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ABSTRACT

In a previous report techniques were described for measuring turbu-
lence and velocity profiles in turbulent shear flows of water and dilute
fiber suspensions, and some preliminary results presented. The present
report describes subsequent experience with the techniques, and the results
of their application to an extended range of flow velocities and an addi-
tional wood pulp suspension. The report has two areas of emphasis. The
first has to do with some basic facts about turbulence, together with
relevaint' theoretical relations among variables and their implications as
regards problems of measurement and analysis. The second relates to the
specific -measurements and their significance as regards flowing fiber
suspensions.

The results confirm and extend the previous conclusions regarding
the .mechanism of turbulence and the momentum transfer process in dilute
fiber suspensions. In particular, the significance of the combined roles
of turbulence and fiber entanglement in diffusion and mixing is examined
in detail. The necessity of isolating these roles is discussed and recom-
mendations presented. The procedures employed for data measurement and
analysis of the statistically turbulent flow are: analyzed and recommendations
made.
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NOTATIONS AND DEFINITIONS

Autocorrelation function. A function defined by Eq. [l]
Autocorrelogram. A function defined by Eq. [2]

c concentration

D= pipe diameter
APf = friction factor = A

F(n) = fraction of kinetic energy per unit mass of the x-co:mponent
of the turbulent fluctuations, referred to the maximum energy
density occuring in the entire spectrum. Defined by Eq. [h]

F (n) = fraction of total kinetic energy per unit mass of the
x-component of the turbulent fluctuations, and per unit
bandwidth. Defined by Eq. [6]

g = acceleration of gravity

H instantaneous dynamic head acting on impact tube (Eq. [12])

AH head loss

k von Karman constant (Eq. [19])

kc, k (in Fig, 17) hypothetical variations of k with concentration
and Reynolds number respectively

Y = fiber length

L =length of pipe over which a given pressure drop AP occurs

n frequency, cps (=d2)

An frequency interval (bandwidth)

AP pressure drop

p' = local turbulent pressure fluctuation

R(-) autocorrelation function. Defined by Eq. [1]

R(T 1 T) autocorrelogram. Defined by Eq. [2]

Reynolds number =

t = time

T = a time interval- specifically, length of autocorrelogra-m

u, u = local mean velocity in the x-direction

ut = x-component of turbulent velocity fluctuation

U, U = max velocity in the x-direction at centerline of pipe

V1= y-component of turbulent velocity fluctuation

V average bulk velocity (= discharge/area of cross-section)
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x, y, z = orthogonal coordinate axes; x is in the direction of the mean
flow (parallel to pipe axis); y often denotes distance from
pipe wall

Y = ordinate of autocorrelation function or of autocorrelogram,
at r = 0, Defined respectively by Eq. Ila] and [2a]

= specific weight

= local momentum transfer coefficient. Defined by Eq. 1151
9 = Kinematic viscosity of water

= local shear stress; also, in autocorrelation measurements,
delay time (see e..g. Eq. {1])

Ir = wall shear stress

(n) = energy spectrum function: average: kinetic energy per unit mass
at a point in the flow, contained in a given frequency bandwidth
An, divided by the bandwidth

= angular frequency (=2nn)

o = frequency of periodicities in autocorrelation record

rotating speed of pump

b = frequency of pump rotor vanes passing the volute tongue (cutwater)



I. INTRODUCTION

In a previous report [Ref. (29)], techniques were described for
measuring turbulence and velocity profiles in turbulent shear flows of water
and dilute fiber suspensions, and some preliminary results presented. The
present report describes subsequent experience with the techniques and the
results of their application to an extended range of flow velocities and an
additional wood pulp suspension.

For the case of turbulence, the essentially statistical nature of the

phenomenon introduces special problems into both the data measurement and
data analysis and interpretation. Because of this, the report has two areas
of emphasis. The first has to do with some basic facts about turbulence,
together with relavent theoretical relations among variables and their impli-
cations as regards problems of measurement and analysis in the present
investigation, The second is the discussion of the specific measurements of
turbulence and velocity profiles and their significance as regards flowing
fiber suspensions.

-1-





II. SOME ASPECTS OF TURBUIENCE AND METHODS OF
THEORETICAL AND EXPERIMENTAL ANALYSIS

1. General

Turbulence is characterized by irregular unsteady fluctuating motions
of small fluid masses within a larger field of flowing fluid. These motions
are random to various degrees depending on the circumstances leading to the
turbulence. As a random process, the precise form of motion of a turbulent
field cannot be described or predicted. However, it is possible to charac-
terize different states of turbulence through its statistical properties.
By averaging in different desired ways the various properties from a turbu-
lence record, meaningful statistical quantities are obtained.

In general we can think of two types of turbulent behavior and two
corresponding types of averaging. In one, the actual motion at some point in
a field is a fluctuation about a certain mean state. Averages over a period
of time tend to assume definite values if the time interval is long enough.
In the second, the motion appears to have the same character over a definite
part of the field. Then averaging a quantity over the particular domain at
some instant of time gives a definite value. -Statistically the field appears
to be homogeneous, and, following Bendat IRef. (18)], the turbulence is said
to be a stationary random process. In principle a homogeneous turbulent
field may be stationary with respect to time also so that time averages may
replace space averages as is discussed in more detail later. If this can be
assumed experimental simplification occurs automatically.

For homogeneous turbulence there is no variation in mean velocity in
any direction and no net shear stress transmitted across the turbulent field.
However, in many practical cases where shear stresses exist, there may be some
degree of homogeneity. The quasi-steady turbulent shear flow in a long cylin-
drical pipe or rectangular channel is a combination of the two kinds of
behavior just mentioned. The statistical properties at each point in the
pipe are independent of time, and on every straight line parallel to the axis
are independent of distance. Therefore, on any radius turbulence records
should have the characteristics of a stationary random function of both space
(distance) and time, and some of the concepts applicable to the analysis of
stationary random processes will be useful in the study of such a shear flow.

There is a limitation to the usefulness of statistical methods in
arriving at a clear physical understanding of turbulence. It is true that
statistical concepts introduced by the mathematical studies of isotropic and
homogeneous flows are exerting an ever widening and clarifying influence on
our interpretation of the turbulent process in shear flows. However, when
we seek to correlate the characteristics of the turbulent field and the mean
flow velhcities of these shear flows, we must still rely heavily on elementary
or phenomenological models (e.g. mixing length, momentum transfer coefficients,
Reynolds shear stresses, etc.).

The recourse to elementary models becomes even more necessary when we
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first start investigating complex systems, such as non-newtonian fluids
and multi-phase flows. For such systems it is especially important to
understand the relations between the mean flow characteristics and the
local turbulence and mixing properties in order to bring out the effects
of anomalous viscosities of suspended phases. It is important, therefore,
to investigate the deviations from riewtonian behavior using phenomenological
view points. In our analysis of the turbulent flow of dilute fiber suspen-
sions we have endeavored to do this also and to integrate the conclusions
with the results of statistical examinations.

2, Same Historical Aspects - Isotropy vs. Homogeneity

The statistical analysi3 ,i' t-Urbulence owes much to G. I. Taylor (1) (2)
who did pioneering work in viewing turbulence as a field of fluctuating velo-
cities described by a random continuous function of position and time. His
initial work treated the simplest category of turbulent flows, the ideal
isotropic turbulence. This is a random motion in which the mean values of
the flow variables are independent of translation, rotation and reflection
of the axes of references. For isotropic motion the changes in direction
and magnitude of fluctuations at a given point are wholly random and there
is no correlation between the behavior of the components. Although no
turbulent flow in nature is perfectly isotropic, isotropy was taken initially
as the model for flow behind uniform grids, Actually such a flow is more
nearly homogeneous, ie., a random motion whose average properties are
independent of position in the fluid space, although the statistical prop-
erties of the several components of the fluctuations at a point are not
completely independent as isotropy requires.

Taylor introduced the concept of correlations between velocities at
two points in the fluid to describe the statistical properties of the
fluctuations with respect to their spatial distribution and phase relation-
ships. In 1938, Taylor (3) made a further contribution by introducing a
result of pure mathematics probably suggested by Wiener (h) in his famous
paper of 1930 on generalized harmonic analysis. Taylor's paper uses the
fact that for a random functioi the Fourier Transfor.m of the correlation
between two velocities is an energy spectrum function in the sense that
it describes the distribution of kinetic energy of the turbulence as a
function of the Fourier wave-number components, or (since the wave number
is an inverse function of frequency) of the frequency of the fluctuations.
The definition of correlation and energy spectra will be discussed in
Section II-4 of this report, but we note here that this relation between
the two is of double significance. Given one, the other can be computed,
or if the two are independently determined for the same time-series, a
comparison may disclose otherwise hidden features and possible errors
in the time-series.

Following Taylor these methods and extensions of them have been used
widely. In the analysis of isotropic and homogeneous turbulence we refer the



reader to Ref. (8) for a general review and to Refs. (5) through (10) for the
details of certain aspects. In the case of shear flows, the application of
these concepts to instrumentation and analysis is described in Refs. (11)
through (15).

3. Turbulent Shear Flows

Turning specifically to turbulent shear flow we note that when there is
a variation in mean velocity across a field of turbulent fluid such that a
net shear stress exists, there is a variation in the average values of the
fluctuating properties. In consequence there are interactions between the
mean motion and the turbulent motion, and the phenomenon is more complicated
than the simpler homogeneous case. There are gradients of the various
properties and there is said to be transport effects as the turbulent energy
goes tbrough various stages of transformation. For fully developed steady
flow in a pipe there is no decay. of mean or fluctuating quantities in the
direction of flow, but the turbulence passes through all its stages across
the pipe section - turbulent energy production from the mean flow, energy
diffusion, and turbulent and laminar dissipation.

In the past various experimental investigations have been carried out
in different types of shear flows of single phase fluids. The difference
between the so-called free turbulent flows and the flows past solid boundaries
has been recognized. It becomes apparent when studying these flows that the
dynamic and kinematic processes, which govern, may be completely different.
Laufer (11), investigating the flow in a two-dimensional channel, found some
results, but these were far from being complete. One consequence of his study
was the realization that in order to obtain a complete picture, say of the
turbulent energy balance, a knowledge of flow conditions in the close prox-
imity of the wall was of the utmost importance. later Laufer (12), with an
emphasis on turbulent structure, carried out a study in a 10" diameter pipe.

The purpose of Laufert s investigations was to reveal details of flow
structure that could not be found from study of mean flow alone. Laufer
verified that rates of turbulent-energy production, dissipation, and
diffusion have sharp maxiMa near the edge of the laminar sublayer and that
there exists a strong movexaent of kinetic energy away from this point and
an equally strong movement of pressure energy toward it. Also, from the
standpoint of turbulent structure, the field within the pipe may be divided
into three regions: (1) wall proximity where turbulence production, diffu-
sion, and viscous action are all of equal importance; (2) the central region
of the pipe where energy diffusion plays the predominant role; and (3) the
region between (1) and (2) where the local rate of change of turbulent-energy
production dominates over the energy received by diffusive action.

