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Abstract:

The hydraulic transport of wood chips in pipelines has been examined. Experimental head-loss data
were recorded from mixtures of wood chips and water flowing in smooth pines of 4-in. and 6-in.
nominal diameters with concentrations of solids ranging up to 20 percent by volume. Fanning friction
factors were calculated from these head-loss data. Two distinct modes of transporting solids,
"pseudo"-laminar and "pseudo"-turbulent, were defined from an analysis of the experimental data.

The "pseudo"-!aminar mode occurs in the sliding bed regime. The head-loss data in this mode were
correlated by the non-Newtonian model developed by Metzner and Reed.

The "pseudo"-turbulent mode occurs in the saltation and heterogeneous flow regimes. The head-loss
data in this mode were correlated by a model similar to Prandtl's smooth pipe friction equation for
Newtonian fluids in smooth pipes. A slurry Reynolds' Number was defined for this correlation using a
pseudo-viscosity for the mixture of wood chips and water calculated from the experimental data. The
pseudo-viscosity appears to be a function of concentration only.

Error analyses for both modes of flow showed that all experimental data points were within 5 percent
of values predicted by the proposed correlation models.
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ABSTRACT

The hydraulic transport of wood chips in pipelines has been
~examined. Experimental head-loss data were recorded from mixtures
of wood chips and water flowing in smooth pipes of 4-in. and 6-in.
nominal diameters with concentrations of solids ranaing up to 20
percent by volume. Fanning friction factors were calculated from
these head-Tloss data. Two distinct modes of transporting solids,
"pseudo"-Taminar and "pseudo"-turbulent, were defined from an
analysis of the experimental data.

The "pseudo” Taminar mode occurs in the sliding bed regime. The
head-1oss data in this mode were correlated by the non-Newtonian
model developed by Metzner and Reed.

The "pseudo"-turbulent mode occurs in the saltation and
heterogeneous flow regimes. The head-Toss data in this mode were
correlated by a model similar to Prandtl's smooth pipe friction
equation for Newtonian fluids in smooth pipes. A slurry Reynolds'
Number was defined for this correlation using a pseudo-viscosity for
the mixture of wood chips and water calculated from the experimental
data. The pseudo-viscosity appears to be a function of concentration
only. o
Error analyses for both modes of flow showed that all experimental
data points were within 5 percent of values predicted by the proposed
correlation models.
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NOMENCLATURE

Description
Empirical constants

Volumetric particle
concentration

Pipe diameter, ft
Wood chip size parameter
Empirical constant
Fanning friction factor

Clear water hydraulic
gradient, ft/ft

Slurry hydrau11c gradient,
ft/ft

Fluid consistency index,
dimensions consistent with
defining equation

Pipe Tength, ft

Empirical constant

Fluid behavior index

" Static pressure, psf

Slurry flow rate, cfs

Clear water flow rate, cfs

'Pipe internal radius, ft

Generalized Reyno]ds number ,

2 -n,n
“Re D 8
g p/




Re

Re

AP

S]urry Reynolds number,
Res=VDps/uS

Clear water Reynolds number,
Rew=VDp/u0 '

Spécific gravity .
Temperature, °F

Slurry ve]bdity, ft/sec
Empirical Constant
Empirical constant

Static pressure decrement,
p§f/ft

Dimensionless parameter
(Durand)-

Viscosity ratio

"Water density, s]ugs/ft3

S]ufry‘density, slugs/fﬁ3
Wall shear stress, psf

Water viscgsity,
1b sec/ft

S1urry.vis§osity,_

1b sec[ft

‘.Dimensionless parameter
" (Durand)




- CHAPTER I
INTRODUCTION

The hydraulic transport of wood chips in pipelines offers one
method for conveying low value forest products over long distances
which can be compefitive with cénventiona] truck and railroad trans-
portation. The results of studies indicating the economic féasi-
bility of pipeline transport prompted the present investigation of

the hydrodynamic aspects of pumping mixtures of wood chips and water.

HISTORICAL BACKGROUND

For many yéars pulpwood and paper industries have been faced with
increasing demands for wood-fiber productsf Vast amounts of pulpwood
and residue from the manufacture of forest products are required to
satisfy this demand. - Future supplies may well rely on forest stands
which, because of their size or quality, are not suitable for cbm—
mercial grade lumber and on wood-fiber available in the Togging.
slash now Teft as residue in the forest.

The lodgepole pine, which abounds in Montana in thickets so dense
that trees r=2ver attain useable size, pkesents an example of such a
resource for pulpwood material. _

In the past, the full economic value of these resources was not
realized. The cost of obtaining the wood and processing it, as com-

. pared to the value of the finished product, indicated a marginal,
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if any, profit. One area where costs appear prohibitive is the |
transportation of the wood from the forest or sawmill to the indus-
trial processor. _

Studies of the cost of transportation (1)] (2) haQé indicated
the possible use of pipelines for conveying wood particles. No
~industrial wood-chip pipelines are known to exist, although pipelines
have beeﬁ successfully employed to.transport many solid materials
such as coal, mineral ores, and sewage. Three specific industrial
applications of solids traﬁsport in pipelines bear mention.

In 1957, the Pittsburg Consolidated Coal Cbmpany used a ﬁipe;
line to de]iver-3400 tons of coal per aay from Georgetown, Ohio to
Cleveland (3).

Also in 1957, the American Gilsonite Company (23) began operation
~of 72 miles of 6-inch diameter pipeline to deliver 1100 tons per day
of gilsonite to Grand Junction, Colorado.

ThewBTackiMesa,pipe11ne (5), presently the Tongest coal pipeline
in the nafion, transports coal 273 miles from Kayenta, Arizona to
Bui]head City, Arizona. The 18-in. diameter pipeline will deliver
the equivale-t of'ZOO railroad cars of coal each day.

These and other examples illustrate that the hydraulic trans-

port of various solids in pipelines is economically and technologically

]Numbers in parentheses refer to numbered references in the
~ References Cited.
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fgasib]e,‘and that the app]icgtion to wood-chip transportation

requires a detailed investigation.

WOOD-CHIP PIPELINE RESEARCH AT MONTANA STATE UNIVERSITY

In 1961, the concept of hjdrau]ica11y conveying ‘wood chips
prompted reseérchers at Montana State University, in cooperation with
the Intermountain Forest and Range Experiment Station of thé United
States Forest Service in Ogden, Utah, to initiate an extensive
investigation into the economic and technological agpects of the
hydﬁau]ic transport of wood chips in pipe]ines; During thé coﬁrse of
this project, the ecdﬁpmic'ana]yses and experimental investigations
necessary for the desjgn and operation of wood-chip pipelines have

been conducted and bresented.

Economic Analyses
Hoffman (6), fo]]oﬁing an extensiVé review of available 11teré—_

ture on two-phase flow by Dr. W. A. -Hunt, Project Prfncipa] Investi-
gator, developed a method for determining optimum pipe diameters and
voiumetricjwood-chip concentrations for pipeline networks and applied .
the techniqu= to a harvest area in Montana. Hoffman's report showed
that pipé11ne networks for conveying wood chips could be. competitive
with truck transportation in many applications.

| From Hoffman's work and an earlier economic analysis by Hunt (1)

which illustrated the economic attractiveness of .the pipe]ine transport
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of wood chips, it was concluded that 1§borét6ry research on a model

pipeline was warranted.

Laboratory Investigations

Prior to construction of the model bipe]ine; Schmidt (3) con-
ducted experimental investigations on the effects of pressure and
time on moistﬁre content; vo]dme change, and speci%ic gfavity of
1odgep6]e pine wood chips submerged in water. The investigation
showed that wood chips in water, when subjected to pressures such as
those encountered during hydraulic transpért, séturéte exponentially
as a function of time, and that the specific gravity of the saturated
wood chips tested was approximately T1.1.

A model pipeline was constructed in the Engineering Laboratories
of Mantana State University. The éxperimenta] facility was designed
to permit the 1nvestfgétion of the following problems:

/ 1) minor pressure 1osses‘due to valves and fittings

2) performance of centrifugal pumps for handling high wood-

chip concentrations, and

3) frictiona]_pressure—]osé correlations for 1ohg pipelines.

Charley (7) investigated the effects of high concentrations of
wood chips on the pressure drop caused by enlargements in the pipe

cross section, and found that pressure losses, for a particular

velocity, decreased as the concentration of solids was increased.
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Johnson (8) conducted an extensive series of tests to determine
the effects of chip-shaped bartid]és on the head-loss and operating
character{stics of five types of valves (weir, pinch, plug, vee-ball,

.and ball). These tests indicated that head-loss coefficients for
éaéh valve jncreased as the concentration of solids was increased.

