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Abstract 

An extensive study of pipe flow with small surface grooves, or riblets, has been 

conducted in an attempt to elucidate the mechanism which causes drag reduction in 

turbulent flow. The effect of the small surface structures was investigated from several 

perspectives, beginning with measurements of friction factor in smooth and riblet-lined 

pipes over a wide range of Reynolds numbers utilizing laboratory and field 

experiments. A complementary theoretical analysis of laminar pipe flow with blade-

type riblets was followed by a detailed comparison of turbulence structure in a low 

Reynolds number turbulent pipe flow over a smooth and a drag-reducing riblet surface. 

Careful measurements of friction factor provided unambiguous confirmation of drag 

reduction in turbulent pipe flow with properly sized riblets. A significant amount of 

drag reduction occurs even at very small non-dimensional heights. Field applications 

of riblets may result in even higher levels of drag reduction since, at high Reynolds 

numbers, even honed pipe walls are no longer hydraulically smooth. 

Consideration of viscous effects stressed the importance of knowing the effective 

diameter when making statements about friction losses in ribbed pipes. Furthermore, 

scaling parameters based on longitudinal and cross-flow viscous protrusion heights have 

been deduced which result in an almost universal drag reducing curve for riblets. 

Using X-wire anemometry techniques, turbulent statistics along with detailed radial 

and azimuthal space-correlations of all three velocity components and turbulent shear 

stress over a smooth and riblet-covered pipe wall were obtained at Re. z 5500. New 

measurements of length scales confirm the existence of intense vortex structures in the 

near-wall region with a characteristic dimension, perpendicular to the vortex core, of 

less than 20 wall units. Comparative measurements established that riblets inhibit the 

induction of lateral flow near the surface, thus hindering the ability, of convecting 

vortices to provoke focused eruptions of the surface shear layer. Specifically, vortex 

induced cross-flow above the rib peaks creates secondary vorticity of the opposite sense 

within the rib valley, which tends to weaken any surface layer eruptions. Numerous 

single-point statistics and two-point space correlations provide support for this drag 

reduction mechanism. 
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Chapter 1 

Introduction 

1.1 Viscous drag reduction with riblets 

The rather intriguing concept that a rough surface consisting of streamwise grooves, 

or riblets, can reduce friction drag in turbulent wall-flows has aroused considerable 

interest over the past decade. In considering the total or profile drag of an object 

moving through a fluid, it was well known that by deliberately disturbing a laminar 

boundary layer to make it turbulent, the form or pressure drag component can be 

reduced. Using roughness to initiate the laminar-to-turbulent transition, the flow 

separation, which causes an energy dissipating wake behind the body, can be delayed to 

produce a smaller wake and thus less drag. However, when considering the other 

component of the total drag, the skin friction or viscous drag, it was believed that a 

smooth surface resulted in the least resistance for a turbulent boundary layer or pipe 

flow. Indeed, the experiments of Nikuradse (1932, 1933) had demonstrated that sand 

of a definite grain size glued to the inside wall of circular pipes resulted in a frictional 

resistance larger than that of a smooth surface. For flow through a straight smooth 

pipe, the entire drag is due to skin friction which manifests itself as a loss of pressure 

in the direction of flow. In light of Nikuradse's experiments, it seemed almost 

inconceivable that this loss of pressure could be reduced by roughening the pipe surface 

or increasing the surface area through extended surfaces. Nevertheless, the results of a 

resurgence in turbulent boundary layer structure research changed this notion. 
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Although the idea that longitudinal fins might modify the near-wall turbulence 

structure had been proposed much earlier, it was not until Walsh & Weinstein (1978) 

reported reductions with direct drag measurements that the concept was demonstrated. 

Since then, a significant number of independent measurements have confirmed that 

flow over properly sized riblets undoubtedly exhibits up to 10% less drag compared to 

the same flow over a smooth surface. Several different geometrical riblet shapes for 

which various levels of drag reduction have been measured are shown in figure 1.1. 

FIGURE 1.1. Various drag-reducing riblet shapes. 

A unique feature of these surfaces is that they all reduce skin friction despite the 

substantially increased wetted surface area, but only when the non-dimensional height 

h is in the range 1-30 (the parameter h can also be thought of as a local Reynolds 

number based on the rib height h and the friction velocity u; i.e.' = h u / v). 

Furthermore, the aspect ratio h/s of the ribs (where s is the spanwise rib spacing), the 

sharpness of the rib peaks, and the riblet profile are all important parameters which 

affect the level of drag reduction and the range in which it occurs. 
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In an attempt to gain an understanding of the underlying physical mechanisms 

responsible for the observed drag reduction, several investigations of the turbulent 

structure over such riblets had already been conducted by the time the present study 

was initiated. However, a clear picture of the differences between turbulence structure 

over smooth and riblet surfaces had not yet emerged. In the mean time, the salient 

features of turbulence statistics and flow structures over riblets have been ascertained 

through numerous further studies utilizing hot-wire anemometry, laser-Doppler 

anemometry (LDA), flow visualization techniques and, recently, direct numerical 

simulations (DNS). Based on these new findings and the analysis of longitudinal and 

transverse viscous flow over riblets, certain plausible explanations of the basic drag 

reduction mechanism have been proposed. 

The proposed mechanisms have to some degree captured the symptoms or effects of 

riblets and identified that transverse velocity fluctuations and vortex interactions likely 

play a key role in the drag-reducing mechanism. However, in the attempt to associate 

riblet drag reduction with a specific dynamical process, strong experimental evidence 

for the conjectures has typically been lacking. Although significant progress has been 

made during the past decade towards the establishment of cause-and-effect relationships 

for the observed flow behavior in the near-wall region of turbulent flows over smooth 

surfaces, this new information has not been fully exploited in the effort to determine 

the riblet drag reduction mechanism. Furthermore, proper scaling parameters leading 

to a universal riblet drag reduction curve have not been found, despite the fact that 

some explanations for the effects of aspect ratio, shape and rib sharpness have been 

offered. Evidently, additional insight into the near-wall dynamical processes which are 

directly responsible for riblet drag reduction is needed. 
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1.2 Scope of the Study 

The intent of the present study is to provide a debi1ed account of drag reduction 

with riblets in turbulent pipe flow. Emphasis is placed on conducting relatively simple 

but precise experiments to compare the flow structure over smooth and riblet surfaces. 

Then, in light of the experimental evidence, theoretical and analytical concepts are 

applied in an attempt to elucidate the drag reduction mechanism. 

Specifically, the effectiveness of riblet drag reduction and scaling of riblet 

dimensions over a wide range of Reynolds numbers is investigated. The application of 

riblets towards very high Reynolds number flows in high pressure gas transmission 

systems is also considered experimentally, which is of particular interest for industry. 

The present study also attempts to provide much needed information about the 

turbulence structure in pipe flow with and without optimum drag-reducing riblets. 

Considering the vast amount of interest which riblets have generated, there is a definite 

lack of turbulence structure information for pipe flows. To date, only four studies of 

turbulent flow in ribbed pipes have been reported (Nitschke 1983; Liu et al. 1989/90; 

Rohr et al. 1989; Nakao 1991) and of these, only Nitschke (1983) has measured any 

turbulence quantities. Only the streamwise velocity component was measured in ribbed 

pipes with very little drag reduction, due to the riblet geometry. In the present study, 

measurements of azimuthal and radial correlations for all three velocity components and 

turbulent shear stress in the near-wall region are made possible by the increased spatial 

resolution of a judiciously chosen low Reynolds number turbulent flow. As such, 

important information regarding length scales is provided—length scales which have not 

been measured even for smooth-plate boundary layers. Ultimately, in particular for gas 

flows, information contributing to the understanding of the riblet drag-reducing 

mechanism will hopefully lead to the development of better ways of reducing drag. 
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1.3 Dissertation Format 

The contents of each major section in this dissertation are briefly summarized. 

BACKGROUND AND LITERATURE REvIEw: Some basic turbulent pipe flow concepts are 

covered, followed by a synopsis of several viscous drag reduction methods. After 

tracing the genesis of riblets, findings from direct drag and turbulence structure 

measurements which pertain specifically to the issue of drag reducing mechanisms are 

deliberated. Finally, some existing ideas of how rib structures might reduce drag are 

considered. 

FRICTION FACTOR MEASUREMENTS: MODERATE REYNOLDS NUMBER IN Am FLOW: 

Experiments conducted over a wide range of Reynolds number (Reb = 1x104 - 2x105) 

with several different riblet surfaces in a split-pipe are described. Particular attention is 

drawn to the accuracy and repeatability of the experimental results and the unique case 

of riblets covering only half of the pipe (longitudinally). 

FRICTION FACTOR MEASUREMENTS: HIGH REYNOLDS NUMBER IN NATURAL GAS FLOW: 

The results of a novel experiment with riblets in a high pressure (6000 kPa) natural gas 

pipeline at relatively high Reynolds number (Reb = 7.5xJO5 - 6.5x 106) are presented. 

CONSIDERATION OF VISCOUS EFFECTS: The hypothesis that turbulent drag reduction 

with riblets is due only to greatly reduced viscous shear stress in the riblet valleys is 

considered by extending an existing analytical solution for laminar pipe flow with 

blade-type riblets. Though it is shown that only an increase in wall shear stress can be 

expected for laminar flow, the examination of viscous effects does provide scaling 

parameters leading to an almost universal drag reducing curve for riblets. 

DRAG REDUCTION MECHANISM IN A Low REYNOLDS NUMBER TURBULENT FLOW: An 

experimental study comparing turbulence structure over a drag-reducing blade riblet 



6 

surface and smooth pipe wall at Reb 5500 is presented. Using single and X-wire 

anemometry techniques, turbulence statistics as well as detailed radial and azimuthal 

space-correlations of all three velocity components and turbulent shear stress in the 

near-wall region were obtained. The results quantitatively confirm that riblets 

primarily interfere with the viscous-inviscid interaction process in the near-wall region. 

In the final chapter, the most important findings of the present study are 

summarized and conclusions concerning the riblet drag reduction mechanism are 

presented. 



7 

Chapter 2 

Background and Literature Review 

The purpose of this chapter is essentially threefold: to present the salient features of 

turbulent flow in smooth and rough pipes; to briefly introduce various viscous drag 

reduction methods and their associated mechanisms; and to review the existing 

experimental data on riblet drag reduction. A basic understanding of the dynamic 

physical processes in the near-wall region of a turbulent pipe flow, along with an 

understanding of other types of viscous drag reduction, provides a sound basis for 

examining the mechanism of riblet drag reduction. 

2.1 Turbulent Pipe Flow 

A few fundamental concepts provide a useful starting point in the discussion of 

turbulent pipe flow. Figure 2.1 compares laminar and turbulent mean streamwise 

velocity profiles for the same flow rate. The much flatter turbulent velocity profile 

with the higher velocity gradient and shear stress at the wall, results from random 

fluctuating vorticity which causes mixing or fluctuations of velocity. At the wall, these 

velocity fluctuations, as well as the mean velocity, must vanish due to the no-slip 

boundary condition there. Thus, in the near-wall region, viscosity plays an important 

role in the dynamics of the fluid motion even in a turbulent flow. 
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FIGURE 2. 1. Comparison of laminar and turbulent velocity profiles in a pipe for the 

same mean velocity (Re. 4000). 

A turbulence-energy balance across the pipe indicates that the wall or inner region' 

is in 'local equilibrium'—indicating that a local balance exists between the processes 

supplying energy to the turbulence and those dissipating or removing it. The core or 

outer region, on the other hand, is characterized by an excess dissipation which 

requires a constant source of energy to sustain the turbulent velocity fluctuations. This 

source is supplied by the mean-flow kinetic energy, which is transferred to the surface 

shear layer by sweep-like events where it is converted into turbulent kinetic energy and 

also into heat through viscous dissipation. The turbulent kinetic energy is in turn 

diffused outward from the wall region towards the core of the pipe. Clearly, a 

mechanism of turbulence regeneration is necessary to introduce vorticity from the wall 

layer into the core region. Smith et al. (1991) have proposed a model of such a 

mechanism for which the hairpin vortex is the key element. It has been demonstrated 

that hairpin vortices not only form near the wall but are also able to generate new 

hairpin vortices, thus providing a self-sustained turbulence production mechanism. 
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2.1.1 Smooth pipes 

The region adjacent to the wall is the most important part of a pipe flow and, 

because of the local equilibrium, its structure is substantially independent of the core 

flow. When the wall is perfectly smooth, there exists a thin layer at the wall, known as 

the viscous sublayer, where the flow is predominantly viscous. This viscous sublayer 

has sometimes been referred to as the laminar sublayer, however the latter term does 

not accurately reflect the large velocity fluctuations which do occur in this region. The 

flow in the wall region, including the viscous sublayer, is characterized by a velocity 

scale termed the friction or shear velocity u, which is expressed in terms of the wall 

shear stress ;: 

14 
-ri;i— (2.1) 

The friction velocity and the kinematic viscosity together form a characteristic length 

scale, or 'viscous wall unit' l, which can be defined as: 

(2.2) 
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FIGURE 2.2. The universal velocity-distribution for smooth pipes. 
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For smooth pipes, it is very useful to develop expressions for the non-dimensional 

friction velocity and viscous wall unit which are functions of only the Reynolds 

number. From the balance of pressure and shear forces on a fluid element in steady, 

fully developed turbulent pipe flow we have 

RdP 

2dx 

and the empirically obtained expression for the pressure gradient is 

dx D2b 

(2.3) 

(2.4) 

Eliminating the pressure gradient term from (2.3) and (2.4) and substituting for r,, in 

(2.1) results in a simple expression for the friction velocity normalized with the bulk 

velocity 

= 
\I8 U,,  

(2.5) 
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Then, by substituting (2.5) into (2.2) and re-arranging, the following expression for the 

ratio of viscous wall unit to pipe diameter is obtained 

D Reb 
(2.6) 

For smooth pipes the friction factor A is a function of only the Reynolds number Reb 

based on the bulk velocity and pipe diameter. Thus plotting equations (2.5) and (2.6) 

with respect to the Reynolds number, it is evident from figure 2.3 that the friction 

velocity remains essentially a constant fraction of the bulk velocity. However, with 

respect to the pipe diameter, the viscous wall unit experiences a logarithmic decrease 

with increasing Reynolds number (see also figure 2.3). This result clearly illustrates 

that, for large Reynolds numbers, the important wall layer events occur within an 

extremely narrow region. Thus, the difficulties encountered in obtaining near-wall 

turbulence measurements for high-Reynolds number flows can be appreciated. 

1 
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FIGuRE 2.3. Friction velocity and viscous wall unit scaling with Reynolds number. 
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2.1.2 Rough-wailed pipes 

Nikuradse's (1933) experiments with sand of a definite grain size glued to the inside 

wall of circular pipes, showed that if the roughness is small enough to be completely 

contained within the viscous sublayer, the frictional resistance is identical to that of a 

perfectly smooth pipe. Such rough pipes are considered to be hydraulically smooth, 

since the friction factor depends only on the Reynolds number. However, if the 

roughness is large enough to protrude partly through the viscous sublayer, an additional 

form drag is experienced by the protrusions. This results in frictional resistance larger 

than that of the smooth surface and the friction factor becomes a function of both 

Reynolds number and the relative roughness k,JR of the protrusions. Finally, when the 

protrusions become so large that they rise completely out of the viscous sublayer, the 

majority of the frictional resistance is due to form drag and the friction factor becomes 

a function of the relative roughness only. In this completely rough regime the viscous 

sublayer really has no importance since it is essentially destroyed by the roughness. 