It is important to realize the additional complexity of turbulent shear
flows over the isotropic or homogeneous turbulence. For further information
the reader should consult Tchen (13), which is a deep and extensive analytical
treatment of the nQnisotropic case, and (14), (15). Tchen's work will be
mentioned later in relation to spectra shapes,



4. Correlation Functions and Spectrum Density Functions in Turbulent Flow

Two statistical parameters are especially useful in dealing with random
processes, They are correlation functions and energy density spectrum functions.
As pointed out by Taylor Ref. (3) they are particularly useful in discussing
turbulence, In the following subsections we will discuss these functions briefly,

(a) The Stationary Random Process, Consider a phenomenon occurring
throughout a field of space. Imagine a series of records taken simultaneously
at many points in the space and each extending over some definite time inter-
val, These records of random fluctuations may be averaged in various ways.
Suppose that averaging over large numbers of the different records at some
time t1 gives the same result as at t2, t3 , etc., so that all statistical quan-
tities are invarient with respect to time translations. As defined in Ref. (18)
this behavior is known as a stationary random process0 In the more general
non-stationary random process, this invarience would not be realized. Now,
if, in addition, the averages with respect to time at fixed locations turn
out to be identical to the averages with respect to location at fixed times,
the process is said to be ergodic as well as stationary. Since the records
from the turbulence measurements are time functions, if we assume ergodic
as well as stationary conditions prevail at any given radius in our circular
tube we may use time averages instead of space averages in the analysis of the
results. Furthermore, one experimental record should suffice to give the
true statistical properties,, We will make this assumption in treating the
experimental data, but we should remember that it is an assumption which may
not hold exactly,

(b) Autocorrelation vs. Crosscorrelation. Two records from a series
of different records such as described in the last paragraph may have certain
similarities and show some degree of correlation. In a single record the
events at different successive times may be more or less related to the
happening at the starting time. Such information is obtained by a correlation
procedure. Suppose we have two functions of time x(t) and y(t), We perform
a correlation if we delay y(t) by an amount - and then multiply the two
functions and average over a time period, If x(t) and y(t) are different we
have a time crosscorrelation. If x(t)=y(t), i.e. we use the same record
delayed with respect to itself, we have an autocorrelation, For a record
y(t) from a random process, the autocorrelation function is defined as

,T

R(T) lim 1 y(t)y(t T)dt
T--- T

where T = sample length.
For a stationary random process it can be shown that R(T) has the following
properties:

-6-



R(r) = R(-r) i.e. symmetry about R=(Q)

R(O) = Y4(7) > 0
R(0) > R(i) but R(s) may be

Applied to turbulence we will express Eq. 1] in the notation

Yl() = 
T

-T-D T 'o
[la]

where u t = x-component of velocity fluctuation.

The results of autocorrelating are customarily represented as correlograms
of R(-), or (YA). plotted versus the delay time r.

In practice, of course, T cannot be infinite so that expei-imentally
we determine

T

R(T,T) =

0

or, applied to turbulence

YA = YA(,T) = 1

0

T

u' (t)u' (t+'r)dt

Differences can be expected between theoretical and experimental results due
to finite sample lengths as well as due to deviations from the truly station-
ary random conditions.

Applied to turbulence, the autocorrelation at 'c=0 gives the rms value
of the turbulent fluctuations. If the correlation function is made dimension-
less the area of a plot of R(-r) vs -r gives a relative time scale, an average
persistence period for the fluctuation.

The use of time cross correlations in analyzing turbulence would add
importantly. This has been done with hot wire instruments in Air flows.
However, in the present experiments, like in most cases of liquid flow, it
is not practical to obtain two simultaneous records. Never-the-less, it
would be interesting to cross correlate two records at different radii,
even though they were not simultaneously obtained.

(c) The Energy Spectrum and Relation to Autocorrelation. The energy
spectrum of turbulence is the frequency distribution of the kinetic energy
contained in the fluctuating velocity components of a turbulent field. We

-7-
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will define the energy* density spectrum function f (n) as the average kinetic
energy per unit mass at a point in the flow contained in a given frequency
bandwidth An divided by the bandwidth. The total average kinetic energy
associated with the ul-turbulence at a given point is then

vO

Total K.E./mass = a = f (n)dn [3]

where n = ordinary frequency, cycles per second

=(0/2n

It is convenient in making measurements to use the fraction of the energy in
a bandwidth referred to the maximum energy density occurfing in the entire
spectrum, so we define

F(n) n)

where(ur = the maximum average kinetic energy per unit bandwidth in
the spectrum

Inserting Eq. [4] in [3] gives

f 
= 0( u 'F(n)dn [5]

Then we write

Of F(n)dn Fl(n)dn = 1 16]
0 0

where Fl(n) = the fraction of total energy per unit mass per unit' bandwidth.

It is customary to present spectra as graphs of q)(n), F(n) or Fl(n) versus
frequency n. Roughly, the low frequency portion of a spectrum represents
kinetic energy of the large eddies of turbulence, and the high frequency por-
tions represent energy in small eddies.

(n) is often called a power density spectrum since if the random process
is represented by voltage fluctuations and a load of one ohm is assumed,
R(,) has the units of (voltage)" and ! (n) the units of watts per cycle per
second.
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Spectrum density functions can be determined by different methods. In
the present experiments spectra of the outputs from a turbulence gage were
determined directly by a frequency analysis using a wave analyzer as described
later in this report. Alternately, in the special case of a stationary random
process, the energy density spectrum function is related to the autocorrelation
function by useful formulae which permit the conversion of one into the other.
These formulae are the result of applying classical harmonic or Fourier
techniques, and detailed aspects are given in Refs. (3), (h) and (16) through
(19). Here we present the main relations and comment briefly.

If R(r) is the autocorrelation function of a stationary but not necessa-
rily ergodic random process and the energy density spectrum of the process
is (n), then according to the Wiener-Khinchin relations,

00

RQs) = (n) cos 2nn' dn

0

and [7]

(n) = h R(,) cos 2nni d

0

Thus, the autocorrelation function can be determined through a Fourier cosine
transform of the energy density spectrum, and vice versa. From Eqs. [l], [6]
and [7] we see

CO0

R(o) = y2 (t) = (n)dn = / Fl(n)dn [8]

0 0

or applied to turbulence

Y A(o) = 77 = utF1 (n)dn [9]

0

While these relationships hold for the special case of a truly stationary
random process we apply the conclusions to interpreting the separately
determined autocorrelation and spectrum density functions for the experimental
records from the turbulence tests.

5. Some Practical Considerations of the Autocorrelation Function

There are several kinds of statistical errors that may be encountered
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in the measurement and analysis of random time functions. From the extensive
literature discussing these we have included items (16) through (23) in the
list of references. In the following we comment specifically on some effects
having bearing on our measurements.

(a) Periodic Phenomena. If an otherwise random signal contains a
periodic component, this periodic component will persist at large delay times,
while the random components tend to average out, Following Ref. (18), pg. 24,
this may be shown as follows.

Let a single record of a stationary (not necessarily ergodic) process be

y(t) = A sin (2nnt + ) 1]

where A = constant

= phase angle = constant

n = ordinary frequency, cycles per second

= angular frequency, radius per second

In Eq. [1] replace R(,) by R(-r,y) to indicate dependence on y(t) so that

T

R(,r,y) = l- - sin 12nnt + I sin {2nn(t+s) + dt
0

[11]

= - cos 2nnt

We see R(T,y) is

a) independent of phase angle f

b) is an even function ofT

c) has a maximum at 'c=o

d) is periodic in r with the frequency of the original record y(t).

If then a record contains periodicities superposed on a random signal, they
should be detected by calculation of R('c,y) for large delay times. Otherwise
for large -r, R('r,y) would be expected to go to zero.

-10-



(b) Effect of Sample Length. If as in practice the sample length T
is finite, there arises the question of the accuracy of the process of auto-

correlating. This question has been treated in several references. For

example, see Refs. (18) to (23) inclusive. The problem is to determine under
what circumstances the experimentally determined function

T

R(5, -T1 y2dt 12

0

converges to R('r) as defined by Eq. [1]. The important difference between

Eqs. [2] and [1] is that T is finite in [21),making the correlation R a

function of both -r and T.

It has been proven theoretically that as T approaches infinity,
R(u,T) does converge, in the mean, to R(r). The manner in which it converges
is, however, unknown as yet. It is conceivable that R(T,T) converges to

R(r) in some oscillatory manner and there exists an optimum length T or set
of optimum lengths. Tukey (24), (25) pointed out some errors of finiteness

of record length which are strongly dependent on the distribution of the

particular random variable involved. Weiss (23) has shown that a narrow band
of Gausian distributed noise leads to the prediction of a long-term cyclic
behavior in the correlogram.

(c) Waxing and Waning. It has been observed and reported [e.g.

Refs. (23), 27)J that at large delay times some autocorrelograms show a
disorderly increase and decrease of the envelope. This is known as waxing

and waning. A possible cause is a periodic signal plus some corrupting

signal. Another possibility places this as an error of the finite sample
correlation process. This possibility was demonstrated by Weiss (23) as

will be described in later discussion of our experimental results.
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III. DATA MEASURING AND PROCESSING-

EQUIPENT AND PROCEDURES.

1. Test Loop and General Procedures.

The turbulence measurements and velocity profiles were taken at the

downstream end of the 2-inch diameter horizontal loop described in Ref. (29).

The probe tip was flat faced. Some of the earlier runs reported in Ref. (29)

used a 0.15-inch diameter tip. All subsequent tests used a 0.25-inch diameter

tip. The probe projected into the end of the 2-inch conduit a distance of

2.75-inches from a streamlined cross-flow support. The support, spanned the

full 2-inch diameter so that the resistance caused by the probe did not change

with probe position. Initially, an extending lower lip was attached to the

conduit behind the probe support to maintain hydrostatic pressure distribution

as long as possible so that the probe tip would not be in the zone of transition

from hydrostatic to the uniform (zero) pressure existing in the emerging free

jet. Later with high concentrations at the highest flow rates, the free-jet

discharge resulted in severe air entrainment. A flexible extension was added

to the end of the 2-inch lucite tube which connected into the three-way diver-

sion plug valve used for flow deflection from the stock reservoir to the

calibrating tank. This allowed a submerged discharge into the reservoir {See

Section 4.3 of Ref. (29)]. It also made volumetric flow determinations more

easily possible. The extension was used particularly in making velocity

traverses. However, for turbulence traverses it being necessary to isolate

the turbulence probe and gage from the general vibrations of the test loop

pipe, the free jet discharge was more suitable and was used. To extend the

turbulence measurements to higher concentrations and velocities this problem

of instrument isolation versus air entrainment and foaming will require more

attentiongin the future.

The suspensions were circulated by a variable speed Gould open-impeller

centrifugal pump. An open steel tank equipped with a propeller mixer served

as stock supply reservoir and pump head tank. One end of the tank comprised

the volumetric discharge measuring compartment. In operation the flow rate

was computed from a pressure drop measurement along the length of the pipe

using a conversion established by calibration tests giving flow rate versus

pressure drop for each pulp and concentration conbination.

2. Turbulence Gage and Data Recording

The gage used for the turbulence measuring investigation was developed

at the M.I.T. Hydrodynamics Laboratory for the study of turbulence in high-

velocity free-surface flow. This gage, described in detail in Ref. (36),

consists of an impact probe connected to a capacitance pressure transducer.

The impact tube senses fluctuations in the stagnation pressure. Elim-

inating the mean hydrostatic head at the probe tip there remains

H = (7+u')2 + L= + + + _ 12]
2g 'y 2g g 2g y

.13-



where H = instantaneous dynamic head

u = local mean velocity

ut = x-component of turbulent velocity fluctuation

P1 = local turbulent pressure fluctuation

In this relation pt/Y and u' I/2g are terms of the same order of magnitude but
normally out of phase. The term u2/2g is a constant. Thus the fluctuating
component of H, and the output of the capacitance transducer, is dependent
primarily on Mu/g. This relationship is assumed to hold exactly in the use
of the instrument. A discussion of the possible magnitudes of errors is given
in Ref. (36).