Page (9).conducted performance tests with three different
centriqua] pumps that were supplied by the manufacturers. These
tests indicated that pump efficiency decreased as solids concentration‘

"was increased.

‘An experimental proéram to determine the effects of various
vo]umetric_concentrations of solid particles in water on frigtiona]
pressure losses in smooth pipes conducted by Faddick‘(}Q).‘ Plastic
chips; 1/2 inch x 3/8 inch x 1/10 inch, with specific gravities of
.92 and 1.045 were transportedAwith water through 3-inch and 4-1n§h
diameter pipes to investigaté the parameters for the development of
a head-loss correlation.

A dimensional ana]ysﬁs by Faddick (10) of a two-phase flow
system produced five parameters: mixture friction factor, Reynolds
number based:on'pipe diameter and water viscosity, specific gravity,
and a parameter relating particle size and shape to the pipe diameter.

Head-loss data showed that the mixture friction factors were

greater than those for clear water flows and that the difference

between them increased.
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PRESENT INVESTIGATION

The puépose of the present investigation, initiated in 1969, was
to obtain and correlate experimental head-loss data for mixtures of |
wood éhips‘and water over a range of mixture velocities, pipe diam-
eters, chip sizes, and chip concentnations. Real wpod chfps, primarily
lodgepole pine, were used.

The wood-chip head-loss data of other investigatidns, co]jected
by Faddick (10), together.with the head-loss .data of the present study
were employed to aid in the exp]anatién of‘qya]itative'resu1ts, and
to formulate a quantitative empirical correlation equation.

The laboratory pipeline system employed by Faddick (10) for
plastic chips was modified to a;commodate wood chips. This system {

and the experimental procedures used to obtain the head-loss data

are presented in APPENDIX A.




| - CHAPTER II
REVIEW OF HYDRAULIC TRANSPORT OF SOLIDS

Research has been conducted in the field of transporting soiidg
by pipelines since about 1850 (4), however hydrodynamic theory still
lags practice. Head-loss data from various investigations, while
showing systematic qualitative trends, have not beén quantitatively
corre]éted into a general expression. Thus, design engineers haQe
been forced.to conduct model pipeline studies for nearly every different
application. |
| Présénted'in this section is a discussion of pﬁévious investiga-
tions which pertain to the hydraulic transport of wood chips. Included
are descriptions‘of two-phase flow regimes, their hydrodynamic Signifi—
cance and some mefhods for predicting the occurrence of a particular
flow regime. Two popular methods for correlating head-loss data are
presented, and their app]icatioﬁ to wood chips discuséed. Previous
research on the hydraulic transport of wood chips is presented with
primary emphasis placed on correlating head-Toss with velocity,

'specific gravity, particle size, and particle concentration.

FLOW REGIMES
Saturated wood chips, like many other 'salid particles have a
specific gravity greater than water. The hydraulic transport of such

solids~in-water mixtures can be classified into two flow regimes,
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a) homogeneous, or b} heterogeneous. ' The classification depends on
the mode of transport of the solid particles. |

Homogeneous mixtures occur when the distribution of the sus-
pended solid particles is nearly uniform over the cross-section of
the pipe. If the partjc]es‘a%e small, they are held-in susbension
by Brownian movement. However, for large particles, such as wood
chips, with a specific gravity greater than that of the conveying
medium, a force must be continua]]y exerted on the particles to over-
come the force of gravity. In laminar flow éuch forces do not exist,
and the particles settle to the bottom of the pipe. Turbulent flow
in pipes, howevér, does provide a mechanish to generate forces capable
‘ 0f~mainta1ning‘1arge particles in suspension.

The random vortex motion of turbulent flow in pipes imparfs
sufficient inertial forces to the solid particles to hold them in
suspension in homogeneous flows. If the particles are approximately
the same size as the larger turbulent eddies, the particles will
follow the Targe scale motion of thé turbulent fluid. As long as
sufficient turbuience is generated, the particles will be transported
as a homoger~ous mixture.

Babcock (19) has pointed out that Tow concentrations of particles
"will be entrained in the flow and carried in suspension by the turbu-
lent vortex motion causingllittle ér no‘increasé in the frictional

resistance over that produced by the clear fluid itself. - However, at
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higher concentrations, partic]e-parti;]e and particle-pipe wall
interactions influence the flow characteristics. The inertia and
rigidity qf ;o]id partic]és alter the structure of the turbulence and
supress the generation of turbulence. As the conceﬁtfation increases
and/or mixture velocity decreases, the scale and intensity of the
turbulence decrease to the point that the particies cannbt be main-
| tained 1ﬁ suspension, gravitational forceé prevail, and the particles
begin to settle to the pipe invert. This results in non-uniform
distributions of the particle concentrations, and more and more
particles slide or roll along the invert increasing the frictional
resistance. This non-unifarmity in cqncentbation distribution
characterizes a heterogeneous flow regime.

During heterogeneous‘flow, the solids are transported by two
distinct processes. The first is due to a non-uniform suspension of
' the particles in the flow, and the second is due to the sliding or
rolling of the particles along the pipe invert.

A combination of these transport processes, called saltation
heterogeneous flow, is character%zed by suspension and sliding-bed -
modes. | '

Bed-load flow occurs when all the pértic]es have settled-out,
and the transport mode is one of pure sliding along the pipe invert.
During sliding bed transport there is a continuous coﬁtact between

the pipé wall and the solid particles, and thus a greater amount of
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energy 1s'requffed to move the particles than w{th suspension flows.

Carstens (11) and Zandi and Govatos (12) have stated that if a
homogeneous mixture'exhibits Newtonian characterisfics, the flow can
be analyzed as a single-phase "pseudo-fluid" with density and vis-
cosity dependent on concenfration as well as temperature. Sa]tétion
and bedload flows are considered by Carstens and iandi and Govatos to
be two—phasé fluids in which the solid and Tiquid phases should be
analyzed separately.

In contrasf to the above description of homogeneous and hetero-
geneous flow regimes, Faddick (10) describes homogeneous flows as those
comprised of very small particles held in suspension solely by .
Brownian movement. He describes the transport of larger particles,
suspended by fluid turbu]enée, as heterogeneous suspensions. Uniform
concentration profiles ;haracterize his description of both homogeneous

and heterogeneous suspensions; the only apparent difference being the

size of particles applicable to each flow regime.

‘PREDICTION OF FLOW REGIME

Méthods for predicting the particu]ér flow regime for a given
combinationigf fluid properties and particle properties for two-phase
flows have not been satisfactorily ésfab]ished. Such determinations

may be significant in the operational feasibility of a solids-

transporting pipeline. For example, the minimum head-losses for




N

:

given concentrations of particles apparently may occur (10) in the

s1iding-bed regime. However, plugging conditions are also imminent
in this regime. ’

Grovier and Charles (13) attempted toléimplify the flow regimes
by classifying mixtures as settling or non;sett]ihg. The settling
mixture, as defined, 1slequiva]ent to the heterogeneous saltation and
bed-Toad -regimes desCribed’previdusly. The non-settling mixture was-
defined as equivalent to the homogeneous regime. .

Theylemployed the settling velocity, o} that.;e]ogity which a
particle attains in free-fall through an infinite medium of the
transporting fluid, to distinguish between the two classifications.

Grovier and Charles realized that the settling velocity 1néor—
porated fluid properties as well as the effects of particle size,
shape, and specific gravity and was chosen as the criteria for
differentiating ‘the flow regimes.

Zandi and Govatos (12) also used the settling velocity to deter-
mine a dimensionless parameter which classified two-phase flows as

either heterogeneous saltation or bed-load. This parameter was

defined as -+

Ny = e hg(sTy” Tt (2.7)

where Vm = mixture velocity, ft/sec
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~r

Cd‘ﬁ dimensionless particle drag coefficient,

Cy = 4/3 d(§‘1
v
S

S = specific gravity of solid particles, dimensionless

= gravitational acceTeration, ft/sec2

g
- D = internal pipe diameter, ft
V_= settling velocity, ft/sec
d = equivalent spherical particle, diameter based on

~volume, ft

From a Targe data bank compiled by Zandi and Govatos, the criticai'
value of N] appeared to be approximately 40. N] values less than 40
defined a condition of bed-Toad flow.

As mentibned previously, knowledge of the flow regime to be
encountered for a given set of flow conditions cou]d be extremely
valuable to the design engineer. -But equally important, if the
different regimes could be described as laminar, turbulent, or
secondary f1gw type, a plausible approach to head-loss correlations

might be possible.

