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ABSTRACT

EXPERIMENTAL DETEEMINATION OF PRESSURE DROP
AND FLOW CHARACTERISTICS OF DILUTE GAS-SOLID
SUSPENSIONS
by
Salvatore J. Rossetti
Adviseyr. Prﬁfessor Robert Pfeffer

A closed loop experimental setup was assembled for
the purpose of making pressure <drop and turbulence measure-
ment s for dilute pas-solid suspensions flowing in a tube,
The apparatus inciuded a two phase flow meter for solids
concentravion Jdefermination and solid state anemometry for
velocity and turlulence measurements,

Five differert sizws of plass beads ranging from a
nominal diameter of 12 o 39 microns were clrculated ab
loading ratios up to 2.5, Three different Keynolds number
ranges from 17,000 co 25,000 were investigated in both a
vertical and horizort al test section,

The results of the invastigation showed that for the

vevtical test section less pressure drop was found for

5]

aill of the dilure gas solid suspensions studied than was

observed for a pure gas at the same gas Reynolds number.

]

For the hoyvizontal tesr section pressure drop increases
above vhe pure gas valuxs were fournd for the two largest
ized particles but decreases were alsc observed with the

smaller particles.

i,



The vertical test section results may be explained in
terms of the interaction of the particles and the fluid
energy in the vicinity of the wall, especially in view of
the fact that an optimum particle size of 3Q/L was found
te yield the greatest reduction in frictional pressure loss.
The results of the horizontal test section could not be
wholly explained on this bhases due to the '"segregated' and
"bouncing' flow phenomena observed with the larger particles,

Turbulence measurements made in a vertical section
show an increase in the centerline intensity of turbulence
when drag reduction was observed. This might indicate that
a buildup of the laminar sublayer is caused by the particle
extracting energy from the fluid near the wall. Similar
trends have been reported in cases of drag reduction with

liquids.

ii.
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I. INTRODUCTION

Historically, the first use of gas-solids suspsnsions
occurred in the conveying of food and materials. When the
unique contracting properties of suspensions of finely divided
materials in a gas became evident, however, their application
was no leonger limited to conveying mediums, tut spread to
include many physical opevarions as well. Gas-z0lid susper
r reactor coolants

sions are now being considered as nucl

i}
:3

]
Q)

and as working fluids in conventional ges power cycles for
space power generalors

The advantag:=s of using such suspensions—include =zase of
handling, provisicn of largs surface areas for mass and heat

tranzfer, znd under cavtain conditions a higher conveciive

heat transfer cosfficisnt than chat of pure gas. One of the
most Important drawbacks *o the use of these suspensions,

howeveyr, is the dearth of knowledge concerning their flow pro
ties. Even though gasz-solid suspensions find such widesprsad
applizations, the prediction of pressure lossez associlated
with their flow is still mostly an empirical art,

One would expect rhat as the suspensions hecoms less and
less roncentrated the flow propertiss would be more readily
characterized and move easi'!y understood - approaching those of
the gas. Howewver, the opposite is true. The flow of dilute
gas~solid suspensions 1s even less prediztable than that of
concentrated suspensions.

Some investigators have fourd that the addition of small-

amounts of solids to a turbulently flowing gas have increased
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L

the frictional resistance to flow; whereas others have reported
a phenomenon which could be interprzted as drag reduction,
For the purposes of this investigation, drag reduction will
be said to occur when, upon the addition of a sscond phase to
a flowing fluid, a decrease in frictional resistance below that
obtained with the pure fluid wundsr the same flow conditions is
observed.,

Drag reduction with liquids has been widely reported
and is an eszablished fact., Drag reduction with gas-solid
suspensicns 13 a dubious phenomena wich ouly meager evidence
supporiing it

One of the purposss of this investigation was to design
and develop a closed loop experimenrzal system for the deter-

mination of zuspension pressure drops as a function of con-

Iy

centration of =zolids, particle diamefer, and gas Reynoids

i

number, The investigation concentrates on dilute gas-

solid suszpensions in turbulent flow, s0 as to ascertain the
reality of drag rzduction, Since little information was
available on the effect of particle size on turbulent flow
characteristics =f a suspension, varions particle siges

are studied in the investigation. All particle sizes ave
50=microns or less in diameter, since previcus analytical and
experimental results indicated that drag reduction will not
occur with larger sizes. The experimental zystem includes
both vertical and herizontal test sections and both glass and
metal sections.

The experimental set-up also includes provisions for



turbulence and gas velocity profile measurements. With the
experimental results obtained during this investigation, an
attempt is made to clarify the drag reduction phsnomena

. and other aspects of dilute gas-solid flow,



IT. LITERATURE SURVEY

In the following pages some of the more significant and
recent literature relating to the flow characteristics of gas-
solid suspensions will be summarized. This literature survey
will be presented in three parts: the first part will review
experimental studies of gas-solid suspension flow, the second
part will deal with some of the theoretical anzlyses and
turbulence studies in gas-solid suspension flow, and the
third part will be a brief discussion on drag reduction re-
ported with liquid-polymer systems. In order to further
understanding and simplify reading of the following text,
however, a brief background section describing some of the more
frequently used terms, definitions, and concepts found in this

work will be presented prior to the summary of the literature.

BACKGROUND MATERIAL

The two concepts most commonly used to describe the
prescure loss of gas-solid suspensions are the drag coefficient
and equivalent friction factor models., Both models are based
on the assumption that the mixture flows at a velocity greater
than either the saltation velocity in horizontal tubes (the
lowest possible velocity required to keep a specific particle
in suspension) or the choking velocity in vertical tubes (the
minimum velocity required to prevent the suspension from being
transported up the tube in slug flow). Under these conditions
the pressure drop for the general flow of gas=-solid suspensions

through tubes is considered to be composed of the following



six forces:

(1) The frictior of the gas against the pipe wall.
(2) The friction between the solids and the pipe wall,
(3) The drag force required to move the solids through
the pipe.
(4) The force required to accelerate the gas to its
equilibrium veloeity,
(5) The force required to accelerate the particles to
their equilibrium veloeity.
(65 In vertical tubes, the force required to support the
weight of solids and gas.
Both the drag -zoefficient model and the equivalent fricti@n
factor model are based on the inclusion of the preceding forces
in varying degrzes and forms. A descriptiom of these models
is presented in the two subsections that follow.
Drag Coefficient Model
Zang and Othmer (ref. 1) present the following equation

proposed by Hinkle (ref. 2) for predicting the pressure drop

of a dilute suspension:

o (o 0p' OOV 2£, éh g L
APS ,. 5 ——gg-——g + D
Flufd Partfele Fluiﬁ to
Acceleration Acceleration pipe friction
i, [ 2 . :
2, "Qy'vp L + Cp'L (1)
D
Ee
Particle Weight of
friction particles

(Vertieal
tubes only)



where E}' the bulk density of solid = Fg-(%, 1b solid/ft3
mixture, and fp' is the particle friction factor based on

particle velocity and particle density in the mixture.

For a horizontal tube of constant diameter that is of
sufficient length so that acceleration forces can be neglected
(particles and fluid having reached their respective equili=-
brium velocities), this equation reduces to

AP, 2f QL + ZfP'PI')sz‘L (2)
gD g.D

By use of the Fanning equation
Vﬁ_

AP _2f Lp ‘g (3)
g gDngc

dividinggﬁPS by:ﬁPg. the following reation is obtained

APy =1 7 f ”Q'v?‘
AP, A (4)

Defining the ratio of the mass flow rate of particles to the

mass flow rate of pure gas as the loading ratio, M

e Ve | (5)
then
APy = 1 + fQ'VE {6)
OBy g Vg K

Before equation (2) can be used to determine APS, however,

a means of obtaining both fp' and Vp is necessary.

For particle sizes showing a significant velocity lag or




slip between the particles and the transporting fluid, Hinkle
(réfo 2) assumed the pfessure drop due to the presence of the
particles to be caused entirely by the drag of the fluid on
the particles. In this case, the particle~to-wall friction
can be neglected in comparison with the drag. Based on this

assumption, the pressure drop due to the particle drag 1is

prg'pl’];vsz = nCp g (Vg = vp) WDZ L (7)
c 8g..
or
fpY _ nCDPg(Vg - VD)ZTI‘D; D (8"
lG(%"vﬁ“

where n 1is the number of particles per cubic foot of mixture
and Cn is the standard drag coefficient for spherical particles

defined by
CD = 8FDgc 79}

BT 7 T
705 Ve - Vp)

where FD is the drag force and vg _.vp is the relative velocity

between the gas and particles. Since

6 ]
n = G% (10}
“Tre. D3 o
TG Pp
then 5
¢
fp _ 3CD€é(vg _ vp) D (11)

8Pv*D
($ P P
In order to employ this model the particle velocity must

be known. If ekperimental values of Vo are not available,

the particle velocity can be crudely estimated by assuming vp

to be equal to vg - vpS where the terminal settling velocity
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vps can be obtained from the standard drag coefficient-Reynolds
number - correlation (ref. 1). However, the attendant difficulty
of obtaining an accurate particle velocity makes this model
difficult to apply in obtaining the particle friction factor.
In addition, the effect of particle-to-wall friction has been
entirely omitted. For example, for particles small enough to
show no slip (vg = Vp)” the model would predict no additional
pressure drop due to the particles.,
Equivalent Friction Factor Model

The inherent disadvantages of the previcus model indicate
the desirability of having a simpler model to predict suspension
pressure drops. The equivalent friction factor model simply
defines the pressure drop of the suspension as

3
P 2€ 9 1, V¥ - {12)
AP, . {; L Eg (12]

where fS” is an equivalent friction factor and @% is the

density of the gas in the suspension. If this equation is
divided by the Fanning equation for the same gas conditions

in the tube, then

APs = fsv {13)
P £
A'g g

An alternative definition of the equivalent friction

factor based on suspension density is given by
z

v (14
AP, . 2£ QL s /14)
[}

Thus £_' 1is related to fs, assuming negligible slip between

the particles and the gas, by the relation
£° = f £

S S?
- J




In both cases, fs/fg as well as fs'/fg are presumably
functions of loading ratio, gas Reynolds number, particle
diameter, and other properties of the suspension that must
be determined experimentally.
PREVIOUS EXPERIMENTAL STUDIES

A summary of the more important experimental research
that has been done in the field will now be presented. Since
the present study does not deal with large particles (particle
diameters above 100 microns), only a brief description will
be made of work in this area. A more comprehensive survey

will be presented for previous studies involving small particles,

Large Particle Studies
A brief review of the literature available from studies
dealing primarily with large particles is presented in the
following sections, and a summary of the ouperating conditions
and the physical properties of gases and solids used in each
experiment is presentéa in Table I. The experiments were
conducted at room temperature with pressure levels ranging

from 1 to 3 atmospheres within the various studies.

Vogt and White, - In an early paper by Vogt and White

(ref. 3), the pressure differential required to produce steady
flow of suspensions of sand (Dp = 200, 330, 440, 730M),
clover seed (Dp = 1150 M) and wheat (Dp‘= 4000 ML) in air
through vertical and horizontal %-inch-diameter pipes was
presented. In their work the loading ratio was varied between

0.6 and 41.6 and the gas Reynolds number ranged from 9000 - 39000,



Vogt and White correlated their data by using a form
similar to that presented by Gasterstadt (ref. 4) in 1920,
Gasterstadt's relation may be written as

AP

AP
g
where F is not a constant but a complicated function of gas

=1+ Fm (16)

Reynolds number, particle size, etc. Vogt and White's
correlation was presented as |

LF ( D )2' G ™M 1
s— =1+ B = |—=5& (17)
;LPg \ Dp f% fRe}g

where B, and 1 are functions of the dimensionless group

Rep (CD)%O However, Vogt and White's correlation and also
all of their runs with sand are highly questionable due to
the influence of high electrostatic charges which could have
been responsible for the high pressure drops reported for

these particles,

Belden and Kassel, - Belden and Kassel (ref. 5) presented

data on pressure drop required for the vertical transport of
spherical catalyst approximately 1015 and 2030 in

diameter through two transfer lines with inside diameters of
0.473 and 1,023 inches. 1In their work the loading ratio

was varied between 0.4 and 14.0 and the gas Reynolds number
ranged from 3,000 ~ 24,000, Belden and Kassel expressed total
pressure drop as the éum of the static and friction terms
which had previously been combined into one term by Vogt and

White,
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Their findings indicated that the pressure drop is nearly
independent of tube-diameter-particle-diameter ratio. Their
results are very questionable, however, due to inaccuracies
caused by entrance and exit losses in the transfsr line and

the '"'somewhat speculative'" manner in which particle acceleration
effects were accounted for in their data.

wen and Simons. - The {low characteristics of dense gas-solid

mixtures transported through horizontal pipes were studied by
Wen and 3Simons (ref. 6) using glass beads (Dp = 704+, 1454~
and 2754¢) and coal powders (Dp = 110w, 500 # and 740 4) in
%, 3/4 and 1 inch glass pipes and a % inch steel pipe. The
solid loading ratios used in their work ranged between &0

and 750 and were considerably higher than those used in
conventional pneumatic transport. The Reynolds numbers range
in this work was between 500 and 9000, so that their system
approximated a moving fluidized bed. Wen and Simons observed
a large amount of slippage between gas and solids. They found
that the solid particle velocities and solid loadings in the
pipe line were the primary factors affecting pressure drops
while particle size and cshape exerted a very slight effect on
pressure drops. Wen and Simons felt that this was due to the
fact that in their loading ratio range the solids move
predominantly in the bottom of the pipe as agglomerated masses
rather than individually suspended particles.

