vertically, the probe was lowered 

until the tunnel floor was touched by the probe tip. Attached to oppo­

site terminals of a battery, the probe and a metal plug mounted flush 

with the floor of the tunnel completed an electrical circuit when con­

tact was made. Sensed by a voltmeter mounted in series, contact could 

easily be noted within ±O.0127 mm (±O.OOOS in.) as confirmed visually 

by a M-9l2 Horizontal-Vertical Cathetometer manufactured by Gaertner 

Scientific Corporation. Once contact was made, a Starrett dial gage 

was used to sense the probe's vertical location as the probe tip was 

moved away from the tunnel floor. It is estimated that this procedure 

resulted in an uncertainty of ±O.0127 rom (±O.OOOS in.) in the vertical 

position of the probe. 

The angular position of the probe was adjusted so that it was 

aligned with the local flow direction for any given vertical position. 

This was accomplished by nulling the two outside probe tubes with 

a differential pressure transducer. The transducer used was a 

sensitive ±0.2S Pa (±l.O in. H20) variable reluctance type that 

was zeroed for zero flow conditions. Although this is a very 

linear device (± 1/2% of full scale best straightline), it was 

unnecessary to calibrate this device since it was used only for 

nulling pruposes. The angular position itself was determined by 

use of a protractor surrounding the probe shaft. The protractor 

could be read to a half-least count of 0.1 degree. However, an 

estimate of the uncertainty in angular measurement must await the 

introduction of two-dimensional measurements which will follow this 
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chapter. 

The actual measurement of the dynamic pressure is sensed by 

two micromanometers installed in parallel between the center, total 

pressure, probe tube, and a static pressure tap in the tunnel floor. 

Using a three-way valve, either an inclined micramanometer with 

a range of 0 to 3.18 cm (1.250 in.) of water or a vertical micro­

manometer with a range of 0 to 15.24 em (6.00 in.) of water can 

be utilized. The inclined manometer can be read to ±O.13 n~ 

(±0.005 in.) of water, while the vertical manometer can be read 

to ±0.64 nun. (±0.025 in.) of water. For readings closest to the 

wall, the errors contributed by the manometer should be no more 

than ±2.5%. The magnitude of this error is quickly reduced to 

< 1% as the probe is moved further from the wall. At 3.18 GU 

(1.250 in.) of water, the error would be ± 0.17%; whereas for the 

few data points surveyed in the outer flow by the vertical manometer 

a l~aximum error of ±0.80% would result. 

In addition to the possible errors introduced by the manometer, 

an effect of vertical probe position on the static pressure measure­

ments was noted. Figure 21 shows the correction required for 

dynamic pressure readings as a result of the effect of the vertical 

probe location on the static pressure measurement. The three cases 

of two-dimensional flow. symmetrical three-dimensional flow, and 

hiehly skewed three-d~ensional flow are shown with the static 

pressure at a probe distance of 12. 7 em (5 in.) from':l1he tunnel floor 

assumed as datum. Within the logarithmic region the largest 
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correction is -1.55% in velocity. MUltiple tests comparing the 

inferred wall shear indicate that no significant differences result 

between using corrected or uncorrected data. 

Finally, there are the inherent errors induced by the probe 

itself disturbing the flow. These errors result from viscous 

effects, normal velocity gradients, the proximity of the wall, and 

freestream turbulence effects. Some rather old studies have been 

carried out by Dean [113], Young and Haas [114] , Livesey [ 115] , 

l:iacMillan [116], and Davies [117]. Neither viscous nor turbulence 

effects appear to be significant to this research. The velocities 

being measured are large enough and the turbulence levels small 

enough to avoid these effects. As for pressure gradient effects 

near the wall, rlacMillan suggests a correction for the vertical 

distance from the wall of 0.15 of the probe outside diameter (for 

dID = .6 where d is the inside diameter and D the outside diameter 

of the probe). Young and Maas suggest a correction of 0.18 of the 

probe outside diameter (for diD = 0.6), while Davies suggests no 

correction at all. Coles [35] in his analysis of the 1968 Stanford 

Conference data expressed deep concern over the advisability of 

these corrections and refrained from their use for that study, 

choosing rather to ignore very near-wall data. More recently studies 

by Gold [118] and Rule [119] have chosen to not include these 

displacement corrections. 

For this study, no corrections of any kind have been made to 

the velocity data. \Vhile these corrections were available, they 
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were small in magnitude and sometimes of uncertain validity. As a 

result the uncertainty of any velocity measured in the logarithmic 

region is probably as high as ±2%, while that in the very near-wall 

region may reach as hibh as ±4%. 

A final word should be said about the choice of an impact 

probe over other measuring systems, most notably the hot-wire. It 

is true that the hot-wire can provide greater spatial resolution. 

llowever two disadvantages should be noted. First, a hot-wire usually 

is calibrated versus an impact tube and manometer, thereby indirectly 

passing on certain errors associated with the ~puct tube. Secondly, 

as the wall is approached with a hot-wire, heat transfer between the 

probe and wall introduces error that tends to cloud the accuracy 

of such measurements. Since this near-wall region is indeed the 

one under study, it was felt that the increased complication of 

hot-wire measurements could not be justified in light of an uncertain 

gain in accuracy_ 

E. WALL SHEi\.R STRESS MEASUREHENTS 

The m03t critical measurements for this study were the direct 

measureraents of both magnitude and direction of wall shear stress 

in a three-dimensional turbulent boundary layer. While several 

investigators have indicated their intentions to directly measure 

wall shear stress in a three-dimensional flow (most notably Brown 

and Joubert 164]), no published studies have presented such measure­

ments, with the one exception of Pierce and KrOllmlenhoek's five data. 
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As the reader will no doubt discern in the following discussion, the 

lack of apparent success is not surprising. The problem is simply 

quite difficult. 

Essentially the problem reduces to the accurate sensing of 

small displacements in arbitrary directions. Ten different types 

of displacement sensing systems were considered. Included were 

laser interferometers, optical photo cathode sensing devices, fiber 

optic sensors, Piezoresistive strain sensors, capacitance proximity 

probes, and eddy current proximity probes. These devices were 

judged on the basis of manufacturers' specifications and some limited 

comparative testing [120]. 

A Bently Nevada Hodel 2388-3000 series eddy current proximitor 

and model 300 probe were chosen for this work. These devices are 

capable of the resolution of 1.27 ~m (50 ~ in.) displacement and 

provide linearity of < 1% of full scale according to manufacturer's 

specifications. Their short term and long term drift characteristics 

are ±O.0391 ~m/5 min (1.54 ~in./5 min) and +0.624, -0.0 ~m/7.5 hr 

(+24.6, -0.0 ~in./7.5 hr) [121]. Their temperature sensitivity is 

0.0264 ~m/oC (1.88 ~ inch/oF) [12lJ. The eddy current device was 

judged to have adequate sensitivity with the added convenience of 

simplicity and low cost. 

A schematic of the omnidirectional floating element device is 

shown in Fib_ 22. A circular disk 2.86 em (1.125 in.) diameter 

is supported by a 21.6 em (8.5 in.) long, 1.59 mm (0.0625 in.) 

diameter steel rod. The disk is separated from the surrounding 
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wall by a 0.127 mm (0.005 in.) gap. Misalignment of the disk was 

measured to be less than 0.076 rom (0.003 in.) using shims, and was 

judged to be < 0.025 mm (0.001 in.) based on observation. As a fluid 

moves over the wall, the disk is allowed to move as the wall shear, 

as well as secondary forces acting upon the disk, dictate. Two 

eddy current devices (henceforth labeled channels A and B) located 

at right angles sense the displacement of a 2.0 em (0.8 in.) steel 

cube target that is also supported by the rod_ Resolution of the 

output signals of these eddy current devices results in the magnitude 

and direction of the wall shear stress. To prevent undue oscillations 

of the floating element, a viscous damper filled with 10,000 cs 

fluid is provided. 

The entire wall shear stress measurement system is shown in 

Fig- 23. The output signal from the eddy current device is a d.c. 

voltage. Two voltage to frequency converters change the d.c. 

voltage signals to frequencies which are time averaged in frequency 

counters over 1 to 10 seconds. 

For the researcher who may be contemplating building such a 

device, it may be useful to catalog some of the problems that were 

encountered in the development of the device just described. The 

aluminum welding rod used to support the floating element lacked 

rigidity and straightness and was replaced by a precise ground 

stainless steel rod. It was also necessary to reduce the length of 

the rod from 25.4 em (10 in.) to 21.6 em (8.5 in.) to obtain the 

desired force sensitivity. The original 4140 steel cube target, 
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1.27 cm (0.5 in.) on a side, was replaced with several other targets 

of varying composition, size, and design until a 1020 steel cube 

target 2.03 em (0.8 in.) on a side with four, symmetrically drilled, 

0.64 em (0.25 in.) diameter, holes running in the same direction as 

the supporting rod was chosen. The target's increased size was 

necessary to eliminate observed interaction between the eddy current 

fields of the proximity probes, and because of the apparent ability 

of the proximity probes to 'sense' the edges of the smaller target. 

The holes were required to reduce the overall weight of the target. 

Efforts were also made to insure proper balancing of the target 

around its center axis. Three different viscous damping fluids 

were tried before the 10,000 cs fluid was chosen. Electrical 

problems encountered resulted in the need to: 1) provide the wiring with 

shielding to ground to eliminate stray signal interference, 2) 

electrically insulate the proximitors to prevent shorting, and 3) change 

the resistor decade box used with channel B in order to resolve 

an impedance mismatching problem. It was necessary to seal the 

entire lower portion of the device in a plastic bag to eliminate 

small leaks through the O-ring seals. One of the most intriguing 

problems was caused by a pressure differential between the area 

just below the floating element and the lower casing. The result 

was a periodic rise and then catastrophic fall of the output signals 

under flow conditions. Produced by bubbles growing and collapsing 

in the viscous damper, this problem was overcame by simply providing 

some venting holes between the various areas. Over six months of 
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intense effort were required to isolate, identify, and solve these 

problems. 

Calibration of the system presented its own set of problems 

and challenges. It was first necessary to establish the linearity 

of the proximity probes and sensitivity to displacement using the 

1020 steel target. Figure 24 shows the effect of displacement on 

proximitor output. Since channels A and B were operated between 

approximately 7.3 and 8.0 volts and 5.5 and 6.2 volts respectively 

when installed in the floating element device, they appeared to 

be acting well within their linear ranges with sensitivities of 

approx~tely 7.126 mV/~m (181 mV/mil). Displacement was measured 

by a precision micrometer in 0.0254 IDUl (0.001 in.) increments. 

In order to gain confidence in the integrity and linearity 

of the floating element mechanism itself, the supporting rod was 

modeled with the use of a computer program called Line Solution 

Developer (LSD) [122]. Th~s program is based on line-solution 

technology (transfer matrices or initial parameter theory) that 

allows for an accurate static solution for the deformation of 

elastic solids. The complex coupling of shear and normal forces 

as well as bending moments can be accurately predicted by this 

program. The results of that study indicated that: 1) the ideal 

systeml is linear 2) eccentric moments due to weight linbalances 

in the target or floating disk would have no effect on the linearity 

or sensitivity, 3) any initial bend in the supporting beam would 

have no effect on the linearity or sensitivity and 4) the nulling 
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method used in the static calibration technique to be discussed next 

would not affect the linearity or sensitivity of the device. 

The static calibration technique required that snaIl masses of 

predetermined weight be placed in a pan suspended by a 'string' 

connected through a pulley to a small post extending from the center 

of the floating element. Figure 25 shows a schematic of the system. 

Two vibrators were used to vibrate the pulley and calibration stand 

in order to min~ize dry friction. The additional weight of the pan 

and string (actually human hair) were negated before the masses 

were added by changing the level of the entire device so that the 

floating element was recentered. By plotting the prox~itor 

outputs versus the loading, calibration curves could be obtained. 

Figure 26 shows a typical calibration curve. For this curve 

the linearity of channel A is < 0.9% of the full scale shown and 

channel B is < 0.6%, based on a least squares curve fit. If the 

sensitivity calculated for each calibration point is plotted versus 

the load, a better understanding of Fig. 26 results. Figure 27 

reveals that: 1) considerably more scatter in the data occurs for 

small loadings than larger loadings, 2) the sensitivities for 

channels A and Bare approXlllately the same at 6.501 mV/dyne 

3 3 (2.89 x 10 V/lbf) and 6.181 mV/dyne (2.750 x 10 V/lbf) respectively, 

-6 and 3} all data, except for loadings below 10 dynes (22.48 x 10 lbf) 

-6 falls within a ±2% error band while data above 50 dynes (112.4 x 10 

lbf) falls within a ±l% error band. The scatter and increased 

uncertainty in the small weight calibration sensitivities are to be 
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expected since dry friction and other secondary forces become large 

when compared with the load. 

Since the ability of the floating element device to discern 

angle is a direct function of its ability to sense loadings, the 

uncertainty in angular measurement can be estimated. If an 

uncertainty of ±2% is assumed for the sensitivities of each probe, 

the result would be a +1.2 degree uncertainty in the angle. Static 

calibrations at angles other than at 45 0 to each probe as well as 

two-dimensional flow measurements, to be discussed in the next 

chapter, support this uncertainty estimate. 

Adequate repeatability, is shown in Figs. 28 and 29. The 

sensitivities for channel A and Bare 6.437 mV/dyne (2.863 x 103 Vlbf) 

and 6.165 mV dyne (2.742 x 103 V/lbf) respectively_ These values 

are < 1% and < 0.3% within the values determined in Figs. 26 and 

27 for channels A and B respectively. 

Static calibration by means of the pulley and string method 

proved to be difficult in practice so an alternative was considered. 