HEAD-LOSS CORRELATION MODELS
Since the mechanisms of hydraulic transport of solids in pipe-

lines have not been fully established, a general correlation méthod
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for predicting_head-]os§ does not exist. Several empirical methods
“have been pfesented; the most popular are those of Durand (10) and
Dodge and Metzner (14). Al1 other me%hods seem to have their roots

in either one or the other of these.

Durand's Correlation Model

From extensive investigations of transporting sands and gravels
with water in pipes, Durand (10) proposed the empirical correlation

equation

where

L)
I

(1m- 1)/Cv-i, dimension]éss

y = sz Cqy / gD(S-1), dimensionless

,Cd= gd/Vsz(S-T)Z, a dimensiontess partic]e-drag‘coefficient>
i = mixture hydraulic gradient, ft/ft

i = hydraulic gradient for clear water flow, ft/ft

C. = volumetric concentration of solid particles,

dimensioniess

d = equivalent spherical particle diameter, based on

vo]ume, ft
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' 'Vm= aVekage velocity of mfxtufe; ft/sec

Vs= parti;]e settfing velocity, ft/sec

D = internal pipe diameter, ft
g = gravitational acceleration, ft/sec2
Kand m = empirical constants |

K and m were determined empirically by Gilbert (10) for sands and
gravels (specific gravity 2.65) to be 180 and -1.5 respectively.
Durand and Condolios (15) modified Equation 2.2 -to accommodate

soTids of different specific gravity as follows:

- 1.5
o = 124 Q-D—(g—'l)- s T (2.3)
Vo /gd(S-T1) .

Application of Durand's Equatiph to Wood-chip Résearch

In 1957, the Pulp and Paper Institute of Canada, (PPRIC) initiated
feasibility studies concerning the transport of wood chips with water
in pipelines. McColl (16) investigated the hydraulic transport.of
wood-chips in a 2-inch diameter copper pipe. He concluded that
wood chips were amenable to pipeline transport but he did not attempt
an analytical correlation between head-loss and flow rate.
| E11iot and deMontmorency (4) also of PPRIC investigated the

hydraulic transport of wood chips primarily to determine the effects
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of pumping ‘on the paper-making qda]ity.of the wood chips. Théy have
‘ presénﬁed héad-]dss data for mixtures of wood chips and water pumped
- through én 8-inch diameter aluminum pipe. They did not express a
correlation equation for their head-loss data ana]&tica]]y;
Faddick (10) reports that Stepanoff, emﬁ]oying‘the Durand model,

as previously described (Eq. 2.2), presented théyequations

L=
I
E
[{a]
o
~
<
]
]
]
I
1
]
I
]
1
1
]
1
I
1
1
1
]
]
1
I
1
1
1
]
]
]
)
1
1
Camn
n
o
S

and

LS
[}

1.25 4gD/vm2 03 e (2.5)

‘as the empirical equations of best-fit for the data of McColl and of ’
E11iot and deMontmorency, respecfiveiy.

Faddick (]7); in his work at Queen's University, presented head-
loss data for wood chips transported with water in a 4-inch diameter

aluminum pipe by the equation
o =2.51 dgo/y f T e (2.6)

This'eqUation represented his data for concentration varying from
5 percent to 17 percent by Qo]ume.

:Soucy, of Laval University, has provided the project at Montana
State Universit& with head-loss data he collected from the flow of
mixtures of wood chips and water in a 6-inch diameter pipe for concen-

‘trations varying from 5 percent to 20 percent by volume.
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Fadditk'(lo),'iﬁ his work at Montana.ététe University, collected
and compared the Wood-chip'data of McColl, Faddick, Soucy and Ell1iot
and deMontmorency in 2-, 4-, 6-, and 8-inch diameter pipes, respec-

tively, employing a simplified version of the Durand equation (Eq. 2.2)

8 = KU cmmmmm e e e e (2.7)
where as before
R R L B (2.7a)
and
- 2
¥ = 4gD/V T mmmmmmmmmmm oo oo e (2.7b)

- with K and m = empirical constants.

Analysis of Durand Correlation Model

Faddick's comparison of the head-loss data for mixtures of wood
chips and water of McColl, Faddick, Soucy and El11iot and deMontmorency,
showed fhat the coefficient K varied 200 percent and the exponent m
varied 40 percent. Faddick (10) has stated that, since the wood-chips
used in ?he four different investigations were basically the same
size, the Durénd model apparently neglects the effects of chip size
as compared to pipe diameter. |

Although the individual correlations presented by Faddick for

the data of each of the investigators may be valid for the specific

conditions under which the particu]af data were obtained, the




corre]atioh’quatidns cannot be employed tb‘éalcﬁlate head-Tosses - for
.'mixtufgs of-wood chips ‘and water in pipes of different diameters.

Faddick (18) has also stated that Equation 2.7 does not reflect
the role of the mixture Reynolds number (ReW = Vm Dp/uo) which he
states is the ratio of inertial to‘viscous fdrces for mixture flows.
However, the‘transport fluid viscosity, Ho» which defines Rem, cannot
be interpreted as a measure of thé viscous forces present-in two-phase
flows, because it does not reflect the behavior of a mixture containing
solids. It also neglects the effects of'partié1e—pipe wall contact
on the velocity. gradient at the boundary. The ratio.of the wall shear
stress to the velocity gradient at the boundary is a function of the
. viscosity of the two-phase fluid.

‘ Babcock (19) extensively 1nvestigatéd the use of Durand's cor-
fe]ation‘model and showed that the extrapolation of head-less data to
pipes of diame%ers different from those employed 1n‘obta1n1hg the
data cannot be accounted for by the parameter sz / gD, and equal
va]ués of sz / gD do not produce-equa] va]ues'of ¥ in different size
pipes.

For the Durana Equation 2.2 to correlate available head-Toss data
successfully, the parameter ¥ must be independent of the volumetric
concentration, CV. waever, Babcock has shown that ¥ appears to be
independent of Cv under some circumstances, whiie under others it is

clearly not independent of Cvm This fact a]one; as Babcock points out,
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can account for much of fhe scatter which is noted in data correlated
'by the Durand model. If the parameters that comprise the Durand Equa-
tion 2.2 are to corre]até”the head-Toss data successfully for_two-phase‘
flows, non-dimensional groupings different from those proposed, and

perhaps a completely new method of approach, must be examined.

Metzner and Dodge Correlation Method
Metzner and Reed (20) have developed a semi-theoretical correla-
tion method ?or analyzing head-Toss data of laminar non-Newtonian
fluids which has been successfully applied to several solid-liquid
mixture flows. Mefzner and Dodge (14) have extended this method to
include turbﬁ]ent non-Newtonian fluids as well. | ‘ -
Based on earlier developments by Rabinowitsch (21) and Mooney (21),
Metzner and Reed proposed that the wall shear stress for non-Newtonian,

as well as Newtonian, pipe flows be given as

7, = K(BV/D) mommmeo e (2.8)
' : . .pwpp -
where T ST L . (2.8a)
and = - n = flow behavior index
K = fluid consistency index.

Rabinowitsch and Mooney derived Equation 2.8 with but one stipulation:
the wall shear stress must be a unique function of the rate of strain
alone.

For Newtonian Taminar flows, K = Hyo the absolute viscosity of
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the fluid phase, and n = 1. These values give the familiar Newtonian
relationship between shear stress and rate of strain evaluated ét the

wall:

[0e]
=

and substituting Equation 2.8 into the definition of the Fanning

friction factor for Ty’ the expression for f becomes

n-1 . -
F=d88 ) K (2.11)

VZ-nan
Letting f = 16/Re, as for Newtonian fluids in Taminar flow,

Equation 2.11 defines a generalized Reynolds number

" 2-n
Re = ———V-T—E
g g iy

Equation 2.11 shows that all fluids in laminar flow, subject to the

stipulation given before, must follow the usual f versus Re relation-

ship
f = g =mmmm e (2.13)

as long as the generalized Reynolds number is used.

K and n are determined from viscometer tests. On a logarithmic
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'graph of T, Versus 8V/D, n is the sTope, and K can be a function of
Ty 8V/D, or constant. If the plot of T,, Versus 8V/D is not a
straight Tine over a wide range of 8V/D values, Metzner and Reed
point out that care must be e*ercised in using the viscometer data
for design. K and n should be valid for the 8V/D values encountered
in design.