Dogin and lLebedev. - In the work of Dogin and Lebedev

(ref. 7), an attempt was made to determine the dependence of

the friction factor fs' of gas-solid suspensions on the
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loading ratio, flow velocity, specific weight, and dimensions

of the particles being conveyed. The materials conveyed by
air in a 5-inch-diameter horizontal pipe were millet
(Dp = 1900), peas (Dp = 5760 p), turnip seeds (Dp = 1280 p~),
wheat (Dp = 4000), pine kernels (Dp = 8400,&)2 and
sunflower seeds (Dp = 5850 p0). The loading ratio was varied
between O and 15, and the gas Reynolds numbers ranged from
110,000 to 321,000,

Dogin and Lebedev correlated their data by using the
form presented by Gasterstadt. They observed that
(&PS /£>Pg decreased as the flow velocity of the gas increased

and found that ( &P /AP ) ~ 1 was proportional to the ratio

g
of the particle diameter to the pipe diameter taken to the
0.1 power ard to the ratio of the densities of pcerticle and

gas ep / €)g° The results of their investigati-us were

summarized in their final correlation wvhich was given as

D \o-!
£ = £+ A(EE> @)Y & " (18)
S g (Frg)os Pg

where Fr, is the gas Froude number equal to vg“/gD and A is

a parameter that varied, depending on pipe roughness; between
1 x 107% and 2.2 x 107° in the experiments of Dogin and
Lebedev,

Assuming that the relationship for the gas friction factor

- .2
£ = .046 .
g (Re)y

can be appiieu, and dividing equation (18) by equation (19]

(191

the resulting relationship for a given gas, particle density,

and tube diameter becomes
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s' =1+c (Dp)o°1 (vg)m O°47z (20)

where c is a constant depending on the system. Equation
(20) shows that (fs'/fg) - 1 should increase slightly with
particle diameter and increase with decreasing gas
velocity. These trends are in good agreement with most of
the literature.

Doig and Roper. - Doig and Roper (ref. 8) measured air

velocity profiles in a 1.7 inch diameter vertical riser in
the presence of suspensions of 304 and 756 micron glass
beads in air. The velocity measurements were made with a
cylindrical transversly oriented Pitot tube which had been
developed and calibrated previously (ref., 9). The loading
ratio was varied between 0 and 6, and the gas Reynolds
numbers ranged from 12,400 to 44,200. The authors presented
their results by means of a series of plots of distribution
parameter ratios as a function of loading ratio with
Reynolds~Froude numbers and particle to conduit size ratios
as parameters. The distribution parameter ratios plotted
were as follows:

a) The suspension to pure gas ratio of the reciprocal
of the power law index for the gas phase.

b) The suspension to pure gas ratio of the relative
distance where the point velocity equals the average

velocity for the gas phase.
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c) The suspension to pure gas ratio of the ratioc of
centerline to average velocity for the gas.

d) The suspension to pure gas ratio of the core region
slope for the gas.

One of the results of these plots was a rapid decrease
of the power law index ratio with increase of the mass flow
ratio. The authors indicated that this denoted a decrease
in the air velocities near the wall and explains the initial
decrease of heat transfer coefficient with loading ratio
observed by other investigators. The authors also infer that
since corresponding values of this power law index rates for
the 300-micron particles are less than half of those for the
756~micron particles the air velocities near the wall will
be closer to those of the corresponding particle~free air.

The decrease in the velocity gradient predicted by their
plots for the 304-micron particles was less than that predicted
for the 756 micron particles under corresponding conditions.,
The authors considered, therefore, that wakes would form down-

stream of the particles which would provide local increases in

momentum transfer. At low mass flow ratios, the density of

these local increa;es at the wall would be small and probably
insignificant, particularly for the larger particles. At
higher mass flow ratios it was felt that they may be the cause
of previously observed increase in momentum transfer and the
gas velocity gradient at the walls may be less important to
mass and energy transfer to the walls than eddies produced

by particle wakes.



The authors suggest that the main reason for finding
reduced air velocities near the wall at low loading wratio was
the higher particle concentration at the walls occurring at
these low mass flow ratios.

Another interesting result of this study was that the
plot of axial velccity ratios indicated a similar degree
of flattening of the velocity profile at the higher mass
flow ratios for both particles. A flattening of the velocity
profile in the core region suggest an increase in the eddy
momentum diffusivity, which indicates that momentum transfer
is occurring and might signify a decrease of the eddy s=zais
of turbulence approaching the particle dimension and an
increase in the wave number in the core regiom.

Through photographic measurement of particle velocities,
it was also found that the particle velocity dis.ribuvions

roair

m

for the 304-micron glass beads tended to be closer to th
velocity distributions than those obtained for the 756 micron
particles under corresponding conditions.

Other work, - Other important experimental studies involving

pressure drop of gas-~solid suspensions using large particles
include the work of Hariu and NMolstad (xef. 10); Clark,
Charles, Richardson, and Newitt (ref. 1ll); and the theses

of Hinkle (ref., 2); Helander (xref. 12); and Mitlin (ref. 13).
The experimental data from these works were thoroughly
analyzed by Julian (ref. 14) in order to vevrify his eddy
viscosity model. Therefore, a description of these works

will not be repeated herein; however, a summary of the range

i
prog

o
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Particle Tube : fmaed
Diameter, | Diamete: Qas ngnolas o Horizontal
Number, woading or
D D P s e n
({Re) Ratio, Vertical
Particle |Gas (Micromns)| (Inches) & ¥ Test Section| Source
Sand,;Clover . 1 .
Seed.wWheat | Air | 200,730, Horizortal VO%‘;Q‘E‘ ‘”23‘56
330,1150, oD 9000-39,000 o6-41.6 Vertical °
: 440,4000 .
% Spherical | Air,| 1015,20320 NAYK] 3000-24,000 h=14, Vertical Belden &
. Catalyst 0, 1.023 } Kassel
5 (ref. 5)
Glass,Coal | Aixr | 70,145,275 .364,
110,500,740 .50, 500-9500 30.-750, | Horizontal Wen & Simons
.75, (Ref. 6)
1.0
Millet Peas,
Turnip Seeds,
Pine Kernels | Air [1280,5760, 5.0 110,000 - J=15. | Horizontal Dogin &
and Sunflower 1900, 5850, 321,000 Lebedev
Seeds 4000,8400 (vef. 7)
Sand, Crack- |Air 025, .
ing Catalyst [CO, | 200-510 | .50°  [6700-11,000 | .5-36 | vVertical | yarie @
(ref. 10)
Cress Jeed | Alr 1000 1.0 39,000-75,000 | 2.2-7.4 Horizontal Clark, et al,
: (ref. 11,
]
TABLE I. - SUMARY OF OPERATING CCNDITIONS EMPLOYED TN LARGE PAKRTICLE KESEARCH
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Particle |Inside
Dlageter, ggﬁﬁeteg G§im§:Zn01ds Loading Hor;iontal
Particle Gas{ (Microns) ’Tnghes) (Re) 9 Ratto, Vertical Source
- g A & " Test Section
Tenite, .
Polystyrene, lAir | 2290-6360 | 2.0, 178,000 o5=4.5 Horizontal Hinkle
Aluminum 3.0 ‘ (ref. 2)
Sand, Glass, {Air 435-940 1.5 33,000 - 412 ]

! 4-12.1 Vertical Helander
Polystyrene 2.0 59,000 (ref. 12)
Glass,

Fertilizer, |,; | 125.1525 | 1.0 43,700 - 1.6-16.5| Horizontal | Mitlin
Aluminum > rete
Class Alr | 3045 1.7 12,400~ 0-6 Vertical | Doig & Roper
44,200 : (ref. 8

TABLE 7., (coat.)

iz ot m . i
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of the operating variables involved appears in Table I.
Small Particle Studies

Due to the fact that the experimental work in this
study deals'wiﬁh small particles, a comprehensive review of
gas-solid suspension research primarily interested in particle
sizes of 100 microns or less will be presented in the
following pages. In order to clarify some of the apparent
inconsistencies in the reported data, studies using horizontal
and those employing vertical test sections will be
separately described.

Horizontal test section studies.

Most small particle research reported in the literature
has been performed in experimental loops utilizing a
horizontal test section. A review of this work appears on the
following pages, and a summary of the operating conditions
and the physical properties of gases and solids used in each
experiment is presented in Table II.
Farbar. - Farbar (ref. 15) ﬁeasured the flow characteristics
of solid-gas mixtures in both a horizontal and a vertical
pipe 0.69 inch in diameter using a mixture consisting of
silica-alumina catalyst and air. The loading ratio was
varied between 0 and 16, and the partiéles had a size
distribution varying from less than 10 microns to greater
than 220 microns with an average diameter of.50 microns.
The gas Reynolds number was varied between 17,000 and 50,000,

As a result of his studies, Farbar was able to report

that LSPS/£>.P = fs'/fg appeared to decrease when the gas

g



flow rate or (Re)éwas increased. Farbar also reported that
&P/ APg increased as ™ was increased up to 7] = 10,
Although his data above 7 = 10 were inadequate to establish
a definite variation, he proposed that above this value
~ the loading ratio no longer has an effect on the pressure
drop of the suspension., It should be noted, however, that
Farbar presents no correlation for his data and that the
data as given in his paper for vertical transport are
inconveniently presented because the author neglected to
subtract the gravity head (the pressure drop caused by
supportirng a vertical column of the suspension) from the
total pressure drop to obtain the pressure drop caused by
friction alone. Although Farbar chose to draw a single line
through all of his horizontal section data, several lines
could have been drawn for different values of (Re)go

In his conclusions, Farbar also indicated that the
results obtained using a wide particle size spectrum such
as was used in his work would differ considerably from
those obtained using flow mixtures containing particles of
fixed size.

Mehta, Smith and Comings. ~ In the work of Mehta, Smith, and

Comings (ref. 16) 36~ and 97-micron -~ diameter glass beads
were each suspended in air flowing through both horizontal
and vertical % inch~diameter pipe test sections. The gas
Reynolds number was varied between 10,000 and 60,000 and
the loading ratio was varied between 0.7 and 4.7 for the

36-micron particles and between .7 and 7.0 for the 97 micron

19,
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particles. As a result of their study, the authors concluded
that the pressure drop in air solid transport systems is
dependent upon the type of particle flow. They postulated
that the 97-micron solids were primarily in "bouncing'
flow, where the particles are in unsteady motion and
frequently collide with the wall of the pipe. The 36-
micron particles were assumed to be in suspension flow,
where the particles flow in a suspended condition that

is maintained by the finite slip velocity between the
particles and the gas.

