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The objective of this study is to investigate for turbulent flow the fluid motions 
very near a solid boundary, and to create a physical picture which relates these 
motions to  turbulence generation and transport processes. An experimental 
technique was developed which permitted detailed observations of the regions 
very near a pipe wall, including the viscous sublayer, without requiring the 
introduction of any injection or measuring device into the flow. This technique 
involved suspending solid particles of colloidal size in a liquid, and photographing 
their motions with a high-speed motion picture camera moving with the flow. 
To provide greater detail, the field of view was magnified. 

Fluid motions were observed to change in character with distance from the 
wall. The sublayer was continuously disturbed by small-scale velocity fluctua- 
tions of low magnitude and periodically disturbed by fluid elements which 
penetrated into the region from positions further removed from the wall. From 
a thin region adjacent to the sublayer, fluid elements were periodically ejected 
outward toward the centreline. Often there was associated with these events a 
zone of high shear at  the interface between the mean flow and the decelerated 
region that gave rise to the ejected element. When the ejected element entered 
this shear zone, it interacted with the mean flow and created intense, chaotic 
velocity fluctuations. These ejections and resulting fluctuations were the most 
important feature of the wall region, and are believed to be a factor in the genera- 
tion and maintenance of turbulence. 

1. Introduction 
The importance of fluid motions in the wall region has been known ever since 

Prandtl (1904) proposed the boundary-layer hypothesis. In  its most general 
context, this hypothesis suggests that in the fluid adjacent to the wall, the 
viscous effects are important enough to strongly influence the fluid motions. 
Turbulent flow has usually been divided into three areas: the turbulent core, the 
transition or buffer region, and the sublayer region. The latter is usually referred 
to as the laminar sublayer, but because of the unsteady nature of the flow in this 
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area, the term ‘viscous sublayer’ is more appropriate. The wall region is often 
referred to as being the combination of the viscous sublayer and the buffer region. 

Although its nature is not fully known, the wall region is sufficiently well 
characterized to indicate its extreme importance in the control of transport 
phenomena and the generation and maintenance of turbulence. The relatively 
small amount of mixing within the sublayer compared to that of the core causes 
the transport in this region to proceed in part by molecular mechanisms, and 
consequently, it  occurs more slowly here than elsewhere. A large number of 
articles have appeared which attempt to predict the rates of transport by assign- 
ing various characteristics to this region, and develop models or relations from 
these assumptions. Along list ofthese could be made; however, for our purpose, let 
us just cite a few of the more familiar theories: Deissler & Eian (1952), von KBrmBn 
(1939), Lin, Moulton & Putnam (1953), Deissler (1955), Higbie (1935), Danck- 
werts (1951), Harriott (1962), Hanratty (1956) and Toor & Marchello (1958). 

Most of these treatments have one thing in common. They begin by assuming 
a particular character for the wall region. From these assumptions, equations 
for heat and mass transfer rates or coefficients are developed. These equations 
usually contain one or more parameters which must be evaluated from experi- 
mental data. Upon evaluating the parameters in this fashion, nearly all the models 
can be made to predict the proper dependency of the transfer coefficient over 
a certain range. Outside this range the predicted dependency is usually incorrect. 
There is a variety of assumed models, and most of these can be made to agree with 
the same experimental data which demonstrates the insensitivity of the results 
to the assumptions. This insensitivity precludes any possibility of deciding which 
of the models, if any, accurately depicts the true nature of the wall region. 
Clearly, a more direct understanding of the nature of the wall region is needed, 
and based on this understanding, a mechanism should be formulated that will 
allow prediction of heat and mass transfer rates without the need of adjustable 
constants from heat and mass transfer data, and will depend only on the para- 
meters measured from the turbulence itself. 

The importance of the wall region in the generation and maintenance of 
turbulence is well known. Since the kinetic energy of turbulence is continuously 
dissipated to internal thermal energy through viscous effects, a continuous 
supply of new turbulence must be created within the flow ifthe quasi-steady-state 
character of the turbulent flow is to be maintained. The source of the energy is 
the mean flow, but as yet the mechanism of transfer is unknown. Visualization 
of what is occurring in this region might allow the mechanism of transfer to be 
better established. 

The number of investigations reporting quantitative measurements of turbu- 
lent characteristics within the sublayer region is limited despite the acknowledged 
importance of this region. Ludwieg & Tillman (1949) measured local mean velo- 
cities to y+ N 15 for flow over a flat plate, and Reichardt (1951) did the same for 
channel flow to y+ - 2. Measurements of the turbulent characteristics within the 
sublayer were made by Klebanoff (1954) in boundary-layer flow and Laufer 
(1954) in pipe flow. Both used air as the fluid and hot wire probes for the measure- 
ments. Laufer showed that a maximum in the uk/U* distribution occurred at  
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y+ N 15. Even at y+ N 1.5 the u: value was nearly 50 y-, of the U* value at  
NR = 50,000. The other components, while smaller, all have finite values a t  
yf = 3 which was the nearest position to the wall reported. 

Laufer presented an energy spectrum on a wave-number basis for both the 
u, and u, components. In  both cases as the radial position of measurement was 
moved toward the wall, there was a definite shift in the wave number range 
toward larger values, i.e. smaller eddy sizes. Klebanoff's spectra not only showed 
this, but showed a decrease in the contribution to turbulent energy by the low 
wave-number range as the wall was approached. Additional evidence of the 
same effect was reported by Hinze (1959) who used Laufer's data for pipe flow 
and calculated the integral and dissipation length scales. Both scales showed 
a decrease with decreased distance from the wall. It might also be noted that the 
concept of increasing eddy size with distance from the wall is tacitly assumed in 
Prandtl's mixing length theories. 

Laufer also presented a plot of the distribution with distance from the wall 
of the terms of the turbulent energy equation. The only term he could not 
measure or estimate was the one for pressure velocity correlation, and he calcu- 
lated it by the difference. Townsend (1956) corrected these plots for the effect 
of the steep velocity gradient near the wall. They are also presented and discussed 
by Brodkey (1967). These curves dramatically illustrate the importance of the 
region 5 < y+ < 20. Within this region, at y+ N 11.5, the production of turbulent 
energy is a maximum as is the dissipation of this energy. In  addition, the region 
shows a loss of energy by diffusion of kinetic energy out of it, and a gain caused 
by the diffusion from pressure effects into it. Also, there is a loss from the region 
due to the viscous transfer of kinetic energy especially towards the wall in the 
region yf < 5. A similar plot for the region removed from the wall shows that 
the production and dissipation of turbulent energy both decrease rapidly with 
increasing y+. These regions also show a consistent loss due to the diffusion as 
a result of pressure effects, and a consistent gain due to the diffusion into the 
region of kinetic energy from the wall area. Par out in the core of the pipe, the 
loss by dissipation is just balanced by the influx of kinetic energy. 

Other investigators have employed visual-photographic experimental tech- 
niques. Page & Townend (1932) and Page (1936) used an ultramicroscope to 
examine fluid motion very near a solid boundary for turbulent flow in a square 
tube and a circular pipe, respectively. They used a magnification of x 200 which 
gave them a field diameter of 0.03 in. In the region of 0 < yf < 4 they noted that 
the fluid elements continually exhibited departures from truly rectilinear flow. 
Page & Townend measured the angles between the particles and the tube axis 
at various positions from the wall. The maximum angles observed occurred in 
the plane parallel to the wall (maximum angle 27")' and were larger than those 
occurring in the plane perpendicular to the wall (maximum angle 10"). The 
intensity of turbulence in the region was independent of Reynolds number. 
However, the ratio of disturbed to quiescent periods increased with Reynolds 
number over the limited range studied. 