For many types of solid-Tiquid mixture flows, the parameters . ‘ a
Kand n can be taken as constants for a wide range of 8V/D values as
shown by Skeltand (22). Such mixtures include many polymers, clay-
water suspensions, and dilute concentrations of paper pulp in water.

Dodge and Metzner (14) have extended this laminar flow analysis
to turbulent flows. They concluded that the flow parameters n and K
should be the same for turbulent flows as for Taminar flows, just
as the viscosity of a Newtonian fluid is defined under laminar con- : :
ditions, but used in the turbulent region as well.

An empirical equation relating Fanning friction factor to the
generalized Reynolds number was developed. The!derivation of this
equation was modeled after Prandtl's universal Taw of friction for

turbulent pipe flow
: _ .
— = 4 log{(Re /T) =.4 ===mmmemmmmmmeeeo (2.14)
i W

and was based on an axisymmetric velocity profile.

For non-Newtonian fluids, the conventional Reynolds number, ReW
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. in Equation 2.14 was replaced.by the'generélized Reyndlds number to
produce a non-Newtonian equivalent to Equation 2.14 as:

[ T — (2.15)

;J—:='An log (Re, f
An and Cn were‘considered»funqtions of the behavior index n and were
deﬁermined experimentally from data obtéined with aqueods-Carbopo].
. The reéu]ting‘re]atibnship between friction factor and generé]ized

Reynolds number is expressed in terms of the behav{or index as

1 _ 4 1-n/2 A ---(2.16)
log (Re_ f ) -~ -
ﬂs— n.75 g _n1.2 )

Equation 2.16 reduces to Equation 2.13 for Newtonian fluids where
n=1,and k = y.

Dodge and Metzner have also provided an apbroximate empirical
equation relating friction factors for turbulent non-Newtonian flows

to the generalized Reynolds number with the following equation:

This equation modeled after B]asids' friction factor equation for
turbulent flow of Newtonian fluids in smooth-walled pipes, is useful
because it is exb]icit in f. The terms o andvs were determined as
function of the flow index parameter n by Dodge énd Metzner (14) and

presented by Skelland (22).
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_ Equatioﬁ 2{17 is approximate]& valid between generalized Reynolds
'number§ of 5000 and iO0,000. For the furbu]ent fiow of Newtonian
fluids, with n = 1 and K.f Hys O = .0791 and g = .25,
Substitution of these values into Equation 2.17 results in

the Blasius equation

.0791

f = o . R e e B A TR n e T B e S B e e R (2.]8)
Re .25

W

Analysis of Metzner-Dodge Correlation Model

The semi-theoretical method proposed by Dodge and Metzner has
some shortcomings when applied to mixtures with solids of specific
' gravity greater or less than that of the conveying fluid.

The assumption that the parameters n and K have the same
numerical value for turbulent and Taminar flows seems unfounded.
However, Metznér and Dodge have shown that for a variety of solid-
liquid mixtures investigated, the analysis appears valid and thé
correlation between the head-loss and the flow behavior and fluid
cohsistehcy indipes gives repeatable results. The fluid-solids
mixtures used seem to be characterized as homogeneous (or non-sett]ing)
suspensions of finely-sized particles. The apparent-v{scosities of
these éuspensiohs are readily obtained by conventional viscometric

techniques. Also, Equation 2.8 was developed assuming an axisymmetric

velocity profile, which obviously does not exist for settling mixtures.
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Attempts to usé_fhe Metzner-Dodgeﬁcor}efétion by this writer

. for woqd—chib and.water mixtures, indicated that K and n both were
functions of concentration and velocity. Evaluation of n and K
for wood;chip and water mixture flows was attempted from.Equation
2.16, since laminar flow conditions could not berachieved.‘ The
method required an iterative regression analysis for n and K with a
least-squares best-fit of experiménta] head-Toss data used as the
convergence criteria. The analysis proved highly Qnstab1e, and the

method was abandoned in favor of other correlation models.

Correlation Attempts Using a Pseudo Viscosity

The basic difficulty in analyzing the hydrodynamic properties
of two-phase flows of large, irregular-shaped solids with specific
gravities different from the tfansportihg fluid, is first deffning
and then experimentally measuring mixture viscosities. Such mixtures
are not amenable to any known viscometric tegt.

Employing the proper definition of a pseudo-visco§ity, based
on ﬁhysjca] conditions of the flow, head-loss correlation models

may be proposed.




CHAPTER III
EXPERIMENTAL INVESTIGATION

The present investigation was conducted to experimenta]]&
measure the frictional head-loss encountered during the hydraulic
transport of wood‘chips with water, and to correlate the head-loss
values observed to pipe diameter, slurry velocity, particle size,
and volumetric concentration. The correlation model presénted in
CHAPTER IV was developed after the head-loss data of the present
{nvestigatjon and brevioué wood-chip investigations were carefully
analyzed. A head-loss prediction model was developed with due

.consideration of the following two conditions:

1. The analytical model must be consistent with physical
condifions»observed during thé flow of wood chips and water slurries
in pipes, and

2. The analytical model must be described in terms of paréﬁeters
that méy be determined by simple field Taboratory tests and applied
by the operating personnel ‘of thé pipeline system.

Thus an examination of the physical considerations and the -
actual head-loss data is necessary to,esfab]ish the corre]atién

model.

ANALTYICAL CONSIDERATIONS

The energy supplied to a long distance pipeline is primarily to
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overcome frictional head-loss. For single-phase fluids, the parameters
used to predict head-loss are based on analyzing the fluid as a homo-
geneous medium. Although a mixture of wood chips and water is non-
homogeneous, it is possible to describe the flow of such a mixture
in terms of the variables which define the energy required to pump the
slurry.

Frictional head-loss, measured as the difference in piezometric
head between any two points along a horizontal pipe, may be expressed
in terms of the average velocity of the slurry, slurry properties
(viscosity and density), solids concentration, and pipe characteristics
(length, diameter, and internal surface roughness).

The form of the frictional head-loss expression is obtained by
applying the macroscopic control volume principle for steady, fully-
developed flow of a slurry of wood chips and water in a circular pipe.

For an element of pipe length L and diameter D, with a flow

rate of wood chips and water of Q the time averaged equation of

mix’

O D QQ
o o s i
P] OD ‘OU me-. P2
—| 0 Co 5 P oB .
(&) D 0O ¢
1 |

Figure 3.1 Macroscopic Control Volume
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motion reduces to

(P1=Pp)aD/4 = 1 qDL  =eemmmmmmmmmmenae (3.1)

or
T, = DAP/AL  mmmemeeee e (3.2)

where

ne)
I

-
i

17Po static pressure Toss over length L, psf

=)
il

wall shear stress, psf

Since the flow was assumed to be fully-developed (i.e. uniform
with respect té L), the hydréu]ic gradient AP/L is.méasureable with
_piezometric instrgments.

Non-dimensionalizing the wall shear stress t_ with the specific

W
kinetic energy~pSV2/2, the Fanning friction factor is defined as

f o= ZTW = APD e e (3.3)

2 YA
pSV L2pSV

where P is the density of the mixture.

One of the objectives of this investigation is to determine if
a frictioﬁ factor - Reyno1d§ number relation for wood-chip and water
slurries could be developed. The simplicity of the relationship
and ease of appliéatﬁon are of prime importance. Head-Toss in
Newtonian pipe flow is predictable in both the Taminar and turbulent
regions. The Newténian functional relationships between friction

factor and Reyno]ds~number suggest a similar approach for non-Newtonian
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flows such as mixtures‘of wood chips and water. This may be expressed

as

where Mg is the viscosity of the slurry.

The s1urfy density, P> is a function of voTumétric‘concentration
of woéd chips, the density of the wood fiber, and density of water.
" The s]urhyldensity_can be expressed in functional form as ' ;

S = pS(C’pWOOd’p)

p
WOod-chip.part1c1es'contain less than 50 percent so]id,materia]lby
volume (10). The remaining volume is void which fills with water
upon saturation. For a vb1umetric concentration of 30 percent,
'gaturated wood chips have a specific gravity approximately equal to |
1.1, giving a slurry density, Pgo equal to approximately 1.015 times
that of water. This 1.5 percent represents the maximum slurry density
variation possible and ié considered to be sufficiently close to thaf
of watef to permit all ca1cﬁ1ations based on the specific gravity of

water.

The slurry viscosity is not a property of the mixture which can
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readily be measured. Slurries of wood chips and water are not
amenable to experimental viscometric techniaues. Wood chips are
large in comparison to allowed tolerances in instruments such as the
capillary- tube viscometer or the cone and plate viscometer. - In
addition wood fiber is heavier than water, and wood chips settle
in water unless the mixture is agitated.