Fluctuations of the stagnation pressure at the tip of the probe are
transmitted to a relatively stiff 0.042-inch t hi c k diaphragm in the trans-
ducer. This diaphragm is, in turn, separated from a brass cap by an air gap.
The air gap has a thickness of 0.001-inches. The diaphragm forms one plate of
a two-plate capacitor, connected to a parallel-resonance tank circuit. The
circuit is tuned when the diaphragm is in its neutral or zero pressure position,
that is, when the air gap is 0.001-inches' Defections of the diaphragm under
the action of pressure fluctuations detune the tank circuit, causing voltage
fluctuations in its output circuit. The voltage fluctuations are then amp-
lified to a suitable level for measurements. The amplified variations can
be made visible either on an oscilloscope or the variation can be stored on
a magnetic tape for subsequent processing. Some changes were made in the
circuiting from that described in Ref. (36). Most importantly, the original
amplifiers were replaced by a more stable unit, and this in turn mounted
directly on the capacitance pressure cell unit to eliminate connecting cables
and associated signal transmission problems.

Turbulence gage data was recorded for later processing. In this step
the amplified output of the tranducer was further amplified-by a factor of
10 using a Glennite Model F-408 A.C. coupled Decade Amplifier. The final
signal, containing essentially only the fluctuating voltage components, was
placed on magnetic tape.

The recordings were made using two tape machines. The first, an Ampex
Model S-3175 is a seven-channel FM carrier type, employing a 1-inch tape, and
designed to record and reproduce data from DC to 5,000 cycles. It is a three-
speed unit operating at 0.3, 3.0, and 30.0 inches per second tape speed on
record and intended to play back only at the 30-inch speed. In the recording
process, the input signals frequency modulate a pulse generator, the pulses
being recorded on the magnetic tape, The pulse generator can be switched
for any of three carrier frequencies; 270, 2700, or 27,000 cycles 10/6 for
operation with 0.3, 3.0, and 30.0 inches per second tape speeds, respectively.
Only two playback amplifiers are provided. Either or both can be connected
to any of the seven playback beads through a special switching panel. The
frequency respqnse when recording at 0.3, 3.0, 30.0 inches per second and
playing back at 30 inches per second tape speed, is:
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+ 1/2 db 0 to 3,000 cycles

1 db 0 to 5,000 cycles

The second recorder used was an Ampex Model 306-2 two-channel FM
carrier type employing a 0.25-inch tape. Both machines were used with the
30.0 inches per second recording speed, and at that speed had the same
characteristics.

During an experiment the amplified output of the capacitance gage was
sent to both the left channel of an oscilloscope and to the input df the
Ampex recorder. The output from the Ampex was then fed back into the right
channel of the oscilloscope. This procedure, of looking at both the input
to the Ampex and the output f-tom the Ampex, is desirable in order to insure
reliability of the recording. The recording speed as well as the reduction
speed on the analog correlation were both 30 inches per record, therefore
making the speed-up ratio 1 to 1.

The utmost precaution had to be observed in mounting the gauge because
of its very high sensitivity to external vibration. The test stand on which
the gauge sets is separated by sponge rubber from the concrete floor. The
table on which the oscilloscope, the one amplifier, and the solar sets, was
placed upon sponge rubber mounts. A sheet of sponge rubber separated each
piece of equipment from the table. Even though many precautions were taken
to reduce the noise-to-signal ratio, a small fraction was present. This
fraction was considered negligible,

Special precautions had to be observed in filling the gage including
the impact tube to make sure no air was trapped in any part of the internal
:mchanism. Unless all the passages and cavities are water filled the gage
response is affected by a falling off of the effective resonant frequency
of the unit. In early experiments each gage component was flushed with a
detergent using a hypodermic syringe and needle. The components were then
assembled under water which had been deaerated by boiling or by vacuum.
The filling techniques were improved during the course of the experiments.
In the procedure finally adopted, a large vacuum tank was employed within
which the disassembled components of the entire gage unit could be immersed
in water. After applying a high vacuum for a period of six to eight hours
the gage was assembled under water.

The natural frequency of the gage unit, including the impact tube,
was reported to be about 90 cps in Ref. (29). This is thought to be low,
probably due to the presence of some undissolved air. Subsequent deter-
minations of the resonant frequency, with a longer impact tube, but after
the gage had been filled by the improved procedures, gave values in the
range of 160 to 190 cps. The computed effect of the different tube dia-

meters and lengths is to change the resonant frequency by about 10 0/.
Thus with the unit properly filled with water the resonant frequency should

be of the order of 150 cps or greater. With poor filling it is probably
less.
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3. The Correlator and Autocorrelation Procedures.

The processing of data into autocorrelation curves was carried out
by the Analog Correlator (28) of the Communications Biophysics Laboratory
and previously descri ed in Ref. (29). This equipment was made available
without cost to this TAPPI project. The correlator calculates the value
of the integral 

T

- y y y(t4-)dt 113]1 [1331
0

for discrete intervals of '. With y1 = y2 an autocorrelation is performed

according to Eq. [2].

The two signals to be correlated are recorded on adjacent tracks of a
magnetic drum. The delay is achieved by sending the two signals from read heads
that are displaced along the circumference by a distance proportional to the
value of delay. The multiplier is a quarter-square device and the integrator
is a simple Miller integrator. Thus, to get an autocorrelation curve by this
method, it is necessary to record the data on a magnetic tape. Reflectors are
then taped onto the magnetic tape, separated by a distance along the tape
proportional to the sample length (T). The correlator can then be set to make
automatically one pass over the data (from reflector to reflector) for each
point on the autocorrelation curve. The beginning and end of the sample are
sensed by shining a light on the tape. When the reflection is reached, a
photo-electric cell produces a pulse, triggering control relays that rewind the
tape, start the correlator, and stop the correlator.

The overall characteristics of the system are dependent on the components
used in the recording of data, and on the ratio of playback speed (during
analysis) to the recording speed of the magnetic tape. The characteristics for
the case in which there is no speed-up of the tape during analysis, that is,
when playback for analysis is at the same speed as that of the original recording,
are as follows: maximum overall bandwidth, 1 cps to 5 kc/sec; -maximum delay,
185 m sec; number of possible Af (the units by which r is changed for computation
of successive points of the correlation function), 30, ranging from 1/16 :m sec
to 10 m sec, maximum length of record which can be analyzed (T), 50 seconds.

Control runs have been made in the analog correlator in order to insure
that no errors result from the machine processing of the data. A typical
control run is the autocorrelation of a 250 cycles per second sinusoid.
There is no significant change in the period of the sinusoid as a function
of delay. Thus, it is reasonable to conclude, that the machine errors can
be assumed to be second-order effects.

4. Energy Spectra Measurements.

To obtain a spectrum analysis of the taped records of the turbulence
gage output a General Radio Type 762-B Vibration Analyzer was used. This is
a narrow-band, constant percentage bandwidth, analyzer and is continuously

-16-



tunable from 2.5 to 750 cps. The ouitput for any bandwidth is the average
intensity of the incaming signal over the frequencies within the bandwidth
as a fraction of the maximum average intensity occurring for any bandwidth
in the entire spectrum. The output as read on a vacuum tube voltmeter

(an integral part of the analyzer) is then

LF (Anma

where An denotes a given bandwidth. To convert to the spectrum level that
would be measured if the analyzer had an ideal response characteristic with
a bandwidth of 1 cycle, a correction (specified by the instrument manu-
facturer) is applied to each voltmeter i eadihg. Applying the correction,
which is a function of frequency (and hencebandwidth) and denoted by
C(An), and squaring gives

F(n) Z, [F1 (An) - C(An)]'

-114 [151

max

The spectrum data is presented as plots of F(n) versus frequency n.

The method used in obtaining a signal to feed into the wave analyzer
will now be described. As stated before, the output from the capacitance
gage was permApently recorded in the Ampex tape recorder. For convenience

the tape was then placed in the analog correlator and the correlator was

set in motion and allowed to wind and rewind, i.e., complete its natural
cycling, The wave analyzer was set to a certain frequency and as the tape
then went through its winding cycle, the instrument meter reading was taken.

The estimated accuracy of this reading is ten percent. The tape then
rewound, the wave analyzer was set at another frequency, and the process
repeated for another wave analyzer reading. This process was continued

until the entire frequency range was exploited. The process gives averages

of the intensity of the fluctuations requiring a subsequent squaring to
obtain energy units. Alternately the output of the autocorrelator at zero

time delay (-r-o) would give an energy function directtly to feed to the
analyzer. This was not conveniently possible at the time of the experiments,
requiring special connections to the correlator which had been made available
in between other scheduled uses.

5. Turbulence Gage Calibration.

When the correlating procedure is carried out by the analog correlator,
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the ordinate (i=o), gives the value of the mean square (7M) of the turbulent
fluctuations. A calibration is necessary, :if one wants to determine absolute
values of the fluctuations. In Ref. (29) magnitudes were approximated by
relating the slopes of the corresponding velocity profiles to the autocorrela-
tion results and assuming the same relationship between rms of the ul - and
vf- fluctuations and uvTF as found by Laufer [Ref. (12)] for air. Subsequently,
efforts were made to experimentally determine an overall calibration factor.
This matter was one of the most difficult to accomplish with relidbility and
was not really solved to complete satisfaction. A procedure was evolved
wi ch, in principle, should give useful calibration factors, but which requires
considerable developmental investigation to assure it practical usefulness.
The method involved the application of a known sinusoidal pressure pulse to the
tip of the pressure probe, recording the pulse on tape and then autocorrelating.
The ratio of the mean square value of the applied pulse to the square root
of the correlogram ordinate at T=o is the calibration factor.

A block diagram of an electro-mechanical arrangement to effect a
calibration is shown in Fig. 1. A mechanically-linked system drives a piston
in a sinusoidal motion. The piston is soldered to a diaphragm, the diaphragm
acting as one end of a closed pressure chamber. The mechanical arrangement
is such that both the amplitude and the frequency of the piston can be varied.
The capacitance gage probe is inserted through the other end of the pressure
chamber, and a seal is placed around the probe to insure a rigidly contained
chamber. The remaining electronics of the calibration setup are identical
with the arrangement used in recording velocity fluctuations.

With this arrangement the response at the probe is nearly, but not
exactly, sinusoidal. Reflections within the pressure chamber modify the applied
sine wave pressure pulse.

In operation, the signal from the capacitance gage and the output from
the Ampex recorder are simultaneously observed on a cathode ray oscilloscop-.
As in the case of data recording, the procedure of looking at the signal
before and after the recording is advisable in order to insure a valid operation
of the Ampex recorder. The peak to peak voltage of the near sinusoid, on the
oscilloscope, is recorded. The gage is then calibrated statically. A static
pressure head is applied, until it reaches such a height, that it causes a
similar voltage deflection as the peak to peak recorded voltage of the applied
pressure sinusoid. The peak to peak value, of a sinusoid, is easily connected
to a root mean square, and then a mean square value,

The final step is to autocorrelate the tape record from the calibration
run, for which we can now evaluate the ordinate at r=o as the mean square of
the pressure pulse. Assuming the random signal of turbulence and the near
sinusoidal signal produce the same response in our measuring system, we have
a calibration and can evaluate all the other ordinates of the autocorrelogram.