Nedderman (1961), by a technique of still photography and using small air 
bubbles in water to mark the fluid elements, measured instantaneous velocities 
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in the region of 0 < y+ < 30 in pipe flow. At NR = 12,000 and 19,000 he observed 
a wide distribution of values about the mean velocity profile. He concluded that 
the flow was disturbed at  least to y+ = 1. The field of view was 0.196 x 0.196in. 
square, and 0.04 in. in depth. The bubble concentration was quite dilute so that 
in any given photograph only several bubbles were present. Nedderman noted 
that at no time did any of the bubbles present appear to be moving in a similar 
(connected) fashion at the same instantaneous velocity. From this he concluded 
that the eddy scale must be smaller than the field of view. Pinally, he reported 
that on a few occasions he saw two particles, one directly behind the other (that 
is, at  a different depth along the line of sight), with the one at  a greater y+ position 
moving more slowly than the one a t  the smaller y+ position. 

Kline & Runstadler (1959) used dye injection and visual-photographic tech- 
niques to make a detailed investigation of the boundary layer over a flat plate. 
Their study revealed that the wall region possessed a distinct structure and 
a definite, non-regular time-dependent motion. Since that time Kline and his 
co-workers have developed the dye injection and hydrogen bubble techniques 
in order to obtain extensive visual and quantitative results on artificially tripped 
turbulent boundary layers. The results have been presented in reports by Run- 
stadler, Kline & Reynolds (1963) and Schraub & Kline (1965), and in the recent 
article by Kline, Reynolds, Schraub & Runstadler (1967). 

Kline et al. (1967) have incorporated their work and the earlier work of others 
to formulate a picture of the turbulent boundary layer. In  addition, quantitative 
data were presented so as to further relate the picture to more conventional 
observations. They divided the boundary layer into a number of distinct regions 
measured from the plate surface. In  the region 0 < y+ < 10, they reported the 
presence of a very regular pattern distributed in a spanwise direction and 
emphasized that although dominated by viscosity, eddy motions are both three- 
dimensional and present throughout the entire region. The pattern consisted of 
streaks of low velocity fluid alternating with high os velocity fluid. The 
streaks had a much greater axial dimension than the other two dimensions and 
were the result of stream-wise vorticity. While the pattern was quite regular, the 
streaks were destroyed and re-established with a random distribution so that 
their existence at  any given position was limited. The mean streak spacing was 
found to be a function of Reynolds number and a correlation was presented. 
These low az velocity streaks were observed to  develop a wavy configuration, 
and then were observed to be suddenly ejected or be lifted outward from the wall 
in a thin loop-like filament. These filaments moved outward into a region some- 
what further removed from the wall where they were broken up by interaction 
with the flow. The region 0 < y+ < 10 was reported to be the position of origin 
of such filaments. The process of ejection appeared to be random in both space 
and time. The frequency of occurrence, however, was found to be markedly 
dependent on Reynolds number and a correlation was presented. The angles 
the ejected elements made with the wall showed a wide distribution from a 
maximum angle of approximately 26" downward to 0". All were directed down- 
stream. The filaments were ejected into the region 8 < y+ < 12 where they began 
to oscillate. The oscillation amplified as the streak continued outward from the 
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wall until they were disrupted in the region y+ > 10, most being less than y+ < 30. 
This was reported to be a region of great turbulent activity. Kline et al. suggested 
that the ejection process is a primary mechanism for the production of turbulent 
kinetic energy. They further suggested that the ‘bursts ’ could be the result of an 
instability mechanism and appear to play a role in the transport of turbulent 
kinetic energy to the outer regions of the flow. The authors also reported a general 
increase in the size of the eddies and a decrease in intensity as the distance from 
the wall increased. This was supported by hot wire traverses which also showed 
that in the 0 < y+ < 10 region the pulses caused by fluctuations were positive, 
but in the 10 < y+ < 40 region they were negative. 

Parallel to this, we have been investigating the wall region during fully 
developed turbulent pipe flow. The results were first presented by Corino (1965). 
The present paper is a report of this work and an effort to integrate ow observa- 
tions and interpretations with those of others. As will become apparent, all the 
various techniques employed complement each other. The information available 
is contained in a limited number of works and certainly more is needed. The lack 
of knowledge concerning this region is due in part to the difficulties of obtaining 
accurate measurements and observations within it. This is a result of the ex- 
tremely small dimensions involved. For example, in a 2 in. pipe for liquids (tri- 
chloroethylene) at  a Reynolds number of 50,000, the entire sublayer region is 
contained in 0.004in. (y+ = 5). Any probe or injection device introduced into 
the region will have a dimension of the order of magnitude of the region. In  
addition, for liquids, the necessity of providing physical strength to the probes 
causes them to be larger than those used in gases. What is required is a method 
of investigation which can reveal the character of the wall region and yet does 
not require the introduction of any measuring device into the flow. 

2. The experimental facility 
The technique developed for the visual-photographic study of the wall region 

employs colloidal sized particles suspended in the fluid as tracers, and requires 
no tracer injection or the introduction of any measuring device into the flow. 
High-speed motion pictures of the magnified wall region were taken as the camera 
was transported downstream with the flow. This is to om knowledge the 
first time that such pictures have been obtained. In  a circular pipe, this region 
would not normally be visible because of light refraction at the pipe wall. The 
problem was eliminated by using in the flow system a liquid that had the same 
refractive index as the glass pipe, and surrounding the pipe with a viewing cell 
of the same fluid. The following is a brief description, with considerably more 
detail available in the thesis by Corino (1965). 

Figure 1 is a sketch of the flow system. The flanges between the glass pipes were 
equipped with standard Teflon gaskets and were carefully aligned to minimize 
disturbances. The meters were calibrated by weighing the efflux collected for 
a timed interval. The filter could remove all solids larger than 5p. 

Triehloroethylene was selected as the test fluid primarily because its refractive 
index (1.474) closely approximated that of glass (1-473-1.477). Since the light 



6 E .  R. Corino and R. 8. Brodkey 

source used was not monochromatic, no attempt was made to achieve agreement 
in the third decimal place of the refractive indices of the pipe and fluid. In  order 
to mark the fluid elements so that the motions would be visible, very fine particles 
of magnesium oxide were suspended in the liquid. These particles had an average 
diameter of 0 .6 ,~ .  The particle concentration was dense enough so that a large 
number of particles appeared within the field of view simultaneously, but 
sufficiently dilute so that particle-particle interaction almost never occurred. 
The test fluid appeared perfectly clear and colourless in normal light and only . 

FIGURE 1. Flow system. 

under dark field illumination were the particles visible. Then they appeared as 
bright points of light against a dark background (scattered light). It should be 
emphasized that these particles were suspended in the fluid at all times, and no 
injection was required during a run. 

The photo-optical system is shown in figure 2. Since the particle motions were 
very rapid, a 16 mm Pastex WF 3 high-speed motion picture camera, with Kodak 
no. 2475 recording film rated at  ASA 2000, was used at filming speeds of 650-1000 
frames per second. These correspond to shutter speeds of 0-00051-0.00033 sec. 
The lens system of the camera was adapted to produce images of the area of 
interest of x 4-3 and x 2 magnification. These magnified images greatly enhanced 
the ability of the system to define the fluid motions within the very narrow wall 
region. Because of the high filming speeds, the magnification, and the dark field 
illumination, a very intense light source was required. An ultra-high pressure 
d.c. mercury arc lamp. Osram HBO-109, was used, and the beam was focused by 
means of a spherical mirror through adjustable slits into the field of view. The 
use of a mercury arc lamp and not a monochromatic light source prevented the 
complete elimination of any effect of refraction, but the small effect which re- 
mained was used to good advantage as a means of locating the inside pipe wall 
in the photographs. 