By suitably defining a "pseudo-viscosity," and making it a
parameter to be determined experimentally rather than measured
directly, this problem is alleviated. The "pseudo-viscosity" of
the sTurry is rationalized to be a function of the average velocity .
of the s1urfy, particle size, particle concentration, and temperafure:

Insight into relationships which could describe two-phase
flows of wood ch1ps'and water requires an examination of experimental

data and physical interpretation of their significance.

EXPERIMENTAL DATA

Head-loss data of wood-chip and water slurries were obtained
employing the experimental system and test procedures outlined in
APPENDIX A. Pipe size; flow rate, wood-chip concentration, and

wood-chip properties were the controlled variables.

Pipe Characteristics

Pipes of two sizes, nominal 4-in. diameter acrylic plastic and

nominal 6-in. diameter aluminum were connected in series. Frictional
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pressure-losses were recorded from test sections in each simultaneously.
The actual internal diameters were 3.930 in. and 5.864 in.,

respectively.

Flow Rate Range

The experimental system Timited the flow-rate range from 250 to
450 gpm. . The range of slurry velocities obtained in the 4-in.
diametér pibe was approximately 5.5 fps to 11 fps, and in the 6-in.
diameter pipe the range was éppkoximate]y 2.5 fps to 4.5 fps. Below
250 gpm, plugging occurred in the trénsition from the 6-in. diameter
pipe to the 4-in. diameter pipe for volumetric concentraticns above
15 percent. The electrical capacity of the solids-handling pump was

exceeded for flow rates above 450 gpm.

Volumetric Concentration Range

 The volumetric concentration of wood chips was varied in
o percent increments to approximately 20 percent. In one jnstance

27 percent concentration was attained.

Wood Chip Properties

S
Four different gradations of wood chips were used. Ungraded
chips, primarily of lodgepole pine species, were obtained from a
local sawmill, and were.segregated into three different sizes using

screens of 0.875-in., 0.5-in., 0.375-in., and 0.25-in. mesh. The
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three‘different sizes employed were as follows:
1. those passing the 0.875-in. mesh screen and retained
‘ on 0.5-1in. scfeen,
2. those passing the O.5—in. mesh screen and retained
on 0.375-in. screen, |
. 3. those passing the 0.375-in. mesh screen and retained
on 0.25-in. screen, and .
4. chips which passed the 0.25-in. mesh screen are referred
to as fines.
In addition, a mixture of all sizes including fines was employed.
The ungraded sample of chips will be referred to as the mixture
sample. The éamp1es referred to in 1., 2., aﬁd 3. above will be
referred to as 0.875-in., 0.50-in., and 0.375-in. samples.

: Tab}e 3.1 illustrates the size distribution of the three _
individual chip sizes employed and Table 3.2 illustrates the weight
distributionAéf samples of the aggregate mixture. Length was takén
as thé maximum dimension parallel to thé wood grain, and width as
the maximum dimension perpendicu]ar to the wood grain. The data
indicate that the three size gradations are nearly the same average
Tength and thickness. Chip width is the only dimension which

distinguishes the individual sizes.
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Table 3.1 Size Gradation of Wood Chips

.875-in. Sample  0.50-in. Sample .375=1in. Sample

Average Length -1.12 1in. 1.11 1in. 1.14 1in,
Average Width 0.64 in. 0.44 1in. .317 1in.

Average Thickness 0.15 in. " 0.17 1in. .092 1n.

Table 3.2 MWeight Distribution of Individual Sizes

Wood Chip Size % of Batch Weight
+0.875 in. 8%
+0.50 in. 27%
+0.375 in. 18%
+0.25 in. ’ 31%
-0.25 in. (Fines) 16%

HEAD-LOSS DATA

As with most investigations of this type water temperature
was not a controlled variable. The method for determining the
individual friction factor values corrected to 60° F assumed that
the friction factor for a slurry of wood chips and water varied with
temperature in the same manner as the viscosity of water varies
with temperatﬁre.

Evaluating the friction factor for 60° F from Equation 2.14,

i VD ‘
]//‘FGO = 4.]09(:1—6—(% /-FGO) = b e (3'6)
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and_for the,measurédztemperature T,

= a0g(Re ) Ly (3)
UT .

an expression for the temperature corrected friction factof (for
a given velocity, pipe diameter, and density) was found by sub-

. tracting the two equations:

1//?66 = 1//?% + 4.10g(?T“Téo) mmmsmmsemsmmsoee- (3.8)
usoJ?f

Since fT’ Hs u66 were known, f60 was caTcuTated employing an
iterative procedure. The temperature corrected friction féctoré
. are listed in APPENDIX B.

Friction factors for clear water flow were measured before wood
chips were injected into the system. A comparison of these calculated
values with standard clear water friction factor values for smooth
pipes 1nd1cafed the accuracy of the instrumentation calibration. |
| The clear water friction factok values for the 4-in. and 6-in.
diameter pipe§ are shown as functions of velocity in Figure 3.2. The
solid lines représent Prandtl's universal equation for turbu]ent
pipe flow friction (Eq. 2.14) for the 4-in. and 6-in. diameter pipes.
Friction factor values obtained from the 4-in. diaméter and 6-in. '
diameter pipes for slurries of wood chips and water -containing the

mixture, the 0.875-in., the 0.50-in. , and the 0.375-in. wood chip
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samples are présented in Figures 3.3, 3.4, 3.5, and 3.6, respectﬁve]y.'
Fanning friction factor is plotted versus slurry velocity on
“logarithmic scales for each volumetric concentration increment.
These head-Toss data are also presented in APPENDIX B in tabular

form. Prandtl's resistance equation, Equation 2.14, is shown on

each graph for both pipe sizes based on clear water flows at 60° F.

DISCUSSION OF EXPERIMENTAL RESULTS

Head-Toss data for the hydraulic transport of mixtures of wood
chips and water was presented in the previous section. To avoid
cumbersome wording in later sections, the wood-chip slurry will be
used to mean the mixtures of wood chips and water.

Clear water friction factors were measured before each run with
wood-chip slurries to determine the accuracy of the 1nstrumeﬁt
calibration.

Figure 3.2 illustrates these clear water friction factors as
compared to Prandtl's universal friction law, Equation 2.14. The
average deviation between measured and accepted clear water friction
factors is 1;6 percent, and the maximum deviation is 3.4 percent.

Figurég 3.3, 3.4, 3.5, and 3.6 show that the difference betweeﬁ
friction factors for woodfchip slurries and those of clear water
increases with decreasing velocity, and increasing concentration.

For concentrations less than 15 percenf; slurry friction factors

approach the clear water friction factor values asymptotically for
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velocities in the vicinity of 10 fps. For higher concentrations,
the sTurry friction factors apbear to converge to those for clear
-wWater at velocities higher than 10 fps.

Figures 3.3, 3.4, 3.5, and 3.6 1nd1céte an abrupt change in
the trend of the friction factor data for constant concentrations
occurs over a velocity range of 5.5 to 7.5 ps. The velocity at
which this change of §16pe occurs will be called the "critical"
velocity because at this velocity value there éppears to be a
change in the mode of transport of wood chips; The critical
velocity will be discussed more fully in later sections.

The critical velocity increases with increasing wood4¢hip
conqentratioﬁ.- ATthough head—]oés data were not recorded from the
4-in. diameter pipe at velocities below 5 fps, the gener§1 trends are
expected to be the same as shown by the data obtained from the 6-1in.
diameter pipe. An inspection of similar data, Figure 3.6, presented
by Faddick (17) for wood-chip and WAtér flows in a 4—in, diameter
pipe, bears out this assumption.

' Because the velocity range investigated was 1imited by the
experimental system, head-Toss data from brevioUS investigations

was employed to aid in describing the qualitative trends.

COMPARISON WITH PREVIOUS INVESTIGATIONS
Head Toss data obtained by Faddick (17); Soucy (24), and

Elliot and deMontmorency (4) are shown in Figures 3.7, 3.8, and
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3.9, respectively. Faddick (10) has stated that the data of these
three investigators were obtained from ungraded wood-chip samples.
Thus, their head loss data should be \qualitatively siﬁi]ar to that
obtained from the mixture sample of the present investigation. The
dashed 1ines on Figures 3.7, 3.8, ana 3.9 represént the data of
the present investigation corrected to 60° F. Straight 1ines
represent these data with a maximum deviation of s 3 percent.
Temperature correction was not applied to the data of the other
investigators since measured temperatures were’not available.

