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ABSTRACT 

TURBULENT FLOW OVER A WAVY BOUNDARY 

An experimental study was made of turbulent flow over a wavy 

surface. Sinusoidal waves of three sizes were used to explore the 

variations of flow with wave size. Measurements of mean and turbulent 

velocities were taken with a two-wire method. Local heat transfer 

rates and pressures on the wavy surface were also measured. 

An equilibrium turbulent boundary layer, which conforms to Rotta's 

and Clauser's self-preservation requirements, develops in the region 

far downstream from the first wave. In the lower portion of this 

layer, the mean velocity is represented by the logarithmic velocity 

profile when the form-drag measurements of skin friction are used to 

determine the shift-in-origin. The roughness function is related to 

the wave height since the wavy surface is shown to be a "k" type 

surface. The velocity defect profile in the logarithmic form extends 

* to higher values of yu*/o U
00 

than those for smooth wall flows. Eddy 

viscosity results support the assumed logarithmic velocity variation in 

the lower part of the boundary layer. Measurements of shear stress by 

either the two-wire or the heated-film method disagree with the form 

drag measurements of skin friction. 

The wavy surface is an extended surface windbreak since it reduces 

the overall wind speed above the surface and creates vortices between 

the waves. However, surface shear stresses are increased, and the 

erosion rate of field waves is a function of wave height. 
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Chapter I 

INTRODUCTION 

Turbulent flow over rough surfaces is a fundamental problem in 

mechanics, as these surfaces exist in nature and are created by man . 

Fluids flowing in piping systems, over river beds, open fields and 

cities all encounter surfaces which a re rough. Practical considera-

tions in man's efforts to control heat, mass and momentum transfer 

from many such rough surfaces provide the impetus to conduct basic, 

controlled studies of these turbulent flows. Two examples of rough 

surfaces where basic knowledge is needed are buildings in large urban 

areas, which affect pollution dispersion, and open fields, which allow 

soil erosion. The latter topic is the basis for part of this thesis. 

Studying rough surface flows involves detailed analyses and 

measurements, but in addition, there are a myriad of surface geometries 

whi ch could be investigated. For this thesis, a wavy (sinus oidal) 

surface was chosen. Wavy surfaces are a particular form of two-

dimensional roughness with geometric parameters of wave-amplitude a 

and wave-length )., . Although flows over wavy surfaces have been 

investigated in the past (10,49 ,61 ), the primary interest was in 

studying mechanisms of water-wave generation (36,37). A basic study 

of a wavy surface modelling an open, corrugated ( or micro-ridged) field 

has not been conducted. Besides providinf fundamental understandin~ 

of rough surface turbulent boundary layers, such a study can also 

explore the potentials of micro-ridges as extended surface windbreaks . 

Flow over a wavy (sinusoidal) surface is investigated in this 

thesis with the objectives of: 
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1. s·tudying the wavy surface turbulent boundary layer, 

2. correlating wavy surface results with other rough surface 

studies, 

3, employing new measurement techniques to the flow in question, 

and 

4. examining the potentials of wavy surfaces as surface wind-

breaks. 

Previous experimental rough surface studies used sand, screens, 

and square-bar roughness elements (3,31,42,431, but a study of a wavy 

surface with steep waves had not been reported. In addition, analyses 

have not covered the case of a wavy surface which may generate "surface 

induced flows" (18,23,54}. An aim of this study is to treat the 

wavy surface as a particular form of roughness, which requires new 

techniques for its analysis. Also, many waves (> 20} are used so 

that the flow will reach an equilibrium configuration, thus avoiding 

transitional flows (3,4). 

1,1 Rough Surface Turbulent Boundary Layers 

The classical study of flow over rough surfaces was conducted by 

Nikuradse (50) on sand-roughened pipe walls. Since then, the concept 

of equivalent sand grain roughness has been used to classify rough 

surfaces. However, very little distinction was made among flows over 

various types of surface roughnesses. Recently, more detailed experi-

ments investigated flow over two-dimensional roughness elements of 

various spacings. 

As in smooth wall experiments, velocities are compared to the 

logarithmic velocity profile. However, shear stress and origin shift 
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are inter-related in the logarithmic profile and need to be determined 

independently of each other. Perry et al. (53} were able to classify 

rough surface flows into two broad areas: a "d" type characterized by 

flows skimming over the roughness elements, and a "k" type character-

ized by widely-spaced roughness elements. The second of these two 

types of flows has received the majority of experimental and theoretical 

analysis by Clauser (17,18), Doenecke (24}, Betterman (8), Liu et al. 

(42), Antonia and Luxton (2,3,4}, Perry and Joubert (52}, and Rama (31). 

There are also isolated studies of closely-spaced roughness elements 

by Morris (48), Liu et al., and Perry et al. 

In general, a typical roughness length k, or the equivalent 

sand grain roughness z0 ( ~k/30) was used to describe a rough 

surface. However, Perry et al. showed that closely spaced roughness 

elements can not be characterized by the roughness size k , but should 

be classified by the origin shift £k, More detailed analyses will 

help clarify the important parameters of rough surface flows so that 

computational schemes can be extended to any surface geometry, 

1,2 Measurement Techniques 

Two principal sets of measurements are conducted in this study, 

One set consists of wall shear stress and the other consists of mean 

and turbulent velocity measurements. The combination of these two 

measurement sets aides in understanding rough wall flow and its 

relationship to other turbulence studies, 

1.2.1 Shear Stress Measurements - Previous turbulent boundary 

layer studies relied on indirect measurements of wall shear stress 

(21,31). Using the logarithmic velocity profile, these methods assume 
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a priori the location of the origin for vertical distances. Thus, the 

shear stress is dependent on the choice of origin. Recently Perry 

et al. (531 and Antonia and Luxton (3,4} used a method which is in-

dependent of velocity profile assumptions or origin locations. This 

method involves measurements of form drag on separate roughness elements 

and was used to obtain data for this thesis. In addition, a small 

heated film provided a second method of determining the surface shea~ 

stress. The use of a heated film in turbulent flow measurements was 

documented by Bellhouse and Schultz (6,7) and Brown(ll). 

1.2.2 Turbulence Measurements - Mean and turbulent velocity 

profile measurements were obtained using a new, two-wire technique (36) 

which did not rely on linear response assumptions. This method allows 

the measurement of flow fields with large magnitude and direction 

changes. Very few turbulence measurements have been made in other 

rough wall turbulent boundary layer studies. Logan and Jones (43), 

Corrsin and Kistler (21) and Antonia and Luxton provide the few studies 

available for reference and comparison. 

1. 3 Surface Windbreaks 

A wavy surface turbulent boundary layer can be used to study the 

atmospheric surface layer flow over an open field (55}. Open, wind-

swept fields are very suseptible to wind erosion (15}, and any obstacle 

which retards the general flow field will reduce the destructive 

force of the wind. Usually, rows of trees, fences, or hedges are 

used to reduce wind force on crops (16,25,41). However, successive rows 

of such obstacles are needed to maintain the windbreak's "effective 

zone of influence" over large areas (22 ,66}. Recently, the concept 
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roughening the ground to prevent soil and snow from blowing was 

used (15). These "surface windbreaks" act to reduce further the 

wind velocity between major windbreaks, such as tree rows. 

The potential of this type of surface windbreak was established 

by Marlatt and Hyder (47}. However, a more detailed study is necessary 

to clarify the important features of surface windbreaks. Hsu ( 34) 

demonstrated the importance of wind shear on sand transport, since 

surface shear stress starts the soil moving. A wind-tunnel study 

will provide basic information about the flow structure. This informa-

tion can be used for design input; but it still may be difficult to 

tailor a wavy surface to a particular field application. 
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Chapter II 

THEORETICAL AND EMPIRICAL BACKGROUND 

Tfu.."s chapter outlines the equations of motion from which theoreti-

cal and empirical correlations have been developed for turbulent flow 

ove r any boundary. Particular attention is given to the logarithmic 

velocity profile for equilibrium layers over various rough surfaces 

and to the correct determination of shear stress. The variation of 

shear stress near a wavy surface is discussed with its relation to 

eddy viscosity and the logarithmic velocity profile. The local 

similarity concept is also reviewed. 

2.1 General Equations of Motion 

The turbulent boundary layer equations for steady two-dimensional 

mean flow are (57) 

and 

p/p = (poo/p) - ? 

au + av = 0 
ax ay 

(2.1) 

(2.2) 

( 2. 3) 

where an overbar represents time averaging. Turbulent velocity 

components are represented by u' and v' . Total shear stress acting 

on a horizontal layer of fluid is 

T = -p U 1 V 1 +µau (2.4) 
ay 
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Except for s-mall distances above surfaces, -p u'v' >> µ arr. The 
ay 

Reynolds stress ter.IIJS in the eg_uati.ons of.11'.lotion (_ ... pu'v', u 12 , v'2) 

prevent a deductive analytical solution. 

If tfi.e bounding surface is wavy, an additional shear st r ess 

may be created (54). This stress is called a surface-induced shear 

stress and is given by 

(2.5) 

where u and v are surface-induced veloci.ties such that 

r:·.l .t dx' = 0 (2.6) 

" 
for any elevation y above the wavy surface. Velocities u and v 

decay rapidly above the wavy surface. The addition of this shear gives 

T - - pu'v' - p uv (2.7) 

The importance of the surface-induced shear stress is well established 

for moving water waves (36), but not for stationary roughened surfaces. 

2 , 2 Boundary-Layer Flows~.§:. Rough Wall 

Turbulent shear flow considered in two dimensions and with steady 

mean velocities can be represented by the "law of the wall" for a 

considerable region near the smooth wall where y = O: 

(2.8) 

where u* is called the shear velocity and is equal to 1 
h/p)2 

where t is the wall shear stress (20). For values of yu*/v > 50 , 

the universal law becomes 



u/u* ~ (1/Kl 1n ~ t Cl 
\) 

8 

where K and c1 are expertrnentally determined constants. 

(2.9} 

The 

derivation of the logarithmic law above can be accomplished by several 

methods. Malk.us (_461 used dimensional arguments, while assumptions 

involving a region of constant stress near the wall were used by 

van Driest (23) and Reichardt (35}, Coles (19} suggested that the 

"law of the wall" be expanded to include a function 

II h(x,y) = -w(y/o) 
K 

(2.10 ) 

which. would describe the flow outside of the logarithmic portion. 

Normally the logarithmic region is less than 0.2 times the total 

boundary-layer thickness. The logarithmic velocity profile can not 

be deduced from the turbulent boundary layer equations, but is an 

experimentally verified correlation (19}, 

The value of u* or u*/U
00 

= jcf/2
1 

plays a very important role 

in the turbulent boundary layer, since the wall shear stress extracts 

energy from the turbulent boundary layer. Also, all length ratios in 

a turbulent shear flow are dependent on the value of -(cf/2
1 

since 

o* = fc/2' 1:,. (2.11) 

and (2.12 ) 

where (2.13) 
/1) 

1:,.. = o \c._u_-_u} d(;y_} 
j u* o 

0 

and 
4) 

G = (cu - q,,J d~) 
) u*2 ti. 