In the work to be described it was a distinct advantage to have the capability 
of moving the entire photo-optical system downstream with the flow during 
photography. This naturally required that the field of view be kept in focus during 
the movement, and also that no mechanical vibrations which might effect the 
photo-optical system be present. To accomplish this an 8 ft. lathe bed was aligned 



The wall region in  turbulent $ow 7 

with the pipe (to within 0.03in.) and bolted to the concrete floor. The lathe 
carriage, which is designed to slide along the ground steel tracks was fitted with 
a heavy steel frame, which supported the camera and light source. This carriage 
was driven down the lathe bed a t  constant speeds (up to 1 ft./sec) by an hydraulic 
piston. In  this manner the entire photo-optical system could be moved with the 
flow, and at  any pre-selected speed. This meant that any local mean axial- 
velocity in the wall region could be matched by the carriage velocity, and, there- 

Lathe carriage , 

Metal houi \ lax 
I 

sing 

3 ]-Light path 
I 

Glass wail 

As close 
30 mm -s possible 

I I  I I  

FIGURE 2. Optical system. 

fore, a particular segment of fluid could be kept in view as the fluid motions 
developed. A calibrated nichrome resistance ribbon was mounted on the lathe 
bed and used to monitor and measure the carriage velocity with the aid of a 
sliding contact mounted on the carriage. 

In  the development of an experimental facility such as this, a great deal of 
attention had to be given to the adequacy of different parts of the system to 
perform the desired tasks and provide meaningful results. Effects considered 
were: those of joints in the glass line on the flow, the entry length necessary to 
assure fully developed turbulent flow, the concentration of particles, particle 
shape, possible agglomeration of particles, temperature rise during flow, possible 
modification of the fluid viscosity by the particles, Brownian motion of the 
particles, light refraction at  the wall, and the adequacy of the particles to 
accurately follow the fluid motions. By experimental and theoretical methods 
satisfactory answers to all the problems were obtained, and it was concluded 
that the movies obtained are indeed a picture of the fluid motions. The 
conditions of operation of the photo-optical system involves a compromise 
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between a number of factors: the limited light available to expose the film, the 
camera transport speed, the framing speed, the quality of image desired, and the 
magnification required for reasonable interpretation. The conditions previously 
cited were found to be the best compromise for these experiments. An extensive 
discussion of all of this can be found in Corino (1965). 

3. Camera viewpoints 

light beam, there is some choice as to the position of focus. 
Although the camera line of sight of necessity must be a t  right angles to the 

3.1. Wall view 
In figure 3, as part (a)  shows, the light beam enters the field at right angles to the 
line of sight of the camera. The camera is focused on a horizontal plane AB, 
(part (c ) ) ,  with theinterior pipe wall aligned with the edge of the frame. Part ( b )  of 
this figure shows the orientation in polar co-ordinates. If the camera were focused 
only a t  the geometric plane AB, the view would coincide exactly with the rx 
plane of the polar co-ordinates. However, as part ( c )  shows, the camera actually 
'sees' a certain distance on either side of this plane along the line of sight due to 
the depth of field of the lens system. Since the lenses present flat surfaces parallel 
to AB for the camera to view, these planes separated from AB by one-half the 
depth of field will not coincide with the rx planes at  that position. However, 
because of the extremely small dimensions of the field of view, the actual 
differences are insignificant and no differentiation need be made. Since the optical 
system cannot show three-dimensional effects in the motion pictures, the 
particles within this volume all appear to be on a single rx plane, and in this view 
there is no accurate means of determining at  which rx plane within the volume 
they are located. 

The dimensions shown in figure 3 are for x 4.3; the corresponding values for 
x 2 are 0-205in. x 0.147in. x 0.041 in. (axial, radial, line of sight). For x 4.3, 
the 0.069in. dimension (radial) corresponds to a y+ of 45 at a NR = 20,000, and 
for NR = 50,000, this dimension corresponds to a y+ of approximately 90. 

3.2 Top view 
As part (a) ,  figure 4 shows, the light enters at right angles to the camera line of 
sight, but in this case the light is directed to the interior wall region at  the top 
centre. This view is essentially rotated 90" from the wall view. The line of sight 
is now along the r co-ordinate, and the planes perpendicular to the direction of 
view are Ox planes because of the small depth of field, and therefore would be 
motions parallel to the line of sight in the wall view, just as the motions of the 
wall view in the TX plane are parallel to the line of sight in this view. Although 
these viewpoints were used separately, careful analysis of each series of films 
permitted a three-dimensional picture of the fluid motions to be constructed. 

Since the wall of the pipe did not appear in this view, the camera alignment 
procedure was more elaborate. Details of this can be found in Corino (1965). The 
dimensions in figure 4 are for x 4.3 and correspond to the conditions of figure 3. 
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3.3. Away from the wall 
The limited dimensions of the field of view permitted observations to only 
small y+ positions when the camera was focused at  the wall. In  order to examine 
the fluid motions at  greater y+ values, it was necessary to focus the camera at 
greater distances from the wall as measured along the AB plane of figure 3. The 
resulting views were essentially the same as the wall view, but displaced varying 
distances from the wall. In  order to position the camera, a scale device was used. 
In  this case, of course, the focus was at the plane AB. 

Plane - 
AB 

Direction 
of view 

FIGURE 3. Wall view (dimensions for x 4.3). 
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4. A composite picture 
The motion pictures were analysed to obtain a detailed physical description 

and quantitative measurements of the fluid motions in the wall region. These 
results were then combined with the general knowledge of turbulent flow to 
describe the fluid behaviour in this region, and attempt to explain its significance 
in the generation and maintenance of turbulence. The composite picture to be 
described is from many films of primarily the wall view with less from the top 
view. The clearest pictures of the sequence of events was obtained from films of 

rx p l a y  7 0.069 in.?\ I Bx plane 
\ I /  

I 
Light 

Direction 
of view 

I y +  
C 

FIGURE 4. Top view. 
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the flow a t  about a Reynolds number of 20,000. The motions were complex and 
the clearest description is obtained by considering each step and camera view 
separately. While this does result in a clearer, more detailed description of the 
individual occurrences, it necessarily presents a somewhat lengthy and disjointed 
picture of the entire process. Thus, this brief, hopefully unencumbered, overall 
view is used instead. The individual descriptions of each step and view used to 
develop this composite and the detailed measurements of velocities made from 

\ 

\ 
\ 
\ 
I 
I 

TWO- 

/ 
/ 

Angle 
the wa 

FIGURE 5. Co-ordinate and view description. 

the films are available in Corino (1965). There is also available a brief movie 
showing some details of the experimental facility and certain sequences of the 
observed events.t 

4.1. T h e  ejection sequence 
The most important and distinguishing characteristic of the wall region 
(0 < yf < 30) in fully developed turbulent flow was the intermittent ejection of 
discrete fluid elements outward from the wall. These ejections were local events 
and occurred randomly in both space and time. As will be seen, they are clearly 
the counterpart to the ejection or bursts described by Kline et al. (1967). The 
ejection of these velocity elements into regions of much greater velocity must 
be a part of the turbulence generation mechanism. The eventual interaction of the 
ejection with the higher speed flow disturbed the entire wall region, even to the 
wall itself. The actual ejection of fluid was only a part of a sequence of events, 
which to one degree or another appeared with the ejection in a definite order. Of 
course, there were variations of the sequence and all of the steps did not appear 
all of the time or in the exact fashions described, but on the average it proceeded 
as follows. Figure 5 provides co-ordinates and a view of the field; figure 6 gives 
a crude sketch of the sequence of events to be described. 