In this procedure the frequency of the applied pressure pulse n as well
as the delay time interval AT and sample length T used in autocorrelating are
variables that may affect the calibration factor obtained, Following the
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development of the procedure it was possible to complete an overall
calibration for only one set of these three variables; namely n=12.2 cps,
AT=2 milliseconds and T=18 seconds. The result gave a calibration
factor of 2.35 which when multiplied by the ordinates YA at r=o gives
magnitudes in inches per second. This factor was used to obtain the
magnitudes shown in the plots of Figs. 10 and 11. As will be described
further on discussion of the results, there are some anomalies in the
apparent rms values which suggest that the calibration factor may not
be constant. This matter requires further investigation and development.

6. Mean-Velocity Measurements.

The mean-velocity* measurements in the suspensions investigated in
the present report were made using essentially the same equipment and
same procedure described in the previous report (29),[Section 4.4].

The impact tube had a blunt, circular face,0.25" in diameter and
with a 1/16"1 opening, tapering off to a cylindrical stem of 1/8-inch
diameter. The blunt shape had been found effective in preventing fibers
from gathering at the tip. The size of the required tip diameter appeared
to be a direct, but unspecified, function of fiber length and concentration.
Provisions were made for flushing the tube, as well as the static pressure
openings, which were located at the two ends of the horizontal diameter
and at the upper end of the vertical diameter of a section approximately
one inch upstream of the tip. The dynamic and static pressure openings
were connected to an inverted-U air-water :manometer.

In general, during the present experiments it was found that Ground-
wood fibers had a less pronounced tendency to collect at the tip of the
impact tube than the Long'Lac 17 fibers. However, considerable diffi-
culties were experienced with the Groundwood suspensions on account of
finer particles penetrating occasionally inside the tube. The particles
could be flushed out at times only with great difficulty, owing to an
expansion of the internal passages of the impact tube immediately
after the tip opening. No similar difficulties were encountered with
the Long Lac 17 suspensions.

The velocity traverses were taken starting at the centerline, and
moving toward the wall (in order to operate at progressively decreasing
impact pressure, and hence with water flowing out of the tube, thus
reducing the possibility of internal clogging). From the wall, the
probe would be returned directly to the centerline, when a new check
reading would be taken, and then moved toward the opposite wall, to
check the symmetry of the velocity profile along the whole diameter.

* By mean-velocity we denote the time-average of the fluid velocity
at a given point in the fluid; by average velocity we denote the average
bulk velpcity, i.e., the overall discharge through the cross-section,
divided by the area of the cross-section.
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IV. EXPERIENTAL RESULTS AND ANALYSIS

1. Experimental Variables and Scope of Tests.

In the previous phase of this research, which was reported in
Ref. (29), an exploratory study of the turbulence characteristics and
velocity distribution of fiber suspensions was made. The study was
confined to suspensions of one natural fiber only, Long Lac 17, tested
at one flow rate (12m 1.60 x 105). The results were related to the
results of pressure drop bleasurements (which were performed over a
wide range of flow rates and concentrations with suspensions of three

natural fibers, Long Lac 17, Coosa River 55 and Poplar Groundwood). In
the present experiments the turbulence and velocity measurements covered
a range of flow rates and were extended to suspensions of another natural

fiber, Poplar Groundwood.

The two fibers investigated in the present report represent the
two extremes in the characteristics of the three natural fibers for
which pressure drop measurements are available from the previous report.
The Long Lac 17 fibers are the longest and-most flexible, and their
suspensions showed the greatest deviation from the friction factors for
water at the same flow rate. The Groundwood fibers are the shortest,
and least flexible, and their suspensions exhibited the smallest deviation
from the water friction factors. The principal characteristics of
hydrodynamics importance are given in Table I for these two fibers.
The results of pressure drop measurements are given in Figs. 2 and 3
(hich are Figs. 15 and 19 from Ref. (29)).,

The present measurements were aimed at covering the two extreme
flow rates in the turbulent range; namely) a flow rate slightly higher
than that at which the transition regime ends, and the highest flow
rate for which head loss measurements were available. Also, in some
cases, -measurements at an intermediate flow rate were deemed necessary.
For Long Lac 17 some of these measurements were already available from
the previous report, having been performed at a flow rate which
corresponded to an intermediate point of the turbulent range.

It was not always possible, on account of clogging or other experi-

mental difficulties, to perform measurements at all the desired flow
rates (particularly the turbulence .measurements); at other times, so-me
of the intended measurements appeared superfluous, because a clear enough
picture of the flow phenomenon had already emerged from previous measurements.

The Reynolds numbers and concentrations for which turbulence and
mean-velocity data were taken, are given in Table II. In conformity

with previously reported data, the Reynolds number in Table II and
throughout this report are based on the water viscosity for the temp-
erature of the suspension. A comparison of the values in Table II with
Figs. 2 and 3 shows the locations of the test conditions relative to the
transition and turbulent flow regimes.
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2. Turbulence Measurements.

The turbulence data recorded on the magnetic tape were all analyzed in
terms of their autocorrelation function. In addition, for water and for
0.5 0/0 solutions of both Long Lac 17 an4 Poplar Groundwood energy density
spectra were obtained, each at a Reynolds number well into the turbulent flow
regime. Typical autocorrelograms are shown in Figs, 4 to 6 as Y versus
delay time ' in milliseconds (Eq. [2a]). The energy spectra for water and
the two solutions are plotted in Figs, 7 to 9 as F(n) versus frequency n
in cps (Eq. [15]).

In the following subsections, after presenting some of the specifics
of the data taking and analysis procedures we will discuss in a general way
the results of the autocorrelations and spectral analyses as to their inter-
pretation and in relation to their disclosing information about turbulence.
In Section IV-3 we will consider the findings and conclusions as regards the
turbulent processes particularly.

(a) The Test Data. In recording the turbulence data on the magnetic
tape, about 5 seconds at 30 inches per second tape speed were allowed to
obtain steady tape motion. Following this records ranging in length from
30 to 60 seconds were obtained (for a particular suspension, velocity and
probe position). Care was taken by monitoring each recording to assure the
gage output was "uniformly random" so far as could be determined visually,
so that no obvious periods of probe blockage with pulp would be included.
In some cases, notably on the pipe centerline with Long Lac 17 at 0.75 0/6
and 1.0 0/c, records as long as 30 seconds could not be obtained without
intermittant steady stretches. This is not believed due to ordiilary fiber
clustering on the probe tip, but is interpreted as evidence of intermittant
plug-like flocs persisting at the pipe axis. Were this due to fiber cluster-
ing the same kind of record should have been obtained at the other radii
which was not the case.

In autocorrelating, all the data was initially processed using step
increments in tim.e delay of 2 to 2.5 milliseconds. For Groundwood, however,
the presence of a periodicity of especially high frequency (td be discussed)
necessitated much smaller steps, and all the Groundwood recordings were
reprocessed using 0.25 millisecond increments.

The initial autocorrelograms for water and Long Lac 17 were obtained
using a sample length T of 10 seconds selected from the longer total record.
Later many of the correlations were repeated using T=20 seconds. The starting
points of the 10-second samples were not identified so the 10-and 20- second
samples did not start at the same point. Sometimes the 20-second sample over-
lapped the 10-second one, but never completely. The Groundwood data was all
processed using T=20 seconds and a few selected runs were processed using
10, 20, 30 seconds or 20, 30, 45 seconds.
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The length of sample used for a frequency analysis was approximately

30 seconds. This 30-second sample overlapped (to varying extents with the

water and two solutions) the samples used for aLitoporrelating.

The information about intensities derived from the autocorrelograms
is summarized in Table III, which gives the ordinates YA at the origin

(i.e., at r=o). The various sample lengths T used in correlating are shown

for each of the several suspensions and Reynolds numbers of the tests. It

will be recalled that the ordinates of the diagrams (unnormalized) at r=o

are proportional to the mean square of the fluctuations. The tabulated

values will give the true mean square values when multiplied by a calibration

factor as described in Section III-4 .

(b) Features of the Autocorrelograms and Energy Spectra. First, there

are several features appearing in the records which have general significance.

They are as follows:

1. Each autocorrelogram shows some regular periodicities persisting
through large delay times.

2. In some cases, as shown by the example in Fig. 6, the envelope of
the maximum ordinates in a correlogram shows some oscillations, or "wax

and w'aning" as previously defined, at large delay times.

3. The magnitude of the correlation factor at T=o depends on sample
length T. The magnitude generally is higher for longer sample length.

4. In each case the energy spectrum shows a non-uniform energy distri-
bution with distinct peaks at two or more frequencies.

5. The Poplar Groundwood gives odd results, (a) the -r=o ordinate of the

correlograms exceed those for water and Long Lac 17 by a large amount.
(b) Each energy spectrum shows a large hump centered at 150 cps which
does not appear with water and Long Lac 17.

Turning to more specific points, it was found that the regular fluctu-

ations present in the autocorrelation records have, for a given run and probe

position, a practically constant period or time interval T- between two
successive peaks. The frequency equivalent of these periods, designated

bygo, are listed in Table IV for all the runs for which a sufficiently long

correlogram was available. Also shown are the frequencies corresponding to

the major peaks in the energy spectra. With aid of this table we summarize

the following points about the periodicities.

6. There is practically no variation in Wo with radical position of

the probe.

7. There is no definite variation in 0) 0 with sample length T.

8. Only for water is there a variation intWo between tests at different
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Reynolds numbers, but it is irregular and indefinite.

9. There are conflicting trends in WO with concentration, slightly
downward with Long Lac 17 and slightly upward with Groundwood.

10. For Groundwood A)0 ranges from approximately 143 to 190 which is
several times that observed for Long Lac 17 or for water.

11. In each of the spectra for water and for Groundwood one of the energy
peaks has a frequency matching )o in the corresponding correlogram.

(c) Groundwood Aamalies. Before proceeding with a general discussion
let us first consider the anomalous results for the Poplar Groundwood as given
in Item 5 of the preceeding summary. Using the same calibration factor for
all the suspensions, the higher YA at -r=o indicates much higher turbulence
intensity, and hence more efficient momentum exchange and higher E values, for
Groundwood. As will be seen later, this is contradicted by the experimental
velocity profiles which yield 6 values close to those for water. Thus we
infer that either a different calibration factor should be used for Groundwood,
or that there is a special factor introducing an error of extra apparent
energy into the record. Here we note that since the integral of the energy
density spectrum is proportional to the correlation function at '=o (by Eq. [8]),
the extra hump in the Groundwood spectra at 150 cps is the main cause of the
higher apparent turbulence. Moreover, this hump is at the frequency of the
regular oscillation ( L3 %0% 150 cps) observed in the correlogram for the same
concentration and Reynolds number. It is believed the hump and the corresponding
regular periodicity are due to an excitation of the natural frequency of the
pressure cell which did not occur with water or with Long Lac 17. By Item 10
of the !above summarf-r, the C~o values for Groundwood are several times higher
than for water or Long Lac 17. It is this high frequency periodicity that
required rerunning the autocorrelations as previously described. W'e note also
that at 0.75 Oo and 1.00 0,6 the Groundwood gives W 0 values of approximately
160 and 190 cps respectively. We have no spectra and hence no check on these
frequencies, but since they fall in the range of the gage's resonant frequency
as discussed in III-1 it is believed they also are associated with resonant
phenomena.