0 

(2.14) 

The length ti. is determined from the profile of the velocity defect 
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(U00 - ul/u* vs. y/o, and the parameter G is a shape factor which 

will oe discussed in Section 2,3, 

Introducing roughness at the wall increases wall friction. 

Conse.q_uently, the logarithmic wall law t s shifted downward and to the 

r:tgILt (Ft_g. ll. Roughness changes the wall law to 

A 1n ~ + C - 6u 
\) 

(2.15) 

where &u/u* is called the roughness function and measures the shift 

of the logarithmic velocity profile. For fully rough flow (viscous 

stresses negligible), the logarithmic law must be independent of the 

viscosity; thus Eq_. (2.15) gives 

&u/u* = A 1n ku* + D 
\) 

(2.16) 

where k specifies a size of the roughness. The form of the roughness 

function above was first given by Claus er ( 15) and was used in many 

studies (8,31,42,52). Roughness elements used in these studies 

were screens or square bars perpendicular to the mean flow. 

Recently, Perry et al. ( 53) extended the analysis of rough 

wall flows to cover roughness elements of various spacings, as opposed 

to the previous concept of simple "roughness". Their analysis proceeds 

along the following lines (See Fig. 2). The inner flow is character-

ized by a velocity u* and a roughness length k such that 

u/u* = f(y /k) (2.17} 

Flow further away from the wall is assumed to follow the logarithmic 

law: 
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u =_llnl(yT+e:klu*J-6u+A (2 .18) 
u* K v u* 

where Ek_ i's an "origi n shi:.ft 11 for displacement Yr · At some distance 

ab.oye tlie surface, these velocities hle.nd along a horizontal line. 

E.quati'ng yelocit :tes at Y-r-= ak then gives 

6u = 1 1n lu (Qk +£ k)J + C (2.19) 
~ 1 

U* K \) 

Equating velocity derivatives from Eqs. (2.lr)and (2.18) gives e: 

proportional to a Thus 

6u = 1 1n ku* + c2 (2.20) 
u* K V 

where c2 is a new constant. A surface which gives 6u/u* ~ 1n k 

is called a "k" type surface by Perry et al. ( 53}. Such a surface is 

characterized by widely spaced roughness elements, or roughness 

elements which do not trap vortices between themselves. 

For closely spaced roughness elements, or rough surfaces which 

trap vortices between the roughness elements, the flow "skims" over 

the elements which do not protrude into the boundary layer flow. For 

such flows, a woul d be expected to be small. Thus, for a + O , 

6u = 1 1n e:kux + c1 ( 2 .21} 
U* K V 

Given any rough surface, the dependence of tiu/u* on the roughness 

size, shape or orientation can not be predicted. For shallow waves 

or roughness elements with wide spacing, the roughness function may 

be related to the wave hei ght h which could then be substituted for 

length k in the above equations. 
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Rowever, as: the waves are made steeper for a given wavelength, or 

snorter for a given height, the roughness function may become a function 

of the origin sh:tft E:h. Thus, one objective of this study is to 

determi'ne the relationship between roughness function and roughness 

length for wavy surfaces. 

For smooth wall turbulent boundary layer flows, there is no origin 

shift sh Friction velocities can th.en be determined by various 

methods ( 59). Roughening the surface introduces an indeterminate 

origin for y If the slope of the line u vs. 1n y is used to 

determine u* , arbitrary choices of they-origin result in arbitrary 

friction velocities. The momentum integral equation could be used to 

determine u* , but momentum integrals may give unreliable estimates 

of wall friction. Perry and Joubert ( 52} used two other approaches: 

a wake-alignment method for adverse pressure gradient flows and an 

"approximate" method ( trial and error). Their conclusion was that a 

better method is desirable. 

Measurements of u* independent of Eh are needed. One method 

used (3,53) involves measurement of the "form drag" of one roughness 

element. Referring to Fig. 3, the shear stress 1." e is related to the 

form drag by the x-momentum balance 

(2.22} 

where the integration of the wall pressure pw is taken over the 

wave surface S . The flow pattern in two successive wave troughs is 

assumed to be the same, so the integration does not involve momentum 

fluxes across surfaces AB and CD. Also, frictional forces are assumed 

to be negligible compared to pressure forces along the surface. 
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Shear stress. -r is the 11 effecti.ve shear stress'' acting over one 
e 

wavelength. If the mean streamlines are wavy, effective shear stress 

-re contains the average over one wavelength of the surface induced 

Reynolds stress - puv; 

'( = <- u 'v'> + <-p uv> e 
( 2. 23) 

where <>represents an average over one wavelength. If surface BC 

is clos e to the wave crests,< -p u'v> ma:y contribute substantially t o 

Using -re , effective friction coefficients Cf are determined such 

that Cf= -re/½pU!. The logarithmic velocity profile can be wri t t en 

as 

u = 
u 

00 

/C /2 I.l. 1n (yT + e:h)u 11 + A - Llu] 
K V U* 

(2 .24) 

s o that the origin shift e:h is not arbitrary. The slope of t he 

l ogarithmic profile is then fixed and e: can be easily determined. 

When the data ( u/U
00 

vs. y,. + e:h) gives a straight line of s lope 

(1 /KJ / Cf/2 for Gr, + e:h) / o < 0. 2, the II correct II value of e: has 

been determined. Thus, the form drag method for measuring u* 

provides a means of removing the ambiguity in defining the origin 

shift. 

The eddy viscosity is defined as 

K = 1/0 
au/ay-

(2.25) 

analogous to the kinematic viscosity (44}. Since K has dimensions 

of velocity times length, assuming K = Ku* y gives 



u = 1. u* 1n y + constant 
K 

13 

(2.26) 

where u* is the friction velocity, y is the distance above the 

surface, and K is an empirical constant. For rough surfaces, the 

origin of y is not known; but if the ratio (t/p}/(au/czy} varies 

linear~ with distance above the surface, then the velocity will vary 

with 1n LY-r + Eh), where Eh is an origin shift for y. The 

variation of K with height can be determined from the direct measure-

ments of T and au/ay . Thus, the logarithmic velocity profile 

assumptions can be verified. 

2 .3 Similarity Requirements 

Similarity solutions to the boundary layer equations result in 

profiles which are similar in shape after proper scaling by a velocity 

and a length. These profiles are also called equilibrium solutions. 

Clauser (18) showed that velocity profiles which have a shape parameter 

G independent of distance x are equilibrium profiles. Shape parameter 

G is given by 

with 

Of) 

G = 5 [ ( U 
00 

- u) 2 
/ u/ ] d ( y / ~ ) 

0 

a:, 

I, = ) [(U
00 

- U)/u,] dy 
0 

(2.27) 

(2.28) 

Rotta (57) also analyzed the parameters which give equilibrium 

profiles for the turbulent boundary layer. For equilibrium profiles, 

he showed that the following must hold: 

u*/U = constant 
00 

(2.29) 
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constant (2. 30) 

and * i_ -9:E. = constant (2.31) 
T dx w 

A wavy surface meets the above three conditions if U a: ( X - X )m 
00 0 

with m > 0 and the surface is "rough", or if U
00 

a: exp[µ(x -x
0
)] 

with µ > 0 and the waves are of constant height. 

If a turbulent boundary layer is an equilibrium layer, then 

universal relations can be established for the variation of mean 

velocity and Reynolds shear and normal stresses. The turbulent flow 

over the wavy surface will be compared to the equilibrium conditions 

to clarify the universal relations which presently exist for rough 

surface flows. 

2. 4 Turbulence in Boundary Layers 

Turbulent intensities, / u' 2
' /lb and ~ /llx, , and the 

turbulent shear stress, - pu'v' , can be determined from the complete 

solution of the averaged Navier-Stokes equation. Since a complete 

solution is not available, empirical correlations which relate 

to other measured quantities are used. The intensities for turbulent 

boundary layers over rough surfaces have rarely been reported, and 

empirical correlations do not exist. However, solution of the equation 

by Townsend (64} gives 

-u'v' 

a(-u'v'} 
ay 

exp I-b(y/0)2 J 

(2.32} 

(2.33) 



where b ::: oUx, do 
2K dx 
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(2.34) 

and th.e velocity defect is assumed to be a function of y /o only; that 

is 

UC¥> - u = f(y / o) (2. 35) 
u* 

However, this particular solution may not be applicable to rough wall 

studies since the velocity defect may not be a function of y / 0 near 

the surface (18). Klebanoff's measurements (39) give the value of 

b = 1. 77. The same value was obtained by Liu et al. (41) for flow 

over square-bar roughness elements, 

The shear stress profile above a smooth wall was obtained by 

Coles (20) using the universal law. The shear stress is given by 

T = 1 + 1 / Cu au + :;; au) ay 
T u/ ax ay w 

(2.36) 

The logarithmic velocity profile 

= 1 1n (~) + 5.1 + Il. w(y/o) (2.38) 
K V K 

where w(y/o) is the wake function, and the velocity defect profile 

u.o - u = -1. 1n & + 1. 38 I2 - w(y /o) J (2.38) 
K V 

are substituted into Eq. (2.36). From the above three equations, the 

shear stress is determined for a smooth wall flow. 

The aim here is not to discuss analyses for smooth wall flows, 

but rather to show that very little has been done on rough wall 

studies. Even in Rotta's extensive paper (57), rough wall analyses 
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are d.i.s.cuss.ed only- briefly. Before s.mooth wall analyses are carried 

over to tlLe wavy surface flow, the basic assumptions underlying the 

analyses must be tes.ted. Such testing is an important part of this 

study. 

2,5 Summary 

The theoretical and empirical correlations given in this chapter 

emphasize the need for performing careful experiments on rough wall 

flows. Then, analyses can be conducted with as firm a basis as smooth 

wall analyses and computations schemes are conducted today . To that 

ob j ect i ve, a wavy surface is examined in a thick turbulent boundary 

l ayer. 
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Chapter III 

EXPERIMENTAL APPARATUS AND PROCEDURES 

The apparatus, instrumentation, calibrations , and procedures 

used in the experiment are described in this chapter. Two principal 

sets of measurements were involved: measurements of heat.flux an_d 

pressure on the wavy surface, and mean and turbulent velocity measure-

ments above the waves. 

3.1 Waves 

The wave forms selected were sinusoidal, with constant wavelength 

of 4.2 in and amplitudes of 0.85 in (wave A), 0.5 in (wave B), and 

0.25 in (wave C) . Each wave was milled from styrofoam with a mill-

head cutter . A cross-s ect ional view of the waves, a mill-head cutter, 

and a plexiglas wave form used to determine fractional wave positions 

is shown in Fig. 4. 