Figures 3.7, 3.8, and 3.9 indicate a similar abrupt change
in the slope of the friction factor versus velocity curves for
constant concentration. As before, the ve1oc1ty at which this
abrupt change in slope occufé depends on concentration.

Below 10 percent concentration, friétion factor values approach
the clear water values asymptotically in the vicinity of 10 fps.
This was also indicated by the data of the present investigation.
For concentrations above 10 pefcent, the fricifon factor values
appear to approach thé friction factor-velocity curves for clear
water at Ve]ocitiés larger than 10 fps.

Soucy's data, Figdré 3.8, which was obtained from a 6.0-in.
internal diameter pipe can be qualitatively compared to the data
obtained from the 5.864-in. diameter pipe. For 10, 15, and 20

percent concehtrations these dashed lines appear to represent Soucy's
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data very well. The discrepancy between the two sets of data fdr
5 percent, concentration cannot be exp]ained. A quantitative com-
parison is not possible, however, since Soucy did not include water
temperature values with his head-loss data.

Faddick's wood-chip data, Figure 3.7, is directly comparable
to the data obtained during the present investigation. from the
mixture wood-chip sample in the 4;1n. diametef pipe. The dashed lines
in Figure 3.7 represent this data of the present jnvestigation. B
Although there appears to be some scatter in Faddick's data, it
trends toward the dashed 1ines.

EJ]iot and deMontmorency's data was obtained from a 8.412-1in.
internal diameter pipe and is not direct]y comparab]e to the data
of the present 1nveétigat10n. However, the data from the four
investigations do show a systematic trend which will be of sidnificance
in ana]yzing these data in CHAPTER IV. The frend of data shows the
friction factors. for constant concéntration increase in magnitude
with increasing concentration. In the lower velocity regions, Figures
3.7, 3.8, and 3.9 show the relationship between friction factor and
velocity does depend on the pipe diametér. Friction factor decreases
with increasind pipe diameter for a given velocity and a given
concentration. This dependence of friction factor on pipe diameter
is not a Tinear functjoﬁ of pipe diameter because the fription factor-

velocity curves appear to converge to one curve, independent of




pjpe diameter for higher éoncentrations.
The dependence of friction factor on pipe diaméter is not as
significaht in the higher velocity region as in the Tower vé]ocity

region.

FLOW REGIME DELINEATION

As mentioned in the previous section, the head-loss data of the
four wood-chip pipeline investigations show an abrupt increase fn
the slope of the friction factor versus ve]ocity curves in the
range of velocity from.5:5-7.5 ft/éec. This "critical" velocity
is a function of concentration.

One plausible explanation of this phenomena is the transition -
from heterogeneous saltation flow to bed-]oéd flow. Visual measure-
ments were made to ascertain the velocity range in which the bed-16ad
formed. ‘Table 3.3 shows the measurements observed in the 4-in.
diameter pipe. It was not possible to obtain similar values for the
6-in. diameter pipe since aiuminum 1rrig§t10n-p1pe was used through—
out the 90-ft test sectfon.

The average velocities, based on slurry flow rate, at whiéh the
bed-load formed for various concentrationé of each chip size are
listed in Table 3.3 as "Formation Velocity." The ve]ocitiesAwhich
characterize the abrupt change 1in slope of the friction factor-velocity

curves are listed as "Critical Velocity." The maximum percent




Table 3.3 Bed Formation Velocities - 4.-in. Pipe

Chip Concentration . Formation Critical | Bed
Size Velocity Velocity Velocity
5 “fps _fps __Tfps
.875-in. 5.0 5.9 5.10  5.67
" 10.0 6.1 5.5 5.98
" 15.0 7.1 6.2 6.91
.50 -1in. 15.0 6.6 ‘ 6.8 6.32
.375-in. . 10.0 6.25 6.22 6.14
Mixture 10.0 6.58 6.5 6.32
" 15.0 7.1 6.9 6.91
" 20.0 7.54 7.3 7.13

9%
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deviationfbetwéén bed-formation velocity and critical velocity is
13 percent.and the average deViation is 3.5 percent. Table 3.3
also lists the velocity of the sliding bed of wood chips as "Bed
Velocity." The ”Bedf velocities were observed at the same time the
"Formationf velocities were measured. :The difference between the
~ average velocity of the slurry and the velocity of the sliding bed
is approximéte]y 3 percent, with a maximum deviation of 5.5 percent
occurrihg for the 20'percent concentration of the mixture sample.

In this chépter the head-Toss data of the present investigation
have beeh presented, discussed, and qualitatively compared to data
of previous'invéstigations. ' The data were presented in such a
manner as to illustrate the physical phenomena occurring during

transport.




.CHAPTER 1V
CORRELATION METHOD AND ANALYSIS

A method for analyzing head-Toss data of wood-chip and water
slurries is presented in this chapter. The physical phenomena are
examined and ané]yzed in accordance with the data presented in
CHAPTER III. The correlation model js developed on the bésis of

the experimental headrloss data and existing theory.

CORRELATION MODEL DEVELOPMENT . '

In CHAPTER II, the physical phenoména of the hydraulic transporf
of large particles in.pipelines were discussed. Particles, such as
wood chips, with specific gravities greatcr than' the conveying
medium are acted upon by gravitational forces and inertia1'forces
imparted by the turbulent velocity fluctuations in pipe flow.

These fluctuations arise from the random vortex motion generated -
by the turbufent shear.

. ‘In homogeneous slurry flows, the turbulent structure is of'
sufficient intensity to overcome the gravitational forces acting
on the particies and to maintain a uniform concentration profile
over the pipe crosc—section. However, the turbulent structure is
damped due to the rigidity, inertia, and size of the particfes.

~ When the inertial forces imparted ‘to the solid particles by the
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turbulent motion are not suff{cfent to overcome gravitational forcés,
the particles settle to the bottom of the pipe.

Saltafion heterogeneous flow is characterized by suspended
partfc]es'as well as particles which have settled to the pipe
invert and are rolled or dragged along the pipehby a combination of
shear and 1ift forces induced by the fluid medium. |

A bed-Toad Flow (or sliding bed) cdnditioh exists when all
particles have‘settled to the pipe invert. Since the fluid turbulence
is not sufficient to 1ift the solid particles from the pipe invert’
for this type of flow, a "pseudo"-laminar condition appears to exist.
“The term "pseqdo“ is employed to dfstinguish this phenomené from
classical laminar pipe flow. This investigation indicates that the
"pseudo"-Taminar condition occurs in the bed-load flow regime
described in CHAPTER II.

Saltation flows, which were described earlier in this chapter
and in CHAPTER II, appear to be a type of turbulent flow. Since
" the turbulent structure of the flow is altered by the presence of
the solid particlés,'the‘turbuTent struqture is not the same as
classical turbulent pipe flow and the term "pseudo"—turbu]enf is
employed to describe thi; condition. ‘

The sTurry velocity at which a pronounqed bed-1oad flow
developed was presented in Table 3.3 in CHAPTER IIL. These critical

velocities were shown to agree to within 13 percent with velocities
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‘where the abrupt changé in slope of the friction factor-velocity
curves occurs for each different concentration in Figures 3.3, 3.4,
3.5, and 3.6.
Based on the above considerations of plausible flow regimes,
the head-loss of wood—éhips and water slurries will be analyzed
as "pseudo"-laminar, or "pseudo?-turbu]ent, depending on the

magnitude of the parameters V and AP/L.

PSEUDO-LAMINAR ANALYSIS

The Metzner-Reed analysis for Taminar non-Newtonian flows was
found to be sufficient for analyzing the head-loss data for slurries
of wood-chips and water'transported in what appeared to be a
"pseudo”-Taminar flow condition. This head-loss prediction model
is desqribéd in terms of the parameters set forth in CHAPTER ILI.