t Request ‘The Wall Region in Turbulent Flow’ from Motion Picture Division, Depart- 
ment of Photography, 156 W. 19th Avenue, The Ohio State University, Columbus, Ohio, 
43210. A service charge of $5.00 is made to cover cost. 
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The first of these events was a deceleration of the axial velocity of the fluid 
within a local region near the wall (figure 6a). The limited field of view did not 
permit an estimate of the axial dimension, but the radial dimension involved 
was of the order of 0 < y+ 6 30 (see also figure 5). The deceleration was apparently 
the gradual replacement of fluid possessing about the normal local mean velocity 
with fluid from upstream that had a velocity of smaller magnitude. The actual 
extent of the deceleration varied greatly from a barely perceptible difference to 
cases where the entire field above a particular y+ value was moving in essentially 
plug flow at a reduced velocity. The disappearance of the velocity gradient from 
the region was a striking effect, since normally the region possessed a very steep 
gradient. The velocities of individual particles, which were representative of the 
particular region of flow, were measured for the deceleration period and the period 
preceding it. Deficiencies as great as 50 yo of the local mean velocity were ob- 
served. The totality of evidence supports the observation that the deceleration 
period was a decrease in the mean axial velocity within a rather small area of the 
pipe wall. 

While the field was thus decelerated, the next step occurred, which we shall 
call acceleration (figure 6 b ) .  A mass of fluid from upstream with an axial velocity 
approximating that of the local mean velocity entered the retarded field and by 
interaction began to accelerate the fluid. This stream usually entered about 
a y+ of 15, and as it crossed the field its effect moved towards the wall. Most often 
the fluid had a direction nearly parallel to the pipe wall or at a slight angle 
inward to it. Occasionally it entered with a large radial component of velocity, 
as much as 20 % of the axial velocity, and moved towards the wall at angles (4) 
of from 5" to 15". In  both forms, the size of the stream was quite large, with 
radial widths of the order of the field dimension and axial lengths too great to be 
measured (see figure 5 for clarification of directions). The fluid within this stream 
exhibited some degree of turbulence, but limitations of the photographic tech- 
nique precluded any detailed analysis. It appeared to be a part of a large-scale 
disturbance carried by the mean flow. 

At various times an effect, which we will call two-layer velocity, was observed 
(figure 6c) .  It will be well to digress for a moment and explain this. The observa- 
tion was that two large masses of particles, each possessing a distinctive velocity, 
occupied the same radial or y+ position but did not interact with one another. It 
should be emphasized that the comparison was made between entire layers and 
not individual particles. Since the paths of these layers often crossed or were other- 
wise opposed, the implication from the visual analysis of the films was that they 
occupied two different radial planes and were separated by some distance along 
the line of sight (see figure 5). 

The two-layer velocity is believed to be associated with the spanwise variation 
reported by Kline et al. In  their work on a wide boundary layer (about loin. in 
the spanwise direction), the separation between the high and low velocity regions 
was about 0.5 in. or so. In  our pipe flow, the variation would be distributed about 
the periphery of the inner wall of the 2in. pipe. It is not known if pipe and 
boundary layer flows should have the same spanwise variation, but if it did we 
could not b,ope to establish this with our system. The depth of field is the limiting 
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FIGIJRE 6. Sequence of events : (a) deceleration; ( b )  acceleration; (c )  two-layer velocity 
(first example); (d) shear layer; ( e )  later stage following 2 ( b )  (same as 2 (d ) )  ; ( f )  two-layer 
velocity (second example); (9) ejection event; (h) two ejections in the field; (i) sweep 
event. 
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Figure 6 d-f 

(for legend see p. 13). 
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Figure 6 g-i 

(for legend see p. 13). 
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dimension for observation of this effect. At x 4.3 magnification this depth is 
0*027in., and is clearly less than the dimension of a single spacing interval for 
boundary-layer flow. One cannot hope to see such a spanwise pattern except 
when the focus fortuitously coincides with the interface between two streaks of 
different velocity. With the unsteady nature of the streak structure, this co- 
incidence is highly unlikely to occur very often. Furthermore, the velocity varia- 
tion over the short depth of field would be quite small if the results of Kline 
et al. were applied to our case. 

The two-layer velocity is an indication of a spanwise variation, but of far 
smaller scale than implied by that observed for the boundary-layer flow. Careful 
observation of the hydrogen bubble trail pictures of Kline et al. does show a less 
regular but finer scale structure of about one-tenth of the main spacing, It is more 
likely that we have observed this by our technique. The observation of Nedder- 
man (1961), cited in the introduction, of two bubbles with inverted instantaneous 
velocities can also be explained by the two-layer velocity effect. 

The axial velocities of selected particles representative of each layer were 
measured, and relative velocities calculated. The ability to make these measure- 
ments, and the accuracy of the measurements, were enhanced by the fact that 
the camera was moved at  a particular axial velocity in the flow direction. Thus, 
in most cases, the slower moving particles had practically a zero or even a 
negative axial velocity relative to the camera, while the faster ones moved axially 
past it. This facilitated discrimination between two nearly equal velocities, and 
permitted the measurement of even small relative motions. The ratio of faster 
to slower velocities varied from 1-2 to 2-9. The most common ratio, however, 
was 1-5/1. The higher velocity part of the two-layer velocity effect had a value 
which approximated that of the local mean velocity in the area of occurrence. 

Some distinction should be made between a shear layer (figure 6 4  and the 
two-layer velocity (figure 6c, also detail in figure 5). Both, of course, are shear 
layers, but they occur in different planes. A shear layer occurs as a result of 
a large Uz velocity difference over a small r distance, and appears as a rather 
sharp interface in a plane perpendicular to the wall. The two-layer velocity 
occurs as a result of different Uz velocities in two closely spaced radial planes. 

Let us now return to our main discussion about the stream of fluid at  the local 
mean velocity entering from upstream and interacting with the retarded field. 
The entry of this stream into the retarded field often resulted in an immediate 
interaction between it and the particles in the field (figure 6b). On other occasions 
it entered the field but seemed to be on EL slightly different radial plane than the 
field particles, because it did not immediately affect them. This is the fist 
example of the two-layer velocity (figure 6c). Gradually, as the flow proceeded 
across the field, it began to affect the field particles and accelerate them. As it 
began to interact with them, the two-layer velocity effect began to disappear. 

The entering stream usually did an effective job of accelerating and displacing 
the fluid above a particular y+ position. Below this position it only very gradually 
began to affect the retarded fluid. Therefore, at  the time of ejection there was 
often a very sharp interface between the accelerated and retarded fluid. This 
created a very high shear layer (figure 6e) .  On those few occasions when the 
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entering stream of the acceleration step approached with a large velocity in the 
direction of the wall, and a t  an angle to it, the particles penetrated into the 
region of the wall, and many entered the sublayer. Most of these latter lost their 
identity and were captured by the sublayer fluid and passed out of the field with 
it. Often, as this mass of fluid was proceeding wallward, there was a simultaneous 
ejection of the retarded wall region fluid outward. These elements were on a 
smaller scale than the flow towards the wall. The two opposing flows co-existed, 
but did not interact, although they were clearly passing one another; thus 
another example of the two-layer velocity (figure 6 f ) .  Of course, the fluid may 
have interacted with the main stream somewhere outside of our field of view. 
Let us recall, however, that this specific sequence involving the accelerating 
fluid moving towards the wall occurred only occasionally, and more often the 
accelerating fluid had a direction nearly parallel to the pipe wall. 