3.2 Wind Tunnel 

The experimentation was conducted in the C.S.U. low-speed wind 

tunnel with a test section length of 30 ft and a cross sectional area 

6 ft by 6 ft (see Fig . 5). Modifications made in the tunnel are shown 

in Fig. 6. A false floor made of plywood was placed 4 in above the 

wind tunnel floor so that the mean wave surface was at false floor 

level. A row of 1 in wire brushes was placed at the upstream end of 

the tunnel to thicken the boundary layer on the floor, and an aluminum 

sheet was attached upstream from the brushes to smooth flow from the 

tunnel contraction. A plywood sheet was fitted to the last wave trough 

to smooth transitional flow. The waves began approximately 22 ft from 



18 

the brushes. All joints and edges were taped for continuity, and the 

entire wave surface was covered with felt to insure uniformity. 

Measurements were made at positions corresponding to the -5th, 1st, 

5th, 10th, 15th, 20th, 24th, 25th, and 27th crest. (Fig. 6 ). 

3 , 3 Wall Pressure 

Wall pressure was measured by a 1/32 in dia pressure tap placed 

at various positions on the 27th wave with free stream static pressure 

above the wave crest as reference. Pressure differences (between free 

s t ream and wall, or across a pitot-static tube) were measured by a 

calibrated M.K.S. Baratron pressure meter, type 77, Total horizontal 

force was also measured on the 26th, 27th, an·d 28th wave of each wave 

s ize with a floating-plate strain-gage balance developed by Hsi 

and Nath ( 33). 

3 .4 Wall Heat Flux 

Wall heat flux was measured by a point source of heat using a 

Disa 55A90 flush-mounted film (1 mm x 0.2 mm) operated at a small 

overheat by a Disa 55D01 constant resistance anemometer. The overheat 

6T equals the difference between the film temperature, Tf, (assumed 

constant on the film surface) and ambient temperature, Ta. The 

overheat was usually set between 15° and 45° C. The resistance ratio 

Rh/Rc was determined for a specific overheat by 

(3.1) 

where ~ and Rc are respectively the hot and cold resistances and 

a is the temperature-resistance coefficient equal to 0,3%/ 0 c 
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(calibrated). Ambient temperature of the tunnel air was measured by 

a Yellow Springs Tele-Thermometer Model 405. 

3.5 Shear Stress Measurements 

The flush-mounted heated film can be used to measure wall shear 

stress. Bellhouse and Schultz (6,7) and Brown (11) showed that the 

calibration relating shear stress and heat flux is 

(3.2) 

for zero pressure gradient flows. Brown extended the calibration to 

flows with a pressure gradient, and the calibration changes to 

( 3 . 3) 

For measurements on the wavy surface, a calibration was obtained by 

mounting the film to a circular cylinder. The film was first mounted 

in a sheet of rubber gasket material so that the substrate of the film 

would be the same on both the cylinder and the waves. Using this 

procedure, the calibration should not change when the film is moved 

from the cylinder to the waves. The Reynolds number for the calibra-

tion flow was 1 x 10 5 , and average values of shear stress T on the 

cylinder were taken from several s ources (1,27,58,60 ) . (see Table 1). 

Tw o typical calibrations are shown in Fig. 7. The intercept P 

is a function of the overheat i'-T Thus, instead of calibrating the 

films as I 2 R/fl-T vs. Tl/3 , the calibration relation was rewritten as 

The film calibrati on is then a function of t he overheat t-T and the 
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1 

shear stress T1h . For a series of I 2 R 6.T and T3 \'alues , 

coefficients A, B, C, D, E and F can be determined. Least - square 

estimates of the coefficients (~10%) are: 

A = -3.9 X 10-2 D = 7.0 X 10-2 

B = 5.6 X 10- 3 E = 5.7 X 10-4 

C = - 8 . o X 10- 5 F = 1. 5 X 10-5 

The calibration relation and coefficients above are for the Disa probe 

and for 15° < t:,,T < 45°c only . A procedure similar to the one above 

was used by Bellhouse and Schultz ( 6 ) for calibrating films . 

The slope of the calibration is (11) 

1 2 

M = kW[(p Pr)/(1 ,9µ 2
)]

3 13 ( 3. 5) 

where L and W are respectively the streamwise length and lateral 

width of the film surface. The effective length Le for transferring 

heat to the fluid may not be the same as the physical length of the 

film surface. However , if the slope M from a calibration is known, 

the effective length can be determined from Eq. (3.5}. Using a typical 

slope of M = 2 x 10- 3 (watts/°C)/psf and We/W ~ Le/L Le= 21 , 

in agreement with Brown (11). In addition, the slope M is a weak 
1 

function of temperature ( 6) and the coefficient of T3 

A+ B6T + C(6T) 2 
, gives the correct variation of M with temperature. 

3,6 Mean Velocity and Turbulence Measurements 

Mean velocity was measured by pi tot-static tubes and a M K .S . 

Baratron pres sure meter. One 1/8 in 0.D. tube was placed 35 wavelengths 

upstream of the waves for reference velocity. monitoring. A second 

1/16 in OD. tube was moved vertically on the tunnel carri age t o 
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determine velocity profiles. The mean and turbulent velocity components 

above the waves were also measured with a two-wire probe (Flow Corpo-

ration Model 23) in conjunction with Disa 55D01 anemometers. The 

wires were tungsten with d = 0.00035 in and t = 0.040 in. The 

hot-wire probe and pitot-static tubes are shown in Fig. 8. 

The velocities from the hot wires were determined by the follow-

ing technique (see Fig. 9}. The calibration of the wires is 

I 2 R/~T vs. U, where U is the velocity measured by a pitot-static 

tube. Typical calibrations are given in Fig. 10. The hot-wires 

were approximately.:!:_ 45° from a horizontal reference line, as shown 

in Fig. 9. The instantaneous values of I 2 R/6T were determined by 

the recorded signals of each wire. Here I is the total current 

through a wire of operating resistance R , and 6T is the overheat 

in °c . The cooling relation 

I 2 R/6T = B U~ff + A (3. 6) 

was assumed to apply instantaneously so that the velocity Ueff could 

be determined for every value of I 2 R/6T for each wire. The same 

technique was used by Frenkiel and Klebanoff (28) for grid turbulence 

and by Karaki and Hsu (36) for wind water-wave turbulence measurements. 

The effective cooling velocity for a wire is 

(3.7) 

where U is the total velocity. Equation (3.7) is accurate to terms 

of order k 4 (14). A calibration of Ueff vs.Sat a constant value 

of U gave a k value of 0.33 .:!:. 0.03 This value of k agrees 



22 

well with values reported by Champagne et al. (13) for wires with 

length-to-di a.meter ratios of 110. The values of A , B , and n 

were determined for each calibration . 

Using Eq. (3. 7) restricts the angle 8 to 20° < 8 < 160° for 

each wire, and for the two wires used here, the velocity vect or must 

r emain in a 50° cone between the wires. Any data set which contained 

a velocity vector outside of this cone was disregarded, which placed 

an upper limit on the turbulent intensity that can be measured by this 

procedure. 

At a particular instant, the values of U and 8
1 

( or 82 ) are 

determined by a procedure given in Appendix A. Instantaneous values 

of u and v are then calculated. Subsequently, the turbulent 

values of u' = u - u and v' = v - v are obtained. (An overbar 

represents temporal averaging.) The maximum vertical intensity is then 

v'/u = tan 25° = o.47 (3.8) 

There is no analogous upper physical limit to u'/u , but Freymuth (29) 

showed that u'/u is limited to approximately 0.64 by the electronic 

response of the anemometer amplifiers . 

3,7 Analog-to-Digital Conversion 

Voltages from the anemometers were recorded using an Ampex FR 1300 

tape recorder at 15 ips. A schematic showing the data collection 

method is given in Fig. 11. Recordings were made of both the AC and 

the total voltage signals from each anemometer. Data were also record-

ed using a root-mean-square meter and a digital voltmeter f or cr oss -

checking purposes. 
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The analog signals were later digitized at 4000 samples / sec, 

a rate sufficiently high to avoid aliasing the energy spectrum (9,26 , 

63). For most profiles, the record length was 6.5 sec for b oth 

digitizing and computation cost reas ons . However, l onger records 

(19,5 sec) were taken for selected data. The length of digitized 

record needed to establish stable statistics was difficult to deter-

mine a priori, and the problem of stable velocity values will be 

dis cussed in Chapter IV. 
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Chapter IV 

RESULTS AND DISCUSSION 

Turbulent boundary layer flow over a wavy surface is discussed 

in this chapter. Two principal sets of measurements are presented: 

measurements directly related to the wavy surface, and measurements 

of the turbulent boundary layer flow. The inter-relationship between 

these measurement sets is examined; wavy surface results and other 

rough wall turbulent boundary layer results are compared; and the 

windbreak effect of the wavy surface is discussed. 

Part 1: Wall Measurements 

4.1 Flow Pattern Between Waves 

Observations of the flow pattern were first made on the wave set 

with the largest amplitude, wave A, and then on the set with the 

smallest amplitude, wave C, to obtain a qualitative comparison of 

pattern characteristics. The pattern between waves was visualized by 

releasing titanium tetrachloride smoke into the air flow near the wave 

surface. The pattern observed consisted of a single, slowly-rotating 

vortex as indicated in Figs. 12 and 13. Flow in this vortex was 

unsteady, and most important, sections of the vortex along the trough 

were shed into the flow above the waves. 

For wave A, the vortex fills the area between crests so that the 

flow "skims" over the waves. The streamline pattern for the vortex 

of wave A is suggested in Fig. 14. Area "a" is the most unsteady 

region of flow between the crests. Flow re-attaches to the wave in 
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this area and makes pressure measurements difficult . The vor t ex is 

generally in area "v". Area "s" is very close to the wave crest and 

is the region where flow separates from the surface, as shown in Fig . 12 

The vortex of wave A completely fills the trough (flow above the wave 

does not penetrate into the trough), so the flow "skims" over the wave 

crests . Such a flow fits the definition of "skimming" flow established 

by Morris (48) and Liu et al. (42). Flow over wave A also fits the 

definition of "k" type flow given by Perry et al. ( 53), as the vortices 

are intermittently shed . The analysis of the roughness function 

given in Section 2 . 2 then suggests that the roughness length "k", 

or more pres is ely the wave amplitude a , is the important length 

for the boundary layer flow. Extrapolating from the observations of 

flow ove r wave A, a wave with a /\ >> 0.2 would provide increased 

windbreak protection by trapping vortices between the waves. 