The measurements of Nikuradse (1933), shown in figure 2.4, indicate that wall 

roughness will always result in frictional losses equal to or greater than those of smooth 

pipes. 41 

4, 

4, 

4, 

FIGuRE 2.4. Frictional resistance in rough pipes (from .Nikuradse 1933). 
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2.2 Synopsis of Viscous Drag Reduction Techniques 

Before considering several viscous drag reduction techniques, which have been 

developed over the past 45 years, it is perhaps worthwhile to briefly mention some 

obvious fundamental limits of viscous drag reduction. It is well known that viscous 

drag cannot be eliminated by providing a very smooth or slippery surface, such as 

Teflon, since the no-slip wall boundary condition remains. If, however, a slip 

condition at the wall could be obtained, the ultimate viscous drag reduction would 

result—no viscous drag! This in fact does occur for very specific conditions in fluids 

such as liquid helium, which exhibits a complete absence of viscosity, or superfluidity, 

at extreme cryogenic temperatures (< 4 K), but this is extraordinary fluid behavior. If 

the bulk viscosity of the fluid cannot be changed, it is generally accepted that for any 

given flow condition, the drag due to laminar flow over a smooth surface would be the 

minimum achievable viscous drag. At present, there is no evidence which would 

indicate that viscous drag in laminar flow can be reduced. 

An understanding of other types of viscous drag reduction can certainly aid in 

discerning the drag mechanism due to riblets. Therefore, a synopsis of several viscous 

drag reduction techniques and the present perception of their associated mechanisms 

follows. The discussion is limited to those techniques which are reported in literature 

and have foreseeable practical applications, with the exception of LEBUs (Large Eddy 

Break-Up devices) which are not as effective as originally anticipated. 

Polymers 

Since Toms (1949) reported that low concentration polymer solutions (1OO wppm) 

can reduce the skin friction drag by up to 70 percent in pipe flows with liquids, many 

experiments have been performed which confirmed the phenomenon. Furthermore, 
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this drag reduction technique has been implemented since 1979 in the Trans Alaskan 

Pipeline with great success, eliminating the need to build two of the originally planned 

twelve pump stations (Motier & Carrier 1989). 

Virk (1975) provides an excellent review of the research on drag reduction by dilute 

solutions of linear, random-coiling macromolecules (molecular weight 4O6) in 

turbulent pipe flow and makes several interesting observations. In the buffer region of 

polymer drag-reducing solutions, the turbulence structure differs significantly from that 

of the Newtonian solvent alone: the axial intensity u' is higher while radial intensity, 

turbulent shear stress, and the u-v correlation coefficient are all lower. This indicates 

that the axial and radial flow fields are decoupled (as seen by a reduction in Reynolds 

shear stress and the reduced u-v correlation coefficient) which reduces the radial 

transport of axial momentum and turbulent kinetic energy. A re-adjustment (i.e. higher 

axial turbulence intensity) of the inner flow region occurs in order to maintain the 

cross-sectional turbulent energy balance, because the core region has essentially the 

same turbulence structure as the Newtonian solvent. Additionally, it seems that the 

polymer molecules interfere with the bursting process since the duration of a turbulent 

burst is of the same order as the relaxation time of the macromolecules. It appears that 

macromolecular extension, due to fluid shear, is the primary mechanism of drag 

reduction as it is the extended molecules which inhibit radial momentum exchange 

(Virk & Wagger 1989). 

Fibers 

McComb & Chan (1985) found that small asbestos fibers (diameter = 0.05 gm; 

length = 1.4 mm), suspended in water, also resulted in drag reductions of up to 70 

percent. From LDA measurements they found that the axial turbulent intensity 

increased, similar to polymer drag-reducing flows, suggesting a similar mechanism of 
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axial and radial flow field decoupling. Fiber drag reduction also lends support to the 

theory that it is the extended macromolecules in polymer flows which are primarily 

responsible for the observed drag reduction. 

Microbubble injection 

This technique involves the injection of gas into a liquid boundary layer to form a 

two-phase bubbly mixture, which results in drag reduction levels similar to that 

obtained with polymers. Once the microbubbles find their way into the near-wall 

region of the boundary layer, they seem to destroy the energy-producing velocity 

fluctuations in the buffer region. Merkle & Deutsch (1990) have provided an excellent 

review article on this subject. 

Compliant walls 

The use of a compliant wall to delay the transition from laminar to turbulent flow in 

liquids has been successful and involves cancellation of the discrete frequency 

Tollmien-Schlichting waves (Carpenter 1990). However, it has not been conclusively 

demonstrated that compliant wall motion could lead to drag reduction in a fully 

turbulent boundary layer, though work is presently underway at DLR in Berlin to 

model the compliant characteristics of shark-scales in an oil channel (Bruse et al. 

1993). For air-flows, it is essentially impossible to construct a compliant wall with 

current technology, owing to the extremely small modulus of elasticity and damping 

required for such flows. 

LEBUs or OLDs 

Large-eddy breakup (LEBU) or outer-layer devices (OLD) consist of small airfoils 

placed in the wake region of the boundary layer (usually 0.5-0.88 from the wall). The 

local skin friction immediately downstream of the device is indeed reduced—through 
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interaction of the device's wake with the near-wall region momentum exchange normal 

to the wall—but there is no evidence of a net drag reduction due to the drag penalty of 

the device itself. Measurements based on velocity profiles seemed to indicate that net 

drag reductions would be attainable but direct device and friction drag measurements 

by Lynn et al. (1989) and others have shown that a net drag reduction is not expected 

for high Reynolds number flows. Additionally, Pollard et al. (1989) have 

demonstrated that such devices show no net drag reduction in fully developed turbulent 

pipe flow. It may, however, be possible to achieve some net drag reduction in low 

Reynolds number flows with much smaller devices placed closer to the wall (Nagib et 

al. 1989). 

Riblets 

Since it was discovered that finely grooved surfaces can provide less skin friction 

resistance in turbulent flow than smooth surfaces, considerable interest in riblets has 

been generated, including the initiation of the present study. In the three sections 

which follow, the genesis of the concept of riblets is traced, findings pertaining 

specifically to the issue of drag-reducing mechanisms are gleaned from the literature 

and some existing ideas of how rib structures might reduce drag are discussed. 

2.3 Origin of Riblets 

The notion that longitudinally grooved surfaces may reduce turbulent skin friction 

developed from three distinct concepts: i) modification of the near-wall structure may 

reduce skin friction; ii) friction is reduced in the corner regions of turbulent flows; and 

iii) fast-swimming sharks have scales whose structure may account for the incredible 

speeds attainable by some species. Each of these concepts contributed to the maturing 
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of riblets as a drag reduction technique—a process which extended over a period of 

more than ten years. 

Modification of near-wall structure 

Compared with isotropic turbulence, the near-wall region of turbulent wall-flows 

appears not to be purely stochastic. This was already noticed by Prandtl (1925) who 

based his mixing-length theory on observations of fluid motion, in particular the 

"FlUssigkeitsballen" (fluid balls or eddies) near the wall. Perhaps the first idea that 

such coherent turbulent structures in the near wall region might be modified to reduce 

skin friction was reported by Kramer (1939). In a 1937 German patent application, 

Kramer described a concept involving suspended streamwise wires which would shield 

the wall region from the outer turbulent fluctuations, however no data were reported. 

This basic idea was not pursued until somewhat later when a similar concept emerged 

out of a renaissance of boundary layer structure research, which began with 

Theodorsen's (1952) observation of horseshoe-like vortical structures in a turbulent 

boundary layer. Subsequent flow visualization studies (Kline & Runstadler 1959; 

Runstadler et al. 1963; Kline et al. 1967) indicated that the near-wall region of the 

turbulent boundary layer consisted of low- and high-speed regions of fluid which 

extended for up to 1000 wall units in the streamwise direction and had a mean spanwise 

spacing of about 100 wall units. The low-speed regions, or streaks, were observed to 

grow in the streamwise direction, oscillate and then lift off the surface, resulting in a 

substantial generation of Reynolds shear stress. The distance from the wall at which 

these eruptions occurred coincided approximately with the region where Reynolds shear 

stress production was a maximum. An exploratory study to constrain the low-speed 

streaks was carried out by Liu et al. (1966) using small longitudinal fins ranging from 

45-110 wall units in height with spacing of 190-370 wall units. The frequency of low-

speed streak eruptions appeared to be reduced, but perhaps not enough to give 
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significant overall drag reduction. Although the fins were too large to be drag 

reducing, the discovery that the low-speed streak behavior could be modified was one 

of the important findings which led to further experiments with smaller rib sizes which 

in fact do reduce the skin friction. 

Reduced friction in corner flows 

In the context of drag reduction in gas transmission pipelines, Bath (1968) 

performed a theoretical analysis of flow at the intersection of two perpendicular planes 

which utilized velocity profile data from turbulent flow in triangular and rectangular 

ducts (Nikuradse 1926; Nikuradse 1930; Leutheusser 1963). He determined that small 

strearnwise fins of approximately 20 to 40 wall units in height, with an aspect ratio h/s 

of one to six, might be used to achieve significant drag reduction. It is rather 

remarkable that an attempt to exploit the low levels of skin friction in corner flows 

resulted in a suggestion of fins of almost proper drag-reducing dimensions. This 

suggestion was pursued in an experimental study by Kennedy et al. (1973), who 

claimed that ribs of the dimensionless height suggested by Bath (1968) were tested in a 

boundary layer flow. However, their drag balance measurements only showed skin 

friction increases when compared to a smooth surface. A closer inspection of their 

work shows that the height of the fins they tested were actually three to six times that 

of the dimensionless fin height suggested by Bath (1968). Thus, they did not measure 

any net drag reduction since the fins were of height 60 to 140 wall units—similar in 

size to those of the study by Liu et al. (1966)—and not around 20 wall units as 

suggested by Bath (1968). Unfortunately, Kennedy et al. (1973) omitted a 

gravitational conversion constant when calculating the actual fin dimension; the same 

error made by Bath (1968) in an illustrative design calculation. This oversight delayed 

progress in riblet drag reduction and it was not until a study at NASA Langley by 
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Walsh & Weinstein (1978) that fins of approximately the size prescribed by Bath 

(1968) were tested in a flat plate boundary layer flow. 

Biological observations of shark skin 

Research in Germany progressed along a somewhat different vein as scientists 

studying the biology of sharks discovered peculiarly shaped scales on the skin of fast 

swimming specimens. The suggestion followed that the rib-like scale shape may 

reduce skin friction drag and estimates of the non-dimensional height and spacing of 

these structures were provided. Based on this information, an experimental study of 

pipe flow with ribs was undertaken at the Max-Planck-Jnstitut by Nitschke (1983). 

Only small amounts of drag reduction (3 %) were found with fairly large scatter in the 

measurements. Due to manufacturing limitations, the riblet profiles consisted of ribs 

with rounded peaks which accounted for the low levels of measured drag reduction. 

Later, Bechert (1987) measured drag reductions of about six percent in a flat-plate 

boundary layer flow with three dimensional riblets which were geometrically similar to 

structures found on shark scales. 

Summarizing, the notion that very small grooves or riblets may reduce skin friction 

developed from three different concepts which led to a common conclusion: the riblets 

should have dimensions smaller than the low-speed streak spacing in the near-wall 

region of the boundary layer. Once direct drag measurements confirmed that riblets 

reduce viscous drag, various geometrical shapes were tested to determine an optimum 

riblet geometry and numerous investigations of the turbulence structure over riblets 

were conducted. In the next section, the important parameters governing riblet drag 

reduction are identified and the influence of riblets on turbulence structure is examined. 
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2.4 Survey of Available Riblet Data 

A comprehensive review of riblet research has been provided by Walsh (1990) in 

which all available riblet data was evaluated. No attempt to summarize the material 

presented in that extensive review will be made here. Rather, in what follows, 

particular findings pertaining specifically to the issue of drag reducing mechanisms will 

be deliberated. 

2.4.1 Direct drag and friction factor measurements 

Measurements obtained with drag-balances in flat-plate and channel flows and 

pressure drop measurements in pipe flows have determined that riblets reduce drag in 

the turbulent regime when the non-dimensional rib height h is in the range 1-30. This 

scaling has been confirmed for various geometrical shapes over a wide range of 

Reynolds numbers. Furthermore, the aspect ratio h/s of the ribs, the sharpness of the 

rib peaks, and the riblet profile are all important parameters which affect the level of 

drag reduction and the range in which it occurs. In particular, ribs with sharp peaks 

result in higher levels of drag reduction than those with rounded peaks and triangular 

shaped riblets, with an aspect ratio close to unity, provide drag reduction over a wider 

range of h than blade riblets of the same height and spacing. If the ribs are imbedded 

deep within the viscous sublayer (h+ < 1) neither an increase nor decrease in drag 

occurs, while for riblet heights greater than 30 wall units (or considerably less for low 

aspect ratios and blade or scalloped riblets) a drag increase is always observed. The 

presence of an optimal riblet height within these two extremes is perceived to be a 

significant factor in the determination of the drag-reduction mechanism So far, the 

maximum drag reduction obtained is about 10 % using very thin blade-type riblets; the 

reader is referred to a paper by Bruse et al. (1993) for an experimental study of riblet 

optimization and other novel drag-reducing surfaces. 
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All drag reduction measurements with riblets in pipe flow are summarized in figure 

2.5. Surprisingly, ribs of identical shape but different size result in dissimilar drag 

reduction curves. This may be due to the ambiguity in defining the diameter of the 

ribbed pipe, which occurs to the fifth power in the friction factor expression. The 

pipes tested by Nitschke (1983) had relatively large rounded ribs (hID = 0.012) 

resulting in a ±3% variation in friction factor depending on the definition of pipe 

diameter. Liu et al. (1990) used considerably smaller riblets (hID = 0.00225-0.0045) 

but the pressure tap holes within the ribbed pipe were altered until a linear pressure 

gradient was measured. Using a small split pipe with several accessible pressure taps, 

Rohr et al. (1989) compared the results from a linear pressure gradient in both smooth 

and ribbed pipes, however the relatively large ribs (hID = 0.006-0.012) again resulted 

in ambiguity of the effective pipe diameter. Lastly, Nakao (1991) tested fairly large 

ribs (hID = 0.008-0.017) without considering the effects of effective pipe diameter and 

did not locate any pressure taps within the riblet test pipe. The uncertainty associated 

with each of these measurements was the impetus for careful measurements of friction 

factor in air flow with hID < 0.0016 which were undertaken in the present study. 
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FIGuRE 2.5. Summary of drag reduction measurements with riblets in pipe flow. 
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2.4.2 Turbulence structure 

In an attempt to gain an understanding of the underlying physical mechanisms 

responsible for riblet drag reduction, numerous studies of the turbulence structure over 

riblets have been conducted. Flow parameters and other pertinent details of these 

investigations are summarized in table 2.1. Evidently, various flow visualization and 

velocity measurement techniques have been utilized to determine turbulence statistics 

and flow structures over riblets, primarily in flat-plate boundary layer flows. Various 

findings from theses studies will be emphasized here. Due to the lack of detailed 

statistics for pipe flow, observations from flat-plate and channel flow investigations will 

be considered since the physical processes in the near-wall region of all three types of 

flow are expected to be similar. 

When plotted in wail coordinates, the mean streamwise velocity profile over a riblet 

surface has essentially the same shape as over a smooth wall, although the profile is 

shifted upward. The magnitude of this shift depends on whether the rib valley, peak or 

some intermediate position is chosen as the origin. Nevertheless, drag-reducing ribs 

appear to thicken the viscous sublayer displacing the velocity profile upwards. 