The authors attempted to correlate their data by
using the drag coefficient model with no success., They
finally proposed a correlation based on a so-called mixture
friction factor defined by

£ -2 v? v al
DP = m D g% 1 +fm;nR,‘vl>
28 L \ Ve
where a' is a constant chosen by the authors as 0.3 for the

36 micron particles and 1.0 for the 97-micron particles,

Upon plotting fm from their pressure drop data against gas
Reynolds number, they found £ roughly comstant, 6r independ-
ent of solid flow rates, for both particles sizes at Reynolds
numbers greater than 30,000, The average values of f were
0.016 for the 36-micron particles and Q.035 for 97-micron
particles. At gas Reynolds numbers less than 30,000 these
values increased as (Re)g was decreased,

In Mehta's experiments, vp/v for the 36-micron particles

g
remained relatively constant at about 0,7, whereas for the



97-micron particles, vp/vg varied considerably {from about

.22 to .67)s

If the relationship defining fsv 2
P =9 £ f) L YS 7127
AN S s ‘g D £,
1s substituted for AP_ in equation (21) and the resulting
equation is rearranged. The following relation between £_’
and £ 1is obtained: . - v at” N
f 9 - l'ﬂ__m 1 + ““t}fg‘“" ’VL) . 2 2 A
s 4 g 4
Substituting the constant values fowr fm suggested by the
authors for each particle size gives
v >3 - , .
fqv = 0,004 + .004 ('VB _q@) tor the 36-micron (23)
- o . ST
= particles
and
i - g o4
f -~ 090088 4+ 090088 _____KRM' n-q‘ for Lhe 97“!“3.(3.‘:0[1 (24\’

S
& particles

The correlation given by equation {23) and (24) are difficult
to apply, however; inasmuch as they depend on the magnitude
of the particle velocity, which is a difficult gquantity to
determine. In addition, the correlation is only applicable

for (Re) _ > 30,000 since at lewer gas Reynolds numbers,

im was nit found by the authors to remain constant.
Pfeffer, Rossetti, and Lieblein (ref. 17) prepared a
plot of fs' against"ﬂ_for several values of (Re)g
calculated from Mehta, Smith, and Comings original horizontal
flow data (for? >1). This plot showed a greater dependence
ctf fs' on v than indicated by equations (23) and (24), The

plot also showed that fs' decreased with increasing gas
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Reynolds number.

Schluderberg, Whitelaw and Carlson. - In an effort to study

the propertigs of gaseous suspensions as reactor coolants,
an extensive.research program was conducted that is fully
described by a series of reports (refs. 18 and 19) and is
sunmarized in a paper by Schluderberg, Whitelaw, and

Carlson (ref. 20). Although the primary purpose of this
research was the study of heat transfer properties, pressure
drops of suspensions of 1- to 5-micron graphite particles

in carbon dioxide, helium, nitrogen, and carbon tetrafluoride
were also measured at gas pressures between 30 and 130
pounds per square inch gage, gas temperatures between 90

and 1100°F and suspension dersities of up to 8 pounds per
cubic foot ( M up to 90).

The authors calculated the friction factor by using a
compressible-flow equation derived by assuming a constant
average fluid temperature., They studied frictional pressure
loss for the following cases:

a) Flow in a special, isothermal "hairpin" loop
located in the experimental loop following coolers,

b) Flow in tubular heaters with turbulence promoters,
and

¢) Flow in annular heaters.

Their data for circular channels withoﬁt a turbulence
promoter showed general agreement with the Moody~friction
factor curves for smooth tubes at the lower Reynoclds

numbers, but dropped below this curve at higher Reynolds numbers.




The authers postulated that the lower values arose from the
suppression of flow turbulence by the suspended particles.

The Franklin Institute (ref. 21) conducted a critical
evaluation of the work reported by Schluderberg, et. al.
concentrating on the results reported for case a) above,
where the flow was more readily comparable with the
corresponding data for pure fluids. and where the results
obtained showed a friction factor less than that for pure
fluids at large Reynolds numbers. The analysis of the
Babcock and Wilcox data consisted of two parts: a "parameter
sensitivity evaluation', and a recalculation of the friction
factor using the raw data for several of the runs.

The "parameter sensitivity evaluation' showed that
the magnitude of the friction factor was particularly
sensitive to the values of the measured pressure drops,
the prezsure level at the exit from the hairpin loop,
the mass flow rate and the loading ratio. After recalculating
the friction factor the Franklin Institﬁte still found that
the friction factor was less than that for a pure fluid
flowing in a smooth tube at the same Reynolds number. They
also found that the data were still too scattered and subject
0 error to be useful in deducing a correlation equation.
Peskin. ~ Peskin and Dwyer (ref. 22) made an effort to
determine the mechanism of éaSmsolid flow in tubes in a
similar mamer to Korn (ref. 23). From their experimental
work Peskin and Dwyer concluded that gas-solid flow can be

divided into the following four distinct flow regimes:



(1) Particles cause viscous disturbances and increase
the size of the laminar sub-layer and thus a decrease in the
shearing stress at the wall. In this case, the particles
are very close together but -~ccupy a small volume.

(2) Particles cause mostly viscous disturbances, but
are too far apart to affect the gas velocity profile and
hence the laminar sub-layer. The shearing stress at the
wall is unchanged.

(3) Particles cause inertial disturbances that alter
the gas velocity profile and decrease the size of the
laminar sub-layer. In this case the wall shearing stress
increases.

(4) Farticles occupy a large volume and change the
geometry of the flow. This situation is similar to the
flow in packed beds,

It would appear, therefore, that the variation of the
friction factor of a gas-solid suspension with loading ratio
and other parameters may depend on which flow regime is
applicable and may not be generalized for all gas-solid
flows.,

In order to verify the drag coefficient model, Peskin
and Dwyer also measured pressure drop and both fluid and
particle velocity profiles for loading ratios up to 4 by
using 80 and 110-micron-diameter glass beads in air in a
3-inch-square duct. For these small, relatively widely
spaced particles (regime 2), Peskin found that the flow

disturbances caused by the particles are entirely viscous



since the particles because of theilr small size do not

possess enough inertia in themselves to cause an inertial

disturbance in the gas. Also, because of the relatively

large spacing between the particles, the gas velocity profile

was found to revert back to a universal profile between |

the particles. The average velocity of the particles,

however, showed a large deviation from the velocity calculated

by using the standard drag coefficient for the settling .

velocity; that is, on the basis of the experimentally measured

particle velocity, the drag coefficient Cp calculated from

the pressure drop measurements was much higher than predicted

from the standard correlation. Peskin attributes the high

drag coefficients to the added drag of the longitudinal

component of the turbulence of the fluid rather than to

shortcomings in the assumed model. Because of the disparity

between the model and Peskin's data, the drag coefficient model

does not appear useful for predicting suspension pressure drops,
In another investigation, Peskin (ref. 24) also cor-

related some of his pressure drop data in terms of the equiva-

lent friction factor fs defined by
2.
_ v
AP, = ZfSPSL_u__g_ (14)
D 8
Sets of curves of fs against gas Reynolds number wrre

obtained for two different glass particle sizes (80- and

110-micron diameter) at Reynclds number 100,000 to 150,000
and loading ratios up to 14 in the same 3 inch square duct,

The faired variations of these curves after conversion to
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fs' were presented in ref. 17 and showed that in all cases

the equivalent friction factor fs;dincreased with increasing
solids loading ratio and with decreasing gas Reynolds number.
In addition, the results indicated that at a given loading
ratio and Reynolds number, the friction factor was smaller

for the 80-micron particles than for the 110-micron particles.
It should also be noted at this point that the results for

the friction factor of the 1ll0-micron particles are some=

what dubious in view of certain experimental inaccuracies

in the runs for this particle size (private communication

from R.,L. Peskin).

S00. = In order to verify some of his analytical results,

Tr2 has performed several experimental studies with dilute
gas-solid suspensions in turbulent flow. Soo, Trezek,

Dimick and Hohnstreiter (ref. 25) studied distributions

of concentration, mass flow, and velocity of 50-micron glass and
35~micron nominal size magnesia in air at various loadings.
They utilized a closed loop system with a 5 inch diameter duct
using a flow velocity of about 130 ft/sec for all experimental
runs. Due to the fact that a closed loop was used in the
experiments ;, special instruments had to be developed for the
measurement of the significant parameters.

Particle concentration was measured by fiber optics. For
the measurement of the particle phase velocity an electro-
static mass flow probe was developed to determine the mass
flow of the particle phases.

One of the results of this study was that because of



the difference between the velocity profiles of solid and gas,
the mass ratio and flow rate ratios (loading ratio) were found
to be different, with the former always at a higher valus.,
In their experiments, for example, the mass ratio varied
between 6 and 12 for the glass particles and .45 and 1.65
for the magnesia; whereas, the mass {low ratio was between
4,97 and 8.13 for the glass and .249 and .876 [or the
magnesia. However, they found that the velocity of the
particles at the center of the pipe did not differ from that
of the gas in fully developed turbulent flcw in their range
of loading.

They also found that the concentration of solid particles
increased toward the wall of the pipe; wheresas, the moss flow

A

of solid particles decreased toward the wall. Although the

solids velocity is less than or equal o that ol rhe stream
at the core, it was found to be finite and nearly 2070 oF
the core velocity at the wall. The fluid was tound o follow
the 1/7 turbulent velocity law whereas the particle wvelosity
profile depended on the distance from the wall to approxi-
mately the 2/3 power.

The authors concluded that correlation of the drift of
solid particles toward the wall because of electrostatic
forces and diffusion of solid particles towvard the core

because of concentration gradient was vali:d.

In a later study, Soo and Trezek (rei. 26) using the

results on concentration and mass flow distributions c¢f



nominal 30-micron magnesium oxide particles suspended in air
in turbulent pipe flow. Loading ratios of up to 3 and gas
Reynolds numbers ranging from 130,000 to 295,000 were
studied.

Soo and Trezek observed that the wall of their test
section became deposited with a 'tenacious' layer of the
thickness of 1 to 2 magnesia particles after a prolonged
run with the air-magnesia suspension. They found that
restarting after shutdown did not lead to further deposition.
This was attributed to the wall becoming insulated after the
initial layer is deposited and the magnesia particles in
suspension being unable to give up their charge at the
wall and become deposited tend to become reentrained by
turbulent diffusion. The authors felt that the deposited
layer constituted a ''roughness', since an increase in the
friction factor (based on air alone) by 10 to 12% was
observed when compared to clean air flow,

In this study it was also found that the adcition of
solid particles led to a decrease in pipe flow friction
factors up to a certain mass ratio of solid to gas, but
increased again as the loading increased. They also
observed that the gas velocity profile was unaffected by
the solid phase. Their results also indicated that the
mass flow ratio was consistently lower than the mass ratio,
ard that with a similar charge mass ratio of the particles
the electrostatic effect is felt more strongly at low flow

velocity. They felt that this confirmed the minimum

28,
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transport velocity concept (ref. 27) and explains the need
for higher suspension velocity for smaller particles,
below a certain size range, than larger particles.

By studying the collision rate of the particles with
the wall, the authors determined that such collision gives
only a smali contribution to the pressure drop in pipe flow.
Their data also showed that due to 1argé interparticle
spacing and lack of collision among the particles the density
of the particles was such that the whole range of their
experiment was in the '"free particle'" range. They note
that the velocity profile of the solids was therefore
analagous to that of free molecule flow with slip at the
wall and nearly linear velocity gradiento

The authors conclude By observing that pipe flow of
a gas-solid suspension is basically a phenomenon of inter-
action between electrostatic and hydrodynamic effects, the
potential parameter being the ratio of electrostatic force
to turbulent force. Unless the particle charge is truly
negligible, they conclude, steady fully developed laminar
pipe flow of a suspension cannot be maintained.

McCarthy and Olson. - In recent paper by McCarthy and

Olson (ref. 28) turbulent flow of dilute suspensions of
luéite, glass beads and calcite in air was investigated.
The loading ratio was below .6 for all runs, and the
Reynolds number ranged from 105 to 106° The pressure drdps

were measured in the center section of a 1 inch diameter

glass tube. The size of lucite particles ranged between 147



30,

and 417 microns with an average size of 230 microns. The
glass beads were between 53 and 74 microns and averaged 64~
microns. The size of the calcite particles varied from below
1 micron to approximately 10 microns with an average particle
size of 3 microns. The authors carried out runs for each
of three air flows and four feed rates for the lucite and
the glass beads, but were only able to run at one condition
for the calcite due to difficulty encountered in feeding
with their open-loop set-up.

The authors measured particulate velocities photo-
graphically and compared them to velocities calculated
by using the standard drag coefficient.