The vortex o f wave C is smaller than that of wave A (see Fig . 13), 

and it forms and sheds intermittently along the trough . In areas 

where a vortex does not exist , the boundary layer flow appears (quali-

tatively) to follow the wave contour . Therefore , the boundary layer 

flow for wave C is characterized by the length "k" and cannot be 

characterized as a "skimming" flow. Qualit atively , vortices are shed 

into the boundary layer more frequently from wave C than from wave A. 

However , no est imate of vort ex shedding frequency can be made for the 

wave surface. The implications of vortex shedding will be discussed 

furthe r in conjunction with mean velocity profile results in Secti on 
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4.2 Wall-Pressure Profiles and Drag Measurements 

Surface pressure variations are produced when a turbulent boundary 

layer gives rise to vortices between wave crests. The resulting 

wall-pressure profiles for waves A and Care shown in Fig. 15, (No 

pressure measurements were taken for wave B}. Pressure coefficients, 

defined as 

(4.1) 

are essentially the same over the wave surface for U
00 

= 10, 20, and 

40 fps, indicating a fully developed flow at these velocities. 

Pressures were measured on the 27th wave. 

Flow separates shortly after each wave crest and pw decreases; 

flow then re-attaches before the next crest, and p increases. The w 

pressure peak in pw on wave C moves upstream relative to its position 

on wave A. This result suggests that the vortex for wave C is smaller 

than that for wave A. Thus, the results of wall pressure profiles 

and smoke visualization are consistent on the existence of a vortex 

and its relative size between the two wave sizes. 

The "effective shear stress", T , a small distance above the e 

wave crests, is obtained by integrating the measured wall pressures 

over one wavelength. The assumptions for this method of T deter-e 

mination are discussed in Section 2.2. The resulting values of Cf 

are given in Table 2. Included also are the values obtained by mount-

ing the 26th, 27th, and 28th waves on a strain-gage balance. These 

two sets of C values agree within 25%, Form drag and total drag 
f 

measured by the strain gage balance should agree very closely for 

separated flow between wave crests. 
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The spread in Cf values for several repeat measurements is 

approximately~ 5% from the mean value. Thus, the form drag results 

show that Cf measurements are repeatable. This last observation is 

further confirmed by comparing the Cf values obtained by Verma (65) 

to the present measurements . The values differ by less than 10%. 

The experiments reported in this thesis involved a reinstallation of 

the apparatus used by Verma and so are a true repeat check of the 

measurements. These values of Cf are relatively large and ranged 

from 0.01 for wave C to 0.02 for wave A. The only other results for 

fully- developed r ough wall turbulent boundary layers available for 

comparison were approximately one-half the values reported here, but 

th.e comparison values were for square-bar roughness elements . Perry 

et al. (53} reported a value of 0.005; Antonia and Luxton (3) and 

Liu et al . (42} reported Cf values of 0.008. 

4. 3 Wall Heat Flux 

Heat loss from a point-source was measured using the surface-

mounted heated film. The film was moved along the surface of the 

waves to record the variation of heat loss shown in Fig. 16. The 

Nus selt number is 

Nu= (I 2 R/A)£ 
k !:::.T 

(4.2) 

where A is the film area (1 mm x 0.2 mm) and length £ was arbitrar-

ily chosen as the film width (1 mm). Since the film is operated at 

a low overheat (see Section 3.4), approximately 80% of the heat loss 

is caused by free convection from the film. 
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The vortex between the waves removes heat from the film, causing 

almost uniform Nusselt numbers over the wave surface. Comparison of 

these numbers with the Nusselt number variations given by Kolar ( 40), 

Nunner (51}., and Webb et al. (66} is difficult. Their correlat ions 

of Nusse.lt number with roughness Reynolds numbers are for ~ sources 

of heat, while the measurements in this experiment are for point 

sources of heat. Other point - source heat-loss measurements for rough 

wall flows have not been reported, and may not be of physical sig-

nificance. The wavy surface is a model of a micro-ridged field and 

there would be no natural equivalent to a point source of heat. 

Point -source measurements of heat loss are necessary for calculation 

of the surface shear stress. 

4.4 Wall Shear Stress 

The heated film was used in this study primarily as a method of 

measuring wall shear stress, and secondarily as a measure of heat flux. 

The calibration relating wall heat flux and shear stress was discussed 

in Section 3. 5. Local "friction coefficients" are obtained from the 

calibration and the heat loss profiles. The skin friction on wave A, 

derived from the Nuss elt number variations shown in Fig. 16, is 

shown in Fig. 17. The vortex between the crests removes as much heat 

as the flow skimming over the wave crests. Consequently, the "shear 

stresses" reported in the trough area are as l arge as the stresses 

at the wave crest. Shear stresses in the trough area are probably 

very small since flows in the troughs are weak (38), and the hot film 

does not give reliable measurements in this area . For the flow near 

the crest where the velocity skims over the surface, the h ot film 
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measures C values of approximately 0.01. The uncertainty in these f 
measurements is of the order of~ 15% when the calibration nrocedure 

is taken into account. Caution must be expressed here as to the 

application of the calibration obtained on a circular cylinder to the 

high.ly turbulent wavy surface flow . Bellhouse and Schultz (7) 

suggested that flush - mounted films may give low values of shear stress 

in turbulent flows when the static calibration is used to relate 

heat loss and shear stress . However, the degree to which films are 

affected by velocity fluctuations has not yet been determined. Thus, 

no corrections were used with the calibrations to account for any 

fluctuations . 

The Cf values from the heat flux measurements for wave Care 

shown in Fi g . 18 . Kendall ' s values (37) are also shown in Fig. 18 

for comparison . Kendall presented skin friction variations over a 

shallow wave similar to wave C. The important part of the comparison 

between these skin friction values is the similarity of shape, not 

necessarily of level. Separation downstream of Kendall 's wave crests 

did not occur, while separat ion was intermittent on wave C. Therefore 

and exact correlation would not be expected. 

The shear stress profile for wave C, shown in Fig. 18, illustrates 

well the rapid increase in surface shear created by air flow over the 

crests . Immediately after the crests, the shear stress decreases, 

indicating that the flow separates from the wave surface. The same 

qualitative observation was made from the smoke visualization pictures . 

The flow visualization, wall pressure distributions, and qualitative 

shear stress profiles are all consistent with the vortex flow natt ern 
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suggested in Fig. 14. These results do not identify a particular 

frequency of vortex shedding from the waves, but show that the vortex 

involves turbulent mixing with the outer flow . 

4. 5 Distinction Between Form Drag and Heated Film Values of _g_f 

Form drag measurements over one wavelength, discussed in Section 

2 . 2 , give the average shear stress acting on a horizontal surface a 

small distance above the wave crests. This shear stress is given by 

Eq . (2. 23). The heated film measures the stress acting near the wave 

crest. Thus, Cr obtained from heated film measurements is only a 

part of the Cf value determined from form drag measurements. The 

following values illustrate the differences: 

Wave A 

Wave C 

Form Drag 
Cf Values 

0.02 

0 . 01 

Heated Film 
Cr Values 

0.01 

0.005 

If the effective shear stress obtained from the form drag measurements 

is considered, the wavy surface can be replaced by a very rough flat 

surface located at s ome position between the top and bottom of the 

wave. On the other hand, skin friction values obtained from the 

heated film apply only at the crest and do not represent the shear 

stress felt by the turbulent boundary layer as it passes over the 

waves. 
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Part II : Mean and Turbulent Velocity Profiles 

4. 6 Smooth Wall Velocity Profiles 

A thick, turbulent boundary layer forms over the smooth false 

floor upstream of the waves when brushes are placed at the start of 

the floor . The smooth floor i s 60 wavelengths long , The mean velocity 

profile measured by the two- wire method is shown in Fig . 19 and is 

closely approximated by 

(4 . 3) 

determined by the two- wire method are shown in Fig. 20 and are compared 

to Klebanoff ' s classic measurements (39) . In general, the f u 12 iu
00 

results agree with the classic measurements for y/o < 0 . 5. For 

y/o > 0 . 5 , the smooth floor profile has higher intensities . The C.S . U. 

tunnel with the wavy surface installed has a free- stream turbulent in-

tensity of approximately 2% . The smooth floor profile of -f?lu
00 

is 

higher than Klebanoff ' s results . As will be discussed later , determina-

tion of v ' by the two- wire method is less reliable than measurements of 

u' (see Section 4 . 82 ) . However , the intensity profiles have the 

relative shape characteristic of smooth surface results . Probe 

calibration and data reducti on procedures vary among researchers, and 

Antonia and Luxton (3} suggested comparing relative shapes of intensity 

profiles rather than absolute magnitudes . 

Direct measurements of u ' v ' are given in Fig . 21 . The two- wire 

measurements extrapolated to a wall skin friction of Cf = 0 . 0032 , 

which compares favorably with 0 . 0031 obtained from the s lo~e of the 
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logarithmic velocity profile . Klebanoff's shear stress profile is 

also shown in Fig . 21 for comparison to the present measurements . 

The two- wire method of measuring stress appears to give reasonable 

values . 

4 . 7 ~ Surface Mean and Turbulent Velocity Profiles 

Flow in the fully developed region far downstream from the first 

wave will be discussed in this section . Measurements of mean and 

turbulent velocities and their pertinent profi l e parameters are 

presented. 

4.7 . 1 Mean Velocity Profiles and Related Results - Mean horizon-

tal velocity profiles are shown in Figs . 22 , 23 , and 24 as a function 

of distance above the crest at various longitudinal wave positions . 

For a given wave size, the velocity profiles (u/U
00 

vs . yT/o) at the 

15th , 20th , 24th, and 25th wave crests are essentially the same . 

For each velocity profile, the boundary layer parameters of total 

thickness o , displacement thickness * o , momentum thickness 0 

and shape factor H can be determined, where 

u (x,o) ~ 0 . 99 u 
00 

( 4. 4) 

00 

* ) (1 0 = (~/Uoo)) dy ( 4. 5) 
0 

a, 

e = J(~/U00 ) [l (~/ Uoo)] dy ( 4. 6) 
0 

and H = * o /0 (4 . 7) 

The variation of these parameters is shown as a function of fetch 
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in Figs. 25, 26, and 27. Between the first wave and approxi mately 

the tenth wave, the boundary layer grows rapidly, as shown by the 

* changes in 6 and 8 The additional momentum extracted by the 

first few waves causes the abrupt chan ge in 8 . Downstream of the 

fifteenth wave, the momentum thickness 8 varies linearly with distance 

x . The momentum integral equation 

(4 . 8) 

then gives constant Cf values (57). 

Now that mean velocity profiles are available , various parameters 

can be compared to the similarity requirements discussed in Section 2.3 . 

The comparison will show whether or not there is an equilibrium 

boundary layer above the wavy surface . First, the shape factor H 

is shown in Fi g . 28 as a function of the skin friction coefficient 

Cf . Clauser ' s shape parameter G equals approximately 2 . 7 for the 

wavy surface flow. The local similarity concept requires that 

(4.9) 

The measured H , Cf, and G follow Eq. (4 .9) reasonably well. 