A method suggested by Headley [123] eliminates dry friction 

completely. Unfortunately, one set of problems is substituted for 

another. In Headley's method, accurate measurement of small angle 

changes is required. In addition the weight of the string and pan 

cannot be negated, but rather must be accounted for by accurate 

measurement of both and careful consideration of their contribution .. 

Since the floating element device used here has a very limited range 

(- 150 dynes (337.2 x 10-6 lbf» due to the high sensitivity desired, 
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the inability to negate these forces becomes a real disadvantage. 

Overall, even though several calibrations using Headley's method 

were obtained t the author felt no overriding advantage was to be 

gained by using his method. 

The drift characteristics of these eddy current proximity 

probes were measured at constant temperature and found to be 

6.3 mV/5 min and 1.2 mV/5 min for channels A and B respectively. 

The drift associated with channel A represents a change in sensed 

-6 load of < 1 dyne/S min (2.2S x.lO lbf/S min) or < 2% of a typical 

-6 loading of 50 dynes (112 x 10 lbf) experienced under flow con-

ditions. The drift in channel B is obviously less and represents 

-6 a change in sensed load of < .2 dynes/S min (0.5 x 10 1bf/5 min) 

-6 or < 0.5% of 50 dynes (112 x 10 lbf). 

To minimize drift effects, an experimental procedure was 

introduced to minimize the time required to record measurements. 

Under zero flow conditions, the output for both probes was noted. 

The tunnel fan was then started, and the probe outputs allowed to 

stabilize. After the stabilized probe outputs were noted the fan 

was turned off. When zero flow conditions were reinstated the 

probe outputs were again noted. The time between the stabilized 

flow conditions and the reinstated zero flow conditions was less than 

three minutes. The difference between the output values at these 

last two conditions were used to calculate the wall shear stress. 

Temperature stability was not judged to be a problem since 

during all wall shear measurements the temperature was kept at 
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25°C ± 1.10 (77°F ± 2°). UsiDb the temperature sensitivity, 

0.0264 ~ill/oC (1.88 ~in./oF) cited earlier, the resulting effect on 

the probe output would be ± 0.68 mV which represents an uncertainty 

-6 in the sensed load of ± 0.11 dynes (± 0.25 x 10 lbf) or < .5% of 

a 50 dynes (112 x 10-6 lbf) load. 

To sUliwarize, the omnidirectional wall shear meter has been 

shown to be linear by analytical calculations, a displacement 

calibration, and static loading calibrations. The static loading 

calibrations have also denlonstrated excellent repeatability, ruagnitude 

and angle precision, and high sensitivity. Procedures have been 

implemented to reduce temperature and time drift effects to a minimum. 

As with the velocity measurements, no corrections were applied to 

the data gathered with this device. \1hile certain corrections might 

be applicable (see Chapter II), their validity and method of 

application in the three-dimensional incompressible turbulent 

boundary layer flows studied here is uncertain. 

F. EXPERIIv.i&~TAL PI~OCEDURE 

The experimental program was completed chronologically in 

three separate parts: wall shear stress measurements, velocity 

profile measurements, and static pressure measurements. This 

separation was necessary since the physical requirements or individual, 

measurement Syst~lS made a unified system impossible. In order to 

insure that the flow remained essentially the same regardless of 

which measurements were being made, the tunnel unit Reynolds number, 
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based on the freestream velocity measured at the tunnel entrance, 

was held to 1.445 x 106 m-l 
± 1.5% (4.403 x 105 ft-l 

± 1.5%). For 

the wall shear stress measurements the temperature was maintained at 

25°C ± 1.10 (77°F ± 2°). For the velocity and static pressure 

measurements, the temperature was varied to maintaiIl the desired unit 

Reynolds number. Uncertainty estimates for all measurements are 

given in Table 3. 

It would have been preferable to keep the flow body obstruction 

stationary while moving the measurement devices. However this was 

not possible for this experiment since movement of the floating 

element required excessive time for releveling. Following the example 

of Prahlad [54], it was therefore decided to keep the measurement 

location stationary and to move the body around that location. 

Every effort was made to insure the accurate placement of the 

body at each location. Attempts were made to obtain different wall 

shear measurements by slightly misaligning the body_ These attempts 

showed that slight misalignments did not result in measurable 

changes in wall shear stress. Velocity measurements made after the 

body was removed and then replaced proved to be repeatable, indicating 

that body placement was not a problem. 

Locations for data hleasurement were designated by two symbols. 

The first symbol was alphabetic and represents the location nODUlal 

to tunnel axis with the centerline of the body designated as datuum 

with the symbol A. Moving away from the centerline in 2.54 em (1 in.) 

increments, the symbols B, C, D, ete. are used. The second symbol 
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Table 3 

Uncertainties in Measurements 

Ueasurement 

Static pressure 

Pressure gradient 

Vertical location of 
velocity probe 

Angle of flow 

Velocity 

Wall shear stress 

Wall shear stress angle 

Uncertainty Interval 

± 0.5% 

± 3% 

± 0.0127 rom (± 0.0005 in.) 

± 4<>"1 /Q in transition region 

± 2% in logarithmic region 

< 1% in outer region 

± 2% 

± 1.20 
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is numeric and represents the location along the tunnel axis with 

the leading portion of the body designated as datum with the symbol 

O. }1oving upstream from the leading edge in 2.54 crft (1 in.) 

increments, the s~bols 1, 2, 3, etc. are used. Locations down­

stream of the leading edge are designated with minus numbers. As 

an example the location E3 was located 10.16 em (4 in.) from 

the body centerline and 7.62 em (3 in.) upstream of the leading edge 

as shown in Fig. 17. Run designations for velocity measurements are 

shown by a two-digit number added to the location designation. 

For two-diLlensional velocity measurements, runs are designated 

with a two-digit number followed by an Arabic numeral that indicates 

the tunnel unit Reynolds number as given in Table A5. These data 

will be discussed next. 



IV • EXPERIMENTAL HEASUREMENT S 

A. TWO-DIMBNSIONAL l1EASUREMENTS 

Before three-dimensional studies could be undertaken, it was 

necessary to take measur~lents in a nominally two-d~lensional flow 

in order to establish: 1) the uncertainty in the angular measure­

ments for the velocity probe, 2) the repeatability for the velocity 

probe, 3) the uncertainty in the angular measurements for the omni­

directional wall shear meter, 4) the repeatability for the wall 

shear meter, and 5) the validity of the static calibration for the 

wall shear meter. The two-dimensional results are all given in 

Appendix A. Tabular data for representative two-dimensional velocity 

profiles are found in Tables Al through A3, while tabular data for 

the wall shear measurements are found in Table A4. Near-wall 

similarity plots of the velocity profiles are shown in Figs. Al 

through A6. The unit Reynolds numbers for the velocity profiles 

are given in Table A5. 

A series of fifteen velocity profiles were taken in a nominally 

two-dwlensional flow when no body was introduced into the wind 

tunnel. Based on these lneasurements it was determined that: 1) the 

flow had a tendency to skew very slightly, an average of -0.8 degrees, 

as the tunnel floor was approached from a position 12.7 om (5 in.) 

away, and 2) that the probable error in any angular measurement was 

±0.25°. The uncertainty of angular measurement is then estimated to 

be ±O.5°. Concerning the former, this slight skewing appears to be a 

115 
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real phenomenon of unknown origin. It was at first thought that the 

skewing was caused by a small tunnel misalignment « 0.64 em (0.25 in.) 

which occurred in a wall junction just downstream of the test section; 

however, correction of this misalignment resulted in no 

measurable change in the degree of skewil16. The addition of two 

sets of 15.24 cm (6 in.) long flow straighteners ~ediately preceding 

the fan inlet also had no effect. Since velocity profiles on either 

side of the centerline were symmetrical (the normal procedure for 

establishing two-dimensionality of a flov1) and since all attempts 

to alter the flow were without success, it was decided to proceed 

with the very slight skew in the nominally two-d~ensional flow. One 

can only speculate that the slight skewing is caused by asymmetric 

side-wall effects. It should be understood that most studies in 

nmninally two-dimensional flows accept the two-dimensional status of 

the given flow without angular measurements of any kind. The re­

peatability of the velocity measurements was typical of that presented 

in Figs. A4 through A6 for runs 04-D, OS-D, and 06-D. These results 

are within the uncertainty limits established in Chapter III. 

The angular sensitivity of the floating element device was also 

determined in the nominally two-d~ensional flow. The floating 

element device was carefully aligned so that each proximity probe 

was displaced 45 degrees from the centerline of the tunnel. Hence 

for the two-dimensional flow, the wall shear angle should have been 

at 45 degrees to each proximity probe. In fact, of the sixteen such 

measurements taken, the maximum difference in the angular measurements 
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was +0.6, -1.0 degrees with a mean average of -0.4 degrees. The 

max~uw difference noted between any wall shear magnitudes at 

swtilar unit Reynolds numbers was 2.5%, although typically the 

difference was ~ 1%. Since wall shear measurements at stmilar unit 

Reynolds numbers gave nearly the same measured angle, one might 

conclude that either the flow angle was a function of unit Reynolds 

number or that one or both proximity probes exhibit some long term 

changes in sensitivity. The latter is possible, but considered 

unlikely. 

In order to obtain additional verification of the floating 

element proximity probe sensitivities as given by the static cali-

bration in Chapter III, it was decided to undertake a dynamic 

calibration. In nominally two-dimensional flow, the tunnel unit 

Reynolds number based on the centerline velocity just downstream 

of the inlet nozzle was varied. Figure 30 is a resulting plot 

of wall shear stress versus unit Reynolds number. The data plotted 

include: 1) direct wall shear Uleasurements using the omnidirectional 

wall shear meter developed for this study, 2) corresponding wall 

shear stress values inferred from Spalding's third order law of the 

+ wall with Patel's consta~ts, averaging shear values from 50 ~ y < 300, 

3) direct wall shear measurements by Rule [119], using the same 

floating element device developed by Pierce and Krommenhoek [52], and 

4) corresponding wall shear stress values detennined in the same way 

as for this study from velocity profiles taken by Rule [119]. Some 

scatter in data is observed, especially at higher Reynolds numbers. 
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Rule's direct measurements appear to fall I to 5% below his inferred 

results and appear to compare favorably with the inferred measure-

ments of this study. On the other hand, the omnidirectional wall 

shear meter appears to be high by about 10%. As noted in Chapter 

lID and confirmed here with Rule's data, an uncertainty in wall shear 

measurement of ± 5% exists in other carefully designed floating 

element devices reported in the literature. However, the omni-

directional wall shear meter results remain disturbing. 

It is of special interest to note that if the constants suggested 

by the NPL Staff [39] are used instead of Patel's [37], agreement 

between the omnidirectional wall shear measurements and those 

inferred from velocity profile measurements is quite good as shown 

in Fig. 31. Independently, Brown and Joubert [64] noted that use 

of the NPL constants reconciled the differences noted between their 

directly measured and inferred wall shear stresses. Brown and 

Joubert, however, considered Patel's constants the more reliable and 

the discrepancy was attributed to slight secondary forces on the 

element. 

To elaborate more on the use of NPL constants, it is informative 

to plot SOlne of the two-dimensional velocity profiles on stmilarity 

+ + plots, u versus logIO y , and compare these with the theoretical 

curves using Patel and HPL constants as shown in Figs. Al through A6. 

The values of wall shear used in these plots are those which were 

measured by the omnidirectional wall shear meter. It should be 

obvious fram these plots that the curves using the NPL constants 
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follow the data more closely than those using the Patel constants. 

The wall shear unit Reynolds numbers were matched as closely as 

possible with those for the velocity profiles. The wall shear unit 

Reynolds numbers were from 0.5% to 1.9% higher than those for 

velocity profiles. This would indicate that the wall shear stresses 

used were slightly high. Therefore, the velocity profile data shown 

should be raised by a very small amount; but much less than would 

be required to meet the Patel curves. 

Another important feature to recognize about these two-dimensional 

similarity plots is the behavior of the data within the transition 

+ 
region, 10 ~ y ~ 50. As noted in Chapter II, much of the velocity 

data reported in the literature, e.g., Coles [36], shows a tendency 

to ride high in the transition region. Coles attributed this 

behavior to lack of certainty in the near-wall data. While this may 

be true, it is interesting to note that this trend does not appear 

as strong with the use of NPL constants. On the other hand, if the 

+ data were shifted upward to fit within the region 50 ~ y ~ 300 on 

Patel's curve, as is the normal practice, the data would definitely 

fall above the curve within the transition region. 

One might be t~pted at this point to account for the dis-

crepancy with the use of the pressure gradient corrections for the 

floating element device discussed in Chapter II. As reported there, 

the pressure gradient for the two-dwlensional case is favorable and 

very small (d dP/dx ~ -0.3 with d U*/v ~ 1500). It would appear 
m T m w 

unlikely, in view of Fig. 15 and the small magnitude of the pressure 
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gradient, that the discrepancy can be attributed to a pressure 

gradient correction. 

To reiterate: 1) use of the NPL constants reconciles the 

differences between the wall shear stress measured by the omnidirectional 

wall shear meter and those inferred from velocity profiles, 2) use of 

NPL constants similarly reconciled Brown and Joubert's results, 

3) pressure gradient corrections applied to the floating element 

device appear to be unable to account for the discrepancy between 

measured and inferred wall shear stresses when Patel's constants 

are used, and 4) use of NPL constants lessens the tendency for the 

velocity profile data to ride high in the transition region. On 

the basis of these results, it was decided that NPL constants would 

be used for this study. 

Because the use of the NPL constants is somewhat in contra­

diction to today's usually accepted views on the nature of 

two-d~ensional near-wall s~ilarity, a few additional words in 

defense of this decision are in order. Within the last twenty to 

twenty-five years a controversy has existed concerning the nature 

of near-wall similarity in pipe and flat plate boundary layer flov7s. 