Turbulence statistics measured over riblet surfaces have been found to differ from 

those over smooth surfaces. When scaled with outer variables, such as the bulk, 

center-line or free-stream velocity, the maximum streamwise turbulence intensity is 

reduced by as much as 10%, depending on the level of drag reduction. Recent findings 

indicate that the transverse intensity, which is believed to play a key role in the drag-

reducing mechanism, and the normal intensity are likewise reduced (Suzuki & Kasagi 

1993; Chu & Karniadakis 1993). Vukoslavcevic et al. (1987) found an increase in 

both the skewness factor u3 I u'3 and flatness factor U4 I u'4 of the streamwise velocity 

fluctuations within the grooves of the ribs, indicating that sweeps, or penetrations of 

fluid from higher up in the flow, occur less frequently over the groove valley. 



Experimental studies 

Source 

Type of Flow ReO,Reb 
or ReH 

h Fluid Flow 

visualization U U' 

Turbulence Statistics Measurement 

V' W' UV other technique 

1. Walsh (1982) flat plate 867- 3900 5-50 air - ' " I - 
- hot-wire 

2. Nitschke (1983) pipe 8000 - 45000 4-50 air - " " - - - - hot-wire 
3. Hooshmand et at (1983) flat plate 3660 12 air smoke wire " V' - - - 

- hot-wire 
4. Gallagher & Thomas (1984) flat plate 750 - 1850 15 water hydrogen bubble/ 

dye injection 
" - - - - u' correlations hot-film 

5. Bacher & Smith (1985) flat plate 900 - 1300 15 water hydrogen bubble! 
dye injection 

( - - 
- skewnessfl'atness hot-film 

6. Hooshmand (1985) flat plate 3600 11 air smoke wire " ' vorticity, etc. hot-wire 
7. Coustols et at (1987) flat plate 2500 7-23 air - " " ',' 

I V , hot-wire 
8. Djenidi et at (1987) flat plate 630 15 water dye injection I I Vt - - 

- LDA 
9. Vukoslavcevio et al. (1987) flat plate 1000 17 air - 

I " - - 
- skewness/flatness hot-wire 

10. Pulles (1988), Pulles et al. (1989) flat plate 650 - 1300 8-14 air smoke wire V I I - I 
- hot-wire 

flat plate 257 - 700 6-16 water hydrogen bubble I I 1 - 1 
- LDA 

11. Reidy & Anderson (1988) flat plate 5000 13 water - I I - - - 
- LDA 

12. Choi (1989) flat plate 4600 13 & 26 air smoke wire " " " - - - hot-wire 
13. Benhalilou et al. (1991) flat plate 300 15 water - 

I I I 1 - 
- LDA 

14. Bruse et al. (1993) channel 5000-33000 0-30 oil - - - - - - - direct drag 
15. Park & Wallace (1993) flat plate 1200 14 air - 

1 " 1 
- hot-wire 

16. Suzuki & Kasagi (1993) channel 6000&14000 9&20 water Particle Tracking ' ' I I I 
- 3D-PTV 

Velocinietry 

Direct Numerical Simulations 

Source Type of Flow ReH h+ U u' v' w' uv 

17. 
18. 

Chu & Karniadakis (1991,1993) 
Choi et at (1992) 

channel 
channel 

3500 18 1 1 1 1 1 

TABLE 2.1. Detailed investigations of turbulent flow over riblets as reported in the literature. 
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The bursting process, which is the ejection of a low-speed streak from the near-wall 

region into the outer region of the boundary layer, plays a dominant role in the 

momentum exchange normal to the wall and in the generation of turbulent shear stress. 

Thus, several attempts have been made to measure the burst frequency utilizing VITA 

(Variable-Interval Time Average) techniques. The results are inconclusive. For 

example, Hooshmand et al. (1983) and Pulles (1988) found that burst frequency 

increased, Gallagher & Thomas (1984) and Savill (1987) found it was reduced, while 

Walsh (1982) and Bacher & Smith (1985) found no change. Gallagher & Thomas 

(1984) have pointed out that VITA burst detection techniques depend on digitization 

rate, integration time, record length, probe size and location, and threshold levels: 

these factors likely account for the disparity in the measurements. Spanwise 

correlations of the streamwise velocity have also produced conflicting results 

(Gallagher & Thomas 1984; Pulles 1988), although it is commonly believed that 

correlations are better indicators of the turbulence structure than conditional averaged 

techniques because threshold levels are not involved. More correlation data are needed 

to determine the influence of riblets on turbulence structure. 

Lastly, the analysis of basic flow patterns using flow visualizations showed that the 

lateral movement and spreading of low-speed streaks is dampened (Bacher & Smith 

1985; Djenidi et al. 1987) and the flow in the valleys of the riblet grooves is extremely 

slow-moving. The outer flow structures remain essentially unchanged (Hooshmand 

1985; Pulles 1988). All of these observations confirm that riblets indeed modify the 

turbulence structure near the wall and reduce skin friction; however, they fall to 

identify the specific dynamical processes which are being altered or affected. 
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2.5 Existing Concepts of Riblet Drag Reduction 

From the more detailed measurements and comparisons of turbulence structure over 

riblets and smooth surfaces, a few physical explanations for riblet drag reduction have 

emerged. These concepts of drag reduction mechanisms are summarized in the 

following discussion. 

A basic idea of how rib structures might reduce drag was originally put forth by 

Bechert et al. (1986) and Bechert & Bartenwerfer (1989) and later refined (Bechert et 

al. 1990; Bruse et al. 1993). Their idea utilizes the viscous flow concept of a 

protrusion height to explain why cross-flow fluctuations should be attenuated. The 

protrusion height is defined as the distance between the rib tip and the apparent (or 

average) origin of a viscous shear flow velocity profile over the ribbed surface. 

Protrusion heights for both longitudinal and cross-flow are defined in figure 2.6. The 

theoretical calculations of longitudinal protrusion height h1 for various riblet profiles 

presented by Bechert & Bartenwerfer (1989), were later repeated and extended to 

include the cross-flow protrusion height h., (Luchini et al. 1991). These results 

indicate that it is the difference A between the longitudinal and cross-flow protrusion 

heights which is important. Specifically, Bruse et al. (1993) argue that since the cross-

flow protrusion height is always closer to the riblet tip, a three-dimensional disturbance 

above the riblet surface would experience higher shear stress in the cross-flow 

direction, thus reducing cross-flow fluctuations and, consequently, shear stress. This 

explanation appears to be physically sound and suggests the approximate scaling of 

drag reduction with 4h/s which is observed. Still, it is somewhat incomplete in the 

sense that it does not address the issue of cause-and-effect interaction with specific 

near-wall structures; an essential matter if one hopes to develop better ways of reducing 

drag. 
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FIGURE 2.6. Viscous longitudinal and cross-flow protrusion heights of a ribbed surface. 

Another explanation suggests that the observed drag reduction is due only to the 

low-speed region inside the valley of the riblets and, as such, drag reduction in laminar 

flow over riblets should also be expected (Djenidi et al. 1989). It is assumed that the 

local skin friction reduction in the valleys more than accounts for the increased wetted 

area and increased shear stress at the riblet peaks. For turbulent flow, properly sized 

riblets undoubtedly reduce the average shear stress over the surface, however, the 

sensitivity of the drag reduction level and range to riblet spacing and peak curvature 

would suggest that viscous effects alone cannot account for the observed drag 

reduction. Nevertheless, the conjecture of drag reduction in laminar flow will be 

investigated more thoroughly in the present study by exploring an existing analytical 

solution for laminar flow with blade-type riblets (Soliman & Feingold 1977). Two 

numerical studies of laminar channel flow with riblets have concluded that ribbed 

surfaces will always increase drag (Launder & Li 1989; Choi et al. 1991), though 

neither of these investigations have addressed the issue of protrusion height and the role 

it plays in determining the friction factor. Clearly, a more fundamental examination of 

all the issues is required. 
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A few models of riblet interaction with near-wall structures have been proposed. 

Choi (1989) has suggested a conceptual model for the near-wall region which involves 

the sweep of high momentum fluid toward the wall surface' between pairs of merging 

counter-rotating longitudinal vortices. Supposedly, the riblets would impede the lateral 

movement of the longitudinal vortices during the near-wall sweep, leading to a pre-

mature sweep of reduced duration and intensity; exactly how this process would occur 

has not been elucidated. Furthermore, the proposed mechanism relies on the 

implication that longitudinal vortices near the wall surface are essentially paired, even 

though experimental evidence in support of this inference is lacking. 

Recently, a more fundamental influence of riblets on boundary layer structures has 

been suggested. Smith et al. (1991) reason that a likely effect of restricted lateral 

movement in the surface flow, due to riblets, is the less effective generation of local 

vorticity concentrations. Such concentrations are necessary for the formation of fluid 

eruptions near the surface and result from the imposed pressure gradient due to 

convecting hairpin vortices. Additional detailed turbulence measurements over riblet 

surfaces, which could confirm this mechanism, have not yet been acquired. 

In light of the previous discussion it is evident that the physical explanation for 

riblet drag reduction is not yet complete, though it certainly appears that vortex 

interactions are at the root of the riblet drag-reducing mechanism and further 

investigation of such concepts is warranted. 

1 Choi (1989) has used the term near-wall burst to describe this event which is commonly known as a 

sweep event (Wallace et al. 1972; Willmarth & Lu 1972); a burst is usually associated with several 

ejections from a low speed streak. 
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Chapter 3 

Friction Factor Measurements: 
Moderate Reynolds Number in Air Flow 

A carefully designed experiment to accurately measure the friction factor in smooth and 

riblet-lined pipes was conducted in order to resolve uncertainties associated with 

previous pipe flow measurements. By paying close attention to experimental details 

related to flow metering and pressure taps, repeatability in the friction factor 

measurements of better than ±0.2 % was achieved. In addition, the selection of very 

small riblets, relative to the pipe diameter, essentially eliminated any ambiguity in 

determining the effective pipe diameter. Details of the experimental apparatus, 

measurement techniques and the results of tests with two smooth pipes and four riblet-

lined pipes over a wide Reynolds number range (lx 1O - 2x105) are presented in this 

chapter. 

3.1 Apparatus and Measurement Techniques 

All experiments reported in this chapter were carried out in the Fluid Dynamics 

Laboratory at the Novacor Research & Technology Center. A special piping apparatus 

was designed and built for this study which utilized the existing air mover and the 

calibrated sonic nozzles which had been used in on-going acoustic and fluid dynamic 

research at the facility. 
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Scanivalve 
Fluid Switch 

Inlet Filter 
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FLOW— 
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Flow Metering Section 

-25D 77D 
Interchangeable Test Pipe 

Sonic Nozzles 

1O.5D 

Roots 
Blower 

FIGuRE 3.1. Schematic of open-loop apparatus with interchangeable test pipes. 

3.1.1 Test facility 

The apparatus consisted of an adaptable test section, a flow metering section, and a 

Roots blower as shown schematically in figure 3.1. Still air from the 1000 m3 

laboratory was drawn into the test section through an inlet filter followed by a 

perforated plate to promote flow development. The perforated plate had 4.5 mm 

diameter holes on 6.5 mm centers (porosity = 44 %) and spanned the entire pipe cross-

section. 

The test section consisted of aluminum piping with an internal diameter of 95.45 

mm and a honed surface finish of better than R0 = 0.5 gm (relative roughness EID = 

0.000005). A flow development section of 2.375 m in length was followed by the 

interchangeable test pipe (7.316 in long), and a downstream spool piece of 1.000 m in 

length. Special split-ring flange joints resulted in concentric alignment between the 

internal wall surfaces of the pipes of better than 50 gm. Three test pipes of length 
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7.316 m were built. Each consisted of the honed aluminum piping with eight sets of 

pressure taps located along the pipe length. For two of these pipes, small blocks 

(bosses) were welded every 250 mm along opposing sides of the pipe. These bosses 

were drilled and tapped before the entire pipe was split longitudinally through the 

drilled and tapped bosses, which then allowed the pipe to be clamped back together. 

Two solid aluminum gaskets with an 0-ring groove were glued to one half of each 

split-pipe to make up the material removed by slitting. The split pipes allowed surface 

modifications, primarily in the form of thin riblet sheets, to be applied with relative 

ease and also allowed access to the pressure tap holes. The remaining unsplit pipe 

served as the reference smooth pipe. 

Following the test section was either a single or parallel flow metering section. 

Each meter run with the respective metering section consisted of a single perforated 

plate, 21 pipe diameters of smooth plastic pipe, and a sonic nozzle. The parallel 

metering section not only significantly extended the flow operating range of the 

experiment but also allowed various combinations of nozzles, thus increasing the 

number of discrete flow rates which could be obtained using eleven individual nozzles. 

Although the use of sonic nozzles restricts the experiment to discrete flow rates, this 

limitation is far outweighed by the quiescent flow obtained by placing the choked 

nozzle between the test section and the blower. Effectively isolating the test section 

from any flow or pressure fluctuations induced by the blower enables precise 

measurements of pressure drop along the pipe axis to be made with a high degree of 

repeatability. Calibration of the sonic nozzles was carried out by an outside agency 

(CEESI) using secondary standard nozzles which had been calibrated against a primary 

standard (gravimetric facility). With this arrangement the flow rate could be 

determined with an absolute accuracy of about ±0.5 %. 
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3.1.2 Instrumentation and data analysis 

A minimal amount of instrumentation was required to measure pressure drop along 

the test pipe and mass flow rate through the sonic nozzle in order to determine the 

friction factor. Each of the eight sets of pressure taps, located along the test pipes, 

consisted of four equally spaced circumferential taps forming a Triple-T connection 

which provides a true average of the pressure at a particular cross-section (Blake 1976). 

Triple-T reference taps were also located 500 mm upstream and downstream of the test 

pipe in the flow development and downstream spool pieces, respectively. Gauge lines 

consisting of 1/8" (3.175 mm) vinyl tubing connected each Triple-T to a Scanivalve 

fluid switch wafer. This fluid switch wafer is essentially a twelve-pole, single-throw 

fluid switch which allows one precision transducer to be used to make all the pressure 

drop measurements. Connected to the collector port of the fluid switch was a 

capacitance-type Datametrics Barocel 590 pressure transducer with a full scale range of 

0-1000 Pa differential and a quoted accuracy of 0.05 % of reading. 

Mass flow rate through the choked nozzle was determined by measuring the static 

pressure and temperature one pipe diameter upstream of the nozzle and utilizing the 

nozzle calibration data. The pressure tap one pipe diameter upstream of the nozzle was 

also connected to the fluid switch and pressure transducer arrangement described 

above. Temperature was measured with a mercury thermometer (0-50°C with 0.10 

divisions) mounted inside the pipe. Density was calculated from the ideal gas law. 

The friction factor could be determined using the following expression 

AP  P% 

8Lñz2 
(3.1) 
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where the basic uncertainty for each measured parameter is listed in table 3.1. Friction 

velocity was determined from 

fDeff AP 

\I4pL 
(3.2) 

The effective diameter for the riblet-lined pipes was defined as the diameter equivalent 

to a perfectly round smooth pipe having the same cross-sectional area. By measuring 

the volume of water necessary to fill the test pipe, an average cross-sectional area could 

be determined with a high degree of accuracy. 

Parameter Absolute Uncertainty Relative Uncertainty % 

L 0.5 mm 0.01-0.03 

D eff 25 gm 0.05 

4P 0.1 Pa 0.01-5.0 

th - 0.5 

P - 0.1 

TABLE 3.1. Uncertainty of basic measurement parameters for friction factor analysis. 