Also shown in Fi g . 28 are the water wave results of Karaki and Hsu (36) 

and the square bar r oughness results of Liu et al. (42). Form drag 

values of skin fricti on were used to determine G in this study. 

Since C is comparitively large , parameter G is smaller than pre-
f 

viously reported values of 5 to 7 from other rough wall fl ows . 

A correlation that relates many turbulent boundary layer fl ows 

was suggested by Liu et al. as 
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G = 1.47 6 + 0.74 (4.10) 
0 

The measured values of G and t also fit this correlation even 
0 

though the numerical values of G differ from those of other research-

ers. The data are shown in Fig. 29. 

The parameter G is obtained from the velocity defect profile. 

Clauser (181 showed that turbulent velocity profiles with constant G 

are equilibrium profiles. Equilibrium is used to classify profiles 

which have a balance between a pressure force o+ ~ and the surface 
dx 

shear stress 1 . For wave positions 15 through 25, G = 2.7 . Thus, 

for these wave positions, the turbulent layer meets Clauser's equilib-

rium requirements. 

The three requirements established by Retta (Section 2.3) are 

also met. In each case, Rott a' s conditions of dp/dx = constant , 

* o ~ (x - x0 } , and Cf= constant are met. (See Figs. 25, 26, 27, 30 

and Eq. (.4. 8}}. The turbulent boundary layer has now been shown to 

be an equilibrium boundary layer. One of the possible equilibrium 

turbulent boundary layers given by Rott a has 

(4.11) 

with µ' > 0 , and constant wave height (or constant amplitude). 

Although the pressure appears to be a linear function of x for 

this flow, the wavy surface turbulent boundary layer still meets 

the requirements of an equilibrium layer. Such a turbulent 

boundary layer has not been reported previously. 
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4.7 . 2 Power Law Velocity Profiles - The mean velocities above the 

wavy surface might be related to a power of the vertical coordinate y 

as 

u/U = (y/o//n (4.12) 
co 

where n can be as small as 3 according to Liu et al . Karaki and 

Hsu (36) also showed that rough surface boundary layer velocity 

profiles for y /o > 0 . 3 could be represented by power law pro-

files . However, the mean velocity profiles shown in Figs. 31 

and 32 for the waves A and C cannot be represented by power law 

profiles . 

Antonia and Luxton (2,3,4) showed that for the first few roughness 

elements, mean velocities are proportional to the square root of y: 

( 4 .13) 

However, the transitional fl ow over the first few waves is not the 

primary concern here, and the power law velocity profiles are discussed 

only in their relation to the fully developed flow region. 

4.7 . 3 Logarithmic Velocity Profiles - The mean velocity above 

the wavy surface can be represented by the logarithmic velocity profile 

u/U00 = {cf/2'[1_ 1n (yr + EP-)u* + A - ~u ] ( 4. 14) 
K V U* 

which is assumed to hold for Y..,- + di < 0. 2 , where di is a yet 

undetermined origin shift downward from the wave crests . As discussed 

in Section 2 . 2 , the origin shift E:h and skin friction coefficient 

Cf are inter-related. Using the form drag measurements of Cr , the 
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origin shift £h can be determined by adding small values to y 

and comparing the slope of the velocity points for Yr+ Eh/o < 0.2 

to the required slope of (1/K} fcf/2 1
• For the mean velocity profiles 

at the 25th crest, the resulting origin shifts are 0,5 h for wave A, 

0.75 h for wave B, and 1.0 h for wave C. These origin shifts could 

vary +0.05 h with negligible changes in the resulting slopes, The 

values of E mean that the origin of y is shifted below the crest 

a fractional amount of the wave height. Equivalently, a very rough 

surface could be placed 0.25 h above the trough of wave B without 

changing the mean logarithmic velocity profile, The logarithmic 

velocity profiles are shown in Figs. 33, 34, and 35. 

In general, as roughness elements become more closely packed, the 

origin moves toward the top of the elements. This particular case 

was discussed in Section 2.2 . For very widely spaced roughness elements 

the origin moves to the base of the elements. The origin shifts for 

the three wave sizes appear to be physically reasonable, A decrease 

in wave amplitude has the equivalent effect as an increase in rough-

ness-element spacing, since the origin moves downward, 

The origin shift was determined from the form drag measurements 

on the 25th wave. Since Cf was shown to be constant for the 15th 

through 25th waves, the origin for these positions is constant. 

Therefore, the appropriate value of E can then be used in the log-

arithmic velocity profile for the 15th through 25th wave crests for 

each wave size. Upstream of the 15th wave, the ori gin shift was assum-

ed to be the same as the origin shift downstream of this position . 

Using this assumption gives the qualitative distributions of Cf 

shown in Fig. 36 although the logarithmic velocity profile probably 
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does not hold in the transitional region since the boundary layer is 

undergoing rapid growth. The rapid decreases in skin friction after 

the first few roughness elements were reported by others (4,8,24 ,53, 

68}. Flow upstream of the 15th crest is not of primary concern in 

this thesis and is presented here only to obtain an overall picture . 

The roughness function can be determined from the logarithmic 

velocity profile in the fully developed region . The resulting rough-

ness function is shown in Fig. 37 as a function of the roughness 

Also plotted are the roughness functions from several 

other studies . For the wavy surface 

(4.15) 

where c2 is approximately -1. 1. Values of c2 for "k" type 

rough surfaces have been reported between - 0 . 2 and -5,5 (17,31,52). 

To illustrate that the wavy surface is indeed a "k" type rough surface, 

the roughness function can be plotted as a function of the origin 

shift Ehu*/v as shown in Fig . 38. The slope of the roughness funct-

ion is 1/K However, the slope of the data in Fig. 38 is greater 

than 1/K , indicating that the surface can not be characterized by 

the origin shift (53) . 

The velocity defect profiles are shown in Fig . 39 for the 25th 

crest of each wave size . Clauser ' s form (181 for the velocity defect 

profile is 

* = -I5, 76 log (yu*/6 U) + C ] 
3 

(4.16) 

where c
3 

was shown to be a functi on of Cf (57). For the wavy surface, 
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c
3 

is approximately 1,5, Roughness effects on c3 appear to be 

ill-defined. Furuya and Fujita (30) determined c3 = 0,3 for flow 

over sand grain and wire screen roughnesses -- a decrease from the 

smooth wall value of 0.6 . Tillman (see (57)) and Perry et al. (53) 

showed that c3 increased with Cf. Thus, the present result is in 

agreement with Perry et al. and Tillman's but opposite that of Furuya 

and Fujita. 

Large values of Cr shift the velocity defect profile downward 

and to the right (Fig. 39), similar to the shift shown in Fig. 1. 

Hama (31) suggested that the logarithmic velocity profile extends 

* outward to y~/6 U00 = 0.045 (or y/6 ~ 0.15). The velocity profile 

shown in Fig. 39 indicates that the logarithmic portion may extend 

* to yu*/6 U00 = 0.2 where y = Yr+ Eh . The outer edge of the 

logarithmic velocity profile region extends to y~/6 ~ 0.2 when the 

values for each wave are used. Perry et al. also indi-

cated that the outer edge of the logarithmic region may extend to 

* yu*/6 U00 = 0,07 , which is also larger than the value suggested by 

Hama. The implication is that increasing surface friction increases 

* yu*/ 6 U
00 

, but has little effect on the extent of the logarithmic 

portion, which is still in the lower 20% of the boundary layer. 

4.8 Turbulence Measurements 

4.8.1 Two-Wire Method - Turbulence measurements were made by a 

two-wire method. This method, which is discussed in Section 3,6 

and Appendix A, is a relatively "new" method of measuring turbulent 

flows. Karaki and Hsu (36) presented data collected by the two-wire 

method, and the apparent advantages resulted in the choice of the two-

wire method for data collection for this thesis. 
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The advantages of this two-wire method are: 1. the velocity 

vector can be measured as a function of time, and 2. measurements 

of turbulence intensities do not rely on linear response assumptions 

for the hot-wires. The main disadvantage is that physical quantities 

can not be obtained immediately. First, anemometer signals must be 

recorded on analog tapes; the analog tapes must be digitized; and 

finally, the data must be processed back to physical quantities by 

a digital computer. Unless an on-line computing facility is available, 

an unavoidable delay occurs between the time when data is taken and 

the time when data is reduced. Therefore it is difficult to re-run 

"questionable" data. In addition, if a great deal of data is desired, 

digitizing and computing cost may outweigh the advantages. 

4.8.2 Turbulence Intensities and Vertical Velocities - Turbulence 

intensities {u' 2 !U00 and Jv' 2 /U00 are shown as a function of 

y /o in Figs. 40, 41, and 42. The length of the digitized record is 

generally 6.5 sec for each data point. Longer data records of 19.5 

sec were used to obtain intensities for selected positions above the 

waves (see Fig. 40). These longer records appear to "smooth" the 

data, but insufficient records were taken to reach any firm conclu-

sions. Digitizing and computing costs limited most records to 6.5 

sec. Eight to nine minutes of central processing time on a c .D.C. 6400 

digital computer were needed for data reduction of 30 profile points, 

each with 6.5 sec records. 

For wave C, the measured intensities are compared to the far-

downstream data of Liu et al. (42}, Corrsin and Kistler (21), and 

Antonia and Luxton (3,4}. In general, the measured intensities agree 
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reasonably well with these rough surface studies where Cf varied 

between 0.005 and 0.010. However, intensity measurements above rough 

surfaces are functions of probe configuration and calibration proce-

dures, and profiles should be compared on relative shape, as discussed 

in Section 4.6. 

The intensity profiles shown in Figs. 40, 41, and 42 are for the 

25th crest of each wave size. The profiles for the 20th and 24th 

crests have essentially the same magnitude and shape. The gradient 

in the x-direction was difficult to determine because of data scatter, 

but appeared to be negligible. The significance of a negligible 

strea.mwise gradient is that it indicates a self-preserving flow pattern 

over the last few waves. If the mean and turbulent velocity profiles 

are essentially constant with downstream distance, the flow is in a 

self-preserving state (32 ,57). 

A fluctuation v' is the departure of the vertical velocity 

from the mean vertical velocity, v , at a particular instant in 

time. A mean vertical velocity was determined at each elevation 

above the wavy surface for each 6.5 sec data sample. In general, 

the vertical velocities are less than 1 fps for all heights above 

the waves. Typical vertical velocity profiles are shown in Fig. 43. 

Vertical velocity can also be obtained from the mean horizontal veloc-

ity profiles (Figs. 22, 23, and 24) and the two-dimensional continuity 

equation 

V = - d 
dx ~ u dy (4.17) 
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Values of vertical velocity, v , from the integrated continuity 

equation were less than 0,5 fps for all heights above the crest. 