It is concluded that the Groundwood records give incorrect mean square
values. However, even at natural frequency operation the magnitude of the
diaphragm oscillation is proportional to the force causing it. Assuming the
characteristics of the exciting force are the same from test to test, the
relative trend of the YA values for Groundwood should give an indication of
the relative turbulence intensities at different radii velocities and con-
centrations. With this assumption the data will be examined for its relative
indications in Section IV-3.
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(d) Periodicities and Waxing-and-Waning, Considering the general
question of the regular periodicities in'the correlograms, they may be due
to (a) resonance in the pressure cell as suspected for the Groundwood,
(b) non-turbulence impulses transmitted to the pressure cell such as might
be imposed by the pump's rotation or by vibration of the pressure probe
itself$ (c) some feature of the turbulent flow such as regular oscillations
in the wake of the probe, or at zones of flow separation in the conduit
system, (d) an inherent feature of the statistical averaging treatment used
for data which is complex but not necessarily uniformly random in frequency
and magnitude, (e) an inherent property of the local turbulence itself*

As shown in Table IV all the observed values of COO for water and
Long Lac 17 were well, below any reasonably expected resonance frequency
of the gage and probe unit. This it not believed to be the cause of the
periodicities in these cases.

Considering next the pump as a possible source of regular impulses,
we have listed in Table IV the frequencies of rotation fL and corresponding
frequencies .b of pump rotor vanes passing the volute tongue (cutwater).
Pump rpm data were not taken during the turbulence tests, but were taken
during some of the water and Groundwood velocity profile test runs,. The
values in Table IV were taken from the latter where available for matching
test Reynolds numbers. There appears to be no definite correlation between
these pump excited frequencies and the correlogram periodicities. The one
comparison for water shows pump imposed frequencies of 11.2 and 56 cycles
per second, versus the value LQo 30 from the correlogram. For the 0.50*
Groundwood, the pump frequencies are 11.6 and 58 or 20.8 and 104, versus
LV c0 150 from the correlogram. For the 0.7506 Groundwood, the pump
gives 20.8 and 104, while the correlogram gives %^160 cps. There does
not seem to be a consistant combination among the several possible com".1
parisons.

Mechanical vibrations of the probe itself would probably be-the result
of coupling with periodic pressure oscillations in the wake of the probe.
However, it would be expected that the period resulting from either of these
two possibilities, whether related or independent, would change with location.
of the probe in the pipe due to variation in local velocity and hydrodynamic
loading. Since U O does not vary with probe position nor consistently with
Reynolds number (Items 6 and 8 in IV-2b), probe vibrations and wake pressure
oscillations seem unlikely causes of the observed periodicities. Admittedly,
however, further information is necessary to completely rule out these as
causes.

There remains the possibility of some other zone of separation with a
periodic wake behavior. However, here too changes in Reynolds number should
result in a more definite change in frequency than observed.

With regard to the statistics used in analyzing the data, the fact that
a correlogram, in virtue of its finite sample length, is only an approximation
to the correlation function, has already been mentioned in Section II-5b.
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Recently, Weiss (23) analyzed the autocorrelograms of brain waves, which, as
the autocorrelograms in the present experiments, exhibit periodic fluctuations,
and an apparently random "waxing and waning" of their envelopes at large delay
times. Weiss has suggested that the periodicities and "waxing and waning"
are a consequence of the finite- sample length, rather than a property of the
brain wave. In support of his thesis, Weiss shows that the autocorrelogram of
a narrow-band Gaussian noise (a noise generated using a noise source and a
quadratic wave filter, and characterized by a theoretical correlation function
which should decay rapidly, without waxing and waning), shows the same pattern
of the brain waves' correlogram. Weiss' argument does not offer conclusive
proof, however, that the periodic phenomena in the brain-wave correlogram -
and, analogously, in our records - are a consequence of the finite record
length. In our experiments the changes in sample length produced no definite
and consistent changes in&,. (Item 7 in IV-2b). Neither were we able to
correlate waxing-and-waning with sample length. Thus we cannot rule out the
possibility that periodic phenomena in our correlograms are a property of the
turbulent process itself.

While we cannot advance any hypothesis on the physical nature - and
meaning in terms of the turbulent process - of a periodic component of the
turbulent field, we must point out that even a weak component would result
in periodic fluctuations of the correlogram, consistent with what we observe
in our records. However, the observed near-constancy of the period at
different radii and for different Reynolds numbers (or, for water, the random
variation with Reynolds number) weakens the hypothesis that the fluctuations
are inherent in the flow.

We conclude this examination of the factors which may have caused the
periodicities, by saying that on the basis of the information available, we
cannot single out with certainty specific causes. For the Groundwood
suspensions there is a strong indication that gage operation at its natural
frequency is one of the contributing factors.

(e) Effect of Sample Length. In the previous subsection, the finite
sample length was considered one of the possible causes for the periodic
anomalies of the autocorrelation records. While it was not possible to point
out with certainty to the finite length as the reason for the anomalies in
periodicities, Table III shows that the sample length affects, unquestionably,
the ordinates of the autocorrelograms at '=o, longer sample lengths corres-
ponding to larger ordinates. It was pointed out already that as the sample
length T increases the autocorrelogram becomes a better approximation of the
theoretical correlation curve. It was also pointed out, however, that the
convergence process as T increases could be characterized by oscillations of
smaller and smaller amplitude around the theoretical curve. The character-
istics and speed of the convergence process depend on the characteristics of
each set of data. We can note from a comparison with Laufer Ref. (2) (to be
presented later in Figs. 10 and 11) that the data for water when reduced to
apparent rms values using the calibration factor described in III-4 gave
lower values than Laufer reported for his air studies. With s&mple length
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increase from 10 to 20 seconds the agreement improves. As a consequence it
was concluded that the 20 second sample length with the calibration factor
which was obtained using T=18 seconds represented the most reliable magni-
tudes. In the subsequent comparisons of data, the 20 second sample length
correlations have been used wherever available.

As previously mentioned the sample length T for the spectra was about
30 seconds. Longer sample lengths would be better since a more accurate
mean value of the intensities in each bandwidth would be obtained. This
would be most apparent in the low frequencies, say below 5 cps. It is
believed this may be a factor in the erratic behavior observed in the spectra
plots at the lowest frequencies. Otherwise it is not believed that increased
sample length will materially change the spectra obtained with the analyzer
and procedures used.

3. Turbulence in Suspensions - _Comparison with Water.

(a) Turbulence Intensities. The turbulence intensities as derived from
the t=o ordinate of the autocorrelograms are plotted in Figs. 10-12 versus
relative distance from the pipe wall. In Figs. 10 and 11 for water and Long
Lac 17 the results of correlating with both 10- and 20-second sample lengths
are included. In Fig. 12 where the fiber suspension and water data are
compared, 20-second sample lengths were used when availablh; otherwise a
10-second sample length value was used. In all these figures the Laufer
[Ref. (12)] data obtained with hot wire anemometers for air in a 10-inch pipe
are included for comparison purposes.

For water and Long Lac 17 the measured quantities have been converted
into the dimensionless magnitudes/T which are used for the ordinates

in Figs. 10 and 11. The procedure for converting to/u"- is that given in

Section III-4. The Poplar Groundwood magnitudes, on account of being
anomalously high, are represented only as ratios relative to centerline
values. This ratio, written as -A f, i, is the ordinate in Fig. 12. In

both of these representations we assume that the r=o ordinate of the correlo-
grams, are proportional to the rms of the turbulent fluctuations and the true
value depends only on a calibration factor. With this assumption the values
in Fig. 12 are independent of calibration and directly comparable.

First we note some general trends for which the data shows only one or
two exceptions:

1. The apparent Trms intensities for the water and the suspensions are
generally lower than reported by Lau Cer.

2. The apparent rms values tend to increase from the pipe centerline
towards the wall but at a lower rate than shown by Laufer.
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3. The main exception is the case of 0.5 O6 Long Lac 17 at Reynolds number =
1.86 x io5. This data gives values higher than the water results and roughly
the same as Laufers.

Here the Laufer data is taken as a standard of comparison as it represents the
most thorough turbulence investigation of a newtonian fluid using well estab-
lished hot-wire anemometer techniques, Our generally lower apparent rms
values for water may be due to some experimental error, some error in evalu-
ating the data such as a sample length effect or an improper calibration
factor, or may represent some real hydrodynamic difference. The difference
in radial distribution may be affected, in our case, by the relatively large
size of the probe tip (0.25-inches in a 2-inch duct).

Among possible experimental errors, we should consider the effect of any
incorrect evaluation of the frictional velocity. As mentioned in Section III-1,
in the turbulence rms the rate ofiflow was computed from a pressure drop obtain-
ed by applying a connection coefficient to the measured pressure drop. Values
of the ratio] in Figs. 10 and 11 which are too low would corres-

pond to too high frictional velocities, and hence to too high pressure drops
(i.e., to an overcorrection of the measured pressure drops). The difference
between measured and expected pressure drops in the horizontal pipe being of
about 10 06, the uncorrected ordinates of the ratios - -- would be

Y/P
approximately 6 /o higher than shown in Fig. 10 and 11 ( being proportional

to fZi). Assuming 6 06 to be the maximum possible spread on either side of
the lines in Fig, 10 an ultra cautious assumption - it is obvious that an
incorrect evaluation of the frictional velocity could not possibly account
for the low values of the turbulent intensities in comparison to Laufert s
results.

Thus the low values must either be attributed to an error in the operation
of the gage or in the analysis of the data, or must be considered a character-
istic of the flow. If we were to extrapolate the trend toward higher rms
values as the sample length increases, the data would move closer to Laufer's
results. Howeyer, we have already discussed in the previous section how we
do not know in what fashion, as time increasesj the correlogram approaches
the theoretical correlation function, so that we cannot legitimately extrap-
olate the present results. On the other hand, it is interesting that there
have been other reports of differences such as we observe. Grossman et al
have published results for water which also show a radial rms distribution
flatter than Laufer's. These measurements, which are described in Ref. (35),
were obtained with an electromagnetic induction method, and were expressed in
terms of the rms of the electric potential gradient, a quantity which, under
simplifying assumptions such as the absence of induced currents, etc., was
shown to give directly the rms of the velocity field, The fact that the rms
of the potential gradient fell below Laufer's rms values for the velocity fluc-.
tuations (in agreement with our results) was attributed in Ref. (35) to
experimental conditions to which the simplifying assumpti-ons could not be
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applied. A, definite conclusion is not possible, but the Grossman results do
support the possibility that the low rms values and the flatter radial dis-
tributions are not entirely due to errors in -measurement and data reduction
but are caused in part by a characteristic of the flow.

Turning to the data for the 0.506 Long Lac 17 at the highest Reynolds
number (T = 1.86 x 105) we note that, if the trend shown by the existing
data were extrapolated toward the wall, the higher than water rms values
would correspond to steeper velocity profiles and larger pressure drops than
for water. This is contrary to the experimental facts. It is concluded
that the true intensities for Long Lac 17 must be lower relative to water as
the other Long Lac 17 results show. It appears an experimental error, an
odd sample length effect or odd calibration factor may cause the high apparent
magnitudes for this particular 0.5 9,6 concentration data.

The Long Lac 17 data in Fig. 11 gives information about concentration
and Reynolds number effects on the dimensionless intensities as follows:

1. For the 0.5 /o concentration the rms values increase with increase in
Reynolds number.

2. The rms values are lover for 0.75 o6 than for 0.5 O6 at approximately
the same Reynolds numbers.

3. The record for the 0.75 9o suspension indicates almost constant turbu-
lence from the centerline to mid-radius. This is in qualitative agreement
with the velocity profile for this Reynolds number (V, = 1.57 x 105),
which shows a plug, or zone of nearly constant velocity over the central
region (See Fig, 13).

Turnihg to Fig. 12 where water, Long Lac 17 and Groundwood are compared
as regards the change in rms intensities relative to the value at the center-
line, it is seen:

1. Groundwood shows an appreciably flatter distribution than water or
Long Lac 17. This is not in agreement with the results of velocity
measurements (which, as later figures show, indicate little difference
between the velocity profiles of water and Groundwood, especially for
low concentrations).