J

Analysis Description

Reiterating the presentation of the Metzner-Reed analysis of :

CHAPTER II, the correlation model is baséd on the premise that

Ty = K(8V/D)n S (4.1)
where |
Ty - wall shear stress, defined by Eq. 3.2, lbf/ft2
V = average slurry velocity, ft/sec
D = internal pipe diameter, ft
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n.= fluid behavior index, dimensionless

K = fluid consistency index, units consistent with Eq. 4.1

In the definition of the Fahning friction factor,

. (4.2)

the slurry density, P is taken to be that of water as explained
earlier. |

Substituting this friction factor definition into Eduation 3.1
for the wall shear stress, Ty the following equation results:

B i n-1 » ,'
CERSRLCE 9 (4.3)

VZ-nDnb

If a generalized Reynolds number is defined as

V2—nDn
o Re, = - s e e (4.4)
‘. g g1y
Equation 4.3 reduces to
f = 16/Reg e EEL L EEE PR P e e (4.5)

f = 16/Rew L e L L L P ~=---(4.6)
where ReW = VDp/u0 is the conventioﬁa].Reyno1ds number.’ -
Equation 4.5 reduces to eqdation 4.6 for Newtonian laminar
pipe flow since n = 1 and K = Hye
The parameters n and K of Equétion 4.3 were determined from
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wood-chip head-loss datéﬁof the present investigation as functions
of particle concentration. The parameter n is the slope of the
tangent dfawn at any point on a logarithmic plot of wall shear stress
versus the parameter 8V/D. K is the intercept of that tangent
where 1og(8V/D) equals zero. Both n and K may vary with velocity,
but are assumed to be independent of pipe diameter.

With n and K values determined; friction factors can be
ca]cu]ated’knowing the velocity, pipe diamefer, and particle-
~ concentration. .

Equation 4.5 offers the advantage of predfcting«head-losses for
pipes whose diameters ére different from those used in the origiha]
correlation. For a given velocity and vp]ymetric concenfration,
the ratio of two equations forldifferent pipe diameters D1_and‘D2

gives

since the velocity, density, and fluid consistency index values are
identical. |

Thus, t@e ratio of friction factors for two different pipe sizes
is equal to the reciprocal ratio of the pipe diameters to the "n"
power. A knowledge of n and K values as functions of concentration

allows the calculation of head-loss values for various pipe sizes
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over the “pseudo"-Taminar velocity range.

Agp1icatioﬁ to Head-Loss Data

The ‘head-Toss data of this investigation which appeared to be
in the “pseudo"-laminar region were analyzed according to the
MetznerjReed correlation model. A1l data in this region were obtained
from the 6-in. diameter pipe and were corrected for temperature
according to the technique described in CHAPTER III. Values of the
fluid behavior index, n, and the flﬁid consistency index, K, were
obtained emp]oying.]east squares curve-fitting techniques. The
values of n and K presented in Table 4.1 indicate that both are
dependent on concentration and chip size. The value of the critical
generalized Reynolds (based on the eriticaf velocity) number is
approximately 3,000.

The results of an error analysis to compare the measured friction
factors to those predicted from Equation 4.3 using the experimentally-
determined values of n and K are ShoWn‘in Table 4.2.. Maximum and
average percent devfations for each concentration increment and chip
size gradation are shown.

For thé\mixture sample of wood chips the max{mum'deviation was
3 percent and thevéverage‘deviation‘was less than 1 percent. For
the 0.875-in., 0.50-in., and 0.375-in., wood-chip samples the
maximum deviation was 4 percent and the average deviation was less

than 0.1 perceht.




Chip Sample
Mixture
0.875-1in.
0.50-in .

0.375-in. ~

Table 4.1

Index
Parameter

n
K
n
K
n
K

n
K

*1 data point
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"Pseudo"-Laminar Index Parameters

Concentration
5% 10% 15% 20%
.831 .756 .358 .288
00274  ,00447 .0299 .052
1.043 .980 747 *
.000915 ,00101 - .00338 *
1.00 .979 .524 *
.00123 .00157 0121 *
1.01 .927 .606 *

.00073  .001996 .00894 *

Table 4.2 Error Analysis of Measured and Predicted
Friction Factors for "Pseudo"-Laminar Region

Chip Sample
Mixture
0.875-in.
0.50-in.

0.375-1n.

Deviations Concentration

% 5% 10% 15% 20%
Avg. Dev. +1.5% +1.1% + 5% +0%
Max. Dev. 3.0 2.3 .8 0
Avg. Dev. 1.7 2.2 - .6 -—
Max. Dev. 2.2 4.0 .9 _—
Avg. Dev. .3 4 1.0 -
Max. Dev. .5 .5 2.5 ———
Avg. Dev. .0 7 .5 —
Max. Dev. 1.4 1.2 1.0 —_—
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‘.'Equat%on 4.3 Shdws.that frict{on‘factér is direct]y proportional
to the;veloéity to tﬁe "n-2f power. ‘Tﬁe slope of the logrithmic
curves of friction faﬁtor versus s]urry velocity (Figures 3.3, 3.4,
3.5, and 3.6) presented in CHAPTER III are then equal to n-2. Since
n decreases with 1ncreésing concentration, the quantify n-2 also
decreases algebraically, but the magnitude (abso1u£é value) of n-2
increases, which is indicated by the steepening of the slopes of
the curves. _This'is consistent with the qualitative description of
tﬁe head-loss data presented in CHAPTER III. |

From the data of Table 4.1, the energy requireménts for pumping
the various chip sﬁZe gradations can be established. The va]ués of
" n decrease with increasing concentration and K values increase with
increasing concentration.
| During the present investigation values of the pérameter 8V/D
were consisten%]y greaier than 1. Thus, as n decreases with
concentration, the quantity (8V/D)" also decreased. According to
Equation 4.1, the wall shear stress, Tw? should decrease with
decreasing .n; however thé increase in K associated with decreasing
n values more than overcomes the effects of decrease in n. Thus,
the wall sheaf stress, Ty increases with increasing concentration,
which increases” the energy requirements to pump the slurry.

The results given in Table 4.1 show that the n values obtained

from the mixture sample are consistently smaller than those for the
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threejindiVidugl size gradations. .The resbeétive K values are also

'1arger:._This indicates more energy is required to pump the mixture

- samples at a given concentration than any of the three individual

size gradations at that concentration.

One plausible explanation for this phenomena is as follows:

The mixture sampTe is comprised of all size gfadations
iﬁc]uding fines. The chips are lying on the pipe inverf,
being dragged by.the fluid medium. Some water passes
through this sliding bed and the smaller particles can

be moved to some extent through the voids between
individual chips. Eventually these voids become plugged
and the bed actually moves as a solid mass in contact ’
with the pipe surface.

The chips-bf uniform size provide a series 6f point masses
in contact with the\surfacé as no fines are gresent to
fill the voids. Water passes fhrough the uniform size

chip bed more easily than through the mixture sample.

The difference among n values for the three individual gradations
is not significant. However, the K values do increase with decreasing
partic]e‘size4aﬁd increasing cdncentration. The value K = .0121 for
the 0.50-in. chip size is the only value that does not fit this

pattern.
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An exp]anation similar to- that given above for differences
in n and K va]ues’for the mixture sample and individual size
gradations applies to differences amdng K values for the three
size gradatfons. From visual observations; the.individual chips
do not assume a preferred orientation in the bed. The smaller
chips form a closer packed‘matrix'and there is more partic]é-pipé »
wall confact than with larger particles. Thus more energy is
requifed to overcome drag between the particles and pipe wall.

The Tlarger values of K for smaller chip size reflect the increased

energy requirement of pumping.

Application to Other Investigations

The head-loss data obtained from tests conducted with the 6—in
d1ameter pipe in this 1nvestlgat10n were shown to be representat1ve
of Soucy's data, which were also obtained from a 6-in. diameter
pipe. The data for the two investigations in the “pseudo”-laminar
region for 10, 15, and 20 percent concentrations lie within approxi-
mately 10 percent of one another. A deﬁai]ed quantitative ana]ysié
cannot be made since water temperature values for Soucy's data are
not known. -

Faddick's wood-chip head-loss data,and.ElTiot and deMontmorency's
wood-chip head-loss data were obtained from 4-in, and 8-in. diameter

pipes, respectively. It has been shown in a previous section that

data obtained from two different pipe sizes should follow the
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relationship

no

for the same velocities and values of n and K.

The validity of tﬁis equation was tested by calculating the
friction factors for the 4.062-in. and the 8.412-in. diameter pipes
using the values of n from Table 4.1 for the mixture sample and the
friction factor<9e1ocity data for the 5.864-in. diameter pipe of this
investigation.,vThese calculated values were compared with the data
of Faddick and E1liot and deMontmorency although the velocities in
the present studies were not identical with those of the investigators—
cited above.

Since there is no overlap between the sets of data for direct
tomparison; straight Tines of slope n-2 should fit through the points
for each concentration.