These values of velocity are 50% lower than the values from the 

hot-wire method. However, measurements of v by either the two-wire 

method or the continuity equation can easily differ by+ 50%. The 

integrated continuity equation requires differentiating integrals 

of nearly the same magnitude -- an error-prone procedure. The two-wire 

method for measuring v is extremely sensitive to the calibration 

parameters and wire angles. The magnitude of the vertical velocity 

component is very small compared to the local mean horizontal velocity, 

so the angle between the mean velocity vector "' u l.. + v 3' and the 

horizontal velocity u is small. Errors in the determination of the 

wire angles make the determination of this small angle (or equivalently, 

v) uncertain. Thus, the vertical velocity profile should be consid-

ered on shape only. 

At the wave surface, the vertical velocity is zero. A tentative 

explanation for the vertical velocity profiles in Fig. 43 can be 

given. Referring to Fig. 14, the streamlines may curve upward as the 

flow moves from area "a" toward the crest. Compared to u , the 

vertical velocity component v is small and decays rapidly with 

distance above the crest. A small vertical velocity component near 

the wave crest enhances the separation of flow from the wave, and 

area "s" is near the crest. Separation very near the crest was ob-

served in the flow visualization and is illustrated in Fig . 12. 

There is considerable data scatter in the vertical velocity 

profiles and the turbulence intensity profiles, but an explanation 

can be given. First, turbulent flow aoove the wavy surface is a 
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random process, and the length of data needed to obtain stable averages 

and moments by the two-wire method may be greater than the 6.5 sec 

used for the profiles. Although the longer data records of 19,5 

sec appear to smooth turbulence intensity profiles, they still do not 

produce stable mean vertical velocity profiles above the wave crests. 

Again, errors in the calibration constants of the hot-wires, the 

angles of the wires, and the calibration of the amplifiers and the 

tape recorder all contribute to data scatter. The uncertainty in 

the intensity measurements is subsequently of the order of.:!:_ 20%, 

but even with this uncertainty, the profile shapes in Figs. 40, 41, 

and 42 appear to be reasonable. 

4.8.3 Shear Stress Measurements - Shear stress magnitudes above 

the wavy surface were measured by two methods. First, the "effective 

wall shear stress" was obtained from measurements of wave form drag. 

Second, direct measurements of the t ,urbulent shear stress, -pu 'v' 

were made above the wave crests by the two-wire method. The assump-

tions necessary to relate the measured form drag to the "effective 

wall shear stress" were discussed in Section 2.2. In addition, the 

wave-induced Reynolds shear stress, - puv is assumed to decay 

rapidly above the wavy surface. Then, the "effective shear stress'' 

from the momentum balance over the control volume ABCD (Fig. 3) is 

the average turbulent shear stress over one wavelength. Since the 

effective shear stress Te is a total shear stress measured on 

surface BC, T is used in the logarithmic velocity profile to deter-
e 

mine the shift in origin. 

Turbulent shear stresses above the wave crests are shown in 

Figs. 44, 45, and 46. The profiles shown are the arithmetic averages 
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of the profiles for the 24th and 25th crests of each wave size. The 

average profile is smoother than either individual profile. Shear 

stresses were determined by the two-wire method using the relation 

u'v' = UV - u V ( 4. 18) 

where u and v are instantaneous values of the horizontal and 

vertical velocities and the overbar represents time averaging. In 

general , v is less than 5% of u Also, the small magnitude of 

v ( u >> v) made it difficult to measure. Incorrect values of v 

produce uncertainty in the values of u'v' near the wave surface. 

Thus, the uncertainty of u'v' at 19:1 odds is estimated at!. 30%, 

Direct measurements of turbulent shear stresses above other rough 

surfaces were presented by Logan and Jones (43), and Antonia and 

Luxton (3,4). These measurements used the linear approximation for 

the hot-wire response as opposed to the two-wi.re digital method of 

this study. 

As shown in Figs. 44, 45, and 46, values of -·--u'v' near the 

crest extrapolate to a Cf less than the "effective shear stress" 

values. The measurements of Antonia and Luxton also extrapolate to 

a wall C below the value obtained from their form drag measurements. 
f 

Antonia and Luxt on's measurements are included in Fig. 46. For 

y /o < 0.2 , their measurements decrease rapidly, while the turbulent 

shear stresses for wave C increase, 

The disagreement between the friction coefficients from the 

hot-wire and form drag methods can be attributed to the meaning of 

the "effective shear stress" Te , This stress is 
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Te=< -P uv > + < -P u'v' > ( 4, 19) 

where the brackets < > represent an average over one wavelength . 

Turbulent shear stresses -P u'v' above the crests are a part of 

< - p u'v' > and do not include the wave-induced stresses -puv 

Thus, - P u'v' measures only part of the total shear stress at any 

height above the wavy surface. The wave-induced shear stress could 

provide the missing momentum transfer to the surface, but this is 

only conjecture without measurements of - p uv Thus, the apparent 

lack of agreement is between two shear stresses which should not be 

expected to agree anyway. The hot film at the wave crests measures 

a value of shear stress T which is approximately the same magnitude 

as the turbulent shear stress - p u'v' for waves A and C, but 

neither method gives the same shear stress as the form drag method. 

Another method for determining the shear stress profiles is the 

momentum integral equation, which was used by Liu et al, (42), 

Doenecke (24}, and Betterman (8}. The momentum integral equation 

can be written as 

- ., 
T = d ~ u(U00 - u) dy + dU00 ~ ( Uoo - u} dy 
p dx dx 

') ' -(U - u)v d f 7 ~-?)dy (4.20) 00 

dx 
~ 

where the "inner" surface of the control volume is at a distance y 

above the rough surface. Velocities u and v represent the mean 

and wave-induced velocities, where 

u = u + u (4.21) 
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and V = V + V (4.22) 

Thus, the shear stress T contains the wave-induced stresses. 

However, evaluating shear stresses by a momentum integral technique 

requires great care. For the wavy surface, the term -(U - u)v 00 

in Eq. (4.20} was found to vary to such a degree that values of T 

were very uncertain. The primary reason for this uncertainty was the 

unreliable measurements of vertical velocity v, since it was obtained 

from the two-dimensional continuity equation 

V - - ( au ay 
) ax 

(4.23) 

Substitution of the horizontal mean velocity profiles measured at the 

wave crests into Eq. ( 4. 23) results in the average vertical velocities 

over the distance 6x in the derivative au/ax. Generally, 6x 

is 1, 2, or 5 wavelengths; so v represents the average vertical 

velocity between two wave crests either 1, 2, or 5 wavelengths apart. 

4,9 ~ Viscosity 

The eddy viscosity K , defined by 
m 

( 4. 24) 

is plotted as a function of the distance above the trough in Fig. 41. 

The smoothed shear stresses from Figs. 44 and 46 were used with the 

mean velocity profiles in Figs. 22 and 24 for measuring 

wave A or C, 

K 
m 

For 
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(4.25) 

if E equals 0.5 or 1:0 for wave A or C respectively, and y /o < 0.1. 

A linear variation of ~ with distance yT+ Eh less than 10% of 

the total boundary layer thickness provides indirect proof that the 

law of the wall can be used. Linear variations of K were also re-m 

ported by Liu et al. and Antonia and Luxton. For their measurements, 

Km~ Ku*y only for y~ < 0.1 o . The mean velocity profiles shown 

in Figs. 33, 34, and 35 indicate that the logarithmic portion extends 

to Yy/o ~ 0.2 Thus, the logarithmic velocity profile represents 

only the lower 10% of the total boundary layer if a linear variation 

of K is used to verify the existence of the wall law. 
m 

4.10 Windbreak Effects 

The wavy surface flow of this study is a model of atmospheric 

wind over an open, corrugated field. The model wavy surface acts as 

a surface windbreak by creating vortices between the waves and reducing 

the wing velocity above the waves. The vortex was shown to reduce the 

moisture loss in the trough (65). These two features of the wavy 

surface flow strongly suggest that field micro-ridges created by a 

roller (351 would provide a beneficial surface for promoting crop 

growth in the troughs. 

The reduction in overall wind speed is at the expense of increased 

surface friction. The usual way of documenting wind reduction caused 

by a windbreak is by a wind-reduction factor Rf defined by (25,41) 

(4.26} 
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wheTe u 0 is wind speed above an open, smooth surface and u is 

wind speed over a surface windbreak.. The factor is shown in 

Figs. 48, 4~, and 50 as a function of height aoove the wave crests 

for each. wave size. Velocity tr 
0 

is the smooth wall velocity profile. 

These plots s·how that the greatest percentage reduction in wind speed 

at a given height is achieved by the largest wave (or field corrugation). 

However, the factor Rf does not reflect the increased shear stress 

needed to reduce the wind speed, and the modified factor 

(4.27) 

is suggested as a more appropriate measure of this reduction for 

surface windbreaks. The additional factor u*/u*
0 

is a measure of 

the increase in surface shear velocity u* relative to the smooth 

surface value The modified factor R ' is shown in Fig. 51 
f 

for the far-downstream waves of each size. 

The reason for including u* as a parameter in R ' 
f 

is the 

following. The transport of sand by wind is proportional to u3 

* 
and 

inversely proportional to the 3/2-power of mean soil-grain size D ( 34). 

If q represents the rate of sand transport in lb/hr, then 

3 
q a: u3 /DT 

* 
( 4. 28) 

Thus, for a given mean field soil-grain size, small reductions in 

surface shear result in substantial reductions in loose-sand transport 

by the wind. As far as blowing soil is concerned, the factor u* 

can not be disregarded. 

Surface soi.l will start to move where the friction is largest. 

The surface measurements of friction shown in Figs. 17 and 18 indicate 
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that the friction is the greatest near the waye crests Cas would oe 

expecte.dl. The viscous friction 

-r=µau 
av' 

C 4. 29} 

where y' is distance perpendicular to the wave surface and u is 

ve l ocity along the surface, probably starts the soil moving init ially. 

The f r iction velocity u* is a measure of this stress, and reductions 

i n u* are accompanied by reductions in the viscous stress 't. As 

the wave heights are decreased, both the effective shear stress and 

the surface shear stress are decreased (as shown in Section 4.5). 

Extrapolating the results of this study to field corrugations 

shows th.at the waves will erode at the crests first. However, as the 

waves become shallower, less windbreak protection is afforded to seeds 

planted in the troughs; but there will also be a decreased erosion 

rate. Thus, there is a trade-off between the amount of protection 

created by a given wave size and the rate at which the wave changes 

shape. The results of this study indicate that the largest amplitude 

wave provides the most protection, but also tends to erode the 

quickest. Further experimentation with erodable surfaces in a large 

wind-tunnel are needed to support the results of the experiments with 

solid waves. 
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, Chapter V 

SUMMARY AND CONCLUSIONS 

Turbulent boundary layer flow over three sizes of sinusoidal 

waves was investigated experimentally in this thesis. Primary emphasis 

was on the fully-developed flow over the last few waves. Mean and 

turbulent velocity profiles were measured with a hot-wire/digital-data 

technique. Surface shear stress near the wave crests was measured by 

a heated-fi lm method, and wave form drag was measured to determine 

the shift-in-origin in the logarithmic velocity profile. 