Applying a Constant-Odds uncertainty analysis (Kline & McClintock 1953) to (3.1) 

2 1/2 

=   +   + 1 + 1Y + (L 2l (3.3) 
' AP  Deff ) L) ih) P)j 

and using the values from table 3.1, a maximum relative uncertainty in the measured 

friction factor 2 of about 1.1 % can be expected over most of the Reynolds number 

range. The major contribution to this error is the flow rate measurement uncertainty, 

which is the same for all flow rates, followed by the error in pressure drop 
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measurement. At very low flow rates the error in pressure drop measurement increases 

because the background acoustical noise and the electrical noise of the pressure 

transducer become significant when compared with the very small pressure drop signal. 

However, to detect drag reduction within a particular apparatus, the precision error is 

more important than relative uncertainty since fixed (bias) errors likely remain 

constant. From the measurements, the repeatability of the measured friction factor was 

found to be better than 0.2% over almost the entire Reynolds number range. 

A PC computer program using LabWindows C language libraries was written to 

automatically acquire the signal from the pressure transducer and advance the fluid 

switch. This was accomplished using a TransEra Modular Data Acquisition System 

(MDAS) with a 16 bit AID converter and TTL outputs. The pressure at each tap was 

monitored for five seconds, proceeding in a sequential manner starting at the upstream 

tap. From these average pressures, the pressure gradient along the test pipe was 

determined, and having also calculated the mass flow rate, the friction factor was 

obtained. 

All the measurements presented in the following section were made with the 

parallel nozzle metering section. Because this metering technique utilizes a 45° 

dividing tee upstream of the individual nozzle meter runs, it was suspected that the 

dividing flow could perhaps induce unsteadiness into the system which in turn could 

affect both the flow rate and pressure drop measurements. Thus, a comparison of the 

measured smooth pipe friction factor using the parallel metering section and the single 

meter run was made in the Reynolds number range (1x104-1x105) where either section 

could be used. The difference in friction factor over the entire Reynolds number range 

was within the 0.2 % repeatability of the measurements, indicating that the dividing tee 

did not affect the flow. This test also confirmed the excellent repeatability of the 

measurements. 



34 

3.2 Experiments with Smooth and Riblet Surfaces 

Measurements of friction factor in the lower range of non-dimensional riblet heights 

(1 < h < 15) were performed for scalloped-type riblets and two sizes of triangular 

ribs and compared with a smooth pipe benchmark. In addition, a test with triangular 

riblets covering only half of the pipe surface was also conducted. The results are 

reported in this section. 

3.2.1 Smooth pipe benchmark 

In order to make proper comparisons of friction measurements a smooth pipe 

benchmark is needed. Thus, the smooth unsplit reference pipe was first tested. A 

typical axial pressure profile obtained from the measurements is shown in figure 3.2, in 

which the first tap was located 35 pipe diameters from the pipe inlet. From figure 3.2 

it is evident that a linear pressure gradient exists in the test pipe indicating fully 

developed flow. Friction factor measurements from this pipe were used as a 

benchmark. Next, one of the smooth split pipes was tested and compared to the 

reference pipe. The results, shown in figure 3.3, indicate quite clearly that the splitting 

of the pipe, and subsequent rejoining with a solid gasket to make up the material 

removed in slitting, had no effect on the measured smooth pipe friction factor. This 

test provided satisfactory evidence that any effect measured in a split pipe modified by 

the application of thin riblet sheets would result directly from the surface modification 

and would not be due to inherent differences between the split pipe and the unsplit 

benchmark pipe. Also shown in figure 3.3 is Prandtl's universal law of friction and the 

Blasius resistance formula, both of which are defined in the figure. It has been found 

(Schlichting 1979) that the Blasius formula is only valid for Reynolds numbers Reb ≤ 

1x105 while Prandtl's law is valid for higher Reynolds numbers. This trend is 

confirmed by the present experiments. 
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FIGURE 3.2. Typical pressure profile along the test pipe axis. 
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3.2.2 Tests of three different riblet surfaces 

Next, friction factor measurements for three different types of thin riblet sheet 

attached to the pipe surface were performed. Scanning Electron Microscope (SEM) 

photographs of two sizes of triangular riblets purchased from the 3M company are 

shown in figures 3.4 and 3.5. Both sizes have an aspect ratio of approximately unity 

and are impregnated into a flexible plastic film having a base thickness of about 65 p.m 

with a self-adhesive backing. The smaller riblets have an average height of 120 p.m 

and are manufactured in a continuous roll 30 cm wide and 23 m long. The larger 

riblets are manufactured as individual sheets 29 cm wide and 91 cm long and have a 

height of about 150 p.m. As seen in the SEM photographs, the 120 p.m triangular 

riblets exhibit a flattened peak with a sharp valley while the 150 p.m triangular riblets 

exhibit the exact opposite characteristics. This observation may explain some of the 

inconsistencies in previous pipe flow data (see figure 2.5) for which supposedly 

identically shaped riblets of different size provided quite different drag reduction 

characteristics. A third type of riblet film, manufactured by Hoechst AG in Germany, 

was kindly supplied by Dr. D.W. Bechert at DLR in Berlin and is shown in figure 3.6. 

This scalloped riblet configuration consisted of fairly sharp peaks spaced about 200 p.m 

apart and rising about 100 p.m above the bottom of rounded valleys. The profile was 

impregnated onto a semi-flexible plastic base of about 300 p.m thickness without a self-

adhesive backing. 

The riblet films were glued to the walls along the entire length (7.316 m) of the 

split pipes using the self-adhesive backing, except for the 3m long roll of Hoechst riblet 

film which was applied with double-sided adhesive tape starting about 1.2 m from the 

upstream end of the test pipe. While the triangular riblets encompassed the entire test 

pipe with its eight sets of pressure taps, the scalloped riblets only covered the first five 

sets of pressure taps. 
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FIGURE 3.4. Triangular riblet sheet from 3M (Ii = s = 120 tm). 

FIGURE 3.5. Triangular riblet sheet from 3M (h = s = 150 jim). 
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FIGURE 3.6. Scalloped riblet sheet from Hoechst AG (h = 100 j.tm; s = 200 gm). 

Since the edge of the surface around a pressure tap can alter the measured pressure 

(Benedict 1984), a consistent geometry around all of the taps is required for proper. 

results. This was accomplished using a small coring tool made 'from a 21 gage 

hypodermic needle (O.D. 0.8 mm) which was inserted through the pressure tap holes 

from the outside wall of the pipe, piercing the film and resulting in a clean hole. A 

SEM photograph of a piece of riblet sheet, which was previously located over a 

pressure tap on the pipe wall, is shown in figure 3.7. All holes were inspected in situ 

using an optical microscope and were found to be of the same quality as that shown in 

figure 3.7. Thus, even though the ribs may alter the measured pressure, essentially the 

same bias error would be introduced for all pressure taps, resulting in proper pressure 

drop measurements between any set of taps. 
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FIGURE 3.7. Typical cored pressure tap in a riblet sheet (large 3M triangular profile). 

A comparison of the friction factor measured in the riblet-lined split pipes with that 

of the smooth pipe is shown in figure 3.8. The average pressure gradient determined 

from all but the first two taps in the test pipe was used in the calculation of the friction 

factor. Since the application of the riblet film to the internal walls reduces the inside 

cross-sectional area of the pipe, the effective diameter based on an equivalent cross-

sectional area was used in the friction factor calculations. However, because the riblets 

are such a small fraction of the pipe diameter (hID < 0.0016), the friction factor 

would differ by only ±0.4 % if the riblet tip-to-tip or valley-to-valley diameter rather 

than the effective diameter based on equivalent cross sectional area were used in the 
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calculations. The measured results presented here unequivocally demonstrate drag 

reduction with properly sized riblets in pipe flow. 
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FIGURE 3.8. Friction factor measurements in riblet-lined pipes. 

In figure 3.8, at least three experimental data points are plotted for every pipe at 

any particular Reynolds number. Close inspection of the figure indicates that for all 

but the lowest Reynolds numbers these individual data points essentially collapse on a 

single point, portraying the very good repeatability of the experiments. Using the 

smooth pipe as a reference, the amount of drag reduction for the three riblet types is 

plotted against the non-dimensional riblet height in figure 3.9. Here drag reduction is 

defined as 

'svwoth kbdrag reduction 
''smooth 

(3.4) 
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FIGURE 3.9. Drag reduction in riblet-lined pipes compared to smooth pipes. 
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A maximum drag reduction of about 7 % occurs at a non-dimensional height of about 

15 for the large triangular 3M riblets with sharp peaks (see figure 3.5 for photograph of 

riblet surface) which, as expected, portrays better performance than the smaller ones 

with the somewhat flattened peaks (figure 3.4). The maximum drag reduction for the 

smaller triangular ribs was not quite reached but would appear to occur at a similar 

non-dimensional height as the larger ones but with at least 1 % less drag reduction. For 

the scalloped riblets, the maximum level of drag reduction is about the same as for the 

larger triangular riblets but it occurs at a much lower value of non-dimensional height. 

Considering the aspect ratio and quality of the scalloped riblet surface (figure 3.6), the 

results are consistent with drag measurements of similar surfaces in channel flow 

(Bruse et al. 1993). For all three types of riblets tested, significant amounts of drag 

reduction already occur at very small non-dimensional riblet heights. 
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3.2.3 Half-lined pipe test 

A novel extension of the riblet tests was to remove the riblet film from one of the 

split pipe halves and measure the pressure drop. The results of this experiment are 

shown in figure 3.10. Again, an effective diameter based on an equivalent cross-

sectional area has been used in the friction factor calculations. Perhaps not 

surprisingly, the observed drag reduction was about half that of the fully lined pipe. 

Since two taps of each Triple-T connection were in the smooth half of the pipe and the 

other two in the riblet-lined half, the pressure drop along the pipe using either or both 

pairs of taps could be measured. Subsequent tests revealed that the measured pressure 

drop was the same whether either or both pairs of taps were used. This result confirms 

that, for steady developed flow, the static pressure gradient along the pipe is a proper 

indication of the average wall shear stress in the pipe. Physically, different static 

pressures at the smooth and at the riblet walls would not be expected, since this would 

suggest an unsustainable secondary flow across the pipe. 

0.032 

0.028 

0.024 

0.020 
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- V 3Mh=s=15Oi.tm (triangular) covering half of split pipe 
- A 3M h=s=15O.tm çtrianguiar) cveriig al o$ spit pipe 

10000 100000 
Re  

FIGURE 3.10. Friction factor measurements in a half-lined riblet pipe. 
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3.3 Summary of Results 

Careful measurements of friction factor in smooth and riblet-lined pipes have 

provided unambiguous confirmation of drag reduction in turbulent air flow through 

pipes with properly sized riblets. The results indicate that drag reduction of about 7 

percent is attainable using sharp-peaked triangular riblets with a non-dimensional height 

of about 15 wall units. Furthermore, significant amounts of drag reduction already 

occur at very small non-dimensional riblet heights (2 < h < 5). Comparing the pipe 

flow results to channel or boundary layer flow with similar riblets, the maximum drag 

reduction level, as well as the non-dimensional height at which it occurs, were found to 

be virtually identical. This result is contrary to a previous finding of different riblet 

scaling in pipe flows compared to boundary layer flows (Nakao 1991). However, the 

friction factor calculations of Nakao (1991) did not include measurement of the 

pressure gradient within the riblet test pipe, rather only the measurement of pressure 

across the riblet test pipe was used. In such a case, effects due to a change in diameter 

at the entrance and exit of the test pipe are not factored out of the pressure gradient 

measurements. In particular for the large relative riblet sizes tested by Nakao (1991), 

the test pipe blockage effects, as well as the ambiguity in defining the effective 

diameter, will considerably influence the results. 

Finally, a novel test, in which only half of the pipe periphery was covered with 

riblet sheets, was conducted. The measured drag reduction was about half of that 

measured with a completely lined pipe, confirming that the axial pressure gradient 

directly reflects the average wall shear stress at the pipe walls. Furthermore, the half-

lined riblet experiment indicates that the riblet drag reduction mechanism is a very 

loch7ed phenomenon. 
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Chapter 4 

Friction Factor Measurements: 
High Reynolds Number in Natural Gas Flow 

This chapter presents the results of a unique field experiment in which the friction 

factor for both a smooth and riblet-lined pipe was measured in a high pressure natural 

gas flow. Numerous technical difficulties associated with the high Reynolds number 

flow (7.5x105 < Re. < 6.5x 106) and the high pressure natural gas environment were 

overcome in making the measurements. Although the extremely small riblets tested 

were of non-optimum shape, the measurement of drag reduction was aided by the high 

Reynolds number for which the honed pipe was no longer hydraulically smooth. 

4.1 High Pressure Test Facility 

The experiments reported in this chapter were conducted at the NOVA 

CORPORATION OF ALBERTA Gas Dynamic Test Facility located 80 km northwest 

of Calgary, Alberta. The facility is part of an active compressor station site within the 

Alberta Gas Transmission Division's high pressure natural gas network and is used 

primarily for metering and compression research. 

A general schematic view of a portion of the test facility is shown in figure 4.1. A 

centrifugal compressor is used to control flow within the test facility independent of the 
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flow through the station compressor. Any piping used in the facility must be pressure 

rated to at least one-and-a-half times the facility maximum operating pressure of 6000 

kPa. Rather than design a special pressure rated piping section for the friction factor 

measurements, the aluminum piping used in the laboratory tests was mounted inside of 

the larger (300 mm diameter) high pressure piping, as shown in figure 4.2. An 

unsealed belimouth inlet at the upstream end and a sealed flange on the downstream end 

were used to mount the 112 pipe diameter aluminum test section within the high 

pressure piping. The downstream seal forces all the gas through the aluminum piping 

while the unsealed beilmouth inlet allows gas to pack around the aluminum pipe. 

Thus, the aluminum pipe experiences a linearly varying positive pressure on the outside 

due to the flow pressure loss along the inside, since the gas packed around it is at the 

same pressure as the gas at the belimouth inlet. This piping configuration implemented 

all the benefits of the split pipe arrangement within a high pressure natural gas 

environment. 

Centrifugal 
Compressor 

10 in long 
Test Section 

10" Orifice 
FLOW Fitting 

High Pressure Piping 

FIGURE 4.1. A portion of NOVA's Gas Dynamic Test Facility. 
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'—Aluminum Split Pipe 

10-in. High Pressure Pipe 

FIGu1.E 4.2. Schematic of test section within the larger high-pressure piping. 

4.2 Instrumentation and Data Analysis 

As with the laboratory experiments, a minimal amount of instrumentation was 

necessary to determine the mass flow rate and pressure drop within the test piping, both 

of which were required to calculate the friction factor. 

Using the AGA Report No.3 standard for orifice metering, a 10-in. Senior Daniels 

orifice fitting with plates of f.3 = 0. 15, 0.2 and 0.3 was used to measure flow rate with 

an accuracy of ±1.0%. The standard requires the static pressure and temperature 

upstream of the orifice and differential pressure across the orifice plate, all of which 

were measured with three suitable transmitters. Density was calculated using the AGA 

Report No.8 state equation for natural gas mixtures. 

Since a Scanivalve fluid switch for high pressures was not readily available, only 

four sets of Triple-T pressure taps were utilized in the measurement of pressure drop 

along the test pipe. With the tap furthest upstream as a common reference, three 

individual differential pressure transmitters were used to measure the pressure at each 

of the other three tap locations. Accuracy of the differential pressure reading ranged 
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from 0.1-1.5 % of reading, depending on the transmitter and the pressure level. The 

static pressure at the upstream tap was also measured with an absolute pressure 

transmitter, as shown in figure 4.2. The 1/8-in, stainless steel tube gauge lines, 

leading from the Triple-T connections to the pressure transmitter, were routed out of 

the larger high pressure pipe using flexible stainless steel hose attached to special 

bored-through Swagelok fittings. 