2. For the water rms, there is no meaningful trend of the radial dis-
tribution with Reynold's number, the line for the high Reynolds number
(1.= 1.79 x 105) falling between the lines for the low and intermediate
Reynolds numbers. The spread between the relative rms distributions for
water gives then an indication of the accuracy to be attributed to the
results of the turbulent measurements (the combined accuracy of the
turbulent records and of the autocorrelation procedure).
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(b) Evidence from Energy Spectra. The energy spectra given in Figs. 7
through 9 indicate the following:

1. The energy spectral density function for water plotted versus cps is
similar to the same function for air plotted versus wave number as reported
by Laufer (12).

2. At low frequencies up to about 50 cps water and Poplar Groundwood have
roughly similar energy distribution.

3. Long Lac 17 compared to water shows lower energy in the 40-60 cps range
and higher in the 10-30 cps range.

4. For a given suspension the energy increases from the centerline to the
wall.

Item 1 is a qualitative verification that the general trends of the
spectra measurements are in agreement with results of others.

The agreement between water and Groundwood at low frequencies suggests
that these two would give similar rms intensities except for the anomalous
energy hump at 150 cps for the Groundwood, As already noted, the velocity
profiles agree which should indicate similar turbulence and momentum trans-
fer prbte1ses. It is believed the extra energy at 150 cps is not due to
turbulence but to a resonance phenomena as previously discussed. The main
effect of turbulence apparently is concentrated in the low frequency range.

Comparing the Long Lac 17 and water, the shift of energy from high to
lower frequencies is consistent with a damping of the high frequency small
scale turbulence which fiber additions should do.

The energy increases towards the wall is in accordance with the observed
increase in apparent rms as the wall is approached.

(c) Summary of Conclusions from Intengity and Energy Distributions.
In summary the apparent intensities derived from the correlograms and energy
spectra have led to the following conclusions in comparing the fiber suspen-
sions with the newtonian behavior of water:

1. For a given suspension the apparent dimenisionless rrs increases with}R.

2. For a given suspension and Reynolds number the apparent rms increases
from the centerline towards the pipe wall.

3. For a given pulp and Reynolds number the apparent rms decreases as
the concentration increases.

4. The short fine fibers of Poplar Groundwood show little effect on the
turbulence compared to equivalent flows of water.
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5. Long Lac 17, on the other hand, definitely affects the turbulent
mixing process, damping the higher frequency smaller scale fluctuations
to give lower intensities relative to water.

Since the rms is a measure of the total energy of the u'-turbulence, conclu-
sions 1 to 3 apply to total energy as well.

The energy spectrum gives the distribution of the kinetic energy present
in the turbulent fluctuations. This energy is supplied by the main flow, and
is continuously dissipated by the viscous (molecular) attrition arising from
the relative motion of cleavage surfaces within the fluid, Clearly, the
greater the area involved in the friction process, i.e., the more subdivided
is the flow in small fluid masses, the more effective is the energy dissipation.
The concentration of the bulk of the kinetic energy of the long Lac 17
suspensions at lower frequenciesjor within larger size eOddies, than for water,
must result in what could be termed, using a physiological analogy, a lower
.metabolism for the suspension. Energy is dissipated at a lower rate, and this
is confirmed by the friction loss :measurements.

At the 0.50 06 concentration, there are not enough fibers in the flow
to form extensive entanglements, so that the changes in the power spectrum
can describe adequately enough the effect of the addition of fibers to the
suspending phase. As the concentration increases, the formation of fiber
networks (albeit possibly on a statistical basis only), becomes a progress-
ively more important factor in the energy dissipation and momentum transfer
processes. Even though the energy stored in the flow (and hence dissipated),
becomes less (as intimated already at the 0.50 06 concentration by the lower
ordinates of the power spectrum at the centerline, where some form of fiber
aggregation is likely to have occurred), the momentum transfer is enhanced
by direct fiber to fiber contact. As discussed more extensively in the next
sections, this results in blunter velocity profiles than for water, rather
than in the sharper ones which could be expected from the consideration of
the turbulent energies only.

The cause for the concentration of turbulent energy within lower
frequencies, or larger eddy sizes, when fibers are added to the flow, is
certainly complex. The following :mechanism is proposed. to describe the
process in qualitative terms. Each fiber or fiber cluster can be considered
to for.4 ideally, the skeleton or the cage of an eddy, entrained by viscous
drag. The size of the eddy is determined by the fiber's characteristics;
thus larger eddies are associated with the longer and more flexible Long Lac 17
fiberg, than with the shorter Groundwood fibers. In a certain sense, the
fibers act as a filter, reducing the number of high-frequency, small-scale
fluctuations. A comparatively smaller surface area within the fluid is then
exposed to viscous dissipation, and,:as discussed above, comparatively lower
energy losses ensue, than in the absence of fibers.
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4. Mean-velocity Measurements

This section, and the following onesare devoted to the characteristics
of the turbulent regime of the suspensions, as they emerge from the analysis
of mean-velocity measurements, The mean-velocity profile is determined by the
strength of the momentum transfer process. A strong momentum transfer results
in nearly equal velocities across the floW, while a weak transfer makes large
velocity differentials possible. In the turbulent flow of dilute fiber suspen-
sions, as proposed in our previous report (29), momentum is transferred by two
agents: turbulent agitation and fiber - fiber contacts. The wider range of
variables in the present experiments enables us to reach a. clearer unde.rtanding
of the part played by flow rate (Reynolds number), concentration and fiber type
in determining the strength and relative importance of the two agents' .To this
aim, we :must compare the characteristics of the local turbulence discussed in
the previous sections with the overall characteristics of the momentum transfer
process, which we begin investigating here; the differences give a measure of
the influence of the fiber interaction process,

The mean-velocity profiles for the different suspensions investigated,
as well as for water, are plotted adimensionally in Figs. 13-15. Let us
examine in detail the effects of different flow rates, concentrations ahd
fiber types. For reasons of convenience in comparing our results with those
of other investigators, we shall continue to express flow rates in terms of
a conventional Reyno];ds number based on the viscosity of water. We summarize
as follows:

Reynolds Number Effect (Fig. 13)

1, For water, as the Reynolds number increases the velocity profiles
became blunter.

2. For the suspensions of a given type and concentration, as the
Reynolds number increases the velocity profiles become sharper. The
only exception occurs with O.5O 0/ Long Lac 17, for which the profile
is blunter at R = 2.24 x 105 than at R = 1.55 x 105. The effect
is particularly marked at the higher concentrations, and for concen-
trations up to O75o6 is more marked with Long Lac 17 than with
Poplar Groundwood,

Concentration Effect (Fig,, 14)

1. For a given fiber and Reynolds number, the velocity profiles
become blunter as the concentration increases, Exceptions occur
with lO0 06 Groundwood at R = 2q26 x 105 (probably not a very
reliablerun-,as air was observed to be entrained by the suspension),
and with the Long Lac 17 runs at the highest Reynolds numbers (the
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runs at 0.75 O/o concentration being also probably effected by air
entrainment, which could not be eliminated entirely at high flow
rates and concentrations).

2. The previous effect is particularly marked at the lower Reynolds
numbers.

Fiber Type Effect (Fig. 15)

1. For a given concentration and Reynolds number, the velocity
profiles are blunter for Long Lac 17 than for Groundwood (the only
exception is the portion near the wall of the 0.75/b Long lac 17
profile at R2 = 2.02 x 10 , which as said above, was probably not
entirely satisfactory).

The concentration effect was shown by the turbulence and velocity
profile measurements reported in Ref. (29). The other two effects which had
been inferred from the results of friction loss measurements, are now
directly confirmed by the velocity profiles. Thus, we now have ampler
evidence to support an interpretation of the turbulent flow mechanism of the
suspensions, which was tentatively proposed in the previous report. Further
supporting elements will emerge from the analysis df.the turbulent data in
the following sections. We restate our view of the mechanis-m as follows:

In the suspensions the fibers cluster. Each cluster has a tendency to
interlock with the neighboring ones. Interlocking opposes the action of the
shear stresses, and results in a blunter velocity profile (concentration
effect). For a particular concentration, as the flow rate (and hence the
magnitude of the shear stresses) increases, the equilibrium between disruptive
action of the shear stresses and interlocking shifts more in favor of the
shear stresses; the links between fiber clusters are more effectively disrupted,
and the velocity profiles become sharper (Reynolds number effect). At the
lower concentrations, the links between the clusters are weak, and the
velocity distribution is not very different from newtonian; thus, an increase
in the shear level can cause no major changes in the velocity profiles.

At the higher concentrations, the links are stronger, and the velocity
profiles are blunter than the corresponding newtonian ones (concentration
effect). In this case an increase in shear level can cause a much more
marked change in the velocity profiles. The progressive weakening of the
link resistance leads to velocity distributions tending to those for water.
It appears that at sufficiently high shear stresses the flow should become
fully newtonian. However, this may be approached only asymptotically.

The blunter velocity profiles of the Long lac 17 suspensions as compared
to those of the Groundwood suspensions at the same Reynolds number and concen-
tration (fiber type effect) are a confirmation of the role played by fiber
length and flexibility in the strength of the links between fibers and fiber
clusters, as suggested in the previous report. The Long Jac 17 fibers, which
are much longer, and more flexible than the Groundwood fibers [Table I] have
a more pronounced tendency to interlock. Stronger bonds between fibers or
fiber clusters, and hence blunter velocity profiles, result.
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5. Momentum Transfer Process from the Velocity Profiles

du
The proportionality between shear stress c and rate of deformation --

dy
at any point along the radius can be expressed by means of a momentum transfer
coefficient E as

du 1161
dy

Assuming -c to have a linear distribution along the radius, C is given by

w(1-y/R) [171
du

Pdy

For a given wall shear stress r , deviations of C- from the corresponding
newtonian values indicate changes in the relative efficiency of the :momentum
transfer process, and result in changes in the shape of the velocity
distribution (changes in du/dy). It is thus of great significance, in the
present experiment, to obtain the C. distributions for the various suspensions
and flow rates.

(a) Semi-log Velocity Plots; the von Karman Constant, k. In order to
compute the slope du/dy of the velocity profiles, necessary to the computation
of C according to Eq. [17], the mean-velocity data have been plotted in the
se.milogarithmic plots of Fig. 16. The plots, in addition to assisting in the
computation of the slopes, are useful in their own right, as a further
clarification of the characteristics of the velocity distribution.

It is seen that in general the data through the mid-radius range for
both water and the suspensions can be represented by a straight line having
the equation

u = A + B ln y [18]

where A and B are constants0

Expressing [18] dimensionlessly

u = C + ln . [17]k v-
Tw/p

or k = [181

where k is voQi Karman's constant from his similarity theory. The dimehsionless
slope is 1/k. In Table V are given values of k for the mid-radius range for
all the plots in Fig. 16. Near the pipe axis and near the wall there are
deviations from the mid-radius slope and k values. In summary, the following
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are observed from the plots:

1. For water, only at the lower Reynolds number can a single straight
line ofEq, 18] be drawn through the experimental points. At the higher
Reynolds numbers there are two deviations from a straight-line drawn
through the experimental points in the central portion of the radius; a
deviation near the wall, characterized by a less steep velocity profile,
and attributed to the interference of the wall with the large-sized
tip of the impact tube; a deviation near the centerline, also characterized
by a less steep velocity profile. This second deviation is appreciable
only at the higher Reynolds numbers and involves only a small portion of
the velocity profile, near the centerline; it is not believed to be caused
by instrumental factors.