The question in point is whether or not the constants, K and C, in 

the logarithmic similarity law are universal. The issue was 

apparently settled in 1965 with the work of Patel [37], who argued 

convincingly in favor of the universality of the similarity law 

constants. 

Patel pointed out that: 1) Preston tube calibrations by the 
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NPL Staff [39] and by SIa.ith and Walker f38] seem to be in agreement 

with each other for results in a flat plate boundary layer flow, 

but in disagreement with Patel's results in pipe flow and some 

measurements over a symmetrical airfoil, and 2) similarity law 

constants suggested by Smith and Walker and the NPL Staff differ 

greatly. Patel suggested that the work of Head and Rechenberg [124] 

(with whose data Patel agrees) provides "quite conclusive evidence 

in favour of complete similarity of the law of the wall in the two 

cases (pipe flow and flat plate boundary layers)." Since Preston 

tube calibrations depend heavily on the logarithmic similarity law, 

Patel reasoned that errors in the measurement of wall shear stress 

and/or failure to use Pitot displacement corrections (used by Patel) 

must be at fault. Citing the work of Landweber [125] who re­

analyzed Smith and Walker's data using displacement corrections, 

Patel stated that the "true values of A and B ••• derived from the 

profiles corrected by Landweber are in fact in good agreement with 

the values 5.5 and 5.45 suggested here." These are equivalent to 

K = 0.42 and C = 5.45. 

Patel's position appears strong; however, a different view of 

the literature cited by Patel introduces a different conclusion. 

First, the work of Smith and Walker on a flat plate boundary layer 

can be examined. As Patel notes, Smith and Walker suggest that the 

similarity law constants are dependent on Reynolds number based on 

momentum thickness. Their results over a range of Reynolds nmnbers 

from 3500 to 60,000 indicate ffiuall changes in von Karman's constant 
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to a low of 0.41 for low Reynolds numbers ~20) while C values as low 

as 5.0 are reported in the low Reynolds number range. The Smith and 

Walker constants reported as 0.47 and 7.15 were the asymptotic values 

of K and C, as Reynolds number becomes large. 

As for the reanalysis by Landweber, his main objection to Smith 

and Walker's study concerned the Preston tube measurements which he 

viewed as of questionable validity_ He noted however, that their 

"other velocity measurements, seem to be of high accuracy and consist-

ency," and that their direct measurements using the floating element 

technique appeared to be excellent. While corrections (whose values 
\ .' 

h&S already been questioned in this study) to the velocity profiles 

did result in different constants, Landweber chose to include the data 

of Laufer [126] (pipe flow) and Landweber and Siao [127] (flat plate) 

in his determination of the new constants. If only the data of Smith 

and Walker at a Re 2 x 106 is considered (an action which will be 
x 

justified in the next paragraph), the resulting wall similarity con-

stants are K = 0.45 and C = 6.10. These values are closer to the NPL 

constants of K = 0.47 and C = 5.9 than to Patel's values. Indeed the 

Landweber and Siao data fit these new constants well. 

Carefully reading Patel's comments, one observes that no direct 

criticism is leveled at the NPL study. Rather it is discredited 

by association with Smith and Walker's work. The study by the NPL 

Staff actually represents the combined results of three reports by 

R. G. Pankhurst, E. F. Relf, W. S. Walker, P. Bradshaw, and 
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N. Gregory in two separate experimental studies on flat plate boundary 

layers. The work appears to this author to be thorough and careful, 

and includes measurements of the effective centers of the Preston 

tubes used. Stanton tubes were also used to confinl the results. 

Patel noted that different similarity constants were cited though 

"both sets of measurements were made in zero-pressure gradient f1at-

plate boundary layers at similar Reynolds numbers." In actuality 

the constants reported by the ~iPL staff were for the lowest tunnel 

velocity at Re = 2.07 x 106 • The constants originally attributed x 

to Smith and Walker, again, were asymptotic values given for high 

Reynolds numbers, the equivalent of Re = 30 x 10
6

. In fact the x 

original data reported by Smith and Walker at Re 
x 

6 = 2 x 10 are 

fitted quite well by the NPL constants. This would indicate that 

Landweber's corrections, at least at this lower Reynolds number, 

were small. 

As for the work of Head and Rechenberg, their "conclusive 

evidence" of the universality of the similarity constants consisted 

of comparing the measurements of a Preston tube and a sublayer 

fence in a flat plate boundary layer after each had been calibrated 

in pipe flow. Since no differences appeared between the measurement 

techniques in the boundary layer flow, Head and Rechenberg concluded 

that the similarity constants in the pipe flow were the same as in the 

flat plate flow. First, it should be pointed out that the displace-

ment corrects, which Patel desired Smith and \.jalker use to detennine 

the 'true values' of the similarity constants, are absent from Head 
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and Rechenberg's study. Secondly, the inherent assumptions associated 

with their conclusions are 1) that the Preston tube was located in 

the logarithmic region and the sublayer fence within the viscous 

sublayer and 2) that the viscous sublayers do not differ in the pipe 

and flat plate boundary layer. The author's reservations about these 

techniques has already been stated; however, it must be emphasized 

that these results are indeed 'evidence' in support of Patel's 

hypothesis ••• but not really 'conclusive'. 

It would appear from the preceding discussion that, at the 

very least, a reasonable doubt can be raised concerning the uni­

versality of the s~ilarity constants. Obviously, a definitive 

experiment is needed. Unfortunately, this author is again uncertain 

how such an exper~ent would be designed. At least until the 

present inherent uncertainties in wall shear measurement or inference 

techniques can be reduced for anyone such technique, no definitive 

answer appears imminent. 

B. THREE-Dll1ENSIONAL HEASUREMENTS 

Measurements of the magnitude and direction of wall shear stress, 

corresponding velocity profiles, and the surrounding static pressure 

field were made in a three-dimensional turbulent boundary layer 

flow. The area extending 17.8 am (7 in.) upstream to 12.7 em (5 in.) 

downstream and 20.3 m (8 in.) to one side of the leading portion of 

a cylinder with a trailing edge was studied. All three-d~ensional 

tabulated data are found in Appendix B. Table B17 gives the 



127 

location, magnitude, and direction of all three-dEnensional wall 

shear measurements. Table Bl8 gives the location and magnitude 

of measured gradients for wall shear stress, angle of wall shear 

stress, and static pressure as well as wall shear angles. Tables 

BI through B6 give tabulated data for the three-dimensional velocity 

profiles, and Table Bl9 gives the unit Reynolds numbers. 

Repeatability for the velocity measurements is demonstrated 

by comparing individual runs at stations A7, E7, ES, E3, and EI 

in Tables BI through B2 and BS through B9. The two runs A7-03P and 

E3-03P in Tables B2 and B-8 have been corrected by use of the static 

pressure corrections discussed in Chapter lID. Comparison of these 

runs with the uncorrected data in runs A7-03 and E3-03 in Tables 

BI and B8 show that the corrections are very snaIl. In addition 

to the data shown, an additional five velocity profiles were taken 

at station E3 with the result that the same degree of repeatability 

demonstrated between runs E3-0l and E3';"02 was obtained. Neither 

the freestream angle nor the angle of skew ever varied more than 

±0.2 degrees from the mean. Differences noted in the velocity 

magnitudes are within the uncertainty intervals cited in Chapter III. 

Along the centerline, at stations designated with an A7, where 

the flow should be pseudo-two-d~ensional, there continues, as 

was the case in the t'{vo-dimensional flow, to be slight negative 

skewing, -0.40 degrees on the average. These results include data 

from two profiles at station A7 not included in Tables Bl through 

B16. 
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Repeatability is demonstrated for the direct wall shear measure­

ments in Table B17. At least two wall shear measurements were taken 

at every station where velocity profiles were obtained. Again 

station E3 may be used as a typical comparison location. There the 

angle of the wall shear never varied more than ± 0.2 degrees and 

the magnitude of the wall shear never varied more than ± 0.75%. The 

stations designated with a minus sign preceding the arabic letter 

are located on the opposite side of the plane of symmetry. For 

station E3, its equivalent location on the opposite side of the 

body is station -E3. There the angle of shear was - 2.8 degrees less 

than at station E3, and the shear stress magnitude was - 3.8% higher. 

Along the centerline at station A7, the angle of wall shear 

averaged 1.2 degrees. This can be compared with the -0.4 degree 

angle of skew noted in the velocity profiles at this station. These 

results are comparable within the experimental uncertainties 

established earlier in this chapter and in Chapter III for the 

individual measurement techniques. 

A better view of the consistency of the wall shear data may 

possibly be obtained from Fig. 32. There the wall shear vectors 

are plotted showing their positions relative to the cylinder. The 

results appear to be plausible and consistent. As the leading 

portion of the body is approached, a reversal of the wall shear 

angle is noted between stations A2 and A4. From the oil flow 

pattern studies by East and Hoxey [53] and Dechow [128], the 

three-dimensional separation line was expected to occur upstream 
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of the leading portion of the cylinder at a dis~ance approxi­

mately equal to one-half the diameter of the cylinder. Though it 

is not possible to pinpoint the location of separation from Fig. 31, 

these results appear consistent and a dashed line has been added 

consistent with East and Hoxey and Dechow's results as an approxi­

mation of the three-dimensional separation line. Since the nature 

of the flow within the separated region is much different, and even 

more coulplex than the unseparated flow, no attempts were made to 

measure either velocity profiles or pressure gradients within this 

region. The wall shear in the unseparated region appears well behaved 

as its angle turns first away from the body as the flow approaches 

and moves around the cylinder, and then turns toward the body as 

the flow reverses direction to follow the trailing edge. 

Pressure gradients, as estimated by the procedure outlined 

in Chapter III, are also shown in the form of a field map in 

Fig. 33. Only pressure gradients est~ated at corresponding 

locations where velocity profiles were taken are reported. As the 

leading portion of the cylinder is approached along the plane of 

symmetry, the pressure gradient is adverse. As the flow I~oves around 

the body the pressure gradient turns clockwise, first normal and 

later opposite to the freestream velocity direction. Thus the 

pressure gradient becomes a favorable pressure gradient in the 

two-dhlensional sense, i.e., the direction of the wall shear and 

pressure gradient are opposite. Still later as the flow moves 

further down the circumference of the cylinder and along the cylinder's 
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trailing edge, the pressure gradient continues to rotate in the 

clockwise direction until adverse pressure gradient conditions are 

again encountered. As noted in Chapter III, the static pressure 

measurallents showed a high degree of repeatability and the con­

sistent results shown here for the pressure gradient estin1.8tes 

appear to confirm their validity. 
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v. COl1PARISON OF TlmEE-DlMENSIONAL 

NEAR-WALL SI1:1ILARITY HODELS 

Comparisons were made among nine of the three-dimensional 

near-wall si.milarity models discussed in Chapter II. Omitted were 

the models by East [60] and White et al. [61]. East's model was 

omitted because no three-dwlensional effects are noted for his 

+ near-wall similarity plot until values of y > 200 in contradiction 

to three-dimensional velocity profile behavior noted here and in the 

literature, and because no measurements were made of the gradient 

of the angle of rotation of the shear stress vector at the wall, a 

parameter required by East's model. White, Lessmann, and Christoph 

put forth a model that requires derivatives of the velocity vector 

and two of the form metrics. While these parameters may be readily 

available when numerical solutions are being considered, derivatives 

of experimental data, e.g., the velocity profile, are very difficult 

to obtain with certainty since extensive smoothing techniques are 

required. For this reason, the model of White et ale was omitted 

from comparison. 

For the remaining nine models, near-wall similarity plots were 

constructed and are included in Appendix B, Figs. Bl through B3l. 

All the similarity plots shown have been nondimensionalized by a 

wall friction velocity based on the direct wall shear measurements. 

For all models studied except the model of Chandrashekar and Swamy 

[55), NPL constants were used. Chandrashekar and Swamy specified 

their own constants, as given in Chapter II, and these were used 
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with their model. For each station, five figures are shoYn. The 

first figure shows the models of Johnston [48], Coles [36], and East 

and Hoxey [53]. The second figure shows the Hornung and Joubert 

[51], freestream profile [52], and Prahlad [54] models. Perry and 

Joubert's model [56] is shown in the third figure. The fourth 

figure actually has two parts, one for the freestrrom profile, the 

other for the crossflow profile as required by the model of 

Chandrashekhar and Swamy [55]. The last figure also has freestream 

and crossflow profiles, and shows the model of van den Berg [6]. 

For convenience, each of the models has been designated as shown 

in Table 4. 

The models of Perry and Joubert and van den Berg require that 

the pressure gradient be knot.m. Since pressure gradient data were 

not available at stations 17, IS, 13, and II, no comparisons of these 

models were made at those stations. 

Four general areas can be segregated for comparison purposes: 

1) along the plane of symmetry 2) in areas of small flow skewing, 

3) in areas of large flow skewing, and 4) in areas of bilateral 

skewing. Along the plane of symmetry (the A-stations) the flO'C.v is 

pseudo-two-dimensional with a rapidly increasing adverse pressure 

gradient as separation is approached. Areas of small skewing 

include stations e7, E7, G7, and 17. Here the flow is nearly 

two-dimensional, and the pressure gradients are small. Even this 

far from the body the pressure gradients have begun to rotate in 

a counterclockwise direction from favorable to adverse as shown in 
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Table 4 

Designations for Three-Dtmensional 

Near-Wall Similarity Models 

Designation Model 

J Johnston [48] 

C Coles [36] 

E&H East and Hoxey [53] 

H&J Hornung and .Joubert 

FP Freestream Profile 

P Prahlad [54] 

[51] 

[ 52] 

P&J Perry and Joubert [56] 

C&S Chandrashekhar and Swamy 

B van den Berg [6] 

[55] 
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Fig. 33. As the cylinder is approached the flow skews ~ore, and 

the pressure gradient grows w'hile its direction of rotation is 

apparently reversed. At stations J.:3 and G3 for instance the pressure 

gradient is favorable in the two-dimensional sense. FollowiD6 

around the body arld down its trailing edge the pressure gradient 

continues to rotate in the clockwise direction, becoming 

essentially a.dverse in the two-dimensional sense. For stations 

G-3, 1-3, G-5, and 1-5 the flow is bilaterally skewed. 