The ejection itself was the abrupt movement outward from the wall area of 
fluid originally within this region. This event occurred immediately after the start 
of the acceleration process. It always originated within the mass of fluid consti- 
tuting the retarded element. The particles which suddenly eject outward were, 
prior to this occurrence, observed to be moving much as other particles in the 
region. Once the steps preceding an ejection had occurred, the ejection itself 
proceeded very rapidly from the early stages to the fully developed stage. At this 
stage there was a continuing ejection of fluid outward for varying periods of time 
and then the ejection gradually ceased (figure 6 g ) .  Sometimes the ejection would 
occur just as the accelerating fluid entered the field (after figure 6b), while at 
other times it occurred after the acceleration process had begun (after figure Be),  
but always before the entire field was completely accelerated. Since the accelera- 
tion and ejection occurred in conjunction, the motion pictures were carefully 
examined for evidence that the accelerating stream was a direct causative factor 
of the ejection step by some instability mechanism (i.0. a developing oscillation), 
but no such relation was discovered. At times there was some interaction between 
the fluid composing the entering stream and the retarded fluid, but most often 
the interaction occurred only after ejection had begun. 

Other than the accelerating stream described above, no fluid from the outside 
of the region appeared to influence the ejections. It may be stated that the ejec- 
tion event originated within the wall region, and was not a manifestation of some 
motion occurring outside of this region, The process was of a local nature 
and random with respect to time and space. It was of small scale and three- 
dimensional. Individual ejected fluid elements involved dimensions of the order 
of 0.03-0.06 in. measured axially (and Z+ of 20 to 40). The angular or 8 dimension 
involved was difficult to measure but was estimated to be of the order of 0.01 to 
0.03in. (a 8+ of 15 to 20). The estimates of sizes were based on the x 4.2 movies 
taken at  a Reynolds number of about 20,000, for it was under these conditions 
the clearest pictures of the events were obtained. These scales are consistent with 
the maximum sizes estimated by Nedderman and mentioned in the introduction. 

On numerous occasions the ejection first appeared a t  a particular position with- 
in the field, and while it was in progress other ejections occurred at  adjacent 
downstream positions (figure 6h). At times these ejections appeared to be moving 
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in a connected fashion, i.e. were correlated, but at other times there appeared 
two or more simultaneous ejections within the same field which were quite un- 
connected. Recalling that the field of view was approximately 0.095 in. in length 
one can obtain some idea of the size and local nature of the elements. 

The region measured in the radial plane, where most of the ejections originate, 
was approximately 5 6 y+ < 15 regardless of Reynolds number. There were 
some ejections which originated outside these limits. There was definite evidence 
of ejections originating at  least as near the wall as a yf of 2.5. Below this position 
there was often a connected movement of particles which occurred simultaneously 
with the ejection, but rarely did they possess sufficient radial velocity to escape 
from the region. Their motion usually consisted of a slight outward movement 
which appeared as an axial flow at a slight angle to the wall. 

The events just described can be compared to the most recent observations of 
Kline et al. (1967) that the streak pattern appears to migrate slowly downstream 
as a whole and drifting slowly outward with oscillations beginning in the region of 
y+ of 8-12 and break up in the region of y+ > 10. Their observations of the dye 
streak (their figure 15) can be explained by our observations. The slow outward 
movement just cited (t = 0). The ‘oscillation’ corresponds to the beginning of the 
ejection event. It is the low velocity fluid ejection that causes the dye streak to 
lift locally (their t = 6t which corresponds to our figure 6.f). The ‘oscillation’ at 
the t = 26t sketch corresponds closely to our figure 6h, where two ejections are 
occurring. The present magnified view following the entire fluid motion, rather 
than the streak lines which are difficult to interpret, provides a clearer picture 
of the process. It is suspected that the dye injection technique is unable to detect 
those ejections which we observed to occur beyond a y+ of 10, simply because the 
dye is unable to drift out beyond this distance. It is disrupted by other ejections 
and turbulent motions before it can do so. Our results clearly show that the 
ejection originates in the region of maximum production and not in the region 
of the wall to a y+ < 10 as suggested by Runstadler et al. (1963). Furthermore, 
even though a dye injected at  the wall finds itself eventually outside the viscous 
sublayer, this does not mean ejection occurs right to the wall. As noted, the closest 
we observed was at  a yf of 2.5. 

The ejected fluid moved outward from the region of the wall toward the centre- 
line along a slightly curved path directed downstream. The curvature of the path 
as well as the distance outward which it attained initially depended upon its 
radial velocity and the position at which the high shear interface occurred. This 
interface did not always occur at the same position, but usually occurred in the 
zone 4 < y+ < 32. The exact position in any particular event depended upon the 
degree of deceleration and acceleration, and magnitude of the radial velocity 
component. In  a few cases, however, no interface appeared within the field, 
a distance which ranged from yf of 40 to 75. As already noted, this often occurred 
during the flow towards the wall or when the deceleration took the plug-like flow 
form. In  these instances the ejected element left the field essentially unaffected 
and with a substantial radial velocity component. There was no way of ascer- 
taining if, in these cases, a shear region formed beyond a y+ of 75. The path of the 
fluid before it interacted to any extent with the steep gradient was a slightly 
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curved line a t  a small angle to the wall (180-#), and was directed downstream. 
The angles of ejection (180-4) had a wide distribution from a, low of 1.5' to  
a maximum value of 21". They had a most common value of 8.5" measured in the 
radial plane. The ejection angle was independent of Reynolds number. The 
instantaneous radial velocity components varied; some as high as 30 yo of the 
axial component were observed. Most, however, fell within the range of 10-20 %. 
These, of course, represented the most energetic ejections. The magnitude of the 
radial velocity increased with Reynolds number, and this factor made the angle 
of ejection independent of Reynolds number. The ejection moved not only in the 
radial plane, but also in the plane parallel to the wall. These movements showed 
angles (6) as large as 35" and an average angle of 15" measured from the axis. The 
instantaneous radial velocities within this plane were of the order of 20-30 yo 
of the axial component. The agreement between the angles of ejection reported 
by others and those measured in this study are excellent. Runstadler et al. (1963) 
reported a distribution of angles; the maximum angle was 26" and the most 
favoured trajectory showed a slight dependency on Reynolds number, but fell 
within the range of 10" to 13". The present study showed no dependency over 
the limited range studied. The maximum angle observed was 21", and the average 
ejection angle was 8.5'. In  addition, the measurements of Fage & Townend 
(1932) agree with the current observations in both magnitude and in dependency 
on the plane in which they were observed. 

As the ejected fluid moved outward, it was accelerated axially to a small extent. 
Because of the retarded nature of the region below the interface, this accelera- 
tion was quite small and the fluid was still deficient in axial velocity. Upon 
reaching the steep gradient at  the interface it suddenly encountered a fluid of 
much greater axial velocity, and a violent interaction occurred (figure 6g). This 
interaction created a great deal of turbulent motion and the movements of the 
fluid elements within it were very intense, abrupt and chaotic. The entire 
structure had a very small scale. The intensity of this interaction destroyed the 
identity of the individual elements. The interaction not only occurred between 
the mean flow and the ejected element, but the continual ejection of fluid into 
this chaotic mass by the remainder of the original element and others which 
could occur at approximately the same time caused increased interaction and 
mixing. The motions might be characterized as very disorganized with the par- 
ticles having short, abrupt movements and sudden changes of direction and 
speed. The general movement of the entire region was, of course, downstream, 
but the chaotic motions spread out in all directions, and the more violent ones 
reached even to the sublayer and wall. In  this manner the inner parts of the sub- 
layer region were disturbed by the ejection. Some elements re-emerge, but many 
were captured within this region and persisted as less violent disturbances. The 
observed velocity fluctuations within the sublayer are well documented as pre- 
viously indicated in the introduction. The depth of penetration was random, 
but generally greater penetration and intensity occurred at higher Reynolds 
numbers. The end result, in addition to the creation of the turbulent motion, 
was that the ejected element was disrupted and accelerated axially at  the expense 
of the mean stream, and was convected downstream. The chaotic motion con- 
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tinued as it proceeded downstream. Since the elements originally possessed an 
outward directed radial velocity component, the fluid continued to spread out- 
ward. The general picture presented here agrees with that given by Kline et al. 
(1967), although exact analytical comparison cannot be made. The studies com- 
plement each other. The lower axial velocity of the ejected element is clearly 
shown in both studies. The actual trajectory of elements is much clearer from the 
work of Kline et al. 