By defining the velocity along the tube as the sum of
the mass fraction multiplied by the velocity of both the
gas and the particles, McCarthy and Olson solved the one
dimensional time averaged equation of motion for steady-
state flow by applying the continuity equation and the
ideal gas laws. The solutions were similar to those
previously obtained for compressible flow of an ideal gas
with the exception of the mass velocity which was based

on the density of the suspension and the mass averaged velo-

city rather than the pure gas density and velocity.

As a result of their experimental work, they found that
for the 64 micron glass beads the solid velocity approxi-
mates the gas velocity beyond the first four feet of this

twelve foot test section. For the 3 micron calcite
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‘particles the solids velocity was essentially identical to
the gas velocity for all points in the pipe.

The friction factor correlation obtained in this work
was based on the pressure drop measured in the 4 to 12 foot

region of the test section and was represented by

£s = 1.0 = 0.8m+ 0.50¢ (25)
-

g

This correlation however was recommended by the authors with
the precaution that it be used only in the region where
tested (n<6), since at higher loadings a point of zero
friction loss would be approached, which is an impossibility.
This correlation predicts a minimum at n = .8 with a standard
deviation of %0.4. In addition to observing the friction
factor (based on mass average velocity and supension density)
decrease wnen solids were adaed to the system, McCarthy and
Olson also observed that the particle velocities in the
turbulent core did not show any significant variation with
respect to radial position.

Although equation (25; indicates that the ratio decreases

% o™

as loading ratio increases, the ratio fs'/fg increases
with loading ratio (see equation (15)). Thus McCarthy
and Olson did not find drag reduction in their experiments.

Bureau of Mines - The results of gas-solid suspension study

using a closed-loop system were first reported in a paper by
Rosenecker, Coates, and Lucas (ref. 29). In this study, the
main objective was to determine the effect of particle

concentration on the power required to circulate a gas-solid
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% Some vertical test section datzs as well as horizontal data.

TABLE II. SUMMAKRY OF CFPERATING CONDITIONS FCR SMALL PARTICLE

TEST SECTIONS,

RESEARCH WITH HORIZONTAL
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suspension. The solids loading was determined by using a two-
phase flowmeter designed and built by the Bureau of Mines
(ref. 30). The suspensions'tested consisted of 18 to 40 micron
glass bz2ads in a mixture of 89 percent N2 and 11 percent

CO2 at 20 psig. Loading ratio was varied between 0 and 2.2
and gas Reynolds numbers ranged between 29,000 and 60,000 in
one inch stainless steel tubing. The conclusion reached by
the authors was that for an equal weight rate of gas and
suspension there is no power difference required in the
pumping of a suspension. Since there was no friction factor
data obtained in this study it will not be included in

Table II.

Vertical Test Section Studies,

A review of the small particle research performed in a
vertical test section appears on the following pages, and
a summary of the operating conditions and the physical
properties of gases and solids used in each experiment is
presented in Table III,
Depew. =~ Depew (ref. 31) studied heat and momentum transfer
in a 35% inch long..710 inch inside diameter vertical test
section. He used suspensions of 30- and 200~ micron glass
beads in air at Reynolds numbers of 13,500 and 279400;
The loading ratio was varied between U and 3.5 at the high
Reynolds number and between O and 7 at the low Reynolds number,
Although primarily interested in heat transfer, Depew also
studied the effect of solids loading on friction factor in

an attempt to verify the analogy between heat and momentum
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transfer at low solids concentration.

His curves of total pressure drop all increased with
solids loading. At the lower air rate, the slope of the
200-micron suspension was equal to the slope of the 30-
micron particle curve at zero loading. At the higher air
rate, the pressure drop with the two sizes was the same at
a loading ratio of 3. Depew found no minimum at either
air rate, but the curves obtained with the smaller size
underwent a slight upward curvature.

The friction factor relation used by Depew in analyzing

his data
4L = 1 (p,? - P5) - 21n F112 (26)
gcDh Gz(l +M JRTavy P

was derived by an energy balance and does not take into
account the static head of the particles. Depew also showed
that for the case of small pressure and temperature change

through the test section this relation reduce to

LEFL = chAPt
D 2 2
e%vg (27)

at zero loading which is the Fanning equation.

Depew's experimental heat transfer results with the
30u particles showed that the Nusselt number decreased to
a minimum (below the pure gas value) -and then increased as
loading was increased. He found that the Nusselt number
remained constant for loading ratios less than 0.5 and
then decreased to a minimum which occurred between 1.0
and 1.5. His experiments with 200-micron beads showed

that the Nusselt number was independent of solids loading.



His friction factor results, calculated from equation
(26), were similar to the heat transfer results in that the
curves decreased with loading, however for the friction
factor the decrease began immediately with even very low
loadings. He also observed that only in one case = 30m
spheres at Re = 13,500 was there a minimum.

Depew used a Venturi followed by a 34% inch long
tube prior to his test section to obtain a uniform particle
distribution across the test section cross section.

Tien and Quan. - In an attempt to confirm the theoretical

analysis of Tien (ref. 32), Tien and Quan (ref. 33) experi=
mentaily studied local heat transfer characteristics of
glass-and lead-alr suspensions in turbulent flow. Al-
though primarily interested in heat transfer, Tien and

Quan did make some pressure drop measurements. The study
was performed on the apparatus of Depew (ref. 31) with a
special brass tube installed for the pressure drop measure-
ments. Glass and lead powders 30- and 200-microns in size
were suspended in air at gas Reynolds numbers of 15,000 and
30,000. The pressure arop test section was approximately
»710 inches in diameter with some irregularities so that
"'wery accurate results could not be expected."

The pressure drop results were presented on a plot of
the ratio of the pressure drop per inch of test section for
the suspension to that of air alone taken in a region of the
test section where particle acceleration effects were

negligible. The plot indicated that the ratio increased

35,
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as the loading ratio increased for each particle at both

Reynolds numbers, the glass particles giving less pressure

drop than the lead powders. The results also indicated

that higher Reynolds numbers and larger di=meter particles

increase the pressure drop. Tien and Quan also found

that for all cases considered, fully developed flow was

established within 24 inches from a Venturi nozzle outlet.
From their results the authors concluded that heat-

transfer characteristics could not be predicted accurately

by the values of specific heat and measurements of pressure

drop alone. Since, for example, both the 30- and 200-micron

glass particles producéd similar magnitude of pressure

drop but had heat transfer characteristics which differed

markedly. The discrepancy was explained on the premise

that the pressure drop at the wall only provides an

indication of the velocity at the wall, and does not indicate

the effect of the particles on the complete velocity profile

or the scale of turbulence.

Boothroyd - Perhaps the most significant study to date in the

field of momentum transfer associated with suspensions composed

of small particles in turbulent flow was performed by

Boothroyd (refs. 34, 35). Boothroyd (ref. 34) studied

pressure drops associated With the flow of 0-40-micron

zinc dust (average size l12-microns) in vertical tubes with

1, 2 and 3 inch inside diameters. The loading ratio varied

from O to 17 and the experiments were carried out at four

gas Reynolds numbers ranging from 35,000 to 100,000,
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By using dimensional analysis Boothroyd determined that
the significant terms in any experimental study of a particular
gas-solid suspension are the loading ratio, the gas Reynolds
number and the time scale ratio (DzFé/DgLG%(Re)g) Boothroyd
presented his results in terms of the ratio of solid to gas
friction factor f;/fg ) and discovered, among other things,
that this ratio was always far less than unity in the 1 in.
tube but in the larger pipes was usually higher th~n one.

His results indicated large‘drag reduction in that the friction
pressure drop in all cases was always less than that for a
one-phase fluid of the same density.

Another interesting aspect of the experimental data was
that (with the exception of the highest value of the time
scale ratio - low flow in the 3 inch tube) there was a dis-
tinct minimum of the friction factor ratio in the range of
loading ratio between 1 and 2.2, indicating that the solids
substantially reduce the level of fluid turbulence at
relatively low loadings. The results also showed that the
friction factor ratio had a smaller dependence on the ras
Reynolds number than on either the time scale ratio or the
loading ratio.

In a later work, Boothroyd (ref. 35) used tracer
techniques to study the turbulence characteristic of the
gaseous phase urker similar conditions of loadir; and Reynolds
number as the friction factor experiments previously reported.
The approach used in this study was similar to established

tracer techniques. The sampling device used in this study
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is an anemometric isokinetic sampling probe described in
ref., 36. The results of the diffusion of the gaseous phase,
after normalization were evaluated essentially by the
analysis of Taylor (ref. 37) for the spread of fluid above a
plane.

The results indicated that within the range of flow
variables examined, the intensity of turbulence has a value
close to that experienced without solids. In addition,
there was no tendency for the intensity to vary with any of
the flow parameters in a well defined manner. '

For the 2 inch tube it was found that the solids reduced
the dimensionless diffusivity of the carrier fluid especially
in the loading ratio range between 0 and 2. The author
concluded that for the 2 inch pipe the turbulence of the
carrier fluid was of a weak nature but was somewhat stronger
at higher values of G%Dz/(Re)go The minimum value of the
dimensionless diffusivity was well pronounced and occurred
at a loading ratio between 1 and 2 which was comparable to
the results previously observed for the friction factor ratio.

The results for the 3 inch tube differed from those for
2 inch tube. The dimensionless diffusivity was now found to
be much higher than when solids are absent.

Boothroyd visualized the effect of the solids by
attributing to them a '"'shredding' action in the fluid,
superposing a number of small eddies on the flow near the
wall. In a large eddy undergoing deformation near the wall,

particles not following the fluid motion must produce many
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vortices of size comparable with the particle spacing.
The generation of any large. scale turbulence would under
these circumstances be severly inhibited by this stabi-
lizing ”shredding" action.

Boothroyd also states in his conclusions that more
turbulence may probably be proauced at greater distances
from the wall than is the case in a solids free gas. He
also concludes that the minimum of both friction factor
ratio and dimensionless diffusivity observed seem to indicate
a change in the form of turbulence as the solids loading
is increased.

ANALYTICAL STUDIES

A brief description of theoretical analyses deemed to
be of particular significance to this study will be presented
in the following paragraphs. Although some experimental
work may have been performed during the course of some of
the studies, the primary focus of the investigations
described below is analytical in nature.
Tien. - One of the earliest analytical studies dealing with
dilute gas-solid suspensions was performed by Tien (ref. 3250
This study concentrated on heat transfer by turbulently
flowing fluid-solids mixture in a pipe. In the analysis,
which applied only to small particles at loading ratios of
less than one, Tien assumed that the solid particles are
uniformly distributed throughout the flow field. Based on this
assumption and others, Tien was able to solve the turbulent
energy equations for both the solid and fluid analytically. His

results predicted a linear relationship between the average



Particle Inside
. Diameter Tube Gas Reynolds
Particle) Gas D ’ Diameter ?um?er, Loading
. D Re Ratio,
(microns) (inche s) & Source
Glass Air 30, .710 13,500 0 -7 Depew
200 27,400 0 - 3.5 (ref. 31)
Slass, | air 30, .710 15,000 0 - 3.5 |Tien and
200 30,000 Quan
(ref. 33)
Zinc Air 0 - 40 1, 35,000 - 0 - 17 Boothroyd
dust (avg. 12) 2, 100,000 . (ref. 34)
3, :
TABLE III. SUMMARY OF OPERATIMG CONDITIONS FOR SMALL PARTI"E RESEARCE WITH

VEKTICAL T&ST SECTIONS.
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Nusselt number of the suspension and the factor 0 , where

(c.)

o = ng | (28)

p'g

The relevance of Tien's analysis to the present study
lies in the fact that this prediction was shown to be
incorrect by the experimental work later performed by
Tien and Quan (ref. 33). Their experimantal results showed
a peculiar feature: the Nusselt number first decreased
and then increased as the loading ratio was increased
for fixed gas Reynolds number and particle size. This feature
was not indicated by Tien's analytical study, and the authors
proposed that this decrease in Nusselt number is due to the
distortion of the gas flow field by the presence of solid
particles that was not accounted for in the theory.

Soo. - In a series of publications, S.L. Soo investigated
many phenomena associated with gas solid suspension flow
(refs. 38, 39, 40, 41).