Certain analytical model performance characteristics may be 

anticipated for given areas. For plane of symmetry flows or those 

with little skewing, one would expect that the flow could be modeled 

accurately. Since these flows are pseudo-two-dlinensional, the 

analytical near-wall similarity models should be exp~cted to reduce 

to the two-dimensional case. 

On the other hand, for flows that exhibit bilateral skewiI16, 

one would expect that the models would not respond properly, since 

no near-wall similarity model examined in this study makes allowance 

for bilateral skewing. 

Surrounding the cylinder is a separation line initiating a 

horseshoe-shaped vortex that curls away fr9m the wall and then 

in toward the cylinder. As this separated region is approached 

one would expect the pressure gradients to be severe. Thus the 

ability to measure wall shear stress and to model the flow situation 

analytically within areas near separation are both diminished. 

Indeed the results anticipated in the preceding paragraphs are 
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basically confirmed. Along the plane of synunetry station A7, Figs. 

BI through B3, the similarity plots are Inuch like the two-dimensional 

case except that the adverse pressure gradient forces an earlier 

departure from the logarithmic profile. Models J, C, E&H, H&J, 

FP, and P are indistinguishable from one another. Model P&J 

accounts for the adverse pressure gradient effect, and, at least 

qualitatively, properly corrects the theoretical curve to fit the 

departure. For the C&S model, the freestream, u-component, simi­

larity plot appears satisfactory; however, the crossflow, w-component, 

similarity model fails to model the data. Finally model B, that 

accounts for both pressure gradient and inertial effects, models 

both the u- and w-components fairly well. (Note that u and w for 

van den Berg's model are in the wall-shear-stress and normal-to-wall­

shear-stress directions respectively.) One may question why the 

u-component plot shows a downward curve typical of a favorable 

pressure gradient. The answer, of course, lies in the inertial 

effects which often tend to dominate. If only pressure gradient 

effects are considered, model B gives s~ilar results to those of 

P&J. 

As the separation line is approached along the plane of 

symmetry at station AS, Figs. B4-1 through B4-6, the adverse 

pressure gradient becomes stronger. Models J, C, E&H, H&J, FP, and 

P again all give similar results that show poor agreement between 

the measured data and the theoretical curve as does the C&S model. 

Models P&J and B appear to model this situation as least as well as 

at station A7. 
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Looking now at areas of snaIl skewing, stations C7, E7, G7, and 

17 are shown in Figs. B5, B9, B17, and B25. Moving from station 

C7 to 17, one notices a lessening of the departure noted at station 

A7, so that at stations G7 and 17 the deviation from the two­

dimensional similarity law is small. This is due to a reduction 

in pressure gradient effects and amount of skewing. The C&S model 

continues to be unable to model the w-component similarity plot, 

while the B model shows a lessening of the inertial effects as one 

moves from stations C7 to 17. 

One of the most interesting areas for study are those with 

large flow skewing such as stations C3, E3, and El shown in Figs. 

B7, B12, and B15. Here the pressure gradients are relatively large 

and favorable in the two-dimensional sense. For these stations 

models J, C, E&H, H&J, FP, and P tend to fan out and diverge and 

fall below the data as does the C&S model. The P&J model appears 

to approximate the data more closely. Both the C&S and B models 

both continue to have difficulty with their respective w-component 

similarity plots. 

Finally for the area along side the body where the velocity 

profiles become bilaterally skewed, stations G-3, 1-3, G-5, and 

1-5, shown in Figs. B22, B30, B23, and B3l, may be studied. Here 

the J, C, E&H, H&J, FP, and P laodels again give similar results 

that tend to show pseudo-twa-dimensional behavior for the I stations 

furthest from the body. The G stations are nearer the cylinder and 

the separated region, and there the agreement is poor. The P&J, 
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C&S, and B models also show poor agreement for the G stations. 

Overall, certain characteristics or trends exhibited by the 

various models can be noted. First, the models of J, C, E&H, H&J, 

FP, and P may be lumped together in the sense that: 1) they are 

all three-d~ensional near-wall similarity models that use an 

equivalent velocity in the two-dimensional near-wall similarity 

law, and 2) they all give approximately the same results. These 

results are, in a qualitative sense, good for nearly two-dimensional 

flows (flows with snaIl skewing), poor for velocity profiles with 

large skews, and poor for velocity profiles that are near separation. 

Of these it can be generally stated that the model of J better 

approximates the data. 

For the C&S model the u-component similarity profiles are 

probably as good as the first six models; however, the w-component 

sThlilarity profile consistently fails. It would appear that the 

wall shear component in the cross flow direction is consistently 

underestimated by the C&S model. Since the C&S model was compared 

by its originators only with wall shear stresses inferred from 

Preston tube and razor blade measurements, it could be that the angle 

of wall shear was underestimated. In light of the previous dis­

cussion within this study of the dangers of assuming that the 

wall shear direction is in fact the direction of the velocity 

vector, even at small distances from the wall, this underestimation 

of the wall shear angle would appear plausible. 
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As for the B model, the striking result is the sensitivity 

that the model shows to both pressure gradient and inertial effects. 

It must be noted that the relatively poor agreement shown may be 

due to this author's inability to accurately estDnate the pressure, 

wall shear, and wall shear angle gradients required for this model. 

Taking derivatives of eKperimental data is often risky. 

Finally, the last model to be discussed is the P&J model. This 

model does not take into account inertial effects but does consider 

pressure gradient effects. Referring to Fig. 9, one observes that 

only the model of P&J shows the same characteristic deviations fran 

the two-dimensional near-wall similarity law that the three-dimensional 

velocity profile data of this study show. Agreement is sometimes 

less than good, and, in the bilaterally skewed region, admittedly 

poor. However, of the nine models studied here, the P&J model must 

be judged best overall. 

As a whole the results of this study give evidence in support 

of the hypothesis that near-wall similarity exists in three­

dimensional turbulent boundary layers. The fonn of the applicable 

three-dimensional near-wall similarity law is apparently approxi­

mated by the Ferry and Joubert model and requires, at least, the 

input of velocity profile data and pressure gradient data. The 

area of flow where Perry and Joubert's model fails is near separation. 

The reader must be cautioned that these preliminary results 

should not be considered definitive. On the one hand, the measure­

ments presented here are somewhat clouded by the controversy over 
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near-wall similarity constants, the use of pressure gradient 

corrections for floating element devices, the use of displacement 

corrections for velocity probes, and so on. While all these itens 

have been addressed, the author must admit that uncertainty remains. 

On the other hand, assuming the measurallents of this study strictly 

are valid, this investigation has been necessarily l~ited in its 

scope and thus in its ability to provide conclusive evidence. Only 

one pressure-driven three-dimensional flow configuration was studied. 

Certainly different flow configurations as well as shear-driven 

flows will have to be investigated before the question of three­

dimensional near-wall similarity can be resolved more fully. 

In judging the relative merits of the nine three-dimensional 

similarity models, their ability to infer wall shear stress is 

also of ll1portance. As discussed previously, one of the lluportant 

uses of two-dimensional near-wall s~ilarity is in determining 

wall shear stress from velocity profile data. Certainly it would be 

useful if a three-dimensional silnilarity model could be used to 

determine wall shear stress in the same manner. 

Seven of the models considered, those by J, C, E&H, H&J, FP, 

P, and C&S, are easy to use and require input of only velocity 

profile data from which the wall shear stress can be determined. 

Unfortunately, none of these models works well in flows with large 

skews. On the other hand, the model of B requires velocity profile, 

pressure gradient, wall shear gradient, and wall shear angle 

gradient data as input. In short, one must know the wall shear 
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stress before the B model is used; wall shear cannot be determined 

from this model. Somewhere in between the first seven models and 

the B model lies the r&J model. Required for the P&J model are 

velocity profile, pressure gradient, and wall shear angle data. 

The problem here, of course, is determining the direction of wall 

shear stress. It would appear unlikely, in light of previous 

discussion, that estimating the direction of wall shear stress 

from velocity measurements near the wall or from any other indirect 

Iuethod would be appropriate. 

However, possibly another solution exists. Suppose a three-

dimensional velocity profile is fitted to the P&J model by shifting 

the curves for various G's along the two-dimensional similarity 

law for the logarithmic region as shown in Fig. 9. Then the value 

* of the parameter q /av would give the wall shear stress and the 

value of G would give the wall shear stress direction. This method 

would clearly be preferable to varying the inertial terms in the 

B model until a curve f it was realized. More than one variable, 

those dependent on the wall shear stress gradient and the wall 

shear stress angle gradient, would need to be varied, and therefore 

existence of a unique solution would be questionable. 



VI. CONCLUSIUNS 

A large scale wind tunnel, a precision velocity measurement 

system, an autanated static pressure Ineasurement system. and an 

omnidirectional floating element wall shear stress meter, the 

first of its kind, were designed, built, and calibrated for this 

study. A comprehensive set of data was measured for the three­

dimensional case of plane, incompressible, turbulent boundary 

layer flow around a vertical cylinder with a trailing edge. In­

cluded were over one hundred direct measurements of wall shear 

stress, over thirty corresponding velocity profiles, and the 

neighboring static pressure field. Using these measured data, 

comparisons were made among nine near-wall similarity models. On 

the basis of these studies, several conclusions can be drawn. 

1) The direct measurement of magnitude and direction for 

wall shear stress is very difficult. The accuracy of 

such measurements remains somewhat clouded by problems 

primarily associated with static calibration and 

pressure gradient corrections. Even among several 

carefully constructed and calibrated floating element 

devices, differences of approximately +5% are common. 

2) The results of this study for nominally two-dimensional 

flows supports the hypotheses of either the nonuniversality 

or continued elusiveness of unique values f or the two­

dimensional near-wall similarity law constants. The 
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results of this investigation based on direct measurements 

of wall shear stress suggest the use of the s~ilarity 

constants K = 0.47 and C = 5.9 given by the NPL staff [39] 

be considered for flat-plate boundary layers. Use of these 

constants also appears to eliminate the general trend 

toward departure from the two-d~ensional near-wall 

similarity law within the transition region. Whether 

the two-dimensional suuilarity constants are functions 

of Reynolds nunilier or not, as suggested by Smith and 

Walker [38], was neither confirmed nor disproven by this 

study. 

3) Of the nine three-d~ensional near-wall s~ilarity models 

examined, the model by Perry and Joubert [56] appears to 

best approximate the measured data. Their model is 

relatively snuple and considers pressure gradient effects. 

4) In general, all the three-d~ensional near-wall slluilarity 

models examined were able to model the flow behavior where 

pressure gradients and three-dimensional effects were small, 

but failed in varying degrees in flows that exhibited 

large skew. 

5) All the three-dimensional near-wall similarity models 

examined were unable to model flows near separation. This 

is not surprising in that two-dimensional similarity fails 

near separation as well. 
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It is beleived that this study is the first step toward the 

ultimate goal of determining the existence and (if confirmed) form 

and extent of near-wall similarity in three-dimensional turbulent 

boundary layers. Evidence from this study would tend to support 

the hypothesis of three-dimensional near-wall similarity, at least 

for regions moderately remote from separation. The form of the 

three-dimensional near-wall similarity law apparently must consider 

pressure gradient effects at least, and appears to be approximated 

by the model suggested by Perry and Joubert. A definitive answer 

must await compilation of much more data gathered in various flow 

configurations for both pressure-driven and shear-driven, three­

dimensional, turbulent boundary layers. It is hoped that the omni­

directional wall shear meter developed in this study will prove to 

be a valuable tool in gathering that data. 
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TABLE A 1. TWO-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS 01A A~D 01B. 

RUN NUMBER 2D-OI-A 
Q FREESTREAM = 13.33 MIS 
KINEMATIC VISCOSITY 

= 0.0000170 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
O.OB1 
0.102 
0.121 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
8.128 

10.160 
12.700 

ANGLE = 0.0 DEGREES 

Q 
«MIS) 
3.70 
3.99 
4.27 
4.53 
5.00 
5.23 
5.44 
5.85 
6.22 
6.58 
6.75 
1.08 
7.39 
7.70 
1.99 
8.27 
8.54 
8.80 
9.0t 
9.30 

13.16 
13.33 
13.3'3 

ALPHA 
( DEGR EES t 

-0.6 
-0.6 
-0.6 
-0.6 
-0.6 
-0.6 
-0.6 
-0.6 
-4).6 
-0.6 
-0.6 
-O.b 
-0.6 
-0.6 
-0.6 
-0.6 
-1.0 
-1.0 
-1.0 
-1.0 
-0.4 
-0.4 

0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RUN NUMBER 20-01-B 
Q FREESTREAM = 19.79 MIS 
KINEMATIC VISCOSITY 

= 0.0000110 SQ MIS 
FREESTREAM 

y 

(Ct"n 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
:l.031 
0.102 
0.12'1 
0.16.3 
0.203 
0.254 
0.317 
0.406 
0.5')8 
0.635 
0.813 
1.016 
8.128 

IJ.16() 
12.700 

ANGLE = 0.0 DEGREES 

Q 
(MIS) 
6.4Q 
6.92 
1.08 
7.54 
7.98 
8.40 
8.61 
9.05 
9.54 

10.01 
10.34 
10.61 
10.98 
11.49 
11.88 
12.35 
12.80 
13.16 
13.58 
13.91 
19.61 
19.19 
19.79 

ALPHA 
, DEGf< EES) 

-\).2 
-0.2 
-0.2 
-0.2 
-0.2 
-J.2 
-0.2 
-0.2 
-u.s 
-0.8 
-0.8 
-0.8 
-1.0 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-0.2 
-0.2 
0.0 

1 FTIS = 0.3046 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE A 2. TWO-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS OlE AND 04D. 