2. For the suspensions also, the slope of the velocity profile decreases
near the center. The phenomenon is more pronounced than for water,
particularly at the higher concentrations and with the longer fiber
(Long Lac 17), the reduction in slope being larger, and extending over a
greater distance from the centerline. The flattening of the slope near the
centerline, already evident in Figs. 13-15, is an indication of the
strength of the fiber interlocking process. The change in slope near the
wall is attributed, as in the water runs, to the interference of the wall
with the velocity probe.

3. For the suspensions, the slope of the velocity profiles in the central
portion of the radius is not very different from that for water, as shown
by Table V (page A-5).

In Table VI the values of k from Table V are rearranged, in order to
compare runs with water and different suspensions at approximately the same
Reynolds number0 Although the Table covers only a limited range of conditions
and the values in it have fluctuations which are probably of a statistical
nature, it is believed to offer some further insight into the effect of the
fibers on the velocity profiles.

Higher values of k correspond to milder slopes in the semi-log diagrams,
and hence to a more efficient :momentum transfer across the cross-section;
this can be caused either by an increase in the strength of the turbulent
:momentum exchange process, or by the interaction of fibers or fiber clusters.
Lower values of k have the opposite significance; a less efficient momentum
transfer can be due to damping of turbulence by the fibers, a damping
outweighing the tendency to more effective momentum transfer introduced by
the presence of the fibers.

Table VI shows that at the 0.50 o/6 concentration the k for Long Lac 17
is low at low Reynolds numbers, and increases with R , reaching approximately
the same value as for water at the highestT . This indicates a damping of
the momentum exchange processes at the low R ts; the damping becomes pro-
gressively less appreciable as R increases, i.e., as the shear stresses
more and more effectively generate turbulence against the stabilizing
influence of the fibers. Similarly at the O.75 06 concentration k increases
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with 1T. ; the final value of 0.34 at -P,- 2.02 x 105 is higher
than for water, but it is difficult to attribute significance to
such a difference. The equality of the k values for 0.50 0,6
Long Lac 17 at the low 7k (1.08 x l05) and for 0.7506 Long Lac 17
at the intermediate Rp suggests the hypothesis of a dependancy of
k on shear level and concentration represented by curves with a
concavity toward the apsciqsas, as shown by the curves in Fig. 17,
This will be discussed further below.

The k values for Groundwood appear to be either higher than
or approximately equal to those for water, so that the trend observed
for Long Lac 17 is reversed. However, except for the 1.0 0,6
concentration at the intermediate F, , the difference fram the water
values is not very appreciable. If a significance is attributed
to the trend shown by Table VI it would indicate that at low Reynolds
numbers the presence of the fibers, rather than damping turbulence,
enhances the momentum transfer process. As 1P increases, the shear
stresses disrupt the fiber associations, and the efficiency of the
momentum transfer becomes comparatively lower, approaching that
for water.

We could then summarize the nature of the turbulent process
for the central portion of the radius in terms of the three main
factors which appear to govern it, by -means of the functional
relationship

k = k( L) , c, [21]

where c is the concentration, L the fiber length and D the pipe
diameter.

The first factor is the strength of the turbulent agitations
(curve k in Fig. 17). The proposed shape of the k curve takes

into consideration two effects: momentum transfer due to fiber
association, and momentum transfer due to turbulent agitation. The
first effect is prevalent at low turbulent intensities, i.e., near
the origin of the curve, and is characterized by high values of k.
As the Reynolds number increases k decreases from the original
high vAlues as fiber interlocking is interrupted. Ultimately the
turbulent agitation becomes so strong that the trend is reversed
and k increases again. At very high shear stresses, it can be
expected that the fiber clusters are completely disrupted, and
turbulence is damped only through the interaction of the individual
fibers with the suspending fluid, rather than through the :much stronger
interaction which would occur if the fibers were associated in clusters.
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The second factor is the concentration of the suspension;
it is indicated by the curve kc proposed in Fig. 17. At low

concentrations, the fibers dampen turbulence, and k is low. As
concentration increases, the damping becomes more pronounced, but
a concentration is rapidly reached at which the damping is offset
by the increase in momentum transferred directly by the fibers,
so that k reverses its trend and increases. The effect of con-
centration on k is also a function of the fiber characteristics:
different fibers have different effectiveness in damping turbulence
and in transferring momentum through their interlocking. This
results in different k and k curves for different fiber

lengths (different L). Thus the data for the Groundwood fibers

in Table VI would indicate that with shorter fibers;

1) the minimum in the k curve occurs at a higher concentration
c

2) lower shear stresses are necessary for disrupting the
association of the shorter fibers, so that the k curve is

shifted to the left,

It is to be noted that, as a limiting case, for suspensions
of rigid materials such as sand grains, k would not be affected
by interlocking effects; thus the ordinates of the k curves would

c
decrease with concentration (greater concentration causing greater
damping), and, for a given concentration, the variation of k with

T would be very minor as compared to the case of the fibers, if
present at all. This is in agreement with the findings of Ismail (32)
and Vanoni and Namicos (33).

The previous considerations have been based only on the values
of k for the central portion of the radius. As we move toward the
centerline, the average shear stresses decrease and turbulence weakens,
becoming less effective in disrupting the fiber associations. This
would be the equivalent, in Fig. 17, of moving along the k I curve,

toward the origin. Thus, on account of the proposed shape of the
k curve, near the centerline the k value becomes quite large and

the velocity profiles tend to flatten.

(b) Overall Momentum Transfer CoefficientsE. The mamentum
transfer coefficients e have been computed fram Eq. 117], in which
du/dy is obtained from the Eq. t18] of the straight lines connecting
the experimental points in Fig, 16. The resulting .i values are
shown in Fig, 18. The - curves
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are, of course, only a different way of expressing the strength of the momentum

transfer process, which was discussed previously with reference to the trends

of the coefficient k. We can summarize the information offered by the curves

as follows:

1. For the Groundwood suspensions, the radial distribution of the momen-

tum transfer coefficients is not very different from that for water at

approximately the same Reynolds numbers. In particular:

a. At the low Reynolds numbers (fla1 x 10 ) the C values are practically

identical with those for water.

b. At the higher Reynolds number, the distribution is usually skewed,
the peak being moved closer to the wall.

c. The e values for the 1.O 9/0 concentration show the greater variation

from the corresponding one for water, and contrary to the trend observed

at the lower concentrations, the C, values are higher at the intermediate
Reynolds number than at the highest Reynolds number, except near the

boundary.

d. For the same Reynolds number, the C values for the o.5006 and 0.750/6
concentrations do not differ very much; the values for the 1.0 00 concen-
tration differ instead appreciably0

e. As observed previously, the results for 1.0 0/6 Groundwood at
TR = 2.26 x l05 are not entirely reliable, on account of air entrained
by the suspension.

2. For the Long Lac 17 suspensions, at the higher concentrations or at
the lower Reynolds numbers, the C distribution differs entirely from that
for water, changing from parabolic to approximately hyperbolic, with a
vertical asymptote in correspondence of the radius of the plug. For a
given Reynolds number, as the concentration increases thn asymptote moves
closer to the wall. In particular:

a. For the 0.500/ concentration, at the highest and intermediate Reynolds

numbers the distribution is parabolic and the C values are very close to
the corredponding ones for water; at the lower Reynolds number the distri-

bution is hyperbolic.

b. For the O.75 0/o concentration, the distribution is already hyperbolic
at the intermediate Reynolds number. At the highest Reynolds number it

is parabolic from the wall to the half-radius (but with much lower ( values
than the corresponding ones for water); it is hyperbolic from the mid-

radius toward the centerline.

cI At 1.0 0/0 concentration (for which data are available only for the
intermediate Reynolds number) the 6, values increase from the boundary
toward the centerline more steeply than the corresponding ones for the
lower concentrations0

d. Near the wall, the C values tend to become appreciably lower than the

corresponding ones for water, as concentration increases.
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3. For the same concentration and approximately the same Reynolds number,
the & values for Long Lac 17 are lower than for Groundwood near the wall,
and higher near the centerline. This influence of the fiber characteristics
on the efficiency of the momentum transfer process was already pointed
out in the discussion of the von Karman coefficients k, but it is more
clearly brought to light by the e diagrams. Since, in all cases, near
the wall the C values for the suspensions are lower than for water, it
is obvious that the turbulent intensities cannot have been higher than for
water; this consideration has helped us in Section IV-2c in reaching a
conclusion about the reliability of the turbulent measurements in Ground-
wood and the applicability of a calibration factor to obtain rms values
of the turbulent fluctuations from the autocorrelation curves. Near the
wall, where fiber interlocking is believed to be less effective and
,momentum is believed to be transferred primarily by turbulence proper, the
lowe values for Long Lac 17 with respect to water are in agreement with
the turbulent intensities plotted in Fig. (11). Since the turbulent
intensities decrease from the wall toward the centerline (Fig. 11) while
the overall momentum transfer coefficients increase (Fig. 18) it must be
concluded, as already pointed out in our previous report, that:

a. For Long Lac 17 in the range of concentrations observed, the fiber-
to-fiber momentum transfer component increases from the wall toward the
benterline.

Furthermore, the wider range of variables studied in the present experiments
leads us to the following additional conclusions:

b. The fiber-to-fiber momentum transfer component decreases in impor-
tance with ReynbOlds number; at very high Reynolds numbers it may practic-
ally disappear (e.g., see e curves for 0.50 O/o Long Lac 17 in Fig. 18).

c. The fiber-to-fiber momentum transfer components of other fiber
suspensions give an indication (from measurements of friction losses,
velocity profiles and turbulent intensities) to follow basically the
same trends as in the Long Lac 17 suspensions. With shorter fibers,
as evidenced by the experimental data for Groundwood, the fiber-to-
fiber momentum transfer phenomena are - other things being equal - less
marked, the distribution of the overall momentum transfer coefficient
remaining approximately parabolic up to higher concentrations tested.
With longer fibers the fiber-to-fiber momentum transfer components are
believed to be enhanced, so that the departure from the parabolic E
distribution is believed to occur at lower concentrations - and to
remain at higher flow rates - than observed in the Long Lac 17 suspension.

4. Finally, the relative magnitude of the L values near the wall, for
water and the suspensions, is in close agreement with the results of
friction loss measurements, whidh show lower friction factors for the
suspensions than for water, the difference being more marked for the
Long Lac 17 than for the Groundwood suspensions. It is particularly
noteworthy, how the small difference in f values for 0.500h and 0.75 0/6
Groundwood (as compared to the - values for 1.0 0/ Groundwood) is in
agreement with what was observed for the ( values in point ld above.
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V. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

In the present investigation, turbulent fluctuations and velocity
distributions have been measured in water and in suspensions of long and
short papermaking fibers (Long Lac 17 and Poplar Groundwood respectively).
The experiments extend the range of variables covered in a previous report
[Ref. (29)], and confirm and extend the conclusions regarding the mechanism
of turbulence and the momentum transfer process in dilute fiber suspensions.

The significant findings from the correlograms, energy spectra and
velocity profiles can be summarized as follows:

1. The apparent dimensionless rms turbulence intensities increase
as Reynolds number increases and decrease as the concentration
increases, other things being equal.

2. The apparent intensities increase from the centerline toward
the pipe wall, but generally at a lower rate than shown by Laufer.

3. In the suspensions, the velocity profiles become blunter than
the corresponding newtonian profiles for water, as concentration
and fiber attitude to interlocking increase.