A general Lab Windows based data acquisition software, developed in the course of 

the present study, was used to acquire data simultaneously from all seven transducers at 

a sampling frequency of 40 Hz. For each data point, the data signals were averaged 

over a 25 second time period and then used to calculate the friction factor. Using the 

quoted uncertainty of pressure drop and orifice flow rate, with additional values from 

table 3. 1, a maximum relative uncertainty in the measured friction factor of 2.5% was 

calculated from equation (3.3). However, the precision error between friction factor 

measurements in the smooth and riblet-lined pipe is around 1 %. 

4.3 Experimental Results 

In Section 2.1.1 it was pointed out that, for a given pipe diameter, the viscous wall 

unit size decreases with increasing Reynolds number. For the present study, the 

Reynolds number was of order 106 for which the ratio of viscous wall unit to pipe 

diameter is about 1x10 5 (see figure 2.3). Thus, a physical riblet height of about 10 

gm is required to procure optimum drag reduction. A riblet ifim purchased from 3M 

for this study was supposed to have triangular riblets with both height and spacing of 4 

gm. However, the SEM photograph in figure 4.3 revealed the disappointing result that 

only the height was 4 p.m while the spacing was about 23 p.m. Such an aspect ratio is 

far from optimum and even under ideal conditions a drag reduction of no more than 
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about 2 percent could be expected compared with a hydraulically smooth surface. 

Furthermore, the optimum drag reduction for this riblet geometry occurs at flow rates 

for which the pressure drop is quite small, making measurements in a field application 

more difficult. The measurements were further complicated by the presence of low 

frequency pressure pulsations in the pipeline which, for very low flow rates, were the 

same order of magnitude as the pressure drop being measured. The latter problem was 

circumvented by averaging the pressure drop signal over longer periods of time. 

FIGURE 4.3. Low aspect ratio triangular riblet sheet from 3M (Ii = 4 gm; s = 23 gm). 

The unsplit smooth reference pipe was tested first and then replaced with the split 

pipe which had been internally covered with the riblet sheet shown in figure 4.3. The 

resulting friction factor measurements are given in figure 4.4 where drag reduction 

with respect to the smooth pipe is evident. Although the relative roughness of the 
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smooth pipe is very small (sID = 0.000005) the pipe is no longer hydraulically smooth 

at such large Reynolds numbers, due to the extremely thin viscous sublayer. For this 

reason, drag reduction even with a non-optimum riblet shape is significant, since the 

comparison is no longer with a hydraulically smooth surface. In figure 4.5, the friction 

factor measurements are plotted in terms of drag reduction as a function of the non-

dimensional riblet height. Low levels of drag reduction over a wide range are evident 

with a maximum of about 5% occurring at a non-dimensional rib height of about two. 

This result is again consistent with flat-plate boundary layer measurements of similar 

sized riblets (Walsh 1982) and provide the first confirmation of drag reduction with 

riblets in a high Reynolds number pipe flow within a high pressure natural gas 

environment. 

0.014 

Smooth 
Riblet-lined pipe; 

0.012 

0.010 

0.008 106 107 

Re  

FIGuRE 4.4. Friction factor measurements in smooth and riblet pipe at high pressure. 

The results in figures 4.4 and 4.5 unfortunately could not be repeated due to a 

partial de-pressurization of the test facility which caused the riblet film to blister away 

from the wall. Small amounts of high pressure gas became entrained in tiny air 
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bubbles under the film which then forced the film away from the wall in the form of 

large bubbles or blisters, rendering the modified surface useless for drag reduction 

measurements. Nevertheless, the limited data qualitatively confirm the phenomenon. 

Despite the difficulties encountered in the field experiments, there is sufficient 

evidence to suggest that levels of drag reduction similar to that measured in the 

laboratory can be obtained in field applications. Furthermore, for high Reynolds 

number flows, even higher levels of drag reduction with riblets occurs since pipes with 

even relatively small roughness are no longer hydraulically smooth. In terms of 

utilization within the natural gas industry, however, the degree to which the riblet 

profiles would deteriorate or become fouled over time in an actual field application 

remains to be determined. 
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FIGURE 4.5. Drag reduction with riblets in high Reynolds number pipe flow. 
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Chapter 5 

Consideration of Viscous Effects 

Many independent experiments, including the ones reported in the previous two 

chapters, have confirmed that riblets reduce skin friction drag in turbulent flow when 

the ribs protrude less than a few viscous sublayer thicknesses from the wall. Because 

of this scaling, it has been suggested that viscous effects at the wall are primarily 

responsible for the observed drag reduction rather than interaction of the ribs with the 

turbulence structure near the wall. In this chapter, viscous effects are examined by 

exploring and extending an analytical solution for laminar flow in pipes with blade-type 

riblets. In particular, the virtual origin of the streamwise velocity profile over the 

ribbed surface is considered in some detail and its meaning in terms of drag reduction 

is investigated. 

5.1 Laminar Flow in Pipes with Blade-type Riblets 

In turbulent flow, it is reported that thin blade-type riblets produce drag reductions 

of up to nine percent (Willdnson & Lazos 1987; Bruse et al. 1993). Here, however, 

laminar pipe flow with similar riblets will be considered in order to obtain a more 

fundamental understanding of the viscous effects associated with riblets. 
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5.1.1 Description of the geometry 

The basic geometry considered is shown in figure 5.1. Assuming fully developed 

laminar flow, the momentum equation governing the flow is: 

1a(au)1d 2U1dP 
(5.1) 

Making use of symmetry planes and splitting the circularly symmetric domain into two 

regions, the following boundary value problem results. The equations have been 

expressed in non-dimensional form. 

1 a 1 d2U 
----;-I R-- 1+,. 
RdRI, aR) R2dO1 

Region 1 Region 2 

01 =Oat=1 0≤0≤a --=0at0≤k≤f 0=0 
ao 

0 =Oat≤k≤ do i 0=a a=0at0≤P≤i 1 9=y 

110atI<k≤ A1 0=0 2 O atO a110 

(5.2) 

and at the interface between regions 1 and 2 there must be continuity of velocity and 

shear stress 

U2('R,0) = U(&o) 

h12(1? '0) =0 

0≤0 ≤a 

a≤0≤y 

A aO A 

-(R,0) =-E1'° 0≤0 <a 
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FIGLME 5. 1. Blade-riblet flow field geometry. 

5.1.2 Analytical solution of the governing equations 

An analytical solution for the velocity distribution within the two regions was 

obtained by Soliman & Feingold (1977) in the form of an infinite series and the results 

follow. 

N _4(_1)J (j— Mo (  2j - 1Mo 
CosL 2 ) 

+, bi (1— (2J_1)Ma) 2j 1Mo.9 
j=1 ) 

A h2 N 

U 2= ao 
j=1 

(5.3) 

(5.4) 
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where the coefficients a0 and a are defined as 

and 

2(-1)' bj (1 f(2J_1)Mco) 

iro(2j —1) 

ak1M N 4()(2 fk 1/)MO) 

cos(jMa) k=1 r {(k - '/2)2M2& - 4}{(k - /)22 _2} 

1 2b (k :/ Mw(1 2k1)M )  (k 1/2)(1) {  - J//)2)2 _j2 
k=J 

(5.5) 

(5.6) 

The constants bj are determined by applying the continuity of the radial velocity 

gradient along N equally spaced points on the interface between regions 1 and 2 

corresponding to 0= 0,40,240,..., (N-1)40 where 40= ce/N. This results in a system 

of linear algebraic equations (which was solved using LU decomposition) of the form 

where 

G - 2(-1)' (j - /2)Mo  (1— p2J_M k cos{kM(n - 1)i.0 } cos(kMa)  
n,j 

KRI k=1 

Mo 
12j-1  

cos  (n _1)L0} 

(5.7) 

(5.8) 
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z = bj (5.9) 

H. = _ _.L + j[iM cos{JM(n - 1)9 } cos(JMa) 4(j( ,2 - 

7c 2.k {(k —',)2M2cu2 - - V)22 —j2 

4(-1)  ( A 21 l 
j=i(21 - - 4} -  ;  Mu vM Cosø1){  21 ; 1M0( - 

5.1.3 Shear stress and friction factor calculations 

I] + 

(5.10) 

Now, using Soliman & Feingold's (1977) solution for the velocity distribution as a 

starting point, the shear stress along the pipe wall and the rib wall and tip can be 

integrated to find a new expression for the non-dimensional shear force per unit length 

4=2M 
L 10=0 aR 

R do 

9=y A 

dk +f dU 
2 

R=R 

f?d8] (5.11) 

N 4  N 

do = I I (2j - 1)(j - - 1/2)M + 2} +2b1(-1) (5.12) 
j=1 

N —2Moi  11_ i?2 k(f/1MO - 

+ 1+ 
2 (j—l/2)Mw ) 

N 2j _1(R0M) +_)M —2 

j=1 2 J Y2 

Ado = -a) aR(M sin(jMa) 

1=! 

(5.13) 

(5.14) 
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h/s 

FIGURE 5.2. Effect of blade ribs on dimensionless shear stress per unit length. 

For a pipe flow, the integrated shear stress is directly balanced by the pressure 

gradient. As such, it is convenient to also consider the product of friction factor and 

Reynolds number 2J?e which is commonly used in laminar flows since it is a constant 

for smooth surfaces (i.e. )Re = 64 for pipes): 

ARe= 
—M/3(1—R2)Ub 

8 
(5.15) 

When using (5.15) to compare ribbed and smooth pipes, some ambiguity is 

involved since the Reynolds number includes a characteristic length, which in the above 

definition is the radius measured from the pipe centerline to the valley of the ribs (i.e. 

R). However, solving (5.11) for a fixed mass flow rate and pipe radius, it is evident 

that the addition of ribs will always increase the total wall shear stress, as shown in 

figure 5.2. The physical explanation is simply that the ribs decrease the mass flow rate 

through the pipe if a fixed pressure gradient is applied. Clearly, for a smooth pipe and 
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a ribbed pipe of the same cross-sectional flow area, the ribbed pipe will always 

experience a drag increase, even if the ribs are small and infinitely thin. This result, 

however, leads to the question of whether or not a proper comparison should be based 

on an equivalent cross-sectional area or some other effective pipe diameter—an issue 

which will be examined in the following section. 

5.1.4 Implications ofprotrusion heights 

The concept of a protrusion height was introduced by Bechert & Bartenwerfer 

(1989) and has already been briefly mentioned in Section 2.5. To reiterate, the 

protrusion height is defined as the distance between the rib tip and the apparent (or 

average) origin of a viscous shear flow velocity profile over the ribbed surface. 

Protrusion heights for both longitudinal and cross-flow can be determined and have 

been illustrated in figure 2.6. Here, for laminar pipe flow with blade riblets, only the 

longitudinal protrusion height is considered. 

Returning now to the question of the proper comparison of ribbed and smooth 

pipes, it is useful to consider a fundamental principle related to the shear stress in 

smooth pipes: for a given mass flow rate, an increased shear stress also results if the 

pipe diameter is decreased. Thus, the shear stress in a ribbed pipe can be made 

equivalent to that of a different sized (i.e. smaller diameter) smooth pipe. From (5.11) 

and (5.15) it can be shown that such an equivalent diameter coincides precisely with the 

effective pipe diameter based on the apparent origin of the velocity profile above the 

ribs, which can be determined from the longitudinal protrusion height. In other words, 

the effective diameter as indicated by the apparent origin of the velocity profile in a 

ribbed pipe is identically the smooth pipe diameter which would produce the same 

shear stress. The longitudinal protrusion height for laminar pipe flow with blade riblets 

obtained from (5.11) and (5.15) is shown in figure 5.3 where it is compared with the 
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results of Bechert & Bartenwerfer (1989) which were determined from conformal 

mapping of a viscous shear flow over a blade riblet surface. The results are identical, 

hence, the comparison of smooth and ribbed pipes using an effective diameter based on 

the protrusion height indicates that the shear stress in laminar flow with ribbed pipes 

neither decreases nor increases—it remains the same. This result stresses the 

importance of knowing the effective inner diameter when making statements about 

friction losses in ribbed pipes. It also implies that viscous effects alone cannot explain 

the observed drag reduction in turbulent flow. 

o present study: J,'DO.005 - 

- cñrve from Bechert & Bartenwerfer (1989)-

0 1 4 2 3 

h/s 

FIGURE 5.3. Longitudinal protrusion height in laminar pipe flow with blade riblets. 

5 

5.2 Scaling Parameters for Riblet Drag Reduction 

In Section 2.4.1 it was mentioned that aspect ratio h/s is an important parameter 

which affects the level of drag reduction and the range in which it occurs. This is 

clearly illustrated in figure 5.4 where direct drag measurements from Bruse et al. 
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(1993)2 for blade riblets have been re-plotted using h as the abscissa. Intuitively, it 

would be expected that riblet height and shape parameters exist which would collapse 

the self similar data of such a plot onto a single drag reducing curve. Indeed, if the 

non-dimensional riblet height is scaled with the ratio of longitudinal viscous protrusion 

height to riblet height, as shown in figure 5.5, a partial collapse is observed with 

optimum drag reduction occurring at h+/(1-h 1 Iii) 15. In this figure, additional data 

for scalloped and triangular riblets from Bruse et al. (1993) have also been included. 

In all cases the longitudinal protrusion height was calculated from expressions given by 

Bechert & Bartenwerfer (1989). Although the scaling parameter h+/(1-h 1/h) indirectly 

includes the riblet shape, it still only provides an optimum drag reducing height for a 

fixed riblet profile. Obviously, an additional scaling parameter for the drag reduction 

level is needed. 
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FIGuRE 5.4. Effect of aspect ratio on drag reduction (data from Bruse et al. 1993). 
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2 The direct drag channel flow measurements from Bruse et al. (1993) are used here since they 

represents the most accurate parametric data available in the literature. 
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FiGure 5.5. Scaling of non-dimensional riblet height with ratio of longitudinal 

protrusion height to riblet height (1-h 1/h) for various riblet shapes. 
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Bechert et al. (1990) have already suggested that drag reduction seems to be 

proportional to the difference between the longitudinal and cross-flow protrusion 

heights. Scaling the level of drag reduction in figure 5.5 with the shape factor (l-hJh) 

/ 4h/s provides a reasonable collapse of the data. This is shown in figure 5.6 where 

the values of hP, Iii and &i/s for the various riblet types were obtained from the plots 

given in Luchini et al. (1991). The scaling parameters presented here were attained by 

plotting various combinations of viscous protrusion heights versus h/s and choosing 

factors whose trends matched those observed in the experimental drag reduction data 

For the first time, an almost universal drag reduction curve for riblets has been 

obtained. Although complete similarity is not achieved, the application of viscous flow 

protrusion heights as proper scaling parameters for riblet drag reduction certainly 

suggests that viscous effects do play an important role in the drag reducing mechanism. 
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Chapter 6 

Drag Reduction Mechanism in a Low 
Reynolds Number Turbulent Flow 

An experimental study comparing turbulence structure over a drag-reducing riblet 

surface and a smooth pipe wall is presented in this chapter. The measurements were 

made at a Reynolds number of about 5500, based on the bulk velocity and the mean 

pipe diameter. Using X-wire anemometry techniques, turbulent statistics as well as 

detailed radial and azimuthal space-correlations of all three velocity components and 

turbulent shear stress in the near wall region were obtained. These new measurements 

provided additional insight into the near-wall dynamical processes which are directly 

responsible for riblet drag reduction. 