In reference (38) Soo studied fully developed turbulent
pipe flow of a gas-solid suspension. In this analysis a semi-
empirical model similar to the 1/7th velocity for gases, was
applied to a gas-solid suspension. The data used in this
approach consisted of distributed mass flow of solids in pipe
flow at velocities from 50 to 100 feet per second, with glass
beads of 100~ to 200- micron diameter and solid to air mass
ratios of 0.05 to 0.15 (ref. 42). 1In the range considered
by Soo, compressibility of the fluid phase and the effect of

gravity on the density distribution of the solid particles



were considered to be negligible. Soo also assumed that
since the concentration of solid particles was small, the
velocity distribution of the gas stream was not
significantly affected by the particles.

Based on these assumptions and the empirical data, Soo
proposed a solid particle density distribution which was
parabolic in nature. Using this distribution he was then
able to relate the radial drift velocity and the particle
diffusivity to radial position. The relationship obtained
indicates agreement with the assumption that a continuous
transport of small, energy rich eddies from the wall toward
the center exists, with simultanebus flow of energy-poor
fluid back towarcs the wall, the nonuniform density distri-
bution being sustained by diffusion and drift of particles
toward the center of the pipe.

Based on empirical observations and photographic
analysis, Soo then assumed a mean velocity distribution of
solid particles with form analagous to the 1/7th velocity
law of ;he fluid but with a finite velocity of particles
near the wall., Using this relation along with the density
relation previously postulated, Soo integrated across the
tube cross-section to obtain the total solids flow rate in
terms of constants which depend on the particle density and
velocity at the wall, By using experimental results for
relative mass velocity at various distances along the wall, Soo
was able to calculate the constants. The author then related the

particle velocity and density at the wall by using the energy
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equation for the suspension at the wall., Combining this result
with the previously determined constants he obtained
relations for particle density and velocity at both the tube
wall and the center of the tube in terms of particle and
fluid properties readily available.

The results of this analysis indicated that greater slip
is to be expected at the wall for larger density and
diameter of solid material; the ratio of particle to fluid
velocity at the centerline would also be expected to be
larger due to the greater inertia of the larger particles.

A greater velocity lag at the center of the pipe due to
higher loading was also indicated.

In order to develop some basic understanding, via
mathematical procedures, of interaction of a gas-solid suspension
with a boundary, Soo (ref. 39) treated the case of laminar
boundary layer motion of a gas-solid suspension over a flat
plate, The reason for studying laminar rather than turbulent
motion of the suspension being the same as that for gas
studies. In this analysi s he considered the case of
two-dimensional motion of a gas-solid suspension over a flat
plate consisting of an incompressible gas phase with uniform
solid concentration of particies of one size in the free
stream only. The author set down the boundary layer equations
and boundary conditions and applied the momentum-integral
method. With the simplication of laminar motion, density and
velocity distributions and the magnitude of the boundary

layers of the two phases were computed. The results of this



analysis indicated that as the suspension proceeds along
the flat plate, the slip velocity of the solid particles
decreases, the concentration at the wall increases, the
boundary-layer thickness of solid particleé increases,

as the solid particles develop a normal component of
velocity by the viscous drag of the normal component of
the fluid viscosity. His analysis showed that the normal
component of the particle velocity is smaller than that

of the fluid even for the case of equal fluid and particle
velocities. The trend of increase in concentration also
suggested the possibility of deposition of solid particles
at a distance downstream from the leading edge.

Soo also investigated the contribution of the shear
layer to particle motion and found that ,in spite of the
large shear rate at the leading edge, it takes time for
the spinning of the particle to take place so as to give
rise to substantial lift force. He observed that the
lift due to shear motion is negligible in comparison to
that due to the induced normal component of fluid velocity.
In this analysis, Soo also considered the effect of
Brownian motion of particles, since the magnitude of
Brownian motion (though quite small) is not negligible at
the wall when the fluid velocity goes to zero. Soo found
that for very small particles the solution reverts to the
case of incompressible flow of a gaseous mixture; the
particle density being uniform.

In the same paper (ref. 39), Soo also investigated

-~



the transport properties in a multivelocity mixture. Using
the approximation for the viscosity of a mixture presented
by Hirschfelder, Curtiss, and Bird (ref. 43), Soo

developed an expression for the viscosity of a gas solid
suspension. His relation indicates that the viscosity

of the fluid actually decreases as the loading ratio is
increased. Confirmation of this result was obtained

from the expéffmental work of Sproull (ref. 44) with dilute
suspensions of talc in air.

A text written by Soo (ref. 45) covering momentum,
energy, mass, and charge transfer between phases in a
multiphase system is the most recent reference of 1its
nature in the field and contains more detailed presentations
of the author's analyses.

Sproull. - The pioneering research in the field of drag-
reduction with dilute gas-solid suspensions was presented
by W.T Sproull (ref. 44). Sproull measured the viscosity
of dusty air using a rotating viscometer and found
reductions in viscosity of up to 407 compared to clean
air. Two types of dusts were studied: one was limestorne
dust consisting of 407% by weight of particles smaller than
10-microns in diameter; the other was talc dust 997% by
weight smaller than 10 M . The maximum reduction of 40%
was obtained with limestone at a loading ratio of .186.
The maximum reduction observed with the smaller talc was
35% at the same loading ratio. Sproull found that the

concentration of the dust was the main factor in the effect,

45.
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and particle size and bulk density of the dust were relatively
unimportant.

Sproull attributed the decreased viscosity to a decrease
in the mean free path of the fluid brought about by the dust
particles with a "boundary layer" of gas adhering to each
particle.

Sproull also mentions that the addition of small amounts
of dust to turbulently flowing air in pipes resulted in a
decrease of 13% in the pressure difference required to
maintain the flow. Although the pipe flow data was never
presented, Sproull maintained that this effect is also due
to a viscosity decrease of the fluid,

Saffman, - Saffman (ref. 46), in a lengthy correspondence
dealing with Sproull's results, rejected the idea of a
decrease in fluid viscosity caused by the addition of the

dust. Saffman maintained that the effect was a result of the
small downward velocity of the particles due to gravity coupled
with an outward radial velocity due to centrifugal force.
According to Saffman's explanation, as the particles move
onwards they carry momentum with them, thus providing an

extra mechanism, in addition to the normal effect of viscosity,
for the transmission of stress inside the air. The extra
stress perturbs the distribution of tangential velocity and
alters the torques on the cylindrical viscometers.

Saffman's explanation of pressure loss reduction with
dusty gases was that when the dust particles are not too

small, their "relaxation time" will be comparable with, or



greater than, the fime-scale of the turbulent fluctuations,
The dust particles would not then follow the air motion

but lag behind the turbulent fluctuation of velocity. The
relative velocity of dust and air causes an extra dissipatioh
which extracts energy from the turbulenze and presumably damps
it, thereby reducing the Reynolds' stresses and the loss of
pressure. On the other hand, Saffman continues, with fine dust
for which the relaxation time is much less than the turbulent
time-scale, the dust follows the air motion closely and its
main effect is to increase the effective density of the air,
thereby increasing the effective Reynolds number of the flow
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Intrigued by the possibilities associated with Sproull's
results ‘ref. 44), Saffman (ref., 47) investigated the effect
of dust particles on the stability of Laminar flow of a gas,
in order to see how dust may affect the critical Reynolds
number for transition from lamimar to turbulent flow. The
equations describing the motion of a gas carrying small dust
particles were given and the equations satisfied by small
disturbances of steady laminar flow were derived., The effect
of the dust was described by two parameters; the concentration
of dust and the rvelaxation time (a measure of the rate at
which the velocity of a dust particle adjusts to changes in
the gas velocity and depends upon the size of the individual
particles)., Saffman showed that if the dust is fine enough

for the relaxation time to be small comparsd with the charac-

teristic time scale associated with the flow, then the



addition of dust causes the critical Reynolds number to be
lowered by the factor (1 +WD"1 (dust destabilizes the gas
flow); whereas, if the dust is coarse so that the relaxa-
tion time is relatively large, then the dust has a stabilizing
action (dust causes a higher critical Reynolds number) .

Saffman also observed that for a relaxation time very

[T

the size of the coarse dust particles reduces the stabilizing

effect. He implies that at a given concentration there is
a value of relaxation time for which the stabilizing effect
is maximized; and for values ot relaxation time greater
than this particular value it is not correct to say the
coarser the dust, the more stable the flow. Saffman explained
that the larger the particles at fixed concentration, the
fewer particles in the flow; and implies that the decrease
in the number of particles more than outweighs the increase
in size of the individual particles when the size is rela-
tively large.

Saffman's analysis was based on the following assump-
tions:

a) dust particles are uniform in size and shape,

b) particles occupy little volume compared to gas,

c) incompressible gas flow,

d) flow is unidirectional,

e) négligible velocity of sedimentation.

If the last assumption is not true, then the velocity

of particle and gas will not be equal in basic flow and the
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number density will not be constant. It is therefore clear
that for very large particles or small velocity, Saffman's
analysis is of questionable utility. Saffman also neglected
the effect of electrostatic forces in his analysis,

Using these assumptions, Saffman also modified the Orr-
Sommerfield equations for plane parallel flow of a dusty gas,.
Michael (ref. 48) extended the analysis of Saffman to consider
the case of plane Poiseuille flow. In his paper approximate
results were presented for the stability of plane Poiseuille
flow of a dusty gas. He assumed that the mass concentration
of the dust was small and his results were obtained by making
a perturbation of the curve of neutral stability for a clean
gas. The results were illustated for m= 0.05 by a set of
perturbed neutral stability curves at different values of
the time relaxation parameter varying from 0 - 500. His
results attempted to qualitatively indicate how the curve of
neutral stability is modified by the presence of the dust.

Julian & Dukler. - In a recent paper, Julian and Dukler

(ref. 49) attempted to find a correlation for pressure drop
caused by a gas-solid suspension by use of an eddy viscosity
model. In their work they suggest that for dilute-phase trans-
port the solids make their presence felt primarily by
modifying Cthe local turbulence in the gas phase, increasing
the turbulent fluctuations, mixing length, and eddy viscosity,
and consequently, frictional pressure drop.

Julian and Dukler's analysis was based on a modification

of Gill and Scher's expression (ref. 50) for the eddy viscosity

NeJ



of a pure fluid flowing through a tube. Julian and Dukler
modified the Gill and Scher equation to take into account
the effect of particles by redefining the von Karman
constant for a suspension as,

K = k(1 +m)™ (29)
where the unknown constants k and m were determined from
previous experimental data. For loading ratios below 12
they found that k has the value of .36 and m was equal to -
.25, This was especially encouraging since at M, = 0, K
reduces to 0.36 which is the accepted value for flow of a
particle free gas. Based on the value of K given by equation
(29), the dependence of fSv on gas Reynolds number and loading
ratio was obtained by Julian (ref. 14). He found fsv to be
independent of particle diameter and particle density and
dependent on (Re)g to the -.2 power, which indicates that the
effect of gas Reynolds number on the suspension flow is approx-
imately the same as it is for pure gas fiow. Pfeffer, Rossetti

and Lieblein (ref. 17) fitted Julian's results to the equation

£, = .046 (Re);o,z {1 +rq)0°3 (30)
so that after dividing by equation (19)
£ 0,3
s = (1 +am) "’ (31)

g
It should be pointed out that Julian and Dukler's analysis
is strongly dependent upon the results of the experimental
investigations analyzed. The major portion of these experi-
mental studies involved large particles (particle diameter

diameter greater than 100-microns); and, of the studies



using small particles, only a very small portion presented
results in the loading ratio region below 2.

Pfeffer, Rossetti and Lieblein - In an effort to determine

the feasibility of using a suspension as the working fluid in
a gas Brayton cycle, Pfeffer, Rossetti and Lieblein (ref. 17)
performed an analysis and correlation of heat-transfer
coefficient and fricticn factor acata for dilute gas=-solid
suspensions. After an analysis of existing heat transfer
data, the authors were able to obtain a correlation for the
heat transfer coefficient ratio of a suspension to a gas.

Due to the fact that the existing friction factor data

was sparce and scattered the authors did not attempt to ob-
tain a correlation based on the data, but instead turned to
the Reynolds analogy.