4. For a given concentration and fiber type, the velocity profiles
of the suspensions become sharper as the flow rate (Reynolds number)
increases, and tend to approach the profiles for water.

5. Energy spectra for water, for a 0.50 O/o Long Lac 17 suspension
and for a 0.50 0/ Groundwood suspension, at approximately the same
Reynolds number ( 1.8 x lo5) indicate that:

a) the energy distribution for water has the same trend observed
by Laufer in air,

b) for Long Lac 17, the energy is shifted to lower frequencies
than for water.

c) for Poplar Groundwood, the energy distribution is roughly
similar to that for water, up to 50 cps.

These results refer to flow conditions (concentration, Reynolds
number) at which fiber interactions in the suspensions are believed
to be weak, as suggested by the relatively small difference between
the velocity profiles for water and the suspensions.

The preceding points confirm the hypothesis that the transmission of
shear stresses and the diffusion and mixing depends on the combined roles of
turbulence and fiber entanglement. The interpretation is summarized as
follows:

6. At a given Reynolds number, the efficiency of the overall
momentum transfer process (and hence the value of the momentum
transfer coefficientC) increases with concentration, with fiber
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length and other parameters determining the fiber attitude to inter-
locking. At the same time, the increase in concentration and fiber
attitude to interlocking dampen the turbulent intensities (point 1),
so that the blunter velocity profiles observed in the suspensions,
as compared to those for water (point 3), are due to fiber entangle-
ment being more effective than turbulence as a momentUm transfer agent.

7. Near the walls, where the presence of a solid boundary hampers
fiber interlocking, momertum is believed to be transferred primarily
by turbulence. Since turbulence is damped by the fibers, the
velocity profile must be less sharp than the corresponding one for
water, so that, as experimentally observed, the friction losses for
the suspensions are lower than for water at the same Reynolds number.

8. For a given concentration and fiber, an increase in the Reynolds
number enhances the effectiveness of turbulence and makes fiber
entanglement less important, so that ultimately at high Reynolds
numbers the velocity profiles tend to approach those for water, (point 4),

9. The concentration of turbulent energies at lower frequencies for
Long Lac 17 as compared to water (point 5b) is interpreted as an
indication that small-scale turbulence is damped by fiber additions.
The effectiveness with which the small-scale components of the
turbulent field are damped appears to be a function of fiber length,
(or, more properly, fiber attitude to interlocking), as indicated by
the observation that the energy distribution in the suspension of the
shorter Groundwood fibers is similar to that in water, (point 5c).

This and the previous TAPPI sponsored investigations at M.I.T. have
demonstrated the complexity with which many different factors, each important
and operating simultaneously, control turbulent mixing and diffusion in a
fiber suspension. The above explanation describes the general mechanism as
deduced from the resulting behavior of the fibers tested. This description
should serve as a useful guide in design and application. However, the
description is general rather than definitive in that it does not isolate
adequately the relative importance of the key factors in establishing the
balance between the roles of turbulence and fiber entanglement in a given
flow situation. This is due, in part, to limitations yet remaining in the
experimental and analytical procedures, but more importantly is the consequence
of, the inherent complexity of the fiber suspensiohs themselves. It is apparent
that a truly satisfactory and effectively useful understanding will require a
segregation of the several fiber properties and their individual effects on
the flow behavior. To accomplish this it appears from the experience to date
that before extending the investigations of fiber suspensions as such, it
will be more profitable to consider simpler suspension systems in which one
role definitely predominates. It is believed this approach should be under-
taken to realize a significant forward step in the unravelling of this problem.
Simultaneously, of course, the experimental and anayltical procedures should
be perfected.
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Consequently, it is recommended that further investigations follow the
above course. In particular, for the immediate future it seems especially
important to:

1. Consider the basic question of the role played by suspended
material in modifying the turbulent field and diffusion and mixing
in the absence of any interlocking phenomena. This can be inves-
tigated with suspensions of inert materials which cannot entangle,
such as rigid particles of simple geometric shapes.

2. Further improve the procedures for experiment and analysis with
the objective of better accuracy in quantitative values and the
elimination of apparent anomalies between records for different
suspensions, including:

a) Increased frequency response of turbulence gage.

b) Means for velocity and turbulence probing closer to the
boundaries.

c) Continued investigation of periodicities in correlograms,
and the influence of sample time and frequency on the correlo-
'gram and hence on the calibration factor for rms magnitudes.

d) Generally extend the range of flow variables and concentra-
tions for both autocorrelation and energy spectra analysis.
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TABLE I

PRINCIPAL FIBER CHARACTERISTICS

Kraft Softwood
(Long Lac 17)

6 5 O/o spruce,
35 O/o Jack Pine

Composition

Fiber width, microms (weighted average)

Fiber length, mftn (weighted average)

Length to width ratio

Hydrodynamic specific surface (cm2/cm3 )

Hydrodynamic specific volume (c-3/g)

Millions of fibers per gram of pulp

Freeness, cm3 S-R

Ratio pipe diameter (2") to fiber length

Groundwood

Poplar

40

2.52

58.5

9,900

1.28

5.28

870

0.49

12.2

22,000

2.06

Very large

500

10420.2

A-1

Fiber



TABLE II

TEST CONDITIONS FOR EXPERIMENTS

Concentrations and Approximate Reynolds Numbers

Test Reynolds Numbers

Water

Long Lac 17

0.5 0/o

0.75 O/o

1.0 00/0

Poplar
Ground Wood

O.5 0/o

0,75 0/o

1.0 0/0

Velocity Profiles

9.6 x 1o4 1.55 x 105

1.08 x 105 1.55 x 105

1.55 x 105

1.55 x 105

1.0 x 105

9.4 x 104

2.05 x 105

2.24 x 105

2.02 x 105

2.26 x 105

1.87 x 10 5

1.67 x 105 2.26 x 105

Turbulence Measurements

8.7 x 10 4

9.55 x 10 4

1.67 x 105

1.65 x 105

1.57 x 105

1.0 x 105

1.79 x 105

1.86 x lO5

1.71 x 105

5

1.75 x 105

Fluid

RJ



TABLE III

ORDINATES OF AUTOCORRELOGRAMS AT ZERO DELAY TIME

Fluid Sample A

-R. Length T (ft/sec)2 x coefficient

sec) R=0.25 Y/R=O.50 R1.0

Water

0.50 /6
Long Iac 17

0.750o
Long Lac 17

0.50 9/o
Poplar Gtwood

0.75 06
Poplar Gtwood

1.0 0o/
Poplar Glwood

8.7 x 10+

1.67 x 105

1.79 x 105

9.55 x 10+

1.65 x 105

1.86 x l05

1.57 x 105

1.0 x 105

1.71 x 10 5

1.71 x 105

1.75 x 105

10

10

20

10

20

10

10

20

20

10

20

20

30

45

20

10

20

30

67.5

184

225

133

233

79

79

355

38

63

880;'

720

950

640

158

175

100

205

6.0

52

60

276

12

720

700

920

1770

990

31

60

73

101

25

28

98

18

32.5

485

415

705

235

420

550

A- 3

Note: -: Different run from the previous one; an average value for the two
- runs has been used in Fig. 12.

. .



TABLE IV
ANALYSIS OF PERIODICITIES IN AUTOCORRELOGRAM

Sample -+ -
Fluid j >Length T LQ% (cps) ++ + Frequency of Peaks

(sec) y/R=.251 Y/R=0.50 y/R=1. f l(rps) Ib(cps) in Power Spectra (cps)

Water

0.50 O/o
Long Lac 17

0.75 o
Long Lac 17

0.50 /o
Groundwood

0.75 o/
Groundwood

1.0 9o
Groundwood

8.7 x 1Ok

1.67 x 105

1.79 x 105

1.65 x 105

1.86 x io5

1.57 x 105

1.0 x 105

1.71 x 1o5

1.71 x 105

1.71 x 105

10

10

10

20

10

20

10

20

20

10

20

20

20

20

20

28.6

26.3

22

50

50

)40

151
149

143

161

192

31.2

26.3

23.3

50

50

56

40

149

149

143

161

192

31.2

23.7

23.3

45

45

50

50

149

149

1)43

161

192

11.2

11.6

20.8

20.8 104

I 9. I I I. ____________

10; 30; 50

10; 30

10; 30; 55; 150

+ ) : frequency of periodicities in autocorrelogram.

++ rotating speed of pump.

+++ b: frequency of pump rotor vanes passing the volute tongue (cutwater).



TABLE V

EXPERIMENTAL VALUES OF VON KARMAN CONSTANT k

k from Eq. [5]

9.6 x lo 0.29Water

Long Lac 17, 0.50 06

Long Lac 17, 0.75 0/

Long Lac 17, 1.0 /

Groundwood, 0.50 0/

Groundwood, 0.75 0/

Groundwood, 1.0 /o

1.55 x 105

2.Q5 x 105

1.08 x 105

1.55 x 105

2.24 x 105

1.55 x 105

2.02 x 10 5

1.55 x 105

1.00 x 105

2.26 x 105

9.4 x 104

1.87 x 10 5

1.67 x 10 5

2.26 x 105

TABLE VI

VON KARMAN CONSTANT k REARRANGEMENT OF DATA FROM TABLE V

iR (approx.)

1 x 105

1.5 x 105

Water Long Lac 17
0.50 O/ 0.75 76 1.0 u0

0.29 0.17

0.24 0.26

Groundwood

0.50 0 0.75 0o 1.0 0

0.30

0.18

0.34

0.31

0. 31 0.37

2 x 105 0.28 o.27

0.24

0.28

0.17

0.26

0.27

0.18

0.34

0.31

0.30

0.27

0.31

0.26

0.37

0.25

0.27 0.26 0.25



BLOCK DIAGRAM OF CALIBRATION SETUP

Variable Speed V - Belt Drive Power Supply and
Motor Pulley Rocker Arm Oscillator Solar

0 Eccentric 0

Piston

Diaphragm Oscilloscope

Left Right
Pressure channel channel

Chamber a 0 0
0 0

Impact Probe

imput Output
Capacitance Remote

GApAmpex Magnetic Tape
0 0 Recorder

Fig. 1 Block Diagram of Calibration Set-up

A-6



10

8

6

4

2

.8

.6

i03 2 4 6 8 0 o
R *P

2 4 6 a 105 2 4

Fig. 3

GROUND WOOD POPLAR

f vs. fR
El 10% RUNS P-4
Ei .25% P- 5
[F .50 % P- 14
a .75 % P-7, P-8
MI.O0% P- 13

2" PIPE

WATER

*=

- --I I I I I I I I I I I I I

4 6 8 10 2 4
IR V

A- 7

6 8 105 2

,P-9, P- 10

4 6 8 10

.4

.2

0.10

.08

.06

0.01

.04

.02

1.0

.8

.6

.4

.2

0.10

.08

.06

.04 H

.02 I

0.01
103 2

Fig. 2

LONG LAC 17

f vs. IR

F .10 % RUNS L-22

9 .25% L-25
EI bQ% L-25AL-26

.75% L- 29
1.00% L-30, L-31

2 PIPE

WATER

c -a . . .



Fig. 4 Autocorrelogram - Water, K = 1.79 x 1o5

Fig. 5 Autocorrelogram - Long lac 17, 0.5 0 /o , Centerline , IR = 1.65 x 1o5
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Auto correlation Curve

Poplar Groundwood , 0.50 %

Center Line

R 1.71 x 10 5
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Fig. 6 Autocorrelogram, Popular Groundwood, O.5 0 /o , CenterlineR = 1. 71 x 105
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