6.1 Apparatus and Experimental Techniques 

6.1.1 Test facility 

All experiments were conducted in the open-loop pipe setup shown in figure 6. 1, 

consisting of an adaptable test section, a flow metering section, and a Roots blower. A 

similar apparatus was used to measure the friction factor in smooth and riblet-lined 

pipes as described in Chapter 3. Air drawn through the test section from a 1000 m3 

laboratory was choked at a single calibrated sonic nozzle, which precisely determined 
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the mass flow rate (±0.5 %) and effectively isolated the test section from any flow or 

pressure fluctuations induced by the blower. 

For this study, several distinct piping arrangements were tested: a smooth reference 

pipe and two different internally-ribbed pipes. The test section for the smooth 

reference pipe consisted of a bell-mouth inlet followed by three pieces of aluminum 

piping with an internal diameter of 95.45 mm and a honed surface finish of better than 

Ra = 0.5 pLm (relative roughness sID = 0.000005). As shown in figure 6.1, the 

reference pipe section had a combined length of 112 pipe diameters. Concentric 

alignment between the internal wall surfaces of the three pipe pieces was better than 50 

Lm, or 0.2 wall units at Reb = 5500. A perforated plate, with 4.5 mm diameter holes 

on 6.5 mm centers (porosity = 44 %), spanned the entire pipe inlet plane immediately 

following the bell-mouth to promote flow development. Velocity profile measurements 

taken at cross-sections 21 D, 101 D and 111 D from the inlet indicated that the flow 

was fully developed at 101 D. Additionally, a linear pressure gradient along the latter 

portion of the 77 D pipe piece confirmed a fully-developed turbulent flow. 

Traversing Mechanism 

ell-mouth Inlet 

(with perforated plate) Honed QJ9S.45mm aluminum test pipe 
FLOW— 

Sonic Nozzle 
8mm throat) 

25D 

........................................ 

77D 

Adaptable Test Section 

1O.SD 

Roots 
Blower 

FIGURE 6.1. Open-loop pipe apparatus with adaptable test section. 
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A pipe identical to the longest smooth reference piece was split in half 

longitudinally and one half covered with polystyrene blade r.iblets as shown in figure 

6.2(a). This modified pipe was interchanged with the 77 D long smooth reference pipe 

while the inlet and other piping remained the same. The thin blades (tis = 0.05) had 

height and spacing close to the optimum suggested by Bechert & Bartenwerfer (1989) 

and were tested at a Reynolds number which gave close to maximum drag reduction. 

Further details of the blade riblet geometry and flow parameters are found in table 6.1. 

An extruded high density polyethylene pipe with an internal scalloped rib profile 

was also tested. The test section for this configuration consisted of the bell-mouth inlet 

and perforated plate followed immediately by the 12 m long pipe (119 D). Particulars 

of the pipe and rib geometry are given in table 6.1 while the cross-section is shown 

schematically in figure 6.2(b). This geometrical configuration was tested at a Reynolds 

number where little or no drag reduction was expected (drag-neutral surface). 

(a) 

2.2 mm 

(b) 

2 m 

FIGURE 6.2. Cross-sections of riblet pipes: (a) blade ribs covering half of pipe 

periphery; (b) scalloped ribs. 
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Smooth Pipe Blade Riblets Scalloped Riblets 

Re. 5500 5500 5100 

Re 7500 7500 6700 

Re 370 380 330 

v/ut 0.255 mm 0.248 mm 0.306 mm 

h/s - 0.435 0.2 

- 9.0 6.5 

- 20.4 33 

h1 /h - 0.47 0.515 

4h/s - 0.12 0.03 

tis - 0.05 - 

TABLE 6.1. Geometry and experimental flow conditions. 

6.1.2 Hot-wire anemometry probes 

Various single and X-wire probes were used to measure mean and fluctuating 

velocity in the different pipes. These probes were mounted in a special traversing 

mechanism which allowed two probes to be independently moved in the radial and 

azimuthal directions with an accuracy of ±0.01 mm radially and ±0.25° azimuthally. 

Thus, velocity profiles and radial-azimuthal correlations in a particular pipe cross-

section could be measured. For the streamwise velocity profiles and space correlations, 

modified TSI 1260A-T1.5 single wire probes were used (figure 6.3a). The support 

needles for these probes were spaced 1.25 mm apart and the 4 .Lm diameter platinum 

coated tungsten sensors had an active length of 1 mm, or only 3-4 viscous wall units, 

depending on the particular pipe. The profiles and space correlations of the radial and 

azimuthal velocity components were obtained with two DANTEC 55P51 X-wire probes 

which could be used in two different end-flow orientations. These probes had 5 pm 
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diameter platinum coated tungsten sensors connected between support needles 3 mm 

apart, with the sensors oriented at 900 to each other, as shown in figure 6.3(b). Gold 

plating at the ends of each sensor maintained the 1.25 mm long active portion far 

enough from the support needle tips to minimize aerodynamic interference effects, 

which can otherwise cause significant errors in shear-stress and fluctuating velocity 

measurements (Strohi & Comte-Bellot 1973) The separation distance between the 

individual wires on each probe was 0.9 mm, giving an essentially cubical X-wire probe 

measurement volume of about 3.5 wall units per side. This dimension was sufficiently 

small to measure the turbulent shear stress uu,. (Browne et al. 1988), however the 

measurement of the azimuthal velocity component, particularly in the near wall region, 

was adversely affected by the mean velocity gradient normal to the pipe wall. A 

correction applied to the azimuthal measurements is discussed in more detail in §6.1.4. 

(a) 

(c) 

(b) 

55P51 

FIGURE 6.3. Hot-wire probes: (a) single wire TSI 1260A-Tl.5; (b) DANTEC 55P51 

X-wire; (c) TSI 1249A-T1.5 miniature angle X-wire. 
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In addition, some exploratory measurements directly within the groove of the blade 

riblets were made using one of the DANTEC 55P51 probes and a TSI 1249A-T1.5 

miniature X-wire (figure 6.3c). Since the latter probe with its closely spaced needle 

supports experienced a significant amount of aerodynamic interference, these 

exploratory results were somewhat more qualitative. All wires were operated in the 

constant-temperature mode with an overheat ratio of 1.6 and were corrected for 

changes in ambient temperature during actual operating conditions. 

6.1.3 Probe calibration 

The selection of a low Reynolds number flow to study the near wall effects of 

riblets provides increased spatial resolution at the expense of lower flow velocities. 

However, even with an overheat ratio of 1.6, buoyancy effects only become important 

at velocities less than the friction velocity. Calibration of both single and X-wire 

probes in the end-flow orientation was carried out on the centerline of a laminar pipe 

flow apparatus capable of accurately developing velocities in the range 0.05-2.0 m/s 

(±2 %). The calibration apparatus consisted of an American DTM-200A bellows type 

dry test meter to measure the flow rate into a plenum from which the air flow 

discharged through a 26 mm diameter pipe 120 pipe diameters in length. For the X-

wire probes, the directional response was assumed to have the form 

= U.Icos q + k2 sin 20 (6.1) 

where 0 is the angle between the velocity vector U and the normal to the wire in the 

plane of the probe support needles. In (6.1) the velocity component normal to the 

plane of the needle supports has been neglected since it is not present during 

calibration. Yaw calibrations performed at several velocities indicated that the yaw 

coefficient k increased exponentially with decreasing velocity as shown in figure 6.4. 
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This necessitated an iterative technique to determine the effective cooling velocity U 

for each bridge voltage; the resulting calibration curves were curve-fit with fourth-

order polynomials. 
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FIGURE 6.4. Variation of yaw coefficient k with velocity for X-wire probes. 

6.1.4 Measurement procedures and X-wire signal analysis 

Bridge voltage signals from the TSI 150 anemometers were amplified and low-pass 

filtered (cut-off frequency 400 Hz) using TSI 157 signal conditioners. Simultaneous 

sampling of each anemometer channel at the rate of 1 kHz was carried out with DC-

coupled 12 bit sample-and-hold A/D converters. For every measurement location, 

sixty records, containing 1024 sample points from each channel, were recorded 

sequentially and stored. The total sampling duration of about 60 seconds or 15000'r* 

(where = v/ic2) was sufficient to ensure statistical convergence of ensemble 

quantities. The accuracy of the measured mean axial velocity ranged from less than 

0.5% at the pipe centerline to about 3 % near the wall, while the estimated error for 
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any of the RMS values was 2-3 %. To obtain the fluctuating velocity components, the 

average velocity of the entire sixty records (global average), rather than the local 

average (mean of an individual record), was subtracted from the instantaneous signals. 

The friction velocity u was determined directly (±2.5 %) from the pressure drop along 

the pipe which was measured using a precision micro-manometer. 

The use of X-wires to measure instantaneous velocity fluctuations in a highly 

turbulent three-dimensional velocity field can result in considerable errors, especially if 

the turbulence is nearly isotropic (Tutu and Chevray 1975). Although large turbulent 

fluctuations do occur in the near wall region of pipe now, the turbulence is neither 

isotropic nor Gaussian—which substantially reduces the errors due to the azimuthal 

velocity component which result when equation (6.1) is applied to X-wires in a radial 

plane. Therefore, statistical ensemble averages of shear stress uu,. and radial velocity 

fluctuations should be accurate to within a few percent except very close to the wall 

where the probe spans a substantial mean velocity gradient normal to the wall. 

However, as mentioned earlier, X-wire measurements in an azimuthal plane close to 

the wall (y+ < 20) are contaminated since the wire nearer the wall is continuously in a 

region of lower mean velocity. This results in an inferred velocity vector which is 

skewed in a direction tangential to the wire experiencing the lower velocity, as shown 

in figure 6.5. In an attempt to correct the measurements in the azimuthal orientation, 

the following three-step procedure was applied to ideally find the mean velocity and 

turbulence intensities at the center of the probe volume: (i) the magnitude and direction 

of the average velocity vector V for the entire sample was determined by assuming that 

the effective cooling velocity follows a cosine law behavior, i.e. k = 0 in equation 

(6.1); (II) next, weighting factors and 2 for the wires were determined using the 

expressions 
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(6.2) 

(6.3) 

where 0 is the angle between the second sensor and the probe axis while y is the angle 

between the inferred vector V and the probe axis, in the plane of the probe supports as 

shown in figure 6.5; (iii) lastly, the entire sample was analyzed again, this time 

applying the weighting factors to the effective cooling velocities and accounting for the 

variation of yaw coefficient with velocity. The weighting factors essentially 

compensate for the mean velocity gradient perpendicular to the planes of the support 

needles. For statistical quantities, this scheme gave acceptable results and the mean 

azimuthal velocity was essentially eliminated. 

FIGURE 6.5. Inferred velocity vector V resulting from X-wire probe measurement in a 

mean velocity gradient perpendicular to the planes of the support needles (sensors are 

oriented at 90° to each other). 
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6.2 Turbulence Statistics 

The measurement of turbulence statistics not only aids in the characterization of a 

particular flow, but can also increase the confidence in an experimental method when 

agreement with other measurement techniques is obtained. For a low Reynolds number 

turbulent pipe flow, a detailed comparison between the hot-wire technique of the 

present study, LDA, particle image velocimetry (Ply), and direct numerical simulation 

(DNS) was carried out by Eggels et al. (1993). Excellent agreement between the 

various experimental methods demonstrated that the measurement techniques outlined 

in Section 6.1 should provide reliable data when applied to the study of the near-wall 

flow over a riblet surface. 

An examination of various velocity and shear stress statistics measured in the 

smooth pipe, the half-covered blade riblet pipe, and the scalloped-rib plastic pipe 

follows. The scalloped-rib data followed trends similar to, but less pronounced than, 

the blade riblet measurements, and are only referred to when illustrating a particular 

point. Measurements over the smooth half of the blade riblet pipe are not included 

here since they were essentially the same as those for the completely smooth pipe. The 

only published data of turbulence statistics for pipe flow over riblets are the streamwise 

velocity and intensity measurements of Nitschke (1983). Thus, where appropriate, 

published boundary layer or channel flow data are compared with the present results. 

6.2.1 Mean velocity profiles and turbulence intensities 

The mean streamwise velocity profiles normalized with centerline velocity for the 

smooth pipe, the blade riblet pipe, and the scalloped-rib pipe are shown in figure 6.6, 

along with the smooth pipe profile from DNS (Eggels et al. 1993). Very low velocity 

fluid within the blade ribs is quite evident, while the azimuthal variation of the mean 
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velocity is restricted to a region within two riblet heights above the rib valley. These 

findings are consistent with the three-dimensional particle tracking velocimetry (3-D 

PTV) measurements for tapered rectangular riblets in a channel flow by Suzuki & 

Kasagi (1993) and the hot-wire data of Vukoslavcevic et al. (1987) within triangular 

riblets of a boundary layer flow. 
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FIGURE 6.6. Mean streamwise velocity above smooth and blade riblet surfaces 

normalized with the pipe centerline velocity U. 

Figure 6.7 is a plot of the mean streamwise velocity in non-dimensional wall 

coordinates for the smooth, blade riblet, and scalloped-rib surfaces; the friction velocity 

based on the average wall shear stress for each surface is used for normalization. An 

upward shift in the outer region is evident with the surface producing the most drag-

reduction (blade ribs) exhibiting the largest shift. This is the same result found in 

polymer drag-reducing flows (Virk 1975) and is not entirely unexpected since it is a 

well-known fundamental principle that flow over rough surfaces with increased drag 

exhibits a downward shift of the velocity profile in the outer region (Schlichting 1975). 
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1 10 100 

FIGURE 6.7. Streamwise velocity over smooth and riblet surfaces in local wall units. 

In the useful comparison of turbulence intensity profiles above smooth and riblet 

surfaces, a difficulty arises in the choice of the velocity scaling parameter. A 

comparison of boundary layer flows over a smooth plate (Klebanoff 1954) and rough 

surface (Corrsin & Kistler 1954) has shown that the friction velocity is the proper 

scaling velocity for the turbulence intensity of all three velocity components. 

However, previous riblet studies have used either outer variables (i.e. free-stream or 

center-line velocity) or the friction velocity of the smooth surface as the velocity 

scaling parameter. If the turbulence intensity is scaled with the center-line velocity, as 

in figure 6.8, a reduction for all three components is observed. The largest reduction is 

in the streamwise intensity which agrees with the results of Suzuki & Kasagi (1993) 

among others. For a pipe flow over riblets with rounded peaks, Nitschke (1983) also, 

found reductions in the streamwise intensity. Clearly, if the data in figure 6.8 were 

normalized with the average local friction velocity, the observed reductions would be 

substantially lower and the smooth and riblet profiles would nearly coincide. 
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Unfortunately, the degree of error associated with the measurement of the friction 

velocity (±2.5 %) in this study does not allow an unambiguous confirmation of such a 

scaling phenomena, although there is strong evidence to suggest that the turbulence 

intensity does scale with the average wall shear stress. However, such a generalization 

is met with conflicting evidence; Suzuki & Kasagi (1993) found that with drag-

increasing riblet flows the streamwise intensity is even further reduced while the 

spanwise and radial intensities are increased, and in polymer drag-reducing flows a 

large increase in streamwise intensity is observed (Virk 1975). Such contrasting 

observations clearly indicate that a drag reduction mechanism cannot be inferred from 

statistical measurements alone. Further insight can be gained by using the local mean 

velocity as the scaling parameter, as shown in figure 6.9. The smooth wall data agree 

very well with recent detailed LDA measurements in pipe flow by Durst et al. (1993). 