The Reynolds analogy can be applied to gas-particle
suspensions if the suspension is assumed to behave as a homo-
geneous fluid and 1f an accurate heat transfer coefficient of
suspensions is available. By applying the Reynolds analogy
to the gas and solid ophases separately, a relation between

fs'/fg and the heat transfer coefficient ratio hS/hg was

obtained
fg' w1 ey (Bs . 1) (32)
£ 5 khg
Using the previously obtained relation of hS in equation (32)the
authors obtained E;
;E_'_ =1+ 4,0 (Re;;“ ”32% (33)
g
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In the region of Reynolds number greater than 25,000 but
less than 100,000 equation (3l) and equation (33) were found
to be in good agreement with each other and with certain of the
data for large particle size for 2sm<l0. It should be
pointed out, however, that equation (33) was obtained from
the heat transfer relation Pfeffer, Rossetti, and Lieblein
deduced from experimental data for loading ratios greater
than-2 neglecting a particle size effect.

DRAG REDUCTION WITH LIQUIDS

Drag reduction with liquids in turbulent flow is a well
established phenomena. It has been found to occur in solutions,
gels, and suspensions. Due to its spectacular effectiveness,
drag reduction obtained by the addition of soluble polymer
to Newtonian liquids has received the most study (refs. 51,
52, 53, 54, 55, etc.) The variables most affecting the
level of drag reduction for a given polymer solution are the
bulk mean velocity, polymer concentration and pipe diameter.
Polymer solution drag reduction seems to occur from one of
two effects:

1) the extension of laminar behavior to abnormally high

Reynolds numbers,
2) the reduction of friction factor in fully developed
turbulence.
Savins (ref. 51) and Astarita (ref. 55) suggested that drag
reduction by polymer solutions is caused by viscoelasticity.
Their conception was of a reduction of turbulent energy

dissipation because of the conservative nature of viscoelastic



materials at high shear strain fluctuation frequencies. Thus,
if the dissipation frequencies in the turbulence were greater
than the reciprocal of the solution relaxation time Astarita
postulated that drag reduction would occii .

A second type of drag reduction has been observed to
occur with soap sclutions (refs. 56, 51, 58). Little is
apparently known regarding the mechanism of soap solution
drag reduction, and its utility would appear to be limited
to situations where polymers may not be used as additives.,

The third type of liquid drag reduction reported in the

literature appears to be most analagous to gas-solid studies

53,

This is drag reductionassociated with addition of fine particles

to the liquid to form a dilute suspension (refs. 59, 60). The
mechanism of drag reduction by suspended additives is not well
understood, although it has been attributed to the damping
effect of the solid particles on the turbulent fluctuations
thereby decreasing radial momentum transport (refs. 59, 60,
61). A recent survey of drag reduction with liquids has

been prepared by Patterson, Zakin and Rodriguez (ref. 62)

and is the most comprehensive survey of this field presented

to date,
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ITL. PUSCRIPLION OF APPARATUS, MATERTALS, ANL EXPERIMENTAL PLOTEDURE

The apparatus employed in this study was based on the
use of a civculating compressor capable of pumping both gas
and solids through a closed experimental loop., Pressure drops
across both horizontal and vertical test sections were measured
by means of microwanometers. Velocity and turhbulence measure-
ments were made by applying some of the wmost recent advances
in anemometry to the gas-solids system, Particle conzentration
was determined with a specially designed mass flow meter employ-
ing strain gages. In order to properly calibrate the mass £l.s
meter, an open loop system was also designed and employeid.
Five different sizes of glass beads were used in the experiments
in order to determine the effect of particle diameter .n fric-
tional pressure loss. The details corrcerning sorarvatus and
materials employed during the study as well as the expervimental
procedure will be presented in the following paragraphs.

Apparatus

The apparatus to he described in detail in thi: section
includes the gas=-sclids civeculater, the ~losed experimental
loop, the anemometry and the mass flow meter as well as the
open calibration loop.

Gas-solids circulator. - When both gas and solids are contin-

uously recirculated without removal of the soiis from the gasz
stream the flow wmay be classifisd 25 a closed loop operation,

In orcder to achieve such as closad looo recirculation, however,

a blow=r or compressor must bhe avall..ls i ch can pump both

solids and gas together without damage to its internal parts




or contamination of the suspension. Such a circulator was
designed and built by the Franklin Institute and donated to
the current study by the Bureau of Mines at Morgantown,
West Virginia.

The circulator components are constructed of Armco 17-4 PH
stainless steel. Most of the parts were first rough machined,
heat-treated to the 1050H condition and then finish machined.
No castings or forgings were required. Balancing of the shaft
assembly was done by the International Research and Development
Company. Clearance on the face of the rotor was set at 0.010
to 0,015 inches depending on combined differential expansion
and on pressure deflection., Figure 1 is a photograph of the
open faced impeller and the housing scroll in which the rotor
operates. The flow area from the point of the impeller nose
cone to the leading edge of the impeller blades is constant.
The inlet angle of the blading was designed to minimize entrance
shock losses and consequent particle attrition rate. Figure 2
shows the rotor installed with nose cone in place. Figure 3
is an exploded view of the major components of a circulator
assembly. The circulator assembly is shown in figure 4.

The circulator was driven by a 15 horsepower variable
speed induction motor powered by a 25 horsepower motor coupled
with a variable frequency generator shown in figure 5. The
motor-generator was built by U.S. Electric fotors and provides
stepless speed variations in two ranges of from 1600 to 6600
and from 2640 to 13,200 rpm. During the course of this study

shaft speeds were determined by use of a General Radio Company
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type 1531-A Strobotac electronic stroioscope focused on the
flexible coupling connécting the circulator and the 15 hp
slave motor.

Closed experimental loop. - The closed experimental loop employed

in this study is primarily constructed of 1 0.D., type 304
seamless stainless steel tubing with a 1/16" wall thickness
but the loop also contains four pyrex glass sections with a
one inch inside diameter. The metal to metal joints used in
the construction of the loop consisted either of using flanges
or one inch Swagelok unions. Joining of two pieces of metal
tubing by flanging involved facing cff the ends of the tubes
and using flanges fitted with 1" inside diameter bushings
soldered on each piece so that the tube ends met flush within
the outer bushing. Either method provides a leakprcof msta?-
metal joint with no protrusions into the fluid stream and
essentially no disturbance of flow patterns.

The pyrex-metal joints were formed by using standavd
glass-metal flanges and teflon gaskets with a one inch inside
diameter., The pyrex sections contain a slightly outward tapered
inlet and exit portion into which the stainless stesl tubing
was fitted. The inside diameter of the metal tubing was tapered
out at a very slight angle by fine machining so that the wall
thickness at the end of the tubing approximated a vazor's edge.
This type of coupling resulted in a leakproof joint with a
minimum disturbance of the flow pattern and essentially no

step pretruding into the fluid stream.



A schematic diagram of the closed loop used for this study
is shown in figure 6. As can be seen from the figure, the
loop is approximately rectangular in shape with twc horizonmlal
and two vertical sections. In order to promote uniform particie
distribution and prevent particle accumulation, sharp 90% elbrws
were installed before every section of the loop where measuye-
ments were taken. These elbows were made from 2'" diameter
stainless steel bar stock and were milled in such a manner
as to allow the metal tubing to seat in the elbow and main-
tain the inside diameter of the tubing through the elbow wir!
no steps or spaces where the particles could accumulate.

Since flow is in the counter clockwise direction, figure
indicates that the first portion of the loop encountered by
the fluid leaving the circulator is vertical with flow in th=
upward direction. This leg of the loop, which is preceeded
by a sharp 90° elbow is 97" long and contains a 36" pyrex
test section 57 inches from the elbow. This pyrex test s=ction
has two glass pressure taps 30 inches apart and 3 inches from
each end. These taps were filled in with epoxy resin
leaving a smooth 1/16 inch diameter hole for pressure measurs-
ments and also prevented any ripples, steps or irregularities
in the glass tube at the tap junctions.

After the upward vertical leg of the loop is another
shafp 90° elbow followed by a 12 foot long horizontal portion,
This horizontal part is composed of an 82%” metal calming sectio.
followed by a 12" pyrex viewing section and a 44" metal test

section, The 44" section contains two pressure taps 40 inches
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apart two inches from each end of the section. These taps con-
sist of 1/16'" outside diameter spring steel tubing with a

.020" hole which was soldered into the test section. A 20/1000
drill was used to bore holes through the test section where

the taps are located. The test section was reamed and lightly
polished so that no burrs or irregularities were present in

the tubing at these tap holes.

The downward vertical portion of the loop follows another
sharp 90° elbow connected to the end of the upper horizontal
leg. This second vertical part of the loop contains an orifice,
mass flow meter, and anemometer probe inlet. It is 113 inches
long and, following the elbow, consists of an 18%" metal
section, a 12" pyrex viewing section, and 12%" of metal
tubing prior to a sharp edged orifice. Following the orifice
is the mass flow meter, 30 inches of metal tubing and the
anemometer probe inlet. A particle inlet port used in open
loop operation is 5" past the anemometer inlet and 15%'" above
the long radius elbow connecting the downward vertical to the
lower horizontal portion of the loop,

The lower horizontal leg of the loop is 13 feet long and
terminates 14% inches below the circulator. It is comprised
of 121%" of metal tubing followed by a 10" metal section,

a 12" pyrex viewing section and a 12-3/4" long metal section
leading to a three way ball valve. The 10" metal sectiomn
houses the downstream testing section of the loop. This
section contains an impact tube made of 1/16" 0.D. spring

steel tubing and a piezometer ring composed of eight static



pressure taps spaced 45° apart around the tubing before the
impact tube. The static pressure taps were constructed in
the same manner as the metal pressure taps previously des-
cribed. This pitot-static arrangement was found to give the
same results for pure air runs as a commercially purchased
pitot tube with & known coefficient of unity. The pitot
tube assembly was used for calibrating the anemometer probes
as well as for taking velocity traverses with pure gas as
the circulating fluid. The closed loop particle inlet 1is
located 3-3/4" from the end of the pyrex viewing section.
This inlet in simply a metal plug which has been carefully
machined so that the bottom of the plug has the same radius
of curvature as the inside diameter of the tubing. There is,
therefore, no step or disturbance in the flow stream when
the plug is in place.

At the end of the bottom horizontal portion on the loop
there is a three way ball valve with a tee port and a one
inch port size. The ball valve was used in two ways. While
circulating the suspension, the ball was turned so that the
valve served as a sharp 90° elbow and the suspension flowed
through “he compressor thus permitting closed loop operation.
When it was desired to remove the solids from the loop, the
valve was turned to allow the suspension to flow straight
through and prevent it from going through the circulator,

A one inch ball valve located between the three way valve
and the compressor was opened allowing room air to be sucked

through the compressor and causing the suspension to be blown
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into a sintered stainless steel tube attached to the three-
way valve. The blown steel tube acted as a filter and aliuwed
the air to pass through but trapped the particles.

Some of the auxiliary equipment associated with the closed
loop circulation of the suspension are the pressure measuring
instruments and probe positioning equipment. All of the test
section pressure drop measurements for suspension flow were
made using an R. Feuss model 134b micromanometer. These
micromanometers can be read down to .002'" of water and as high
as 6.25 inches of water by use of five different scales corras-
ponding to five positions on a fixed graduated arc. Static
pressure measurements were made at the first pressure taps
on each test section by use of standard U-tube manometers,
These manometers read up to 10 inche: of Hg with an accurancy
of .1 inch. Orifice pressure drops were also measured with
a U~tube manometer with a 31" range and an accuracy of 1"
of fluid. The fluid in this manometer was a Dwyer gage fluid
with a specific gravity of 1.75.

Manual traverses were used to position both the anemometer
~probe and the downstream impact tube. The traverses were manu-
factured by United Sensor and Control Corp. and have a 6' scale
allowing a positioning accﬁracy of .0l inches. The units also
have a protractor and rotary vernier so that directional
accuracy of within 1° can be obtained.

The complete closed-loop system was periodically checked
for leaks at all stages durlng constyuction and expe rimenta-

tion by soap bubble testing and by use of a commercial leak



detection lacquer., No leaks were found to develop after final con-
struction of the loop was completed.
Anemometry. - In a closed loop system for recirculating gas-
solid suspensions, one of the greatest difficulties lies in
obtaining air flow rate measurements. Rotameters or wet test
meters cannot be used due to the adverse effects of the solids
on instruments. For larger diameter pipes pitot tubes with
large openings have been used to obtain air velocities. For
use in a 1" tube the pitot tube must be very small so as to
create as little flow disturbance as possible. In this study,
however, it was found that the use of a small pitot tube is nou
practical for gas-solids flow since this opening will continag-
ously become blocked withvparticles 50 that measuremen!. s cavnob
be taken. The use of an orifice or a venturi to determine the
volumetric flow rate of the fluid is also gquestionable, since
it is not known how the solids effect the orifice coefficient,

Due to its delicate nature, it is difficult to use a hot
wire anemometer probe even to obtain air velocities with puis
air flow. With solids suspended in the flow it is impossible
to use standard hot wire probes for these measurements. During
the course of this study hot wire and film probes of various
configurations were tested and were found to break before any
measurements could be made.