RUN NUMBER 2D-01-E 
Q FREESTREAM = 24.19 MIS 
KINEMATIC VISCOSITY 

= 0.0000170 SQ MIS 
FREESTREAM 

V 
(eMa 
0.025 
0.028 
J.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
8.128 

10.160 
12.700 

ANGLE = 0.0 DEGREES 

Q 

(MIS) 
9.30 
9.66 
9.71 

10.23 
10.61 
11.09 
11.39 
11.88 
12.44 
12.89 
13.32 
13.83 
14.31 
14.78 
15.31 
15.89 
16.39 
16.86 
17.40 
17.91 
24.55 
24.19 
24.79 

ALPHA 
(OEGREES) 

-1.0 
-1.0 
-0.8 
-0.2 
-0.2 
-0.2 
-0.4 
-0.6 
-0.8 
-0.8 
-;,).8 
-0.8 
-0.8 
-0.8 
-1.0 
-1.0 
-0.8 
-O.B 
-0.6 
-0.6 

0.0 
0.0 
0.0 

CCNVERSION FACTORS 
1 IN. = 2 •. 54 eM 

RUN NUMBER 20-04-0 
Q FREESTREAM = 25.64 MIS 
KINEMATIC VISCOSITY 

- 0.0000169 SQ MIS 
FREESTREAM 

y 
(CM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2 •. 540 
3.175 
4.064 
5.()80 
6.350 
8.128 

10.160 

ANGLE = 0.0 DEGREES 

Q 

(MIS) 
9.71 

10.00 
10.23 
10.17 
11.29 
11.59 
11.76 
12.25 
12.44 
13.15 
13.51 
14.15 
14.55 
15.23 
15.61 
16.24 
16.86 
11.33 
11.97 
18.47 
18.96 
19.60 
20.23 
21.~1 

21.80 
22.12 
23.36 
24.32 
25.46 
25.64 

ALPHA 
( DEGR EES) 

-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 

0.2 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
\l.O 
0.0 
0.0 
0.0 
0.0 
0.0 
J.O 

1 FT/S = 0.3048 MIS 
1 SO FT/S = 0.0929 SO MIS 
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TABLE A 3. TWO-DIMENSIONAL BOUNDARV LAVER PROFILES 
FOR RUN NUMBERS 050 AND 060. 

RUN NUMBER 20-05-D 
Q FREESTREAM = 25.64 MIS 
KINEMATIC VISCOSITY 

= 0.0000169 SQ MIS 
FREESTREAM 

y 
(eM) 

0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
0.406 
J.50B 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.17.5 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = 0.0 DEGREES 

Q 
(MIS) 
9.52 

10.43 
10.65 
11.J6 
11.57 
11.86 
12.14 
12.51 
13.04 
13.47 
13.8ij 
14.37 
14.83 
15.36 
15.19 
16.36 
16.90 
11.43 
17.94 
18.44 
19.05 
19.63 
20.20 
20.87 
21.67 
22..74 
23.33 
24.51 
25.42 
25.64 
25.64 

ALPHA 
( DEGR EES ) 

-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-0.4 
-0.4 
-(l.4 
-0.4 

0.0 
0.0 

-0.2 . 
0.0 
0.0 

CONVERSION FACTORS 
1 IN. = 2. 54 eM 

RUN NUMBER 20-06-0 
Q FREESTRfAM = 25.62 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
i).036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.31 7 
0.406 
0.50B 
0.6.3 5 
0.813 
8.128 

10.160 
12.100 

ANGLE = 0.0 DEGREES 

Q 
(MIS) 
9.63 

10.09 
10.31 
10.85 
11.26 
11.15 
11.94 
12.41 
13.03 
13.45 
13.95 
14.35 
14.89 
15.41 
15.92 
16.48 
16.95 
17.54 
18.24 
25.62 
25.62 
25.62 

ALPHA 
(DEGH EES) 

-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
J.O 

1 FT/S = 0.3048 MIS 
1 SO FT/S = 0.0929 SQ MIS 



160 

Table A4 

Two-Dimensional Wall Shear Stress Measurements 

5 -1 
Re 't x 10 (m ) unl. 

0.742 
0.742 
0.871 
0.871 
0.977 
0.977 
1.104 
1.104 
1.195 
1.195 
1.342 
1.342 
1.416 
1.416 
1.450 
1.458 
1.462 

Conversion Factors 

-1 -1 ft = 3.281 m 
3 3 1bm/ft = 16.026 kg/m 

1bf/ft2 = 47.847 Pa 

3 p(kg/m ) 

1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.102 
1.100 
1.102 
1.105 

T (Pa) 
w 

0.28 
0.29 
0.39 
0.38 
0.47 
0.48 
0.60 
0.60 
0.70 
0.70 
0.90 
0.90 
0.98 
0.98 
1 .. 00 
1.02 
1.05 

S(degrees) 

-1.0 
-1.3 
-0.6 
-0.6 
-0.9 
-1.0 
-0 .. 1 
-0.7 

0.2 
-0.1 

0.0 
0.2 
0.3 
0.4 
0.5 
0.2 
0.2 
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Table A5 

Tunnel Reynolds Numbers for Two-Dimensional 
Velocity Profiles 

Run 

01-A 
01-B 
Ol-E 
04-D 
05-D 
06-D 

Conversion Factor 

ft-1 = 3.281 m-l 

5 -1 Reunit x 10 (m ) 

0.683 
1.015 
1.299 
1.339 
1.341 
1.344 
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TABLE B1. THREE-DIMENSIONAL BOUNDARY LAYER PRJFll~S 
FOR RUN NUMBERS A1-0l AND A1-03. 

RUN NUMBER A1-01 
Q FREESTREAM = 23.94 MIS 
KINEMATIC VISCOSITY 

= 0.0000166 SQ MIS 
FREESTREAM 

Y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.317 
0.406 
0.495 
0.622 
0.800 
1.003 
1.257 
1.613 
2.019 
2.521 
3.162 
4.051 
5.061 
6. ,337 
8.115 

10.147 
12.687 

ANGLE = -0.2 OEGREES 

Q 
(MIS) 
1.19 
7.19 
8.07 
8.74 
9.00 
9.24 
9.48 
9.95 

10.39 
10.81 
11.22 
11.71 
12.18 
12.63 
13.16 
13.82 
14.38 
14.92 
15.51 
16.15 
16.63 
11.36 
11.99 
18.19 
19.61 
20.61 
21.18 
22.84 
23.11 
23.94 
23.94 

ALPHA 
(DEGREES) 

-1.4 
-1.4 
-1.4 
-1.4 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.0 
-1.0 
-1.0 
-0.8 
-!J.6 
-0.6 
-0.4 
-0.4 

0.0 
-0.4 

J.O 

CONVERSION FACTORS 
I IN. = 2.54 eM 

RUN NUMBEP A7-03 
Q FREESTREAM = 23.71 MIS 
KINEMftTIC VISCOSITY 

= 0.0000167 SQ MIS 
FREESTREAM 

y 
( eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
I.al6 
1.270 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = -0.2 DEGREES 

Q 
(MIS) 
7.36 
7.61 
'1.81 
8.50 
9.02 
9.27 
9.51 
9.97 

10.42 
10.74 
11.25 
11.74 
12.12 
L2.66 
13.10 
13.69 
14.18 
14.88 
15.55 
16.05 
16.61 
17.33 
18.Q4 
l8.78 
19.66 
20.83 
21.99 
23.;)9 
23.53 
23.77 
23.17 

ALPHA 
'DEGR EES) 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
,).2 
0.2 
0.0 
0.0 
0.0 
v.o 
0.0 
0.0 
0. 1) 

0.0 
0.0 
0.0 
0.0 
'J .0 
0.0 
0.0 
0.0 
0.2 
0.2 
0.4 
0.4 
0.4 
0.4 
0.2 
0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SO MIS 
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TABLE 62. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS A7-0)P AND A5-0l. 

RUN NUMBER A7-03P 
Q FREESTREAM = 23.71 MIS 
KI~EMATIC VISCOSITY 

= 0.0000161 SQ MIS 
FREESTREAM 

y 
( eM) 
\).025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.311 
0.406 
u.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.100 

ANGLE = -0.2 DEGREES 

Q 
(MIS) 
7.75 
7.96 
8.01 
8.58 
8.99 
9.31 
9.63 

10.24 
10.63 
10.90 
11.31 
11.84 
12.11 
12.68 
13.10 
13.66 
14.12 
14.80 
15.4.5 
15.95 
16.58 
17.25 
17.95 
18.70 
19.59 
20.18 
21.95 
23.06 
23.51 
23.16 
23.11 

ALPHA 
( DEGR EES) 

v.2 
0.2 
0.2 
0.2 
0.2 
v.2 
0.2 
0.2 
0.0 
0.0 
0.0 
J.O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.2 
0.2 
0.4 
0.4 
0.4 
0.4 
0.2 
0.0 

CONVERSION FACTORS 
1 IN. = 2 • 54 C M 

RUN NUMBER A5-01 
Q FREESTREAM = 23.48 MIS 
KINEMATIC VISCOSITY 

= 0.0000166 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = -o.a DEGREES 

Q 
(MIS) 
5.99 
6.35 
6.53 
1.02 
1.49 
7.78 
1.92 
8.20 
8.13 
9.11 
9.47 
9.93 

10.37 
10.80 
11.50 
11.98 
12.62 
13.31 
13.97 
14.51 
15.19 
15.99 
16.67 
11.52 
18.40 
19.58 
20.64 
21.90 
23.15 
23.48 
23.48 

ALPHA 
(DEGR EES) 

-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-1.0 
-0.8 
-O.B 
-0.8 
-0.8 
-0.6 
-0.6 
-0.6 
-0.6 
-Q.6 
-0.6 
-0.6 
-0.6 
-0.6 
-0.4 
-0.4 
-0.2 
-0.2 
-0.2 
0.0 
0.2 
0.2 
0.2 
0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE B3. THREE-DIMENSIONAL BOUNDARY lAYE1< PROFILES 
FOR RUN NUMBERS C7-01 AND C5-01. 

RUN NUMBER C1-01 
Q FREESTREAM = 24.21 MIS 
KI~EMATIC VISCOSITY 

- 0.0000167 SQ MIS 
FREESTREAM 

y 
( CM) 
0.025 
0.029 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
0.406 
0.503 
0.630 
0.808 
1.011 
1.265 
1.621 
2.027 
2.535 
3.110 
4.059 
5.015 
6.345 
8.123 

10.155 
12.695 

ANGLE = 0.4 DEGREES 

Q 
(MIS) 
7.51 
8.22 
8.49 
9.01 
9.38 
9.73 
9.96 

10.29 
10.72 
11.13 
11.53 
12.01 
12.56 
13.00 
13.51 
14.16 
14.63 
15.16 
15.82 
16.38 
16.99 
11.64 
18.27 
19.11 
19.92 
20.91 
21.96 
23.06 
23.98 
2ft.21 
24.21 

ALPHA 
(DEGR EES J 

3.8 
3.8 
3.6 
3.4 
3.4 
3.4 
3.4 
3.0 
2.8 
2.8 
2.8 
2.2 
2.2 
2.0 
1.8 
1.b 
1.4 
1.0 
1.0 
0.8 
0.8 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.2 
0.2 
0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RUN NUMBER C5-01 
Q FREESTREAM = 23.45 MIS 
KINEMATIC VISCOSITY 

= 0.0000166 SQ MIS 
FREESTREAM 

y 
(CM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
O.I~7 
0.163 
0.203 
0.25ft 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
b.350 
8.128 

10.160 
12.100 

ANGLE = 2.0 DEGREES 

Q ALPHA 
(MIS) (DEGREES) 
6.87 8.4 
7.19 8.4 
7.34 8.4 
7.78 8.4 
8.21 8.4 
8.61 8.4 
8.14 8.4 
8.99 '1.8 
9.48 1.8 
9.83 6.8 

10.27 6.6 
10.81 6.0 
11.21 5.6 
11.61 5.2 
12.17 4.8 
12.80 4.2 
13.32 3.6 
13.90 3.2 
14.61 2.6 
15.13 2.2 
15.86 2.0 
16.41 1.8 
17.15 1.2 
17.92 1.2 
18.83 0.6 
19.93 0.4 
21.08 0.4 
22.23 0.2 
23.55 0.0 
23.45 0.0 
23.45 0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SO MIS 



172 

TABLE B4. THREE-DIMENSIONAL BDUNDARY LAYER PROFILES 
FOR RUN NUMBERS C3-01 AND E7-01. 