The results presented and discussed support the following conclu-

sions: 

1. The flow over the last few waves is an equilibrium turbulent 

boundary layer which conforms to Clauser's and Rotta's requirements 

for self-preservation. 

2. The shift-in-origin parameter E in the logarithmi c velocity 

profile, 

(5.1) 

is a function of the wave-height h. For shallow waves (a/A~ 0.06), 

the origin for distances perpendicular to the mean sur·face is at the 

wave trough. Steep waves (a/A~ 0.2) have the origin midway between 

the crest and trough. 

3. The roughness function ~u/u* for wavy surfaces is related 

to the wave-height by 
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(5,2) 

and is not a function of the origin-shift Eh. 

4. Measurements of shear stress at the wave crest by the two-

wire method and surface-mounted heated-film are in close agreement 

( differ by less than 15%), but neither measurement agrees with the 

effective shear stress deduced from the form drag measurements over 

one wavelength. Form drag measurements are influenced by the total 

flow field around each wave, as manifested by the surface pressures. 

Part of this flow field may contain wave-induced velocities, and 

the measurements presented in this thesis strongly suggest that the 

wave-induced shear stresses supply the additional momentum loss to 

the surface. 

5, Eddy viscosity, 

Km= (T/p)/(au/ey) (5,3) 

is a linear function of the distance y above the wave troughs. 

For wave C, 

(5.4) 

where u* is the effective friction velocity and y is less than 

0,15 6, Since Km~ 0.4u*y, the mean velocity can be represented by 

the logarithmic velocity profile in the lower 10 to 15% of the total 

boundary layer. The Clauser form of the velocity defect profile 

(5,5) 
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with c
3 

~ 1,5 for the wavy surface also supports the logarithmic 

variation in the lower 20% of the boundary layer. The constant C3 

is larger for rough surface flows than for smooth surface flows. 

6. The two-wire method of measuring mean and turbulent velocities, 

though providing encouraging measurements in this study, must be 

examined further to clarify more fully the importance of calibration 

techniques and wire orientation. The results presented here show that 

this particular method may be quite useful for an on-line computing 

facility. 

7, The largest wave provides the most reduction in wind speed 

above the surface and is thus the best extended-surface windbreak by 

that criterion. Simple wind-speed reduction is not the only requisite 

of a surface windbreak. Surface shear stresses, which "scuff" surface 

soil particles along, must also be considered,and the modified wind 

reduction factor 

(5.6) 

should be used for surface windbreaks to account for both wind speed 

reduction (1 - u/Uo) and increased surface shear stress (u*/u*) . 
0 
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APPENDIX A 

DE:I'ERMIN IN G VELOCI TY FROM A 

TWO-WIHE ARRJ\NGEMENT USING DIGITAL DATA 

The basic as s ump ti on f or thi s method is that the inst antaneous 

response of the wires i s g iven by 

I 2R - A= B(sin2s + k 2cos2s)½~ U'l-
6,T 

(A. 1) 

where I 2 is the current through a wire of resistance R , 6.T is the 

resulting overheat, and 8 is the angle between the total velocity 

U and the wire (see Fi g . 9). Coefficients A and B are deter-

mined by a calibration for each wire, and the exponent 1/n is 

approximately 0.5. A separate calibration determined k as approx-

imately 0.33. Instantaneous values of I 2R/6.T are obtained for 

each wire from the digitized data. Then, for a particular instant 

in time, knowing I 2R/6.T, A, and B for each wire gives 

'fr,. _ _y'I'\. 2 2 2 'lz....,_ 
U = U- ( Sin 8 + k COS 8 ) (A. 2) 
eff 

where U is called the "effective cooling velocity". 
eff Then 

(A . 3 ) 

for each wire. Let 

(A. 4 ) 
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Then 

The l Bst equation can be re-written as 

[_hv(k2 
- 1) - 1_(k2 - l)cos 2Z]cos 2S~ + 

· 2 2 

[1_(k2 - l)sin 2[)sin 2Sz= 
2 

(1 - y)(l + 1,(k2 - 1) ) 
2 

where the total included angle L is given by 

Let 

wd 

D = l y(k2 - 1) - 1,(k2 - 1) cos 2L 
2 2 

~ = 1,(k2 - 1) sin 2Z 
2 

Then Eq. (A.6) can bP. written as 

with 

cos (2S 2 - A)= [1 - y][l + 1,(k2 -l)]/(D2 + C2 ) 
2 

sin A = 1,(k2 - 1) sin 2[ /(B 2 + C2 } 
2 

(A. 5) 

(A. 6) 

(A,7) 

(A. 8) 

(A. 9) 

(A.10) 

(A.11) 

Then, Sz is known oince y and 1.., are known, and 8, is given 

by (.A.7}. The total veloc i ty U is given by E~. (A.3) when u eff 
and 8 are known for each wire. The angles 8, and 8 z can not be 

less than 20°, or the relation (A.3) does not holt (13 ,14) . The 

above method reduces to the conventional results for wires mutually 
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perpendicular ( I = 90° ), which is 

cos 2 S. = {[ (u \ .f }. /U 2 J - 1} / (k 2 - 1). 
i e, i 

(A.12) 

with (A . J3) 

Once the total velocity vector U is kn own with ti1.e angl es B 
l 

and 8 
2 

the time average velocities u anc. v , and the turbulent 

velocities u ' = u - u and v ' = v - v 

and 

u = TJ cos (y 
l 

8 ) = U e:os(y 
l 2 

v = U sin(y -B) = U sin(y 
l l 2 

can be dete r mined by 

8) (A.l~) 
2 

8 2 (A.15) 
2 

The various ccrreJations and moments , like ? ? , and u'v' 

can be calculated . Frenk.iel and Klebanoff ( 28 } showed that the 

non-linear response of the h 0t-wire , a s given by Eq . (A. 1) results in 

negligible error in even-order correlations when using the method 

above . Only even-order corre lations or moments were computed in this 

experiment . 

The total included angle I between the wi r.es was appr oxi mate2.y 

90° (.::_ 1.0°) for each two-wire set . In addition , t h e individual 

wires were 45° (.::_ 0. 5°) from a reference line in the tunnel. This 

reference line was parallel to the false floor and the walls of the 

tunnel (see Fig. 9) . Both wires were in vertical planes parallel to 

t he tunnel walls and peq;endicu:ar to the false f l oor. The wires 

were spaced approxiillately 0 . 05 in l aterally by the probe needle supports . 
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TABLE l 

Average Shear Stress Values From 
Several Sources (1, 27,57,59) for Circular Cylinders 

Used for Calibrating Flush -Mounted Film. 

(Reynolds Number of Cylinder = 105 , 
8 is angle from Front Stagnation) 

e T X 103 

5 1.37 

10 2 .74 

15 4.10 

20 5.55 

25 6.64 

30 7.76 

35 8 .62 

h] = lbf/ft2 
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TABLE 2 

Effective Skin Friction Coefficient Cf for Waves 

u Wall-pressure Strain-gage 
00 

Integration Balance 

Wave A 10.1 0.021 

19.8 0.020 0.018 

40.0 0.021 0.021 

40.1 * Wave B 0.0195 

Wave C 20.1 0.010 0.017 

39.8 0.011 0.016 

* Tak.en from Ref. 64. 



TABLE 3 

Summary of Wavy Surface Boundary Layer Parameters 

Wave A Wave B Wave C 
Smooth Crest Crest Crest 

Param~ter - 2 12 20 24 22 15 20 24 22 15 20 22 

q)O' fps 19 . 2 19 .9 20 . 0 20 .1 20 . 2 19 . 7 19.9 20 . 2 20 . 0 19.5 19 . 6 19 . 5 

o , in 8.9 9 . 0 9.0 9 .0 9 .0 9 .0 9 . 1 9 .1 9 . 1 9 .0 9,0 9.0 

o* ,in 0 . 7 1.20 1.30 1.34 1.36 0 .99 1.15 1.22 1.22 0 .95 1.02 1.03 

e, in 0.56 0 . 85 0 .92 0 . 93 0 . 94 0 . 75 o.86 0.88 0.89 0.72 0 , 73 0 .74 

H 1.17 1. 41 1. 43 1. 44 1. 45 1.32 1.34 1.38 1.37 1.32 1. 40 1.39 0\ 
\.J1 

cf .0032 . 028 . 024 . 022 . 021 .022 . 019 .018 .018 . 012 .011 . 0105 

6, ft 1.51 0 . 83 0 .96 1.04 1.01 0 . 78 0.97 0 .93 1.00 o.89 1.13 1.07 

G 2 . 3 2 . 5 2 . 8· 2 . 8 2 , 3 2 . 5 2 .6 2.7 2.6 2 . 7 2 . 8 

6u/u* 0 18 . 0 17.8 17.4 17.3 16 .5 15.9 16 . 3 16 .0 12 . 4 12 . 8 11.9 

hu*/v 0 1620 1560 1500 1500 860 800 810 790 320 310 300 

Ehu*/v 0 810 780 750 750 650 600 605 590 320 310 300 



66 

TABLE 4 (A) 

Wave A Mean Velocity Profiles 

1st Crest 5th Crest .10th Crest 

Height - Height - Height 
Above Crest u Above Crest u Above Crest u 

(in) (ft/sec) (in) (ft/sec) (in) (ft/sec) 

. 148 12.95 .171 9.83 .106 9.00 

.208 17.63 .245 9.99 .173 9.65 

.286 18.12 .309 10.26 .244 9.74 

.346 18.13 .384 10.80 .319 10.06 

.424 18.25 .458 11.55 .397 10.60 

.499 18.48 .522 11.42 .457 10.73 

.584 18.46 ,596 12.09 ,535 11.06 
,637 18.44 .674 12.64 .599 11.25 
,725 18.59 .734 13.01 .673 11.64 
,775 18.66 .812 13.32 .748 11.97 
.878 18.65 .912 13,52 .811 12,36 
.942 18.58 1.011 14.12 .886 12 ,.52 