Recent advances in electronics have made possible the
development of solid state anemometry units with which a
‘thermistox probe may be used. One such thermistor probe de-

veloped by the DISA S&B Corp. was field tested in the closed
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loop for % hour of continuous operation under conditions of
heavy loading using large diameter particles. At the end of
this time it was found that the probe had not changed calibra-
tion. A close-up of this type of probe, which was used to
measure fluid velocity, velocity profiles and relative percent
turbulence during this study, is shown in figure 7. The probe
is L-shaped and has a glass coated thermistor bead suspended
at the tip. The L-shape of the probe allows velocity measure-
ments to be taken without interference from the support rod.
The thick glass coating prevents the particles from damaging
the thermistor or interfering with the measurement. The
disadvantage of using this type of thermistor probe is that it
is more sensitive to fluid temperature and .hevefore requires
a more extensive initial calibration than standard hot wire
probes.

The anemometer uéed in conjunction with the thermistor
probe was the 55D00 Universal Anemometer manufactured by the
DISA S&B Corp., Thig anemometer consists of four components:
an Anemometer Unit, an Auxiliary Unit, a Digital DC Voltmeter,
and an RMS Voltmeter. The Anemometer Unit is & multipurpose
precision instrument designed primarily for measurement of the
instantaneous mass flow of gases and liquids, using either a
hot-wire, a hot~film or a thermistor probe. The unit was
operated as a constant-temperature anemometer but is switchable
for comstant-current operation.

The Auxiliary Unit is intended for use in conjunction with

the Anemometer Unit. It features a high-stability, high-
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frequency DC amplifier with high-pass and low-pass filters, zero
adjustment, and a square~wave generator. The instrument is
entirely solid-state, using state-of-the-art silicon transiisti:.
and integrated curcuits,

The all-transistor RMS Voltmeter is designed for measure

¢

ment of the actual root-mean-square value of AC voltages (RMS
voltages) between BOOAPN apd.BOOV inside the frequency range

of 1 Hz to 400kHz. These voltages may be sinusoidal or non-
sinusoidal and have crest factors as highas 5 at full scale
'deflection and 15 at one-~third of full-scale deflection. The
ability of the voltmeter to accept'waveforms having such high
crest factors ensures a high degree of accurancy, even in
measurement of nonsinusoidal wave forms éuch as noise and pulse
trains. The Voltmeter also premits varying the integrator timz
constant for best possible response cime, depending on the wave
form and frequency of the voltage under measurement. The time
constant. varies from 0.1 to 30 sec.

The Digital Voltmerer is another fully transistorized
instrument. It incorporates a self-balancing servo system and
provides digital readout of‘DC voltages from 1 millivolt up to
100 volts. A damping circuit with séepwise variable time
constant (1, 3, and 10 secs.)} permits measurement inside the
limits determined by the time constant, of the arithmetic
mean of the signal from an anemometer whose probe is exposed
to a turbulent flow., A photograph of the front panels of

these four modules is shown in figur= 8.



Mass-flow meter. - In order to determine the average solids

concentration in the suspension a two phase flow meter designed,
built and developed by the Bureau of Mines at Morgantown,

West Virginia was employed. A cross section of this flow meter

is shown in figure 9, As received from the Bureau of Mines,

the meter had a filler which did not possess smooth surfaces

and had a tendency to deteriorate when attacked by the suspension.
For the purposes of this study a special casting was prepared

and a silastic rubber was poured into the meter. When cured

this rubber provided a filler which did not sag, was smooth

and was impervious to suspension flow.

The metering element is a circular target that is inserted
in the two phase flow stream., The target is attached to & rod
at the end of a cantilevered metal strip to which ave affixed
metal-foil strain gages. Elimination of temperature effects
upon the meter performance is achieved by having the strain
gages mounted in tension and compression, one on ecach side of
the metal strip., The metzl-foill strain gages sense the deflec-
tion of the flexible metal strip caused by the solids and gas
acting on the target.

The gages form an active comnrnsated h=2'f.bridre and were
used in conjunction with two fixed resistors, all comprising a
complete Wheatstone bridge. Because of the large rapid fluctua-
tion in the bridge-output signal, a long-time constant
resistor-capacitor filter was incorporated. The filter was
used primarily to obtain long-term avevags flow reacings,

with a time constant of about 1.4 seconds. The filter also
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removed electrical "ringing' at the natural resonant frequency
of the flexible metal strip. A third resistor section was
included in the bridge for balancing the fixed resistors

and a potentiometer performed this function.

A Mark 280 Brush two channel recorder with preamplifier

was used to record the output from the two-phase flow meter
as well as the output of a chromel-alumel thermocouple,
The thermocouple was used to measure the fluid temperature
at a point in the downward vertical portion of the loop a
few inches before the two phase flow meter. The recording
system used in this study was able to measure an outpult as
small as one micro-volt and was capable of step variation
in sensitivity.

In order to obtain meaningful results with the
two phase flow meter, however, it must be calibrated in
an open loop system under various conditions of solids
loading and gas flow rate.

Open Calibration Loop. = A schematic diagram of the open

loop system used for the calibration of the two phase

flow meter is shown in figure 10. As can be seen from the
figure the major difference between the open and closed
system are in the need for both a continuous particle
feeding and collection system. A continuous and fairly
steady feeding of the particles into the air stream was
accomplished by means of a feeder-air lock combination
installed at the top of the feeding "Y'" shown in the

figure. The feeder is a BIF helix type volumetric dry
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feeder with interchangeable helices. Solid particles
placed in the feeder hopper flow by gravity intc a
chain-driven rotating horizontal helical feed screw., As
the helix rotates, it moves the material along the base of
the hopper and out through the discharge spout. From the
discharge spout the material falls into a Prater rotary air
lock with six individusl feeding compartments. This
combination feeder-airlock permits continuous feeding
without permitting additional aiyr to be introdured to

the system,

The design of the collection system for the open-
loop operation pressnted several difficulties. Since the
study was carried out in an enclesed area, no dust could
be permitted to @ontaminate the alr. Since no cyclone
can be degigned Jwithio the zpace Liaetations of the

study) that @i 1007 efficienl the use of & oyoione

B

would represent a potential health hazard. The use of a
sintered tube for solids nollection and weilghing although
capable of nearly total efficiency was also found to be
impractical for this system. It was found that after a
short period of time the sintered tube became clogged thus
causing a large pressure drop across the tube and a
decrease in the fluild flow rate.through the loop. It was
therefore difficult to make meaningful measurements,

A cross-section of the colleciion system finally evolved
is shown in figure 1l1. It can be sasn that the collector

represents a compromise between a cyclone and a sintered
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tube. In this design the collector is essentially .

2

cyclone
with sintered tubes providing the air outlet. The suspension
enters the collector at a downward angle tangential to the side
of the core. The decrease in air velocity eyperienced upon
expansion into the cyclone caused most of the solids to drop
to the bottom of the cone, The small portion of solids still
entrained by the air are depositei on the sinterad tubes.
This design prevents solids contamination of the air as
well as extensive clogging of the sintered tubes. The two-
phase flow meter was calibrated by weighing the particles
collected per unit time during open loop operations. The
air flow rate was determined using & commercial pitot tube
in the air inlet section of the loop., This comnercially
purchased pitot tube was checked while in this upstream
location durirg puve air open Loop operation by means of
the pitot-static testing section previously describad.
Velocities obtained from each imstrument were found to be
essentially the same for the Reynolds mamber range in this
study.

taterials

The materials used in this study consisted of five

purchased from the Minnesota Mining and Manufacturing
fompany. -Atomized aluminum particles with a wmean diameter
of approximately five microns were also experimented with
during the course of this stuldy. Unfortunately, however,

it was found that these aluminum particles tended to



agglomerate as well as thickly coat the tubing walls. These
particles could not, therefore, be studied with any degree
of reproducibility of measurement.

The five different types of glass beads studied are
listed in Table IV and ranged in size from average particle
diameters of 10 to 59 microns. Mizrophotographs of these
particles both before and after being circulated ate
shown in figures 12-16 and indicate no changei;n the
sphericity of the particles. The size distribution of these
particles both before and after circulation in the closed
loop system were obtained by use »f a Coulter counter,

These distributions will be presented in a later section of
thiz dissertation.
Experimental Proceduras

Three separate expe rimental procedures were adheved o
during the course of this study. These correspond to the
situation of pure air runs, open loop calibrations, and
closed loop experiments respecuively and arve desaribed in
the following sectilons,

Pure air runs. ~ The pure air runs were primarily performed

with the closed loop ceonfiguration, but some runs were alsc

made with the open-loop system. These runs were carried out

order to calibrate and check the: entire system for the condition

of zero loading watic. During these tuns pressure drops
across both horizontal and vertical test sections were taken

and pure air friction factors for each of these sections ware

calculated, The thermistor anemometer prcbe was also



Table IV. Particle Sizes

Descriptive Actual Nominal
Title Particle size#*
50 59
30 34
#279 25
#981 20
#980 10

*Determined by Coulter Counter Analysis

78



a) Before recirculation -

300 x magnification.,

b) .After recirculation for
4700 secomds in the closed
loop - 300 x magnification,
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a) Before recirculation -
700 x magnification.
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b) After recirculation for
3480 seconds in the closed
loop - 700 x magnification,
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a) Before recirculation
~ 700 x magnification,

b) After recirculatidn for 3800
seconds in the closed loop
~700 x magnification.,



a) Before recirculation
*700 x magnification.

b) After recirculation for 4420
seconds in the closed loop
=700 x magnification.
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a). Before recirculation |
= 700 x magnification.

'b) After recirculation in the
closed loop for 7130 secongs
~700 x magnification.,
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calibrated using the downstream pitot-static testing section at
the fluid flow rates and temperatures encountered during the
study. The two-phase flow meter readout resulting from clean
alr flow at different mass flow rates was also obtained. No
significant difference was found when thess strain gage readouts
were compared for open and closed loop systems at equivalent
mass flow rates.

The experimental procedure during these ruus canbe
described as follows., After an equipment warm up period of
between 30 minutes and one hour, the readout from the two
phase flow meter was set to zero., At this time the voltags
from the anemometer was also sheckea for agreement with a
previously obtained wvoltage temperature correlationu. This
voltage-temperature relationship was determined by regulating
the temperature of the loop by means of the voom air-conditicner
and recording the anemometer voltage and corresponding Lloop
tempe rature over a long time period without flow, In order
to obtain consistent and useful anemometer calibrationsz foy
all flow condtions and temperatures it was necessary to havs
the zero flow voltage agree with this relationship before any
flow measurements could be taken. If necescary, the no flow
voltage was adjusted, after which the no flow root mean square
voltage was recorded; In the remainder of this dissertation
the voltage and root mean square voltage under conditions of
no flow through -he system will be referred to as V_ and

v respectively,
IS0 spectively



Both micromanometers were then prepared by filling them
with 200 proof ethyl alcohel until zero readings were obtained,
Both the impact tube and the anemometer probe were imitially
set at the center of the tubing by means of manual traverses.
the compressor was started and the desired RPM of the wmotor
was obtained by adjusting the!speed of the motor until a slot
on the coupling shaft appeared to stop turning when wiewed with
the electronic stroboscope. bhhen steady pressure drop readings
were observed, the pressure drops across t he test sections
were recorded as weil as the pitot-static section pressure drop.
The anemometer readings.were then vecorded while an idennifl-
cation mark was made on the fiow metér and themocouple readout
on the recorder. Static pressure and orifice pressure drop
measurements were then made, Continuous readings of the room
temperature and humidity were made using a Serdex hygrothemo-
graph,

Modification of the above procedure during some pure
air runs deéended upon the vegulred measurements, During the
initial runs it was desired to check the pressure measuring
instruments. 1% was therfore necessary to design and construct
a pressure manifold, The pressure manifold contained toggle
valves and was used when several pressure drops or instrument
readings were to be made. The manifold was thorcughly checked
for leaks by means of a high pressure compressed ailr line and
soap bubble testing prior to installation in the experimental
system. Using the manifold it was possible to compare The test

section pressure drop and pitot tube readings of several
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instruments during the same run. The instruments field tested
along with the R. Feuss micromanometers included a movable leg

manometer, a hook gage and a Flow Corporation MM3 micromanomete

(R

The R, Feuss micromanometers were found to give the most reliahle

readings and showed the quickest response %o changes in flow
or pressure drop. Sibsequent to these inivival vuns the

R. Feuss micromanometers were used exclusively fov pressure
drop meas.irament,

Though the calibration of the anemometer probes was
carried out with both the impact fube and the thermistor
probe in the center pos:tion, 1t was also necsssary to obtain
velocity protiles for a wmuaber of the pure zir runs. Thess
profiles were obtained by movrag the impact tuhe to proedeter-

-

mined positions across the Tewr gection using a manual

traverse, Lhe profi

ey were alwayvs made subsequant to the

1 measursments with £

previously described

being continuously recorded.