Over the valley of the blade riblets, large reductions in the streamwise intensity relative 

to the local mean are accompanied by increases in the radial intensity. 

local mean velocity the azimuthal intensity remains unchanged. 
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FIGuRE 6.8. Turbulence intensities over smooth and blade riblet surfaces. 
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FIGURE 6.9. Turbulence intensities over smooth and blade riblet surfaces normalized 

with the local mean streamwise velocity. 

6.2.2 Reynolds stresses 

Suzuki & Kasagi (1993) have compared the diagonal components of the stress 

anisotropy tensor 

ujuj  i,j = 1,2,3 (6.4) 

where the indices 1, 2 and 3 correspond to the streamwise, normal (or radial), and 

spanwise (or azimuthal) directions. Their results indicated that very close to the riblet 

surface, particularly over the valley, the inter-component transfer of kinetic energy 

from the streamwise to the spanwise component is apparently impeded. They believe 

that this phenomena is one of the key mechanisms for riblet drag reduction. However, 

the same trend was observed with riblets which increased the drag. The diagonal 

components of the stress anisotropy tensor for the pipe flow of the present study are 

plotted in figure 6.10. These results indicate an opposite trend in the near-wall region; 
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the kinetic energy transfer becoming more efficient, although, in the buffer region, a 

reduced inter-component energy transfer is indeed observed. The current results would 

indicate that cross-stream and radial mixing is enhanced within the riblet valleys but 

decreased in the region above the ribs. 
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FIGURE 6.10. Diagonal components of the stress anisotropy tensor by over smooth and 

blade riblet surfaces. 

The distributions of Reynolds shear stress UU,. normalized on center-line velocity 

are plotted in figure 6.11. It is quite evident that a decrease is measured over the riblet 

surfaces indicating that both riblet surfaces indeed reduce drag. Very low levels of 

momentum exchange occur near all surfaces. However, if the turbulent shear stress is 

normRlized with the local velocity, as shown in figure 6.12, the unexpected result is 

that, relative to the local velocity, the momentum exchange is quite large especially 

over the rib valley. This finding suggests that secondary motions not present in smooth 

wall flows are produced by the riblets. The skewness and flatness factors of the 

Reynolds shear stress UU,. are plotted in figure 6.13(a, b). Higher levels of skewness 
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and flatness are observed over both the rib peaks and the valleys which indicates that 

the frequency of high shear stress producing events is decreased. 
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FIGURE 6.11. Comparison of Reynolds shear stress over smooth and blade riblet 

surfaces normalized with centerline velocity U. 
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FlouRs 6.12. Reynolds shear stress above smooth and blade riblet surfaces normalized 

with the local mean streamwise velocity U. 
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FIGuRE. 6.13. Skewness and flatness factors of Reynolds shear stress over smooth and 

blade riblet surfaces: (a) S(uu) ; (b) F(UXUr)• 
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6.2.3 Higher-order statistics and triple correlations 

Perhaps the most insightful observations from point-statistics arise in the 

comparison of higher-order moments of the fluctuating velocity components. In 

general, the third moment of a fluctuating quantity, or skewness factor, is defined as 

(6.5) 

and the fourth moment, or flatness factor, is 

4 

F(u) = 
U 

(6.6) 

The skewness S(u) and flatness F(u) factors of the streamwise velocity are shown in 

Figure 6.14(a, b) where the combination of large positive skewness and flatness near 

the wall indicates that the most probable streamwise velocity is less than the mean, with 

occasional large positive velocity fluctuations, respectively. Compared with the smooth 

wall, an increase in both the skewness and flatness factor is observed over the rib 

valley while over the rib peak both are reduced. Thus, large positive streamwise 

fluctuations occur less frequently but with higher velocity above the riblet valley 

whereas flow over the rib peak becomes more Gaussian. Vukoslavcevic et al. (1987) 

measured the identical trends over triangular ribs while, on the other hand, the DNS by 

Chu & Karniadakis (1993) of a channel flow with one smooth wall and the other 

covered with triangular riblets did not produce any of these trends. Incidentally, the 

streamwise higher-order statistics over the smooth wall portion of the DNS by Chu & 

Kamiadakis (1993), in particular the flatness factor, do not agree well with experiments 

nor with the smooth channel flow DNS results of Kim, Moin & Moser (1987). These 

discrepancies can be attributed to insufficient grid resolution in the streamwise direction 

of the DNS by Chu & Karniadakis (1993). 
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FIGURE 6.14. Skewness and flatness factors of streamwise velocity over smooth and 

blade riblet surfaces: (a) S(u) ; (b) F(u). 

The most significant difference between flow over a smooth wall and a riblet 

surface is found in the skewness of the radial velocity. Figure 6.15(a) indicates quite 

clearly that the radial skewness factor becomes strongly negative over the riblet valley 
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whereas over the rib peak it is strongly positive. Here the direction of radial velocity is 

considered positive away from the wall. The measurements of Pulles (1988) indicate a 

similar but considerably less pronounced trend while the DNS of Chu & Karniadalds 

(1993) appears to capture this feature as well. 
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FIGURE 6.15. Skewness and flatness factors of radial velocity over smooth, blade riblet 

and scalloped riblet surfaces: (a) S(u) ; (b) F(u). 
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The significance of the reversed skewness over the riblet valley is that sweeps of 

radial velocity towards the wall occur less frequently than over a smooth surface. In 

addition, it suggests a decoupling of the radial fluctuations between the rib valley and 

tip, indicating a weakening of turbulent shear stress producing events which then leads 

to drag reduction. Note that for the scalloped-rib pipe, which exhibits very little drag 

reduction, only a slight reduction in skewness over the valley region is observed, 

providing further support to the notion that the reversed skewness may be a key to the 

mechanism primarily responsible for the observed drag reduction. More details of this 

phenomena will be discussed in Section 6.3 and Section 6.4. The profiles of radial 

flatness factor are plotted in figure 6.15(b) where only a slight increase over the riblet 

surfaces is observed. 

Skewness and flatness factors for the azimuthal velocity are shown in figure 6.16(a, 

b). Almost negligible differences are found except for the regions over the rib valley 

where the flatness is increased substantially, indicating that the riblets reduce the 

number of large azimuthal fluctuations. The large skewness factor over the blade-rib 

valley is due to measurement error, clearly demonstrating the limited ability of the X-

wire to resolve the velocity vector in a region of substantial streamwise velocity 

gradient normal to the wall. 

Lastly, plots of shear-stress flux due to radial and streamwise velocity fluctuations 

2 / and uu,. / uu,'. respectively, are shown in figure 6.17(a, b). Differences in 

both quantities above the riblet valley are evident indicating a modification of the 

momentum transport over the riblet surface. Plots of ;u92 / u..'u,2 and uu9 / uu are 

given in figure 6.18(a, b). Again, only over the riblet valley are differences observed. 
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FIGURE 6.16. Skewness and flatness factors of azimuthal velocity over smooth and 

blade riblet surfaces: (a) 5(u0) ; (b) F(u9). 
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FIGURE 6.17. Shear stress flux due to radial and streamwise velocity fluctuations over 

smooth and blade riblet surfaces: (a) UXUr2 / u'u2 ; (b) UUr I u2u' 
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FIGURE 6.18. Shear stress flux due to azimuthal and streamwise velocity fluctuations 
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over smooth and blade riblet surfaces: (a) uu92 I uu; (b) uu9 I uu. 
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6.3 Turbulence Structure 

Certain details of the turbulent flow structure can be obtained from space and time 

correlations, however care must be exercised in drawing any sweeping mechanistic 

conclusions from the statistics. Correlations are perhaps better used to characterize 

turbulence structures which have been previously identified from flow visualization 

studies as well as interrogation of databases generated by DNS. This section 

documents the radial and azimuthal two-point space correlations obtained within a 

cross-sectional plane of the pipe using conventional hot-wire anemometry techniques. 

An in-depth consideration of the relationship between the measured correlations and 

near-wall dynamics will be dealt with in Section 6.4. 

Owing to physical limitations of the probe holders and X-wire support needles, the 

smallest spatial separation which could be achieved for either the radial or azimuthal 

correlations was about 10 wall units. To determine the reliability of the hot-wire 

techniques, radial and azimuthal correlations of streamwise velocity measured with two 

single-wire probes were compared to those obtained using two X-wire probes. 

Excellent agreement was found for all cases reported in this study. Where possible, 

comparisons with relevant published data have been made. Unfortunately, no 

experimental space correlations for the radial and azimuthal velocity components in 

pipe flow exist in the literature. 

6.3.1 Radial correlations 

The general two-point radial correlation function R.. is defined as 

R(rr2) =  (6.7) 

and is measured by fixing one of the probes at the radial position r1 while radially 

traversing the other probe (position r2). 
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FIGuRE 6.19. Two-point radial correlations of streamwise velocity R (i , 

(a) smooth surface; (b) blade riblet surface. 
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Radial correlations of streamwise fluctuating velocity over the smooth pipe surface 

are shown in figure 6.19(a). It is evident that the radial correlation length, outward 

from the wall, becomes narrower for flow nearer the wall. The only low Reynolds 
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number pipe flow data available for comparison are the PIV results of Westerweel et 

al. (1993), which show consistently wider correlation lengths across the pipe. This 

discrepancy is likely due to the relatively small statistical sample size of the PlY 

measurements which were intended to focus on instantaneous turbulence structure 

rather then statistics. A plot of radial correlations over the blade riblet surface is given 

in figure 6.19(b). Only slight differences can be observed although the correlation 

length close to the riblet surface is somewhat less than over the smooth surface. 

However, if the data are plotted in wall units, based on the average friction velocity, 

significantly narrower correlations over the blade riblet surface are observed. 

Some interesting trends from the radial correlations of fluctuating radial velocity 

were found. The smooth pipe correlations (figure 6.20a) indicate extremely narrow 

radial correlation distances in the region very near the wall. For the three reference 

positions of r1 closest to the wall, the probe located at r2 was about 8 wall units 

downstream of the fixed reference probe. If the near wall region contains numerous 

vortical structures with a significant azimuthal (spanwise) component of concentrated 

vorticity, this would explain the fairly strong negative correlation which is observed. 

Over the blade riblets, figure 6.20(b), the correlation distance is narrower yet with 

even stronger negative correlations. In the region further from the wall the correlation 

distances become large, even exceeding the radial correlation length of the streamwise 

velocity and there is little or no noticeable effect of the riblet surface. 

Due to physical limitations of the probe holders, spatial separation distances of less 

than 25 wall units could not be achieved for the correlations of azimuthal velocity. 

With the reference probe quite close to the wall the azimuthal velocity is apparently 

only correlated over a very short radial distance followed by a wider range of weaker 

negative correlation as shown in figure 6.21. A similar trend is observed for the blade 

riblets. For these measurements, both probes were located at the same axial position. 
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The restricted radial distance of azimuthal velocity correlation would suggest that 

vortical structures with a significant streamwise vorticity component exist in the buffer 

region. 
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(a) smooth surface; (b) blade riblet surface. 
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(a) smooth surface; (b) blade riblet surface. 

The final radial correlations presented are those of fluctuating shear stress UUr 

shown in figure 6.22(a, b). The trends are almost identical to those of the fluctuating 
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radial velocity with very narrow correlation lengths and strong negative correlations 

close to the wall. Very near the blade riblet surface, the correlation lengths are shorter 

with even stronger negative correlations. 
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6.3.2 Azimuthal correlations 

Turning now to the azimuthal correlations, the general correlation function is defined as 

u R(rO1,r62) - (rO )j u(rO )2  

u'(rO ) u'(rO )2 
(6.8) 

and is measured by fixing one probe and traversing the second probe in an azimuthal 

direction. Again, the streamwise fluctuating velocity over the smooth pipe surface is 

considered first (figure 6.23a). The correlation lengths at distances close to the wall 

are shorter and have regions of more negative correlation than at distances farther from 

the wall. Unfortunately, no azimuthal correlations in pipe flows have been previously 

measured to confirm this trend. However, the spanwise measurements of Antonia & 

Bisset (1990) in a boundary layer flow, at a somewhat higher Reynolds number, show 

similar trends although the present data indicate consistently shorter correlation lengths 

and regions of more negative correlation. The DNS results of Kim, Moin & Moser 

(1987) for a low Reynolds number channel flow compare quite closely with the present 

results. The two-point azimuthal correlations over the blade riblet surface, figure 

6.23(b), indicate negligible differences compared with the smooth wail showing just 

slightly reduced azimuthal correlations over the riblet surface. Plotted in local wail 

units, the azimuthal correlations over the riblet surface are noticeably reduced. This 

result is in agreement with the image processed flow visualization measurements of 

Pulles (1988) but contrary to the single wire measurements of Gallagher & Thomas 

(1984). In polymer drag-reducing flows, the spanwise correlation was increased 

(Fortuna & Hanratty 1972), however, it is expected that a different drag reducing 

mechanism governs such flows considering that the peak streamwise turbulence 

intensity is increased while over riblets it is decreased. 
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(a) smooth surface; (b) blade riblet surface. 

Much like the radial correlation, the smooth wall azimuthal correlation of the radial 

velocity suggests regions of very concentrated vorticity in the near-wall region, as 

indicated by the very narrow azimuthal correlation lengths and negative correlation 
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coefficients in figure 6.24(a). Again, only negligible differences over the blade riblet 

surface, figure 6.24(b), are observed. 
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(a) smooth surface; (b) blade riblet surface. 

The correlation of fluctuating azimuthal velocity over the smooth wall, shown in 

figure 6.25(a), indicates that this velocity component experiences the widest azimuthal 

correlation and as distance from the wall increases so does the width of the correlated 
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region. Again, there is no experimental data for comparison, only the channel flow 

DNS of Kim, Moin & Moser (1987) which shows good agreement. The same plot 

over the blade riblet surface indicates substantially narrower correlation distances, 

especially close to the rib surface (figure 6.251,). 
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Lastly, the azimuthal correlations of fluctuating shear stress for the smooth and 

blade riblet surfaces are plotted in figure 6.26(a, b), respectively. Again, the trends 

are nearly the same as for the azimuthal correlation of radial velocity, with the riblets 

showing a negligible effect on this two-point correlation. 

Summarizing, the measurement of radial and azimuthal two-point correlations over 

smooth and blade riblet surfaces indicates reductions in some correlation lengths in the 

near-wall region. Specifically, the correlation of radial velocity and shear stress is 

somewhat reduced in the radial direction. In the azimuthal direction, the streamwise 

velocity is slightly less correlated while the correlation of azimuthal velocity is 

substantially reduced. Generally, the space correlations suggest that narrow vortical 

structures are predominant in the near-wall region and interact with the riblets. The 

implications of these two-point space correlations in regards to a specific drag reducing 

mechanism are discussed in the following section. 

6.4 Proposed Drag Reduction Mechanism 

Clearly, one of the primary difficulties in determining the drag reducing mechanism 

for riblets stems from the incomplete understanding of dynamical processes in the near-

wall region of turbulent flows over smooth surfaces. During the past decade, 

significant progress towards the establishment of cause-and-effect relationships for the 

observed flow behavior has been made by utilizing innovative experimental methods, 

DNS and new theoretical developments (e.g. Robinson 1990; Grass et al. 1991; Smith 

et al. 1991). A remarkably consistent aspect of these efforts is the emerging picture of 

flow dominated by intense vortex motions, wherein lies the key to turbulent shear stress 
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production mechanisms and, consequently, drag reduction. Several specific near-wall 

dynamical processes are considered next. 