1.052 18.78 1.128 14.62 ,950 12.91 
1.165 18.83 1.294 15.23 1.027 13.10 
1.278 18.85 1.493 15.93 1.137 13.40 
1.409 18.91 1.752 16,35 1.240 13.70 
1,541 18.83 2.166 17,36 1.339 14.27 
1.852 19.02 2.680 17.70 1.463 14,33 
2.267 19.10 3,265 18.20 1.552 14.86 
2,770 19.10 4.016 18.38 1.676 15,21 3,408 19.22 4.665 18.60 1.818 15,38 
4.124 19 .27 5,388 18.75 3.009 17.63 4.812 19 .48 6.731 18.97 4.462 18.82 
5,552 19.38 7,911 19.04 5.805 19 .12 
6,931 19.55 9 .180 19 .10 7.120 19.39 7,984 19.52 10.867 19.23 8~899 19,53 
9,057 19.62 14.244 19.26 10.724 19.6b 

l0.929 19, 76 12.670 19.74 14:412 19. 74 
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TABLE 4 (A} - (.Continued) 

15th Crest 20th Crest 24th Crest 

Height Height Height 
Above Crest u Above Crest u Above Crest u 

(in} (ft/sec) (in) (ft/sec) (in) (ft/sec) 

.068 8 .64 .043 8. 85 .051 8.49 
,157 9 , 72 .121 9,45 .189 10.24 
. 210 9,92 .192 9,75 . 341 10.55 
. 295 10 . 22 . 259 10 .14 .480 11.04 
, 359 10 .67 . 333 10.53 .625 11.52 
.433 10 . 81 .408 10 . 84 . 781 11,95 
.497 11 . 25 . 468 10 .94 .908 12 . 59 
,568 11 . 70 ,546 11 .47 1.082 12 .97 
.650 11 . 89 .617 11.48 1.298 13 , 73 
. 720 12.01 . 684 11.62 1.511 13 ,9 3 
,791 12 . 39 . 759 11.81 1.734 14.49 
. 873 12 . 55 .844 12 . 31 3 , 418 17 .17 
,951 12.93 ,911 12 .47 5,374 19.10 

1 .036 13.06 1.010 12 .98 7,132 19.72 
1.139 13 . 23 1 .124 13 . 67 8 . 769 19 .84 
1.252 13 , 56 1 .212 13,19 10.669 19,98 
1 , 351 13.88 1.326 13.78 12.331 19 ,96 
1.450 14.17 1.397 13,87 
1.603 14 . 64 1 . 503 14 .15 
1.716 14 . 85 1 . 613 14 . 49 
2. 443 16 . 44 1.701 14 . 48 
3 ,456 17 ,78 2.602 16.11 
4.924 19 .10 3,5 58 17 ,71 
6,238 19 , 31 5,100 19.05 
8 .159 19 . 51 7,007 19 ,39 
9 , 836 19 . 60 8 , 726 19.74 

11.618 19 . 74 10 . 551 19.81 
13,341 19.80 12 . 270 19,97 



25th Crest 

Height 
Above Crest 

(in) 

.065 

.139 

.203 

.277 

.352 

.416 

.490 

.568 

.646 

.703 

.781 

.855 

.919 

.979 
1.089 
1.195 
1.309 
1.419 
1.521 
1.645 
1.738 
2.074 
3.464 
5.094 
7.153 
8.733 , 

10.583 
12 .164 

u 
(f't/sec) 

5.67 
10.02 
10.73 
10.55 
11.01 
11.41 
11.50 
11. 72 
11.95 
12.36 
12.56 
12.80 
12.86 
13.32 
13.18 
13.56 
13.96 
14.24 
14 . 44 
14.68 
14.69 
15.35 
17.82 
19.14 
19.96 
20.04 
20.11 
20.21 

66b 

TABLE 4 (A) - (Continued) 



TABLE 4 (B} 

Wave B Mean Velocity Profiles 

1st Crest 5th Crest 10th Crest 

Height Height Height 
Above Crest u Above Crest u Above Crest u 

(in} (ft/sec} (in) (ft/sec} (in) (ft/sec) 

. 356 15.12 .244 11.75 .032 11.16 

.427 15.34 .418 12.53 .121 11.52 

.516 15.75 .545 13.40 .184 11.84 

.643 16.02 .697 13.89 .248 12.15 

. 792 16.16 .861 14.94 .323 12.39 

.969 16.53 1.098 15.74 .411 12.91 
1.182 16.72 1.300 16.36 .461 13.07 
1.409 16.90 1.498 16.86 .574 13.50 
1.621 17.09 1.711 17.03 .677 13.91 
1.830 17.36 2.080 17.61 .780 14.32 
2.171 17.49 2 .679 17.96 .886 14.41 
2.670 17.69 4.096 18.56 .985 14. 73 
4.258 18.37 7.474 19.01 1.109 15.49 
7.129 18.80 11.340 19.27 1.223 15. 56 

10. 595 19.10 14.810 19.26 1.318 15.83 
13.196 19.20 1.435 16.22 

1.563 16.47 
1.779 16.88 
l.939 17.01 
2.243 17 .58 
2.984 18.09 
4.040 18.61 
5.514 18.97 
7.294 19.11 
9.041 19.39 

10. 848 19.41 
12. 539 19.46 
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TABLE 4 (B1 - (Continued) 

15th Crest 20th Crest 24th Crest 

Height Height Height 
Above Crest u Above Crest u Above Crest u 

(in} (f't/sec) (in) (f't/sec) (in) (f't/sec) 

,014 9,90 ,033 10.36 .183 10.44 
,()74 10,08 .082 10.16 ,336 10.87 
.145 10.60 ,157 10.55 ,439 11.11 
.213 10.87 .231 10.80 ,559 11,79 
.287 11.14 ,306 11.07 ,672 12.08 
,365 11,77 ,383 11,35 .821 12.62 
.425 12.01 .447 11.92 ,924 12,91 
,503 12.22 ,511 11,73 1.013 13.29 
.602 12.75 ,585 12.34 1,339 14.09 
,716 13,23 .660 12.44 1.576 14,37 
.815 13.40 ,731 13.00 2.342 16.27 
,918 13,84 .834 13.23 3,373 17,76 

1.028 14.01 ,947 13,43 5.014 19.23 
1.155 14,38 1.043 13.88 6.729 19,72 
1.244 14.74 1.153 14.02 8.459 19,98 
1. 343 14.77 1.262 14.35 10,376 20,01 
1.457 15.09 1,376 14.39 12.268 20.16 
1.722 15,83 1.496 14.61 13,931 20.18 
2.041 16.49 1.879 15,59 
2,374 16.88 2.230 16.42 
3,324 18.35 2,559 16.97 
4.409 18.82 2.917 17.11 
5,851 19.16 4. 324 18.66 
7,566 19,37 5,770 19.25 
9,257 19.49 7,539 19,54 

11.022 19,58 9,343 19.65 
· 12,960 19.65 11,334 19,71 

12.862 19, 78 



TABLE 4 (B) - (Continued} 

25th Crest 

Height 
Above Crest u 

(inl (f't/sec) 

,105 10.29 
.151 10.64 
,193 10 . 70 
.232 10 .69 
. 279 10 . 87 
.317 10.99 
, 353 11 .04 
.442 11.56 
,512 11.75 
.594 12 .04 
.661 12.20 
,743 12 .48 
. 807 12 . 77 
.870 12.99 
.945 13 . 32 

1.044 13 , 50 
1 .122 13 , 53 
1.232 14.11 
1 . 345 14 . 16 
1. 480 14 , 39 
1 .639 14.95 
1.788 15 .01 
1.997 15 . 56 
2.199 15 . 74 
4.003 18.14 
5. 804 19.36 
7. 515 19 .64 
9 . 326 19 . 72 

11.633 19 , 76 
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TABLE 4 ( C) 

Wave C Mean Velocity Profiles 

1st Crest 5th Crest 10th Crest 

Height Height Height 
Above Crest u Above Crest u Above Crest u 

(in} , ft/sec} (in} (ft/sec) ( in} (ft/sec) 

.219 13.94 .141 11.49 .191 11.78 

.297 14.84 .283 12.47 . 330 12.29 

.346 15.22 .431 13.37 .468 12.97 

.445 15.77 .570 14.02 .620 13.45 

.608 16.21 . 708 14.68 .744 13.96 

.736 16.66 .857 15.33 .918 14.26 

.888 16.81 1.059 15.89 1.046 14.85 
1.037 16.95 1.332 16. 75 1.237 15.63 
1.207 17.15 , 1.736 17.14 1.450 15.83 
1.526 17.43 2.076 17,55 1.634 16.21 
1.884 17.37 2.402 17.77 1.960 16.88 
2.228 17.87 2.941 18.09 2.187 17.35 
2.593 17.94 3.628 18.40 2.424 17.44 
3,121 18.17 4.716 18.79 2,562 17.69 
3.823 18.47 6.095 18.98 3,239 18.16 
4.875 18.58 7.860 19.24 3.991 18.51 
5.949 18.84 9.692 19.32 4.990 18 .81 
7 .867 18.95 11.411 19.46 6.085 18.87 
9.522 19.26 13.193 19.39 7 .893 19.21 

11.311 19.31 9.597 19.37 
13.041 19.42 11.476 19,53 
14.806 19,38 13.123 19.57 
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TABLE 4 (cl - (Continued} 

15th Crest 20th Crest 25th Crest 

H.eigh.t Height Height 
Above Crest u Above Crest iI Above Crest u 

(in} (ft/sec} (in} (ft/sec) (in) (ft/sec) 

.199 ll.18 .105 10.99 .156 11.54 

.394 12.44 .343 12.01 .333 12.35 
.. 578 13.34 .509 12.64 .521 12.82 
.763 13.71 .686 13.62 .687 13.63 
.954 14.39 1.073 14.64 .861 14.15 

1.117 15.02 1.218 14.72 1.035 14.28 
1.287 15.11 1.409 15.21 1.223 14.65 
1.478 15.72 1.562 15.23 1.400 14.89 
1.631 15.87 1.760 15.75 1.577 15.46 
1.904 16.37 1.952 16.11 1.853 15.92 
2.180 16.82 2.203 16.52 2.123 16.39 
2 .496 17.17 2.427 16.62 2.424 16.57 
2.907 17.65 2,753 17.04 2.743 17.12 
3.172 17.92 3.054 17.53 3.094 17.27 
3.502 18.14 3.468 18.04 3,459 17.60 
3.874 18.34 3.816 18.09 3.796 18.00 
4.955 18.82 4.833 18.58 4.887 18.63 
6.054 18.92 5.900 18.94 5.925 19.09 
7,436 19.22 7.339 19.11 7.357 19.13 
9.172 19.33 9,167 19.26 9.122 19.39 

11.026 19.47 10.890 19.41 10.852 19.46 
13. 790 19.52 12.644 19.45 12. 723 19.46 
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Fig. 1. Smooth and Rough Wall Velocity Profiles. 
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Fig, 4. Waves, Mill Cutter, Plexiglas Wave Form. 
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Fig. 8. Reference Pitot-Static Tube, 
Profile Pitot-Static Probe and 
Two-Wire Probe. 
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Fig . 12 . Photographs of visualization study , Wave A. 

Fig . 13 . Photographs of visualization study, Wave C. 
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