Figure 4.1 shows the comparison with Faddick's data on a
logarithmic graph of friction factor versus velocity. According to
Equation 4.3, a 1ogar1thmfc curve of friétion factor versus slurry
velocity shé&Td be a straight Tine. Theée straight lines represent
the data to within 5 percent indicating excellent agreementﬁ

Figure 4.2 shows the same comparison with E1Tiot and deMontmorency's

head-Toss data. However, Equation 4.7 does not satisfactorily predict




Fanning Friction Factor - f
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the friction faétor values of Elliot and deMontmorency. Maximum
percent deviations are of the ordef of 30 percent for the lower
concentration values.

In CHAPTER III, it Was noted fhat the fric£ion factor values
from the four investigations become nearly independent of pipe
diameter for concentrations of 20 percent and greater. This
phenomenon is also fully explained by Equation 4.7.

The friction factor ratio for two different pipe sizes is
equal to the reciprocal ratio of the pipe diameters to the "n"
power. As n decreases to zero, the diameter ratio to the "n"
power approache§ 1, and frictioﬁ factor ratio become independent
of pipe size.

At 20 percent concentration, the value of ﬁ for the mixture
sample is 0.288. Although this value is significantly different‘
from zero, thé diameter ratios for the data of Figures 4.1 and 4.2
(4.026/5.864 for Faddick's data and 8.412/5.864 for Elliot and

deMontmorency's data) are nearly equal to 1 when raised to the

0.288 power.

Y R
Summary of "Pseudo"-Laminar Analysis

The correlation model proposed by Metzner and Reed for "Taminar'
non-Newtonian flows was shown to'satisféctori1y correlate the head-

Toss data of the present investigation. In addition, the model
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allows head-loss calculations for pipes with diaméters other than
those employed to obtain the correlat{on parameters. The model
stipulations given at tﬁe beginning of CHAPTER III are also satisfied:
the model satisfies this physical phenomena and is expressed in
terms of parameters which are readily obtained in the Taboratory.

In CHAPTER II, it was shown that the Metzner-Dodge correlation
model for turbulent non-Newtonian flows is an extensidn of the
Taminar non—Newtoﬁian model of Metzner and Reed. The success in
using the Metzner-Reed model for the "pseudo"-Taminar }egion‘led
to an examination of the correlation model proposed by Metzner and
.Dodge for the "pseudo"-turbulent region. |

The fluid behavior index, n, and fluid consistency index, K,
were assumed to be the same value for turbulent flows as for 1aminar
flows as stated by Metzner and Dodge (14).

The turbulent correlation model of Metzner and Dodge,

]-n/Z) - .4
1.2

1VF = -2 ;gg_ (Reg f
n’ n

ST )

is similar to Equation 2.14, Prandtl's universal pipe friction law,
except the conventional Réyno]ds number Rew is replaced by the
generalized Reynolds number Reg, and concentration effects are

75 and r.4/n]'2.

1né1uded in the constant terms 4/n’
However, as will be explained in the following section, this

turbulent non-Newtonian model was not satisfactory for correlating
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the wood-chip head-loss data of the "pseudo”-turbulent region of

the present investigation.-

PSEUDb—TURBULENT ANALYSIS

The head-Toss data of the present investigation for the "pseudo"-
turbulent region was extensively analyzed employing the correlation
model presented by Dodge and Metzner (14), which is an éxtension of
the Metzner-Reed analysis for the laminar flow of non-Newtonian fluids.

Dodge and Metzner propose that n and K are the same value for
turbulent flows as for laminar flows. To check this assumption,
n and K were calculated from Equation 4.8 using the data which
| appeared to be in the "pseudo"-turbulent range in this investigation.
A non-Tinear regression analysis was employed.

The n'and K values obtained did not agree with the values
calculated from the "pseudo"-laminar data. The differences batween
n values for the same concentration and chip size reached 30 percent.
It was found that n and K va]ue; were functions of velocity, con-
céntration, and particle size. This functional relationship was
considered too cumbersome to bé of value in design prob}ems.

Based on the physical conditions observed in the flows, one
would not expect n and K to be the same for l"pseudo”-turbu]ent flows
as for "pseudo”-Taminar flows of wood chips in water. In "pseudo"-
turbulent flows, some or all of the particles are suspended in the

fluid medium; in "pseudo"-laminar flows, nearly all the chips have




settled to”the.pipé fnvert and are,draggedfof rolled along the pipe.
~ These qondifibns give two different distributions of the velocity
and the concentration of partic]es;

The parameter K is a measure of the viscous forces present at

the pipe wall,

in “laminar" f]ows. Since more particles are in contact with the
pipe wall in “pseudo”-laminar flows than in "pseudo”-turbulent flows,
K should not be expected to be the same for both modés of transport.

- The value of n for Newtonian Taminar pipe-flows is one; whereas )
n for Newtonian turbulent flows is approximately 1.75 as 1ndicatéd by
the discussion in CHAPTER II following Equation 2.17. Thus, the
values of n should be dependent on the ve]ocit&\profi]é of the f]ujd,_
which in the c;se of wood chips and water is a function of the average
slurry velocity and concentration.

For these reasons another correlation model was proposed for

the "pseudo"-turbulent region. The model was based on the equation

S Tog(Re_ VF) + E ~==ccmcmmmmmmmeem (4.9)
/.f:‘
where
f~= Fanning friction factor, dimensionless
Re. = Reynolds number of siurry, dimensionless
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_' Bés'= VDpS
Hs
Hg = pseudq-viscosity of s]urfy, 1bf sec/ft2
pg = density of slurry--(taken to be water density for

convenience), s]ug/ft3

A and E = empirical values, dimensionless. .

Eéuation 4.9 is modeled after Prandtl's universal law of pipe
friction, Equatfon 2.14, just as the Metzner-Dodge model. There were
three reasons fof asshming a model of this form.

1. The head-Toss data for the "pseudo"-turbulent region

of all wood-chip investigations define curves similar
to the clear water Tines defined by Equatibn 2.14.
Curves plotted from the héad-]oss data for slurries
of wood chips and water approach the clear water
curves asymptotically With increasing ve]oﬁity.

2. The equation can be forced to fit the clear water
boundary conditions, if A and E are 4. and -.4,
respectively, for zero percent concentration.

3. Slurries of wood chips and water do not Tend them-
§e1vesﬁto conventional viscometric testing. In
order to defineia Rey;o}ds number in terms of a
slurry viscosity, the slurry Reynolds numbef was

defined. Since the slurry viscosity is a defined
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variable it was one of the parameters to be
obtained by an analysis of the data.

Since three unknowns, A, E, and Bgo are present in Equation 4.9,

two assumptions were made:

1. The ratio of slurry viscosity to the clear water
viscosity could be represented as a function of
concentration, density of the .fluid, velocity of

the dew, pipe diameter and chip size,

]Js/}lo = q)'l (C:V:D:ps:d) """"""""""""" (4°]O)

and,
2. The values A, E, and @j must be such that equation
(4.1)'reduces to the turbulent clear water equation,
Equation 2.14, for zero percent concentration.

The slurry Reynolds number is defjned‘by

The slurry aensity og is taken to be the water density, p, as explained
in CHAPTER III, and the slurry viscosity is defined by Equation 4.10.
Substitution of Equation 4.10 into Equation 4.11 gives the equation

Re, = ¥Dp  —-m=mmmmmmommmomcmmmeo oo (4.12)
R | -
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Equation 4.9 then becomes

—L = Alog (Re, /F) + E - A logs, =mmmmmmmmnmmnns (4.13)
% ! x

in which Re , tﬁe equivalent clear water Reynq]ds number, and f are
measured values. Thus, a plot of 1//F versus 1og(ReWJF) gives A and
the quantity (E-A ]ogé]) as the slope and ordinate intercept,
respectfve]y.

Employing the second assumption, A is forced to the value 4.0,
and log ¢, to zero forrzero percent concentration.

Since three unknowns, A, E, and 2y, are involved in Equation
~4.13, E was arbitrarily forced to be -.4 for all concentrat:ons.
A curve fitting procedure was employed to find values of A

and 2 for the head-loss data of the present investigation.

Evaluation of Parameters

Figures 4.3, 4.4, 4.5, and 4.6 show the head-loss data of the
present investigation for the mixture sample, 0.875-1n.? 0.50-1n.,
and 0.375-in. chip gradations, respectively. The data are plotted
as 1//f as a function of 1og(ReW/?). Solid Tines are shown to
exhibit the dependence of 1/¥f on 1og(ReW/F) at velocities of 10,
9, 8, 7, and 6 ft/sec and 0, 5, 10, 15, and 20 percent concentra-
tions. 'The zero percent concentration line represents Prandtl's

universal pipe friction equation, Equation 2.14. The clear water




























































































