RUN NUMBER C3-01 
Q FREESTREAM = 23.05 MIS 
KINEMATIC VISCOSITY 

= 0.0000167 SQ MIS 
FREESTREAM 

v 
(CM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = 5.4 DEGRE~S 

Q 

(MIS) 
5.61 
6.00 
0.36 
6.11 
1.04 
7.20 
1.35 
1.65 
7.80 
8.35 
8.62 
9.00 
9.31 
9.72 

10.17 
10.71 
11.43 
12.00 
12.82 
13.42 
14.23 
14.93 
15.81 
16.64 
11.b2 
18.80 
19.90 
21.2'7 
22.66 
23.05 
23.05 

ALPHA 
(DEGREES) 

.30.8 
30.8 
30.8 
30.8 
30.0 
29.6 
29.6 
27.4 
2'7.0 
25.2 
24.6 
22.4 
20.2 
11.8 
16.6 
14.2 
12.5 
11.0 
9.4 
8.4 
6.8 
5.4 
4.4 
3.4 
2.8 
2.0 
1.6 
0.8 
0.6 
J.2 
0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RUN NUMBER EI-01 
Q F~EESTREAM = 24.68 MIS 
KI~EMATIC VISCOSITY 

= 0.0000161 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
6.350 
8.128 

10.160 
12.100 

ANGLE = 1.6 DEGREES 

Q ALPHA 
(MIS) (OEGREES) 
8.89 5.0 
9.38 5.0 
9.50 5.4 
9.96 5.4 

10.41 5.4 
10.52 5.4 
10.13 5.4 
11.24 4.8 
11.54 4.6 
11.92 4.0 
12.57 4.0 
12.92 4.0 
13.44 3.6 
13.9.3 ,3.2 
14.41 3.2 
14.94 2.8 
15.41 2.6 
16.04 2.2 
16.52 2.J 
11.06 2.0 
17.58 1.6 
18.21 1.6 
19.00 1.6 
19.58 1.0 
20.38 1.0 
21.45 1.0 
22.02 1.0 
23.03 0.6 
24.22 0.2 
24.68 0.2 
24.68 0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE 85. THREE-DIMENSIONAL BOUNDARY LAYER PROfILES 
FOR RUN NUMBERS E1-02 AND E5-01. 

RUN NUMBER EI-02 
Q FREESTREAM = 24.50 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

Y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = 1.6 DEGREES 

Q ALPHA 
'MIS) (DEGREES) 
8.38 4.8 
8.78 4.8 
9.03 4.8 
9.52 4.8 

10.09 4.6 
10.31 4.8 
10.64 4.8 
11.06 4.6 
11.56 4.6 
11.94 4.2 
12.32 3.8 
12.71 3.8 
13.29 3.6 
13.11 3.4 
14.27 3.0 
14.82 2.6 
15.35 2.4 
15.93 2.4 
16.48 1.8 
11.02 1.6 
17.55 1.6 
18.18 1.4 
18.19 0.8 
19.50 0.8 
20.41 0.6 
21.44 0.6 
22.47 0.4 
23.65 0.4 
24.26 0.4 
24.50 0.0 
24.50 0.0 

CONVERSION fACTORS 
1 IN. = 2.54 eM 

RUN NUMBER E5-01 
Q F~EESTREAM = 24.48 ~/S 
KINEMATIC VISCOSITY 

= 0.0000168 SQ ~/S 
FREESTREAM 

Y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.069 
0.081 
0.104 
0.121 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.100 

ANGLE = 3.4 DEGREES 

Q ALPHA 
(MIS) (DEGREES) 
8.51 9.4 
9.15 9.4 
9.63 9.4 
9.91 9.4 

1J.20 9.4 
10.42 9.4 
10.63 9.4 
11.05 9.0 
11.45 8.6 
11.84 8.0 
12.22 d.O 
12.58 7.2 
12.94 6.6 
13.45 6.6 
13.94 5.6 
14.42 5.0 
14.96 4.6 
15.48 4.0 
16.19 3.6 
16.68 3.2 
17.01 3.0 
11.73 2.6 
18.48 2.0 
19.14 2.0 
20.12 1.8 
21.16 1.2 
22.25 0.8 
23.29 0.6 
24.24 0.6 
24.48 0.0 
24.48 0.0 

1 FTIS = 0.3048 MIS 
1 SQ FT/S = 0.0929 SO MIS 



174 

TABLE 86. THREE-DIMENSIONAL BOUNDARY LAYER PROfILES 
FOR RUN NUMBERS E5-02 AND E3-01. 

RUN NUMBER E5-02 
Q FREESTREAM = 24.24 MIS 
KINEMATIC VISCOSITY 

= 0.0000167 SQ MIS 
FREESTREAM 

Y 
(eMI 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.003 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = 3.4 DEGREES 

Q 

(MIS) 
8.64 
8.17 
9.02 
9.51 
9.91 

10.31 
10.63 
10.74 
11.45 
11.65 
12.03 
12.58 
13.11 
13.45 
13.94 
14.26 
14.89 
15.55 
15.91 
16.14 
17.14 
17.79 
18.48 
19.02 
20.06 
2J.94 
22.15 
23.39 
23.11 
24.24 
24.24 

ALPHA 
'uEGREE S) 

9.2 
9.2 
9.2 
9.2 
9.2 
9.2 
9.0 
9.0 
8.6 
1.8 
7.4 
6.8 
6.6 
6.4 
5.6 
5.0 
4.6 
4.4 
3.6 
3.2 
2.8 
2.6 
2.J 
1.6 
1.6 
1.2 
1.0 
0.4 

-0.2 
-0.4 

0.0 

CONVERSION FACTORS 
1 IN. = 2. 54 eM 

RUN NUMBER E3-01 
Q FREESTREAM = 24.49 MIS 
KI Nf. MA Tl C VI seos I TY 

= 0.0000168 SQ MIS 
FREESTREAM 

y 

'C M) 
0.025 
0.028 
0.0.30 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.103 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
6.350 
S.l2d 

10.160 
12. 101) 

ANGLE = 6.4 DEGREES 

Q 
(MIS) 
8.71 
9.28 
9.63 

10.20 
10.53 
10.85 
11.16 
11.46 
11.84 
12.04 
12.41 
12.17 
13.12 
13.54 
13.95 
14.66 
15.12 
15.56 
15.92 
16.55 
17.02 
1'1.80 
18.49 
19.15 
19.90 
21.43 
22.26 
23.26 
24.26 
24.49 
24.49 

ALPHA 
(DEGREFSJ 

18.0 
18.0 
18.0 
16.0 
18.0 
17.4 
1"7.4 
16.8 
16.2 
15.6 
15.0 
14.2 
13.0 
12.6 
11.6 
10.4 
9.4 
3. /t 
1.0 
6.4 
5.8 
4.B 
4.0 
3.2 
2.4 
2.2 
1.8 
0.6 
0.2 
0.2 
0.J 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE B1. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUM8ERS E3-03 AND E3-03P. 

RUN NUMBER E3-03 
Q FREESTREAM = 24.51 MIS 
KINEMATIC VISCOSITY 

= 0.0000161 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.033 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
6.350 
8.128 

10.16'0 
12.100 

ANGLE = 6.4 DiGREES 

Q 

(MIS) 
9.03 
9.28 
9.52 
9.76 
9.99 

10.54 
10.75 
10.96 
11.37 
11.85 
12.23 
12.59 
13.04 
13.30 
13.63 
14.12 
14.59 
15.20 
15.79 
16.28 
16.83 
17.29 
11.94 
18.68 
19.28 
20.25 
21.29 
22.38 
23.52 
24.04 
24.51 
24.51 

ALPHA 
( DEGREES» 

18.0 
18.0 
18.0 
18.0 
18.0 
18.0 
11.8 
11.2 
16.8 
16.2 
L5.6 
15.0 
14.2 
13.0 
12.2 
11.4 
10.6 
9.4 
8.4 
1.8 
6.4 
5.8 
4.8 
4.2 
3.4 
2.6 
2.0 
1.4 
0.6 
0.2 
0.2 
0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RUN NUMBER E3-03P 
Q FREESTREAM = 24.51 MIS 
KINEMATIC VISCOSITY 

= 0.0000161 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.033 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.1b3 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.541) 
3.175 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = 6.4 DEGREES 

Q 
(MIS) 
9.20 
9.42 
9.64 
9.85 

10.05 
10.58 
10.81 
11.06 
11.50 
11.97 
12.34 
12.69 
13.12 
13.36 
13.10 
14.14 
14.58 
15.14 
15.70 
16.18 
16.14 
11.20 
11.85 
18.bO 
19.21 
20.19 
21.24 
22.34 
23.48 
24.02 
24.50 
24.51 

ALPHA 
(DEGR.EES) 

18.0 
18.0 
18.0 
18.0 
18.0 
18.0 
11.8 
17.2 
16.8 
16.2 
15.6 
15.0 
14.2 
13.0 
12.2 
11.4 
10.6 
9.4 
8.4 
'7.8 
6.4 
5.8 
4.8 
4. 2. 
3.4 
2.6 
2.0 
1.4 
0.6 
0.2 
0.2 
0.0 

1 FT/S : 0.3048 MIS 
1 SQ FT/S : 0.0929 SQ MIS 
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TABLE 88. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUM8ERS EI-Ol AND EI-02. 

RUN NUMBER EI-Ol 
Q FREESTREAM = 26.08 MIS 
KINEMATIC VISCOSITY 

= 0.0000169 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.31'1 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
b.350 
~.128 

10.160 
12.100 

ANGLE = 11.0 DEGREES 

Q 
(MIS) 
12.05 
12.87 
13.13 
13.41 
13.88 
14.21 
14.44 
14.98 
15.36 
15.65 
15.87 
16.08 
16.29 
16.50 
16.63 
16.90 
17.30 
17.69 
18.14 
18.63 
19.23 
19.87 
20.54 
21.24 
22.03 
23.04 
23.51 
24.75 
25.87 
26.08 
26.08 

ALPHA 
(OEGREESJ 

25.0 
25.0 
25.0 
25.2 
25.2 
25.4 
25.4 
25.2 
25.2 
25.4 
24.2 
23.6 
22.4 
21.4 
19.8 
11.6 
15.8 
1.3.4 
11.4 
9.4 
1.6 
6.0 
4.6 
3.8 
2.6 
1.6 
1.4 
0.6 
0.2 

-0.2 
0.0 

CONVERSION FACTORS 
1 IN. := 2.54 eM 

RUN NUMBER EI-02 
Q FREfSTREAM = 26.09 MIS 
KINEMATIC VISCOSITY 

= 0.0000169 SQ MIS 
FREESTREAM 

y 
( eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
O.2u3 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = 10.6 DEGREES 

Q 

CHIS» 
12 .• 24 
12.81 
13.13 
13.56 
13.91 
14.31 
14.60 
15.06 
15.65 
15.94 
16.15 
16.29 
16.50 
16.64 
16.91 
11.11 
11.37 
17.62 
18.20 
18.69 
19.17 
19.87 
20.54 
21.08 
22.09 
23.24 
23.58 
24.75 
25.8'1 
26.09 
26.09 

ALPHA 
(DEGR EES) 

24.8 
24.8 
25.2 
25.2 
25.4 
25.8 
25.6 
25.6 
25.6 
25.6 
25.2 
24.0 
23.0 
21.8 
20.4 
17.8 
16.4 
14.0 
11.8 
9.8 
8.0 
6.0 
5.2 
3.6 
2.8 
1.8 
1.2 
1.0 

-0.2 
0.0 
0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE 89. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS G7-01 AND G5-01. 

RUN NUMBER G7-01 
Q FREESTREAM = 25.17 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

y 
(eM) 

0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
\).102 
0.127 
0.163 
0.196 
0.246 
0.310 
0.399 
0.500 
0.627 
0.805 
1.008 
1.262 
1.618 
2.024 
2.532 
3.161 
4.056 
5.012 
6.342 
H.120 

10.152 
12.692 

ANGLE = 2.0 DEGREES 

Q ALPHA 
( HI S ) ( DE GR E E S) 
9.03 3.8 
9.15 3.8 
9.98 3.8 

10.53 3.8 
1J.85 3.8 
11.06 3.4 
11.26 3.6 
11.84 3.6 
12.31 3.4 
12.77 3.4 
13.37 3.2 
13.19 3.0 
14.11 3.0 
14.66 2.4 
15.19 2.4 
15.11 2.0 
16.13 2.0 
16.15 1.6 
17.22 1.6 
17.67 1.4 
18.30 1.2 
18.79 1.0 
19.44 0.8 
20.18 0.6 
20.95 0.6 
21.91 0.4 
22.82 0.4 
23.79 0.4 
24.72 D.O 
25.17 0.0 
25.11 0.0 

CONVERSION fACTORS 
1 IN. = 2.54 CM 

RUN NUMBER G5-01 
Q FREESTREAM = 24.94 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SO MIS 
FREcSTREAM 

y 
( eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
v.127 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.175 
4.064 
5.080 
6.350 
8.128 

lO.16J 
12.100 

ANGLE = 2.4 DEGREES 

Q ALPHA 
(MIS) (DEGREES) 
9.51 1.4 
9.98 7.4 

10.18 1.4 
10.63 7.4 
11.057.4 
11.35 1.4 
11.45 1.4 
11.84 1.0 
12.40 7.0 
13.28 6.0 
13.70 5.8 
14.19 5.6 
14.58 4.8 
15.04 4.8 
15.10 4.6 
16.20 4.4 
16.68 3.8 
17.14 3.2 
11.13 2.8 
18.29 2.6 
18.18 2.0 
19.38 2.0 
20.06 2.0 
20.95 1.6 
21.90 1.4 
22.95 1.2 
23.30 0.4 
24.71 0.4 
24.94 fJ. 2 
24.94 0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SO MIS 
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TABLE BID. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS G3-J1 AND GI-Ol. 