To support the conjecture that the ejections are the major contributors to the 
production of turbulence, the instantaneous values of u,u, were calculated for 
the runs at  N, E 20,000. The instantaneous values are predominately positive 
since u, comes from a retarded flow and thus is negative (V, > U,) and up is 
always negative (inward from the wall). Only 22 observations were available; 
these were averaged in an accumulative manner; i.e. an ejection originating near 
the wall contributed to the stress further out. Finally, at  this Reynolds number, 
ejections disturbed the flow on the average 18% of the time (from figure 8); 
thus, the calculated value applied only 18 % of the time. The results are shown 
in figure 7 and account for 70 % of the stress reported by Laufer (1954). A similar 
estimate at  N’ 21 30,000 gave 50 %. In  spite of the small sample available and 
the crudeness of the estimate, the results do indicate that the ejections are very 
energetic and well correlated so as to be a major contributor to this Reynolds 
stress and thus the production of turbulent energy. In  their recent publication, 
Kline et al. (1967) suggest that this might be true and noted that in some 
more recent measurements they did observe large values of the instantaneous 
stress.? 

Tritton (1967) recently suggested that the coherent eruption idea implies 
a negative contribution to the Reynolds stress and thus should be abandoned. 
This can be corrected by our observations. It is not the motion away from the 
walI and a faster motion downstream (from the outer regions) that act together, 
but rather the former with a retarded (slower than the mean) motion downstream. 
Indeed, the faster motions (acceleration and sweep stages) were usually nearly 
parallel to the wall and thus would contribute little to the Reynolds stress. On 
those few occasions that the faster flow moved wallward, this would also be a 
positive Reynolds stress contribution, and may in part account for the difference 
between the known total Reynolds stress and that estimated from the ejections. 
Of considerable importance is our observations that the source of the stress come 
from the small ejection eddies. The large eddy structure coming from the outer 
part contributes little. These observations are in accord with the hypothesis of 
Townsend (1961) of active and inactive parts of the flow and with the recent 
measurements of Bradshaw (1967). 

The position of the zone of interaction changed with the position of the inter- 
face. Most commonly the interaction zone occurred over the region 7 < y+ < 30, 
although the extremes were from 4 to 32. This can be compared to zone of 
turbulent activity given as 10 6 y+ < 30 by Kline et al. (1967). As noted, once 

i Prof. Kline has indicated that in their recent report MD-20, they were able to  show 
quantitatively that essentially all the production does occur during the ejection. 
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within the interaction zone, the fluid experienced a rapid acceleration down- 
stream. As the distance from the wall was increased, the character of the fluid 
motions changed. In  the wall region and out to just beyond the interaction zone, 
i.e. y f  of 50, the motions were of small scale, intense and abrupt. By a y+ of 7 0  
the greater part of the change to conditions of the outer region had occurred. 
By a y f  of 150 the change was completed and thereafter it was of degree rather 
than character. These outer regions had an increasingly larger scale of disturb- 
ance, but the intensity was reduced. The disturbances appeared as large sweeps 
moving across the field of view at a large angle to the axis. The length was always 
much longer than the width. The motions were so much larger than the field of 
view that they were difficult to define. They also passed through the field 
so swiftly that the nature of their internal structure could not be studied. 
They appeared to be segments of a large structure which existed in the outer 
region. 

The ejection phase ended with the entry from upstream of a stream of fluid 
which was directed primarily in an axial direction; this is the sweep event (see 
figure 6i) .  This fluid had an axial velocity that corresponded to that which 
a normal velocity profile would predict. Usually the ejections had subsided by 
the time it appeared and it swept the field of elements of retarded flow and re- 
established a semblance of a normal velocity profile. On some occasions the 
entering stream did not interact with the particles, but appeared to pass them 
much in the fashion of the two-layer velocity. After a time, however, the entering 
stream seemed to encroach upon the field fluid and eventually interacted with it. 
I n  both cases the interaction usually produced some chaotic motion. While this 
action terminated the cycle of events, it  did not mean that all disturbances in 
the wall region disappeared. There remained minor disturbances. 

Still photographs of the ejection event have been reproduced from the movie 
film, but we have found these to be quite inadequate and confusing when com- 
pared to the detailed dynamic view obtained in the movies. Several such examples 
were given by Corino (1965). It is hoped that figure 6 gives the reader a feel for 
the occurrences and that Corino’s thesis and viewing of the movie will provide 
additional details. Again, the tabulations of the actual measurements of the 
velocities, sizes, and directions of the various motions can also be found in the 
thesis by Corino. 

4.2. Reynolds number effect 

At low Reynolds numbers (2300) the flow was laminar and there was a complete 
absence of any departure from the smooth flow parallel to the wall. At a Reynolds 
number of 5360, the steeper turbulent velocity was evident and displayed the 
first evidence of the unsteady nature of the wall region. It appeared as an 
occasional deceleration-acceleration sequence of the local mean axial velocity. 
No significant departures from the axial flow were observed, but generally the 
flow appeared more agitated than previously. Upon increasing the Reynolds 
number to 11,280, the deceleration-acceleration sequence of the local mean axial 
velocity was observed to occur with increased frequency, about once per second 
on the average. The majority of the particles moved axially, but some few had 
significant departures from the axial in both directions. These constituted the 
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first notable departures from purely axial flow. At this Reynolds number the 
first evidence of the two-layer velocity effect occurred. 

When the films taken at  a Reynolds number of 21,000 were studied, the full 
nature of the wall region was revealed. The entire sequence of events surrounding 
the ejection process were repeated a number of times in excellent detail. Here 
for the first time was unmistakable evidence of the ejection of fluid from the wall 
region outward, and the subsequent interaction with mean flow. Upon increasing 
Reynolds number in steps to 50,000 the analysis showed that the changes which 
occurred were not in the basic character of the ejection process, but in the 
intensity and frequency of occurrence of these events. With each increase in 
Reynolds number there was an increase in the number and intensity of ejection 
events, so that by 52,000 the events occurred so often and at such close intervals 
that even in the periods between events the fluid was highly agitated, and it was 
extremely difficult to determine where one event ended and the next began. 
Also, there was an increase in the intensity of the created turbulence, and, there- 
fore, the effect was more clearly felt in the regions very near the wall. 