Smith et al. (1991) have effectively combined theoretical modeling studies and a 

number of 'kernel' experiments to elucidate some basic fluid dynamic phenomena 

believed to be relevant to turbulent wall flows. Instead of attempting to extract causal 

information from fully-developed turbulent flows, these 'kernel' experiments introduce 

controlled vortices into an otherwise laminar boundary layer and trace the resulting 

interaction through the use of hydrogen bubble wire and dye injection techniques. On 

the theoretical side, lagrangian numerical methods are used to calculate the inviscid 

temporal development of vortex lines over, a background shear flow. A specific result 

of the experimental studies is the observation that low-speed streaks in the near-wall 

region can be induced by a streamwise vortex passing close to the surface. The vortex 

core induces the high and low-speed regions on the viscous flow near the wall which 

characterizes the near-wall streak structure. Furthermore, Smith et al. (1991) have 

shown that a convecting streamwise vortex close to the wall can induce a focused 

eruptive growth of the surface shear flow which becomes a dominant shear stress 

producing event. Additional details on the dynamics of near-wall turbulence are 

described by Smith et al. (1991). 

Returning now to the azimuthal and radial correlation measurements of the present 

study, the presence of intense vortices in the near-wall region is confirmed by the very 

narrow (1O wall units) shear stress correlations perpendicular to the streamwise 

direction. Considering that drag-reduction with riblets of height greater than 20 wall 

units is never observed, it would appear that riblets interfere predominantly with the 

viscous-inviscid interactions of a convecting vortex structure over the surface shear 

flow. More specifically, the riblets provide a different shear flow boundary condition 

for motions induced by a vortex structure passing close to the surface. Smith et al. 
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(1990) have already suggested that riblets would inhibit the induction of lateral flow 

near the surface which can reduce the effectiveness of convecting vortices in provoking 

focused eruptions of the surface shear layer. The substantially reduced azimuthal 

correlation of the azimuthal velocity which was observed over the blade riblets and the 

reduced radial correlation distance of the radial velocity seem to quantitatively confirm 

this conjecture. Furthermore, the observation of Bechert et al. (1990) that cross-flow 

over riblet peaks will separate even in the limit of vanishing Reynolds number suggests 

that the induction of even weak lateral flow will create secondary streamwise vorticity 

at the riblet peaks. This would tend to weaken any surface layer eruptions due to the 

opposing sense of vorticity with respect to the vortex core which originally induced the 

lateral velocity. Such a process would also explain the negative skewness of radial 

velocity over the riblet valley since it would become more difficult to induce upward 

velocities in the riblet grooves. A schematic of the process described here is shown in 

figure 6.27 for clarification. Bacher & Smith (1985) originally proposed a very similar 

mechanism although they indicated that the primary function of the secondary vortices 

would be to weaken the streamwise vortices which spawned them. More importantly, 

however, it would appear that the secondary vortices weaken the surface layer 

eruptions. 

The reduced azimuthal correlation distance of the azimuthal velocity also suggests 

that the near-wall sweep motions, which follow the focused eruptions, are restricted in 

their lateral movement. It could be argued that the riblets predominantly affect the 

large scale sweep motion near the wall, since the data of Brodkey et al. (1974) have 

shown that sweep events dominate close to the wall (y <10) while further away it is 

the ejection events which dominate. However, in the near-wall region where sweeps 

dominate, the contribution of the turbulent shear stress relative to the total shear stress 

is drastically reduced. This indicates that the ejection events, occurring somewhat 
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further away from the wall, make a far greater contribution to the shear stress. Thus, 

interference with the focused eruptions in the buffer region is more likely the prevailing 

effect of the riblets. 
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focused 
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eruption 

FIGuRE 6.27. Schematic of proposed riblet drag reduction mechanism. 

Further indirect support for an altered viscous-inviscid interaction as the primary 

drag reducing mechanism of riblets can be found by considering two other types' of 

drag-reducing flows. Bruse et al. (1993) have measured small amounts of drag 

reduction (1.5 %) using streamwise aligned strings elevated above the wall, or a 'hairy' 

surface as they refer to it. Only when the strings are in very close proximity to the 

wall (one or two wall units) is a slight drag reduction observed since the strings act as 

rib-like structures. Movement farther away from the wall (only three or four wall 

units) results in a significant drag increase. Obviously, lateral velocity can be induced 

between the strings and the wall which could lead to elevated levels of wall shear stress 

and reduced interactions with the vortex core inducing the lateral velocities. In 
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polymer drag-reducing flows, on the other hand, the interaction of long-chain polymers 

with the intense vortex motion and viscous shear stress in the buffer region occurs 

directly, without the additional 'expense' of an increased surface area to procure the 

interaction—the result is substantially higher amounts of drag reduction than for riblet 

flows. 

One additional mechanism will briefly be considered due to its perplexing nature. 

A particularly striking feature of the riblet DNS by Chu & Karniadakis (1993) is the 

presence of flow reversals within the triangular grooves. This finding has far-reaching 

implications since it suggests that flow separation within the grooves plays a role in the 

drag reduction process. Conceivably, the streamwise convection of a strong spanwise 

vortex over the riblet surface could induce local flow separations due to the induced 

adverse pressure gradient. Although this would result in a locally negative surface 

shear stress, such an occurrence would be accompanied by a strong shear-producing 

event farther away from the wall. Thus, it seems unlikely that flow reversals should be 

present in riblet flows. To test this hypothesis, a single wire probe was mounted deep 

within the blade grooves. Acknowledging that flow reversals are difficult to detect 

with hot-wire probes, a test was first performed to characterize the hot-wire bridge 

voltage signature during an actual controlled flow reversal. If, during normal 

operation, the positive-displacement blower in figure 6.1 is quickly brought to a halt, 

the rapid flow deceleration produces a momentary flow reversal in the pipe due to the 

restriction of the sonic nozzle. The trace in figure 6.28(a) indicates the character of the 

time signature for such a controlled flow disturbance. Notice the rectified voltage 

signal indicating the flow reversal and the final voltage level with no flow. When 

several lengthy high-rate acquisitions of the hot-wire signal under normal flow 

conditions were made, no evidence of this type of signature was found, as shown in a 
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typical time trace of bridge-voltage in figure 6.28(b). The voltage level with no flow is 

also indicated for reference. 
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Figure 6.28. Experimental test for presence of flow reversals in a blade riblet valley 

(single wire probe located in riblet groove midway between valley floor and blade 

peak): (a) bridge voltage signature of controlled flow reversal; (b) bridge voltage signal 

during normal operation showing absence of flow reversals. 
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It would appear that there is no experimental evidence for the existence of flow 

reversals within riblet grooves in an overall favorable pressure gradient flow. The now 

reversals observed in the DNS study (Chu & Kamiadakis 1993) are perhaps products of 

the numerical scheme applied to the rather coarse streamwise grid (resolution 40 wall 

units) and somewhat insufficient spanwise domain of the simulation. In addition, the 

presence of modulatory velocity correlations in the streamwise direction and the non-

random appearance of extended sanwise flow reversal regions in the simulation, 

would indicate a purely numerical effect. A grid independence check would certainly 

clarify this issue, since sufficient resolution in all directions is necessary to simulate 

near-wall dynamical processes (Zang 1991). 

Based on evidence from the present radial and azimuthal velocity and shear stress 

correlations, 'kernel' experiments and theoretical considerations summarized by Smith 

et al. (1991), and viscous flow considerations outlined by Bruse et al. (1993), it seems 

that the alteration of the viscous-inviscid interaction process in the near-wall region is a 

plausible physical explanation of the riblet drag reduction mechanism. 
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Chapter 7 

Conclusions 

A detailed study of drag reduction in pipe flow with riblets has been conducted. The 

effect of small surface ribs or grooves on turbulent pipe flows was investigated from 

several perspectives in an endeavor to elucidate the drag reduction mechanism. First, 

friction factor measurements were carried out in smooth and riblet-lined pipes over a 

wide range of Reynolds numbers utilizing both laboratory and field experiments. Next, 

a theoretical study of the viscous effects near the wall was undertaken in order to 

determine whether drag reduction in laminar flow with ribbed pipes is possible. 

Lastly, an experimental study comparing the turbulence statistics and structure over a 

drag-reducing blade riblet surface and a smooth pipe wall was performed. A summary 

of the most important findings from this combined approach follows. 

Friction factor measurements 

Careful measurements of friction factor in smooth and riblet-lined pipes have 

provided unambiguous confirmation of drag reduction in turbulent pipe flow with 

properly sized riblets. Drag reduction of about 7 percent was attained at a non-

dimensional height of about 15 viscous wall units using sharp-peaked triangular riblets 

of equal height and spacing. A significant amount of drag reduction already occurs at 
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very small non-dimensional riblet heights and riblet scaling trends in pipe flow were 

found to be virtually identical to those of channel or boundary layer flows. An 

experiment in which only half of the pipe periphery was covered with riblets resulted in 

drag reduction of about half that measured with a completely lined pipe. This test 

confirmed that the riblet drag reduction mechanism is a very localized phenomenon. 

Sufficient experimental evidence was obtained from a field experiment to suggest 

that levels of drag reduction similar to that measured in the laboratory can be obtained 

in field applications. Furthermore, even higher levels of drag reduction can be 

expected with riblets in high Reynolds number flows since pipe walls with relatively 

small roughness are no longer hydraulically smooth. 

Theoretical consideration of viscous effects 

An analytical solution of laminar flow with blade type riblets established that, for a 

ribbed and smooth pipe of the same cross-sectional area, the ribbed pipe will always 

experience a drag increase, even if the ribs are small and infinitely thin. However, a 

comparison of smooth and ribbed pipes using an effective diameter based on the' 

apparent origin of the velocity profile (or protrusion height) indicates that the shear 

stress remains unchanged. The result stresses the importance of knowing the effective 

diameter when making statements about friction losses in ribbed pipes and also implies 

that viscous effects alone cannot explain the observed drag reduction in turbulent flow. 

However, the viscous sublayer within turbulent flows does play an important role in 

the drag reducing mechanism since proper scaling parameters for riblet drag reduction 

result from the consideration of longitudinal and cross-flow protrusion heights in 

viscous flows. If the non-dimensional riblet height is scaled with the ratio of 
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longitudinal protrusion height to riblet height, optimum drag-reduction for several 

different geometrical riblet shapes occurs at a value of h/(1-h 1/h) 15. Furthermore, 

scaling the level of drag reduction with the shape factor (1- hJh) / iih/s provides a 

reasonable collapse of the data. Thus, an almost universal drag reduction curve for 

riblets has been obtained. 

Experimental investigation of turbulence structure 

Single wire and X-wire anemometry techniques were used to obtain detailed two-

point radial and azimuthal space correlations of all three velocity components and the 

turbulent shear stress in the near-wall region over a smooth pipe wall, a drag-reducing 

blade riblet surface and an approximately drag-neutral scalloped riblet pipe. Profiles of 

higher-order statistics were also measured. The findings and their implications towards 

the drag reduction mechanism are presented here. 

The azimuthal variation of the mean streamwise velocity was restricted to a region 

within two riblet heights above the rib valley for drag-reducing blade riblets. This 

indicates that only the turbulence structures very near the riblet surface experience the 

direct effect of individual ribs while dynamical processes occurring further from the 

wall are affected in a more indirect manner. When non-dimensionalized with wall 

units based on the local friction velocity, the streamwise velocity profile over the drag-

reducing riblet surface is shifted upwards in the outer region; an observation which is 

consistent with other drag-reducing flows. 

Measurements of turbulence intensity indicated that all three velocity components 

were reduced over the riblet surface when scaled with outer variables, such as mean 

centerline velocity, although there would appear to be some evidence that the 
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turbulence intensity over riblet surfaces scales with the wall shear stress. When scaled 

with the local mean streamwise velocity, the measurements over the rib valley indicate 

large reductions in streamwise intensity accompanied by increases in the radial 

intensity. These results suggest that weak streamwise vorticity is generated between the 

ribs which enhances the level of radial fluctuations in the otherwise viscous, slow-

moving fluid in and above the riblet valley. 

Comparing the diagonal components of the stress anisotropy tensor, the inter-

component transfer of kinetic energy from the streamwise to the spanwise component is 

impeded in the buffer region over the riblet surface. In the region just above the riblet 

valley the local kinetic energy transfer appears to become more efficient. The current 

results would indicate that cross-stream and radial mixing are enhanced within the riblet 

valleys but decrease in the region farther above the ribs. A similar conclusion results 

when the turbulent shear stress is normalized on the local velocity; measurements 

indicate that the local momentum exchange just over the riblet valley is larger than over 

a smooth surface or the riblet peaks. This simply suggests that secondary motions not 

present in smooth wall flows are produced by the riblets and azimuthal velocities are 

more difficult to induce over the riblet surface. However, the riblet surface decreases 

the frequency of important high shear stress producing events, as indicated by the 

higher skewness and flatness factors of the turbulent shear stress observed over both the 

rib peaks and valleys. 

Compared with a smooth wall, an increase in both the skewness and flatness factors 

of streamwise velocity is observed over the rib valley while over the rib peak both are 

reduced. Thus, large positive streamwise fluctuations occur less frequently above the 

riblet valley. The flatness factor of the azimuthal velocity is increased substantially 

over the rib valley indicating that riblets also reduce the number of large azimuthal 

fluctuations. 
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The most significant difference between flow over a smooth wall and a drag-

reducing riblet surface is found in the skewness factor of the radial velocity. Over the 

rib valley the skewness factor becomes strongly negative whereas over the rib peak, as 

well as the smooth wall, it is positive. This result suggests that it is more difficult to 

induce upward velocities in the riblet groove than downward velocities. Thus, the 

increased local intensity of radial velocity fluctuations observed over the riblet valley 

would be due to larger radial velocities downward into the grooves. 

Radial two-point velocity correlations over the smooth pipe wall indicate that the 

streamwise velocity is quite widely correlated compared with the azimuthal and radial 

velocities which experience very narrow correlation lengths near the wall. Very close 

to the wall, strong negative correlations of radial velocity and fluctuating shear stress 

are observed. These correlation lengths signify streamwise convecting vortical 

structures of limited radial dimension in the buffer region. Furthermore, all radial 

correlations are somewhat reduced over the riblet surface indicating that the ribs 

interact with these vortex structures. 

Turning to the two-point azimuthal correlations, the low and high-speed streamwise 

velocity regions characteristic of the near-wall streak structure are observed. Over the 

riblet surface, the spanwise extent of this structure is somewhat reduced. Similar to the 

radial correlations, narrow azimuthal correlation lengths of both radial velocity and 

fluctuating shear stress were observed near the wall, with only slight reductions over 

the riblet surface. However, for the azimuthal velocity, a substantial reduction in the 

azimuthal correlation length over the riblet surface was observed. The latter 

observation indicates that lateral flow near the riblet surface is reduced. 

Together, the two-point radial and azimuthal correlations of all three velocity 

components and fluctuating shear stress provide a more complete picture which 
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confirms the existence of intense vortical structures in the near-wall region. The 

streamwise convecting vortices have significant components of spanwise and 

streamwise vorticity and a characteristic dimension, perpendicular to the vortex core, of 

less than 20 wall units. 

The most important conclusion of this study is that riblets appear to inhibit the 

induction of lateral flow near the surface, thus reducing the ability of convecting 

vortices to provoke focused eruptions of the surface layer. Specifically, vortex induced 

cross-flow above the ribs will create secondary streamwise vorticity, of the opposite 

sense at the rib peaks which would tend to weaken any surface layer eruptions. 

Numerous measurements of single point statistics and two-point radial and azimuthal 

velocity correlations provide both qualitative and quantitative support of this drag 

reducing mechanism. 
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