RUN NUMBER G3-0l 
Q FREESTREAM = 25.40 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.700 

ANGLE = 4.2 DEGREES 

Q 
(~/S) 

10.31 
10.64 
10.74 
11.16 
11.66 
11.85 
12.22 
12.59 
13.29 
13.46 
13.95 
14.43 
14.14 
15.04 
15.64 
16.21 
16.62 
17.15 
11.61 
18.06 
18.55 
19.09 
19.19 
21.28 
21.28 
22.32 
23.31 
23.19 
24.95 
25.40 
25.4() 

ALPHA 
(DEGR EES) 

9.2 
9.2 
9.2 
9.6 
-9.6 
9.6 
9.6 
8.8 
8.8 
8.8 
8.4 
8.0 
1.6 
6.8 
6.8 
6.2 
5.6 
4.8 
4.6 
4.0 
3.6 
3.2 
2.8 
2.2 
1.8 
1.0 
1.0 
J.2 

-0.2 
0.0 
0.0 

CONVERSION FACTORS 
1 IN. = 2. 54 eM 

RUN NUMBER GI-Ol 
Q FREESTREAM = 26.46 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

y 
(C'1 ) 
0.025 
0.028 
0.030 
J.u36 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
J.317 
0.406 
0.508 
O.tJ35 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
6.128 

10.160 
12.100 

ANGLE = 4.8 DEGREES 

Q 

(MIS) 
11.64 
12.02 
12.39 
13.21 
13.44 
13.69 
13.94 
14.51 
15.03 
15.47 
15.16 
16.19 
16.53 
16.94 
11.33 
11.66 
18.10 
18.53 
lH.95 
19.36 
19.82 
20 • .39 
20.99 
21.68 
22.45 
23.38 
23.71 
24.69 
26.()3 
26.46 
26.46 

ALPHA 
(DEGREES) 

10.8 
10.8 
10.8 
10.8 
11.2 
11.4 
11.~ 
11.0 
11.0 
10.8 
10.4 
lll.4 
9.8 
9.6 
9.0 
8.8 
7.8 
7.0 
6.0 
5.6 
4.8 
3.8 
3.4 
3.0 
2.2 
1.6 
1.2 
1.2 
0.2 
0.8 
0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SO MIS 
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TABLE Bl1. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS G-I-Ol AND G-3-01. 

RUN NUMBER G-I-Ol 
Q FREESTREAM = 21.89 MIS 
KINEMATIC VISCOSITY 

= 0.0000167 SQ MIS 
FREESTREA/~ 

Y 
(CM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.317 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.70~ 

ANGLE = 3.6 DEGREES 

Q 

(MIS) 
13.09 
13.76 
14.08 
14.86 
15.31 
15.60 
15.89 
16.58 
17.12 
11.77 
18.14 
18.63 
19.11 
19.46 
19.92 
20.20 
20.48 
20.70 
21.01 
21.]4 
21.16 
22.07 
22.62 
23.16 
23.26 
24.21 
25.12 
26.22 
21.28 
2'7.89 
21.89 

ALPHA 
(DEGREES) 

6.8 
6.8 
1.4 
7.4 
8.0 
1.8 
1.8 
8.2 
8.2 
9.0 
9.2 
9.4 
9.2 
9.2 
9.2 
7.6 
8.0 
1.4 
6.2 
5.2 
4.4 
3.2 
2.8 
l.O 
1.2 
1.0 
0.6 
0.0 

-0.4 
0.0 
\.l.O 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RUN NUMBER G-3-01 
Q FREESTREAM = 28.48 MIS 
KINEMATIC VISCOSITY 

= 0.0000161 SQ MIS 
FR.EESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
O.3l1 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12 .11)~ 

ANGLE = -0.4 DEGREES 

Q ALPHA 
(MIS) (DEGR EES) 
12.74 1.6 
13.59 1.6 
13.92 1.8 
14.71 2.4 
15.23 l.8 
15.60 2.8 
15.81 2.8 
16.58 2.8 
11.18 4.0 
17.16 4.0 
18.26 5.0 
18.99 5.8 
19.57 6.2 
20.14 6.8 
20.63 7.2 
21.23 '7.2 
21.54 7.0 
21.85 6.4 
22.06 5.0 
22.26 4.2 
22.46 3.0 
22.91 2.0 
23.20 1.0 
23.73 0.6 
23.73 0.4 
24.89 0.0 
25.78 0.0 
26.85 0.0 
28.08 0.0 
28.48 0.0 
28.48 0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE B12. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS G-5-01 AND 11-01. 

RUN NUMBER G-5-01 
Q FREESTREAM = 21.87 MIS 
KINEMATIC VISCOSITY 

= 0.0000161 SQ MIS 
fREESTREAM 

y 
(Cr-t) 

0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
0.406 
v.50B 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.100 

ANGLE = -3.3 DEGREES 

Q 

(MIS) 
11.43 
11.63 
11.91 
12.13 
13.11 
13.59 
13.92 
14.55 
15.16 
15.74 
16.30 
17.11 
17.16 
16.50 
19.10 
19.91 
20.52 
20.96 
21.28 
21.49 
21.54 
21.95 
22.26 
22.81 
23.59 
2.3.91 
25.11 
26.21 
21.41 
21. S"1 
21.81 

ALPHA 
( DEGREES) 

-2.8 
-2.8 
-2.8 
-2.8 
-2.8 
-1.4 
-1.4 
-1.0 
-0.2 

0.4 
0.8 
1.6 
2.2 
3.0 
4.0 
4.6 
5.2 
4.6 
4.4 
3.2 
2.0 
0.8 
0.0 

-0.8 
-1.2 
-1.2 
-0.8 
-0.4 
-0.4 
-0.2 

0.0 

CONVERSION fACTORS 
1 IN. = 2. 54 C ~ 

RUN NUMBER 17-01 
Q FREESTREAM = 25.46 MIS 
KINEMATIC VISCOSITY 

= 0.0000110 SQ MIS 
FREESTREAM 

y 
(eM) 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.16.3 
0.203 
0.254 
0.311 
0.406 
u.495 
0.622 
0.800 
1.003 
1.251 
1.613 
2.019 
2.527 
3.162 
4.051 
5.061 
6.337 
8.115 

10.141 
12.687 

ANGLE = -6.1 DEGREES 

Q 

(MIS) 
9.30 
9.89 

10.23 
10.88 
11.29 
11.49 
11.88 
12.25 
12.80 
13.24 
13.66 
14.07 
14.55 
15.01 
15.53 
16.04 
16.66 
17.20 
11.65 
18.16 
18.66 
19.26 
19.84 
20.51 
21.44 
22.32 
23.12 
24.09 
25.24 
25.46 
25.46 

ALPHA 
( DEGR EES) 

3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
.3.6 
3.6 
3.2 
3.2 
2.8 
2.8 
2..6 
2.4 
2.2 
2.2 
1.6 
1.8 
1.4 
1.2 
1.2 
1.0 
0.8 
0.8 
u.8 
0.6 
0.4 
0.4 
0.2 
0.0 
0.0 

1 FT/S = 0.304S MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE B13. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUM~ERS 17-02 AND 15-01. 

RUN NUMBER 11-02 
Q fREESTREAM = 25.31 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

y 
(eM) 

0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.121 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080 
6.350 
8.128 

10.160 
12.100 

ANGLE = -6.5 DEGREES 

Q ALPHA 
(MI S ) , DEGR EES ) 
9.51 3.8 
9.91 3.8 

10.20 3.8 
10.63 3.8 
11.05 3.8 
11.45 3.8 
11.14 3.8 
12.21 3.8 
12.75 3.4 
13.10 3.2 
13.61 3.2 
14.10 3.0 
14.57 3.0 
15.03 2.4 
15.47 2.4 
16.05 2.2 
16.60 2.0 
17.14 2.0 
11. 72 1.8 
18.16 1.4 
18.65 1.4 
19.25 1.4 
19.94 1.2 
20.61 1.4 
21.42 0.6 
22.40 1.2 
23.38 J.6 
24.24 1.0 
24.93 0.8 
25.31 0.4 
25.31 0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RUN NUMBER 15-01 
Q FREESTREAM = 25.64 MIS 
KI~F.MATIC VISCOSITY 

= O.OuOOI69 SO MIS 
FREESTREAM 

Y 
(eM) 

0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
0.406 
0.495 
0.622 
0.800 
1.003 
1.2,51 
1.613 
2.019 
2.527 
3.162 
4.051 
5.067 
6.337 
S.115 

10.141 
12.681 

ANGLE = -8.1 DEGREES 

Q ALPHA 
(MIS) (DEGREES) 
9.52 4.8 

10.21 4.8 
10.65 4.8 
11.06 4.8 
11.56 4.8 
11.86 4.8 
12.05 4.8 
12.51 4.6 
13.12 4.4 
13.41 4.4 
13.80 4.4 
14.36 4.4 
14.83 4.0 
15.21 3.8 
15.19 3.4 
16.22 3.2 
16.83 3.0 
17.30 2.6 
17.75 2.4 
18.25 2.4 
18.15 2.2 
19.34 2.0 
19.91 1.8 
20.64 1.4 
21.40 1.4 
22.43 1.4 
23.33 0.8 
24.2ti 0.8 
25.19 0.8 
25.64 ).2 
25.64 0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = O.~929 SQ MIS 
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TABLE B14. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS 13-01 AND 11-01. 

RUN NUMBER 13-01 
Q FREESTREAM = 25.18 MIS 
KINEMATIC VISCOSITY 

= O.00001b1 SQ MIS 
FREESTREAM 

Y 
, CMI 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.210 
1.626 
2.032 
2.540 
3.175 
4.064 
S.08\) 
6.350 
8.128 

10.160 
12.100 

ANGLE = -1.9 DEGREES 

Q ALPHA 
(MIS) (DEGREES) 
10.82 6.0 
10.93 6.0 
11.33 6.0 
11.82 6.0 
12.10 6.0 
12.29 6.0 
12.56 6.0 
I3.GO 5.4 
13.59 5.4 
14.00 5.4 
14.40 5.4 
14.86 5.0 
15.31 4.8 
15.61 4.6 
16.244.4 
16.18 4.0 
11.11 3.8 
11.10 3.2 
18.20 2.8 
18.dl 2.8 
19.22 2.4 
19.69 2.2 
20.36 2.0 
2Q.91 1.R 
21.10 1.2 
22.17 1.2 
23.73 0.8 
24.44 0.6 
25.56 0.4 
25.18 0.4 
25.18 0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RUN NUMBER 11-01 
Q FREESTREAM = 26.44 MIS 
KINEMATIC VISCOSITY 

: 0.0000167 SQ MIS 
FREESTREAM 

y 
(eM» 
0.025 
0.028 
0.030 
0.036 
0.041 
0.046 
0.Oj1 
0.063 
0.081 
0.102 
0.127 
0.163 
0.203 
0.254 
0.311 
0.406 
0.508 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.175 
4.004 
5.080 
6.350 
8.128 

10.160 
12.100 

ANGLE = -4.1 DEGREES 

Q ALPHA 
(MIS) ( DEGR EES) 
11.03 4.6 
11.23 4.6 
11.53 4.6 
12.11 5.2 
12.56 5.6 
12.92 4.8 
13.09 5.4 
13.16 4.8 
14.32 5.2 
14.19 4.8 
15.16 5.2 
15.68 5.0 
16.03 4.8 
16.58 4.4 
17.05 4.4 
11.51 4.4 
18.02 4.2 
18 • .39 3.8 
18.933.4 
19.35 3.0 
19.86 2.6 
20.37 2.2 
20.97 2.2 
21.60 1.8 
22.31 1.6 
23.31 1.4 
23.14 1.0 
24.90 2.8 
26.01 0.0 
26.44 -0.2 
26.44 0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE B15. THREE-DIMENSIONAL BOUNDARY LAYER PROFILES 
FOR RUN NUMBERS 1-i-01 AND 1-3-01. 

RUN NUMBER 1-1-01 
Q FREESTREAM : 27.10 MIS 
KI~EMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

y 
( eM) 
0.025 
0.028 
0.0.30 
0.036 
0.041 
0.046 
0.051 
0.063 
0.0.81 
0.102 
0.127 
0.163 
0.203 
0.254 
0.317 
O.4J6 
0.5ca 
0.635 
0.813 
1.016 
1.270 
1.626 
2.032 
2.540 
3.115 
4.064 
5.080. 
6.350 
8.128 

10.160. 
12.100 

ANGLE = 1.6 DEGREES 

Q ALPHA 
(MIS) (DEGREES) 
11.45 1.6 
11.55 2.2 
11.74 2.2 
12.58 2.2 
13.10 2.8 
13.36 2.8 
13.69 2.8 
14.34 2.8 
14.96 3.0 
15.40 3.0 
15.91 3.2 
16.40 3.8 
16.87 3.8 
17. 1.0 4.0 
11.79 3.8 
18.41 3.8 
18.84 3.8 
19.25 5.2 
19.77 2.8 
20.11 2.8 
20.61 2.2 
21.05 2.0 
21.63 1.8 
22.20 1.4 
22.99 1.2 
23.53 0.8 
24.41 0.8 
25.38 0.4 
26.68 0.2 
27.10 0.0 
27.10 0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 

RON NUMBER 1-3-01 
Q fREESTREAM : 27.11 MIS 
KINEMATIC VISCOSITY 

= 0.000.0168 SQ MIS 
FREEST REAM 

Y 
(CM) 
0..025 
0.028 
0.030 
0.0.36 
0.041 
0.046 
0.051 
0.063 
0.081 
0.102 
0.127 
0.163 
0.2,)3 
0.254 
0.317 
0.4':)6 
0.508 
0.635 
0.813 
1.()16 
1.210 
1.626 
2.032 
2.540 
3.115 
4.064 
5.0;30 
6.3.50 
8.128 

10.160 
12.700 

ANGLE: 0.0 DEGREES 

Q 

(MIS) 
11.45 
11.65 
12.03 
12.84 
13.28 
13.53 
13.18 
14.34 
15.04 
15.48 
15.98 
16.61 
11.14 
11.73 
18.17 
18.12 
19.25 
19.54 
20.00 
20.34 
20.83 
21.31 
21.99 
22.40 
23.20. 
23.77 
24.70 
25.60 
26.69 
21.11 
21.11 

ALPHA 
'DEGR EES) 

-0.4 
-0.4 
-0.4 
-0.4 
-0.4 
-0.4 

o. 2 
0.4 

-0.8 
-1.2 
-1.4 
-0.6 
-1).6 

1.8 
2.4 
2.6 
2.2 
2.4 
2.4 
2.2 
1.4 
1.4 
0.8 
0.8 
0.6 
0.6 
0.6 
0.4 
Q.2 
0.2 
0.0 

1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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TABLE 816. THREE-DIMENSIONAL BOUNDARY LAYER PROFILE 
FOR RUN NUMBERS 1-5-01. 