Initially, in order to assign a quantitative value to the relationship between 
frequency of occurrence and Reynolds number, an attempt was made to count 
the individual events which occurred during a given time period. This was satis- 
factory for Reynolds numbers of 20,000 or lower, but above 30,000 the difficulty 
of separating individual events from each other and the intervening fluctuations 
became so great that confidence in the counts was greatly reduced. Nevertheless, 
an estimate was made and the ejections occurred approximately five times more 
often at  Reynolds number of 50,000 than at  20,000. Because of the difficulties 
encountered in the preceding method of analysis, an alternate method of ob- 
taining essentially the same information was devised. An electric counter was 
used to count the number of motion picture frames in which the fluid in the wall 
region was significantly disturbed. From this count and the knowledge of the 
actual number of frames per second at which the film was exposed, one could 
determine the percentage of the total photographed interval during which the 
wall region was significantly disturbed. In  this method it was not necessary to 
separate individual events if they overlapped or if the intervening disturbances 
were very intense. If they exceeded a minimum intensity, they were included. 
This is a measure of the fraction of the time the region was disturbed and is not 
an intensity of turbulence because any time above the arbitrary minimum in- 
tensity was counted as being just as important as a very high intensity period. 
The reproducibility of this method was excellent. Figure 8 shows the results of 
the two methods and the agreement between them. Each point represents the 
average of the number of films noted. The limits are also shown. The solid line 
represents N T 5  which is equivalent to a U"2 dependency. This is to be expected 
as based on wall similarity ideas; the variation with Reynolds number is a varia- 
tion only in scale. Typical frequencies would be proportional to U * 2 / ~  or N&75. 
Wine et al. (1967) found a U*3 dependence, but their technique of measurement 
was different; their technique gives a frequency of break-up per unit of span, 
while ours is an average frequency essentially at  a point. 

Flspan = F/h  cc FU*lv, 
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since hU*Iv was constant. Now if PU*/v is proportional to U*s as they observed, 
P, the frequency at  a point must be proportional to U*2, as we observed. Thus, 
the observations are in agreement. Black (1966) found the same dependency (U*2) 
for correlation of wall-pressure gradients at  a point at the wall. 

The dichotomy in the nature of this basic event is interesting. In  the 
fundamental structure and form the dependency is independent of mean flow 
parameter, and seems only dependent upon local conditions. Thus, the sequence 
of events, the ejection angles, the small scale, and the general random behaviour 
are divorced from mean flow dependency. However, the frequency of occurrence, 
the ejection velocity, and the position of the different zones show a distinct rela- 
tion to mean flow parameters. It would appear that the mean flow situation 
operates to provide conditions locally which are conductive to the occurrence of 
an event, but that the event depends directly only upon the local conditions. 

5. Summary 
It is convenient to divide the radial distance from the wall to the centreline 

of the pipe into three distinct regions, each of which displays fluid motions of 
a particular character. While the character of the fluid motion is quite distinct, 
the lines of demarcation between regions are not sharp and a degree of overlapping 
occurs between adjacent zones. The following summary is based on the observa- 
tions and measurements of this work and measurements of others all of which 
have been detailed in the composite picture in the previous section. 

5.1 Xublayer region (0 6 y+ < 5 )  

This may be called the sublayer region, but the adjective ‘laminar’ is not used 
because the fluid motions with this region are definitely not laminar. The fluid 
within it continually exhibits departures from rectilinear flow in the form of 
excursions of small masses of fluid moving at some angle to the wall. The dis- 
turbances are three-dimensional. The amount of fluid involved in any single 
movement is quite small, indicating a rather small scale of disturbance. These 
disturbed elements rarely leave the region, although a few with particularly 
strong deviating velocities do escape outward. The fluid motions within this zone 
which depart from the mean axial motion are, for the most part, produced and 
sustained by the turbulence generated in the adjacent one (generation region). 
The degree of disturbance within the sublayer is dependent upon the degree of 
turbulence within the generation zone. Since this latter is dependent on the 
Reynolds number of the flow, a definite dependency on Reynolds number exists 
for the disturbed motions within the sublayer. This manifests itself in the form 
of a greater number of deviations from axial flow with increasing Reynolds 
number. Of course, if the wall region parameters v and U* are used to make the 
intensity dimensionless, it is known that the Reynolds number effect is accounted 
for. At higher Reynolds numbers, fluid from the generation region repeatedly 
penetrates deeply into this region, and occasionally some penetrates to the wall. 
This penetration indicates that a mixing process is occurring not only within 
the sublayer region, but between this region and fluid from the generation zone. 
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Such a mixing and agitating process is very important in mass and heat transfer 
considerations. Since the generation region exhibits a nonregular periodicity in 
time, the sublayer regions does too. However, the periodicity within the sublayer 
is much less pronounced due to attenuation and averaging effects. 

5.2. Generation region ( 5  < y+ < 70) 

This is the most important region since within it the major generation and 
dissipation of turbulence energy occurs. While its limits approximately coincide 
with the commonly described buffer zone, it cannot in any way be considered as 
such. Instead of a relatively passive transitional zone, this region is the position 
of origin of the majority of the fluid ejections, (5 < y+ < 15), and also contains 
the positions where the maximum interaction of these ejections with the higher 
axial velocity of the mean stream occurs (7 < y+ < 30). The ejection process and 
subsequent interaction at a region of high shear is a mechanism whereby energy 
is extracted from the mean flow and converted into turbulence energy. The 
evidence to support this has been presented in the previous section. The character 
of the ejections is basically dependent on local conditions. The ejections do, 
however, exhibit dependency on mean flow parameters with regard to the 
frequency of occurrence and velocity of ejection. The connexion between the 
mean flow and the local conditions which creates this dependency is not apparent 
from the data. The nature of the interaction, being of high shear and involving 
individually small elements of fluid, results in a small scale of turbulence and 
a very disorganized chaotic motion. A large part of the turbulence energy created 
here is also dissipated here. 

Based on the limited information available, many authors have speculated on 
what is the cause of the ejection phenomenon. Unfortunately, not enough in- 
formation is available from this study to completely explain it; however, the 
observations do have bearing on the suggestions that have appeared in the 
literature. Space does not allow detailed discussion of all of these, but some 
general comments are appropriate. First, the various references cited are: Ein- 
stein & Li (1955), Malkus (1956), Townsend (1956, 1958, 196l), Grant (1958), 
Ferrari (1959), Landahl(1967), Bakewell (1966), Kline et al. (1967), Wills (1967), 
Black (1968), Phillips (1967), Willmarth & Tu (1967), Schubert & Corcos 
(1967), Sternberg (1967). 

Some of these invoke the idea of a hydrodynamic instability with subsequent 
vortex formation which is instrumental in the exchange between the wall layer 
and the main stream. In our work (Corino 1965), because of the possible similarity 
between the wall region and the laminar-turbulent transition, we thought that 
the shear layer might be unstable and give rise to ejections by some instability 
mechanism. Consequently, the films were carefully studied to see if any oscillatory 
motion could be detected. As already cited, none was, and furthermore no tight 
rotation of fluid elements was observed, except on very few occasions. These 
observations do not rule out a catastrophic non-linear instability, but do make 
improbable a simple linear instability (oscillation) followed by vortex formation 
as is visualized for the transition problem. Furthermore, as discussed in the 
previous sections, the oscillations of the dye streaks observed by Kline et aE. can 
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be explained by the ejection sequence.? Nevertheless, their conjecture that wall- 
layer streak breakup (the ejection event) plays an important role in determining 
the structure of the entire turbulent boundary layer is supported. Indeed, there 
is broad agreement on the picture of what happens, i.e. shear layer formation, 
two-layer velocity, ejection, etc.; it is the suggested reason for this that is not 
confirmed. Black’s mechanistic picture requires instability, horseshoe vortex 
formation, etc.; but, more important, it requires that the ejection fluid (vortex) 
be at  a velocity greater than the mean as given by the law of the wall. This is in 
direct contrast to our observation that the ejection fluid is from a retardedregion. 

The deduction of Townsend (1958) and the further measurements of Bakewell 
(1966) suggest a large eddy structure of elongated streamwise extent that gives 
rise to a region of strong updraft of the fluid between the eddies. The scale size is 
consistent with the two-layer velocity observation, but we cannot put quantita- 
tive numbers on these observations, as could Willmarth & Wooldridge (1962), 
Willmarth & Tu (1966), and Mitchell & Hanratty (1966). Townsend (1958) also 
proposed an outer wake-like layer that was dominated by jets of turbulent fluid 
from the wall region into the relatively undisturbed outer region. The exact 
correspondence of events is difficult to establish but clearly the correspondence 
is there. 

Ferrari (1959) and Grant (1958) have attempted to explain similar type occur- 
rences by introducing the effects of pressure fluctuations and gradients, and 
local instabilities due to vortex stretching. Grant in particular observed jets of 
fluid emanating from the edges of turbulent wakes and projecting into the main 
stream. He reasoned that the initial conversion of the mean flow energy to 
turbulence energy favours certain components, the ones aligned with the direc- 
tion of stretching of the vortex element. This results in stress being established 
in the wake which eventually must be relieved. He proposes that the jetting 
fluid elements represent a secondary flow caused by the stress relieving process. 

There has been disagreement on the nature of the sublayer being active or 
passive (see Kistler 1962). Our film shows the innermost part (0 < y+ < 2.5) to 
be essentially passive and the rest (y+ 7 2.5) active. This has the advantage of 
agreeing with other investigators when their suggestions are interpreted in terms 
of our observations. Kline et al. (1967) cited a communication with Pfenninger, 
who showed that a small amount of wall suction can markedly decrease turbu- 
lence. Prom this they concluded the region must be active. Their active region 
would be composed of our thin, passive layer next to the wall and the adjacent 
active area. Our interpretation or explanation of the experiment would be that 
any wall suction would counteract the radial ejection velocity (which is approxi- 
mately 10 yo of the local mean velocity and therefore small) and thus suppress 
turbulent production. Of course, removal of the entire region, both passive and 
active, would relaminarize the flow, and this is what Kline et al. suggested. 
They discarded the possibility of a large passive region as against a large active 
one. The removal of a thin passive region was not considered. Our observations 

t In retrospect, our observations cannot rule out an oscillation or spiral motion of a 
scale of the order or larger than our view. The recent observations of Kline et al. (report 
MD-20) are apparently of this nature. 
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of the thin passive region also accommodate the objection made by Bradshaw 
(1967), that the disturbances cannot originate in the viscous sublayer (y+ 2 5). 
For the most part, the ejections occur outside this range, and thus one would not 
expect a dependence on wall conditions. It is known empirically that the Von 
Kkmhn constant does not depend on the nature of the wall. The work of Mitchell 
& Hanratty (1966), summarized by Hanratty (1967), does not support the 
idea of a large passive region, but again does not rule out the thin region observed 
in our films. Their spectral measurements support the idea, as noted by Hanratty 
(1967), although this may be simply indicative of our observation that in the 
immediate vicinity of the wall the fluctuations are of a much smaller scale than 
in the generation region. The sum total of views, including our films, leads us to 
suspect that the sublayer region does respond passively to the events occurring 
in the adjacent active generative region. The picture is complicated by the fact 
that the thin sublayer is not of a constant set thickness but rather depends on the 
location of the ejection event (5 < y+ < 15), and indeed on all other events in the 
generation zone. The picture is further complicated by the occurrences at times 
of disturbances right to the wall as a result of interaction between the ejection 
and the shear layer in the region of 7 < y+ < 30. It would appear that a very 
simple mechanistic picture will not suffice; what is of importance is that inter- 
actions do occur between regions and in both directions. 

5.3. Core region (y+ > 70) 

From our work and that of the others previously cited, one can conclude that the 
eddies in this region have been created in the generation region and have diffused 
or been convected to this position. The eddy size increases with increasing 
distance from the generation region. Much of the change in character from 
the generation region to this region occurs within the approximate limits 
50 < y+ < 100, but the entire zone of 50 < y+ < 150 may be considered transi- 
tional. Beyond approximately y+ = 150 the changes are less marked, and even 
the growth in eddy size proceeds at a diminished rate. The size and reduced 
relative motions do not create much turbulence. Nor are these characteristics 
likely to cause much dissipation, although within the large scale eddies the small 
scale will produce some. 

This entire region contains eddies which originated within the generation 
region of various upstream positions. It is more dependent upon what occurred 
upstream than what is occurring in the wall region at  the particular time or axial 
position a t  which it is observed. This is a result of the fact that the turbulence 
requires a finite time to diffuse outward, and the velocity profile which causes the 
core region to move faster axially than the inner regions. The core region, there- 
fore, contains an average sampling of much that has occurred in the inner 
regions upstream, and as such is a history of these events. This process tends to 
produce an integral effect on the nature of the motions in this region which 
eliminates much of the periodicity and local character of the generation zone. 
It also produces a rather stable character where the fluid motions respond only 
slowly to local changes which would affect the generation and sublayer regions 
very quickly. This dependence on preceding events but not on events which are 
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local in space or time could be a factor in the explanation as to how the mean 
flow affects the local conditions which produce the ejection events. 

6. Recapitulation and conclusions 
The preceding discussion has demonstrated that the present observations of 

the nature of the wall region in turbulent pipe flow are compatible with the results 
reported by numerous other investigators who used quite diverse methods of 
study. It is particularly important to note that the agreement quite often 
occurred between measurements that were obtained by very different means. 
Thus, in considering the scale of disturbance, the observed increase in size with 
increasing distance from the wall agreed quantitatively with the visual studies of 
Kline et al. and Nedderman, qualitatively with the hot wire measurements of 
Laufer, and with the indirect measurements of Mitchell &, Hanratty. The nature 
and position of certain distinct zones in the wall region agreed with the visual 
observations of others, and with the quantitative measurements of Laufer. The 
position of these regions corresponded approximately to the traditional division 
of sublayer, transition, and core, but the nature of the regions was observed 
to  be quite different from the traditional view. The fact that no one has before 
made visual studies of the wall region which would have revealed the details 
of the region on a par with the present study, precluded any possible comparison 
in this regard. In  some cases, certain unexplained effects observed in other studies 
could be explained by the more detailed knowledge gained from the present study. 

On the basis of this work one may conclude: 
(i) In  turbulent pipe flow the turbulent motions have a distinctive character 

which is a function of the distance from the wall. Within the distance of y+ 6 5 
the flow is not laminar, but is disturbed by velocity fluctuations of small magni- 
tude, and by the intrusion of bulk elements of fluid from the adjacent region. 
The region, 5 6 y+ 6 70 contains the position of origin of fluid ejections, 
5 < y+ < 15, and the position of interaction of these elements with the 
main flow, 7 < y+ < 30, to create turbulence. The region beyond y+ > 70 
has reduced intensity of velocity fluctuations, and a larger scale of turbulence 
than the preceding region. 

(ii) The most important feature of the wall region is the ejection of fluid 
elements which occurs there. These ejections are three-dimensional disturbances 
which occur locally, and randomly with respect to time and axial position. They 
have a well-defined character which is independent of mean flow parameters. 
The intensity and frequency of occurrence are, however, a measurable function 
of these parameters. The interaction of these elements with the mean flow creates 
turbulence. 

(iii) The composite picture presented defines the function and importance 
of the observed fluid motions in proper context with the known properties of 
turbulent flow. To the extent that a comparison is possible, the observed character 
of the wall region is not contradicted by any existing evidence, and in a number 
of cases it is supported by results obtained by quite different means. 
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