RUN NUMBER 1-5-01 
Q FREESTREAM = 26.90 MIS 
KINEMATIC VISCOSITY 

= 0.0000168 SQ MIS 
FREESTREAM 

ANGLE = -1.6 DEGREES 

Y Q ALPHA 
( eM) (MIS) 'DEGREi: S) 
0.025 10.53 -3.2 
v.028 11.05 -3.2 
0.030 11.55 -3.2 
0.036 12.12 -3.2 
0.041 12.31 -2.4 
0.046 12.16 -2.4 
0.051 13.02 -0.2 
0.063 13.54 -2.6 
0.081 14.27 -2.2 
0.102 14.81 -2.2 
0.127 15.34 -1.4 
0.163 15.92 -1.2 
0.203 16.41 -1.2 
0.254 17.08 -0.4 
0.311 17.61 0.0 
0.406 18.36 0.4 
0.508 18.91 0.4 
0.635 19.38 1.0 
0.813 19.84 1.0 
1.016 20.24 0.8 
1.270 20.62 0.6 
1.626 21.11 0.2 
2.032 21.80 0.2 
2.540 22.31 0.0 
3.115 23.01 0.0 
4.064 23.3v J.4 
5.080 24.48 0.4 
6.350 25.39 0.4 
8.128 26.48 0.0 

10.160 26.90 0.0 
12.100 26.90 0.0 

CONVERSION FACTORS 
1 IN. = 2.54 eM 
1 FT/S = 0.3048 MIS 
1 SQ FT/S = 0.0929 SQ MIS 
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Table B17 

Three-Dimensional Wall Shear Stress Measurements 

5 -1 3 
T (Pa) a(degrees) Station Re i x 10 (m ) p(kg/m ) 

un t w 

A9 1.369 1.115 0.79 1.1 
A9 1.369 1.115 0.79 1.1 
A7 1.375 1.115 0.69 1.5 
A7 1.375 1.115 0.68 0.9 
AS 1.363 1.113 0.41 3.7 
AS 1.363 1.113 0.43 3.0 
A4 1.347 1.104 0.25 5.4 
A3 1.372 1.115 0.03 120.5 
A3 1.372 1.115 0.04 120.8 
A2 1.347 1.104 0.07 162.3 
Al 1.342 1.100 1.51 178.7 
B4 1.347 1.104 0.39 36.0 
B3 1.347 1.104 0.37 74.3 
B2 1.346 1.102 0.58 81.3 
B1 1.343 1.100 1.72 67.7 
C9 1.366 1.110 0.81 5.4 
C9 1.366 1.110 0.81 5.3 
C7 1.366 1.110 0.72 10.6 
C7 1.366 1.110 0.71 11 .. 1 
C6 1.346 1.102 0.64 17.0 
C5 1.366 1.110 0.60 71.2 
C5 1.366 1.110 0.60 71.5 
C4 1.346 1.102 0.58 42.0 
C3 1.366 1.110 0.69 61.9 
C3 1.366 1.110 0.69 61.9 
C3 1 .. 346 1.102 0.67 61.1 

-C3 1.347 1.104 0.69 -56 .. 2 
C2 1.342 1.100 0.97 65.0 
C1 1.346 1.100 1.87 76.3 
D6 1.346 1.102 0.73 17.0 
D5 1.342 1.100 0.71 25.4 
D4 1.342 1.100 0.74 35.8 
D3 1.346 1.102 0.86 46.7 
D2 1.342 1.100 1.14 51.1 
D1 1.342 1.100 1.78 40.1 

Conversion Factors 

-1 -1 ft = 3.281 m 
3 3 1bm/ft = 16.026 kg/m 

1bf/ft2 = 47.847 Pa 
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Table B17 (continued) 

Three-Dimensional Wall Shear Stress Measurements 

5 -1 3 
T (Pa) S(degrees) Station Reunit x 10 (m ) p(kg/m ) 
w 

DO 1.346 1.102 1.97 47.1 
E9 1.365 1.110 0.87 7.3 
E9 1.365 1.110 0.87 7.4 
E7 1.346 1.102 0.83 13.0 
E7 1.346 1.102 0.85 12.7 
E6 1.342 1.100 0.81 16.7 
E5 1.349 1.104 0.85 22.6 
E5 1.349 1.104 0.85 22.6 
E4 1.342 1.100 0.86 28.2 
E3 1.349 1.104 1.01 34.4 
E3 1.349 1.104 1.01 34.6 
E3 1.346 1.102 0.99 34.8 

-E3 1.347 1.104 1.04 -31.8 
E2 1.346 1.102 1.17 36.1 
E1 1.349 1.104 1.60 30.2 
E1 1.349 1.104 1.61 30.0 
EO 1.342 1.100 1.64 24.9 
E-1 1.342 1.100 1.63 23.3 
E-1 1.342 1.100 1.65 24.4 
E-3 1.341 1.099 1.44 15.8 
E-5 1.345 1.100 1.46 15.2 
F6 1.345 1.100 0.87 15.2 
F5 1.341 1.099 0.90 19.5 
F4 1.341 1.099 0.95 22.6 
F3 1.341 1.099 1.03 25.8 
F2 1.341 1.099 1.19 25.7 
F1 1.341 1.099 1.42 21.5 
FO 1.341 1.099 1.45 17.4 
F-1 1.341 1.099 1.42 12.4 
F-3 1.341 1.099 1.32 5.6 
F-5 1.341 1.099 1.28 1.5 
G9 1.349 1.104 0.94 7.1 
G9 1.349 1.104 0.93 7.4 
G7 1.346 1.102 0.94 16.8 
G7 1.346 1.102 0.93 16.8 

Conversion Factors 

-1 -1 ft = 3.281 m 
3 3 1bm/ft = 16.026 kg/m 

Ibf/ft2 = 47.847 Pa 
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Table B17 (continued) 

Three-Dimensional Wall Shear Stress Measurements 

5 -1 3 
T (Pa) a(degrees) Station Reunit x 10 (m ) p(kg/m ) 
w 

G6 1.341 1.099 0.92 12.8 
G5 1.349 1.104 0.98 14.8 
G5 1.349 1.104 0.98 15.2 
G4 1.341 1.099 0.99 17.3 
G3 1.350 1.105 1.10 18.2 
G3 1.350 1.105 1.10 18.1 
G3 1.345 1.102 1.10 18.0 
G3 1.346 1.102 1.09 18.3 

-G3 1.346 1.102 1.12 -17.6 
G2 1.341 1.099 1.19 18.1 
G1 1.346 1.104 1.35 14.3 
G1 1.346 1.104 1.34 14 .. 3 
G-1 1.352 1.105 1.38 7.1 
G-1 1.352 1.105 1.38 8.0 
G-1 1.352 1.105 1.38 7.9 
G-3 1.349 1.104 1.26 -2.2 
G-3 1.349 1.104 1.27 -2.1 
G-S 1.349 1.104 1.20 -9.9 
G-5 1.349 1.104 1.20 -10.0 
HI 1.345 1.102 1.26 10.5 
H-1 1.342 1.100 1.24 5.3 
H-3 1.342 1.100 1.19 -1.9 
H-S 1.342 1.100 1.15 -8.8 
19 1.352 1.105 0.98 5.7 
19 1.352 1.105 0.98 6.0 
17 1.349 1.104 0.99 7.4 
17 1.349 1.104 1.00 8.0 
IS 1.349 1.104 1.03 10.2 
IS 1.349 1.104 1.03 9.9 
13 1.349 1.104 1.11 9.8 
13 1.349 1.104 1.10 9.9 
II 1.349 1.104 1.24 6.1 
II 1.349 1.104 1.23 6.9 
I-I 1.349 1.104 1.24 2.1 

Conversion Factors 

-1 -1 ft = 3.281 m 
3 3 1bm/ft = 16.026 kg/m 

1bf/ft2 = 47.847 Fa 
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Table B17 (continued) 

Three-Dimensional Wall Shear Stress Measurements 

5 -1 3 
T (Pa) S(degrees) Station Re i x 10 (m ) p(kg/m ) un t w 

I-I 1.349 1.104 1.25 2.5 
I-I 1.342 1.100 1.20 3.5 
1-3 1.349 1.104 1.21 -3.0 
1-3 1.349 1.104 1.22 -2.7 
1-5 1.346 1.100 1.16 -7.8 
1-5 1.346 1.100 1.16 -B.O 
J-1 1.345 1.102 1.17 2.0 
J-2 1.345 1.102 1.17 -O.B 
K-1 1.345 1.102 1.15 1.5 

Conversion Factors 

-1 -1 ft = 3.281 m 
3 3 1bm/ft 16.026 kg/m 

1bf/ft2 = 47.847 Pa 



Table B18 

Three-Dimensional Gradient and Angle Data 

Station 
'(Jp/'(Jx ap/ay aTw/ay aTw/ ay as/ax as/ay S 

(kPa/m) (kPa/m) (Palm) (Palm) (radiaus/m) (radiaus/m) (degrees) 

A7 0.31 -0.02 -4.02 -0.01 0.13 1.13 1.5 
AS 0.61 -0.03 -6.29 3.77 0.32 3.18 3.4 
C7 0.02 -0.14 -2.58 1.53 1.11 0.58 10.9 
C5 0.53 -0.29 -0.68 4.10 2.68 1.01 26.4 
C3 0.08 -0.69 3.22 9.78 4.29 -2.93 61.7 
E7 0.14 -0.22 -0.76 2.35 1.08 0.27 12.1 
E5 0.10 -0.43 1.88 3.82 1.41 0.77 22.5 
E3 -0.31 -0.83 5.81 3.56 0.56 -2.25 34.5 
E1 -1.34 -0.61 10.29 -6.70 -1.08 -1.91 30.1 
G7 -0.13 -0.27 0.58 2.09 0.51 0.26 16.8 
G5 -0.05 -0.45 2.65 2.38 0.24 -1.16 15.0 

~ 
00 

G3 -0.36 -0.39 3.11 0.37 -0.13 -1.39 18.2 
\0 

G1 -0.71 -0.21 2.31 -3.67 -0.51 -1.27 14.3 
G-1 -0.79 1.16 0.60 -3.07 -0.83 -0.78 7.9 
G-3 -0.24 1.48 -1.64 -2.54 -1.00 -1.03 -2.1 
G-5 1.27 0.63 -3.99 -3.16 -0.92 -1.34 -9.2 
17 0.70 0.32 0.26 0.67 7.2 
IS 1.43 -0.88 0.11 1.06 10.1 
13 1.62 1.54 -0.17 -1.86 9.9 
II 1.27 -0.33 -0.43 -0.77 6.5 
I-I -0.31 0.47 0.42 -0.57 -0.56 0.13 2.3 
1-3 -0.10 0.66 0.83 1.33 -0.53 0.85 -2.8 
1-5 0.34 0.42 -2.37 2.69 -0.27 1.70 -7.9 

Conversion Factors 

kPa/m = 6.366 1bf/ft 3 

-3 3 Palm = 6.366 x 10 1bf/ft 

radiaus/m = 0.3048 radiaus/ft 
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Table B19 

Tunnel Reynolds Numbers for Three-Dimensional 
Velocity Profiles 

Run 

A7-0l 
A7-03 
A7-03P 
A5-0l 
C7-01 
C5-0l 
C3-0l 
E7-0l 
E7-02 
E5-01 
E5-02 
E3-01 
E3-03 
E3-03P 
El-01 
EI-02 
G7-0l 
G5-0l 
G3-01 
G1-0l 
G-l-01 
G-3-01 
G-5-01 
17-01 
17-02 
15-01 
13-01 
11-01 
1-1-01 
I-3-01 
1-5-01 

Conversion Factor 

5 -1 
Re 't x 10 (m ) un1 

1.366 
1.350 
1.350 
1.370 
1.360 
1.366 
1.362 
1.353 
1.346 
1.347 
1.352 
1.347 
1.347 
1.347 
1.340 
1.331 
1.349 
1.348 
1.346 
1.353 
1.357 
1.359 
1.360 
1.330 
1.349 
1.339 
1.355 
1.360 
1.354 
1.346 
1.347 
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NEAR-WALL SIMILARITY IN THREE-DIMENSIONAL 

TURBULENT BOUNDARY LAYERS 

by 

Mark H. Tennant 

(ABSTRACT) 

A comprehensive set of data was measured for the three-dimensional 

case of planet incompressible, turbulent boundary layer flow around a 

vertical cylinder with a trailing edge. Included were over one 

hundred direct measurements of wall shear stress using a specially 

designed, omnidirectional, floating element device, over thirty cor­

responding velocity profiles, and the neighboring static pressure 

field. 

Using these data, comparisons were made among nine near-wall 

similarity models. Evidence from these comparisons tends to support 

the hypothesis of three-dimensional near-wall similarity, at least 

for regions moderately remote from separat:lon. The form of the 

three-dimensional near-wall similarity law apparently must at least 

consider pressure gradient effects, and appears to be approximated by 

the model suggested in 1965 by Perry and Joubert. 