Pure aiv wuns were aslso made atfter each szev of closed
loop suspension runs. The purpose of these alv runs was oo
determine whether the snsmometer probe calibration had been

altered by the solids. During these runz the iwpact tube was

aol employed. The pressure drops across each test section were

measured by the micromanometers directly and the anemometer
voltage reading was used together with the previocusly obtained
calibration to determine the air velocity. Friction factors

were caiszsulated from this data, If 1the cal-onilated friction

factors agreed with those previously obhtained for each test
y



section, then it was concluded that the probe had uot been
damaged by the particle flow., When a difference was found,
the suspension runs performed subsequent to the previous
calibration check were repeated using another calibrated

probe.

Open loop calibration runs. - In order to obtain a correlation
between the output from the two plase flow meter and solids
loading ratio an extensive series of open loop calibration runs
was performed. During these runs it was necessary to separately
measure the solids and air flow rates and relate these measure-
ments to the flow meter output, subsequently to be referred to
as VSTu

After the compressor was adjusted to the proper RFM by
using the stroboscope, the one inch ball valve beneath the
rotary alr lock (see figure :1U) was opened, and the rotary
air lock put into operation. A switch was then activated
which allowed the BIF feeder, an electric timer and the
electric vibrator tvo begin ouperating simultaneously, The BIF
feeder could be approximately set for ths desired solids flow
rate before the start of a run by using a calibration obtained
prior to the installation of the feeder airlock combination
into the experimental system for the no flow conditiomn.
Feeder settings could not be used to precisely determine the
zonlids flow rate since it was found that the feeder rate at a
given setting was depend:zut vpon the air tlow rate,

The upstream pitot tube was used for the determination

of air flow rates. The solids flow rate was determined by
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weighing the collected particles in a measured time. The
particles were removed from the collector by mechanically
rapping the top and sides, removing the rubber stopper at the
bottom of the corlector and allowing the solids to fall into
a previously weighed beaker. Visual inspection following this
procedure indicated that there was very little if any particle
residue in the collection cone. Jeighings were rmade using a
triple beam balance capable of weighing 26§0 grams to the
nearest .1 gram,

Pitot tube readings were made and recorded sewvezral times
during each run with recorder output being marked earh time,
When the pitot tube pressure drop decreased to 10% below its
initial value the run was terminated. This decrease in pitot
tube reading was caused by clogging of the sintered tubes and
consequent decrease of the loop welocity, Due to the design
of the collection system at least 100 gm.. of particles zould
be collected even at the highest solids fiow r:te before it
was necessary t¢ terminare the runs. After each run it was
necessary to remove the gintered tubes from the collector
and clean them by use of a compressed air line. Weighing of
the sintered tubes before and after cleaning indicated that
less than 5 gramg of particles were required to clog the tubes.

Shut down procedure for the open-loop runs consisted of
shutting the feeder, timer and vibrator simultaneously, then
stopping the airlock, closing the: pali valve, and turning

off the compressor and motor-genavaior,



o
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During the open loop calibration runs pressure drop
readings were also made across the upper horizontal test
section. Unfortunately, the fact that the feeder airlock
combination did not feed at a perfectly‘steady rate caused
pulsations in those readings and led to scatter in the data.

Due to the lerge inventory of particles required and its
time consuming nature, open=-loop strain gage calibration was
pérformed only with the BO/Aglass particles.

Closed~loop experiments. - Measurements obtained during both

the pure air and open-loop calibration runs were used to obtain
calibrations and correlations necessary in order to analyze
the closed-loop results. During these closed-lioop runs pres-
sure drops across each test section and the orifice as well
as velocity and turbulence measurements were recorded. From
these data the effect of particle size and concentration, as
well as fluid flow rates, upon friction factors, gas velocity
profiles and orifice coefficient was studied.

The operating procedure for these runs was somewhat less
complicated than that for the open-loop calibration runs.
After the initial warm up period; setting the instruments to

appropriate no flow values and recording Voand \Y a pre-

rmsc’
weighed sample of particles was poured into the loop through
the closed-loop feeding inlet previously described. The
motor~generator was turned on and the compressor put into
operation. The stroboscope was set at the highest RPM under

consideration and the compressor spead adjusted to maintain

this RPM. The pressure drops across the two test sections



were measured directly by means of the two R. Feuss micromanc:
meters. When these pressure drops and the output from the <w:
phase flow meter showed no change with time, readings were taker .
The anemometer voltage and root mean squars voltage were
recorded while the thermocouple and flow meter recorder out-
put was marked. [he test section and ovrifice pressure drop
measurements were then taken foli.wed by the static pressure
measurements. With the same particles still in the circulating
loop the compressor speed was set for each of the remaining
RPM to be studied and the same procedure of dasta recording ws-
followed.

For the closed-loop studw solids leoading was determined
by means of tne calibrated mass-flow meter and air wvelinci
and turbulence measurements were made using the calibraned
thermistor probes. Velocity profiles were obtainsc for a
number of suspension runs using the thermister probe and

manual traverse. These profiles were always made subseguant

Vi
-
3
{

to pressure drop and centerline velocity measurement s,
entire closed loop system was electrically grounded through
the compressor by means of cables connected across each glass
test section for all suspension runs.

Since attrition of larger diameter particles during clocea-

1

loop operation was felt to be more likely than =ith the smalle:
particles, the loop was cleaned more freguentiy when the two

largest size particles were studied., For ¢ articles,

o
L
u:
D

T

—d

runs were made at 10 gram incremenrts and the loap cleaned every

other run. For the two middle size particles employed in this



study, runs were also made at 10 gram increments but the loop
was cleaned after every fourth run., For the smallest sized
particle the loop was not cleaned until a complete series of
eight runs were completed. The high cost and difficulty of
obtaining the three smaller diameter pzrticles along with the
very small inventory of these particle= available for this
study strongly influenced the forezoing method of operation.

The particles were collected in the sintered tube shown
in figure & by use of the three-way ball valve in the
flow-through position. Particles from different rins weve
saved in labeled jars for subsequent particle size distri-
bution aralysis so that particle attrition could be studied
on representati&e samples.

The mass flow meter output was used to detec:mine whether
the loop was completely clean. After every loop clean-cut pure

air runs were made to check out all parts of the experimental

system.
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IV EXPERIMENTAL RESULTS AND DISCUSSION

The results obtained during pure gas studies, open-loop
mass flow meter calibration as well as closed-loop investi-
gations with circulating suspensioens will each be presented
separately in the following sections,

Pure Gas Results

During closed=-loop experimentation (with pure gas as the
circulating fluid), velocity profile, pressure drop, anemo-
meter and orifice calibration data were obtained. The results
obtained from tvhezs data avre pressnted balow,

Velocity profiles. - Velocity profiles were obtained for tube

Reynolds number ranging from 3450 to 41200 by use of the ,
downstream pitot-static testing section previously described.
Typical velocity profile data across the tube are shown in
figure 17, The figure also shows a plot of the curve obtained
using 1/7th power law based on the centerline velocity
experimentally determined. The agreement between the expéric
mental data and the theoretical curve is sezn to be better
than 3% at all points. The experimental data were obtained
with three measuring instruments: the R. Feuss micromano-
meter, a movable leg manometer, and a specially designed hook
gage. The data from the three instruments were practizally
identical, so that onliy one experimental point is discsraible
at some of the traverse positions.

The velocity data obtained from each traverse wers aiso

plotted against the radial distance from the center of the

tube. The area under these curves was determined using a
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polar planimeter and the average gas velocity was calculated.-
The reader is referred to Appendix A for details of ﬁhis
operation. The ratio of the average to centéil;ne gas veLioc-
ities as determined by this procedure are presented in

Table V. From this table it would appear that in a keynolds
number range of between 3670 and 41200 the average to
centerline velocity ratio is .80 + 2.5%, which is what

would be expected upon integration of a velocity profile

for a fluid obeying the 1/7th power law.

Friction factors. = Friction factor results were determined

by measuring pressure drops across both the horizontal and
vertical test sections. For runs in which velocity profiles
were taken, the experimentally cetermined average velocity
was used in the friction factor calculation otherwise a value
of .8 times the centerline velocity was taken as the average
velocity. Since the pressure drop across each test section
is relatively small and the flow is isothermal in nature,

the incompressible flow equations were used to determine
friction factors. The method of calculation is indicated in
Appendix A along with a sample calculation.

A plot of the calculated Blasius friction factox
(Blausius friction factor equals 4 time the Farning friction
factor) as a function of the gas Reynolds number for the
horizontal test section is shown in figure 18. Two empirical
equations are commonly used to represent the relation between

the gas friction factor and the Reynolds number for flow



o

TABLE V.

VARIATION OF RATIO OF AVERAGE CENTERLIMNE GAS VELCCITY WITH
GAS REYNOLDS NUMBER.

v
(Re), v
3450 .736
3670 . 783
4300 777
11500 .823
19150 . 788
31835 . 789
41200 ‘ .830
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through smooth tubes (ref. 63). The first equation is valid
the Reynolds number range between 5000 and 200, 000 and cor-
responds to | 'l
£, = '00184A2 | (34

(Re)g°
Equation (34) is plotted along with the data in figure 18.
Curves corresponding to + 5% deviation from this correlation
are indicated by the dashed lines. As can be seen from the
figure, equation (34) provides an adequate description of
the data since the bulk of the experimental results fall
between the +5% curves on the figure.

The second correlation commonly used to represent

fiction factor data for turbulent flow through smooth tubes
is presented below

f_o = .00560 +

e (35)

This empirical relation is a more exact equation and is
reportedly (ref. 63) valid in a wide Keynolds number range

of between 3000 and 3,000,00C. The calculacted friction
factor data from the vertical test section is presented in
figure 19 as a function of Reynolds number along with a curve
of the friction factor calculated using equation (35). The
+5% deviation curves are again indicated by dashed lines.
Since most of the calculated data fall within these deviation
curves, equation (35) can be used to represent the pure gas
vertical test section friction factor results. The differ-

ences between the friction factors of the horizontal ard™
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Figure 19: Variation of Friction Factor with Gas Reynolds Numbei
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vertical test sections can be attributed to the fact that

the horizontal test section is metal while the vertical

section is glass and each has different surface proper=-

ties. Another factor possibly influencing this difference

could be the different location of the two sections, with the
vertical section teing closer to the gas-solids circulator.

In any case, the friction factor data obtained from each section
can be adequately represented by commonly used empirical
relations, namely equation (34) for the horizontal and

equation (35) for the vertical test section.

Anemometer Calibrations. - In order to determine gas veloc=

ities in suspension flow, a calibrated anemometer probe was
required. The calibration of these probes was carriecd out with
pure gas circulating in the closed loop system through the

use of the downstream pitot-static section. Since the
thermistor probe is very sensitive to the temperature of

the flowing gas, a number of curves of anemometer output
voltage as a function of fluid velocity at different temper -
atures was required for each calibration. A cross plot of
these curves was then made in order to obtain a single plot

of voltage versus temperature with fluid velocity as a
parameter. During the course of this study, five probes

were calibrated in this manner. The final voltage versus
temperature plot for probe #5 is shown in figure 20, A

typical curve of voltage as function of velocity at an arbitrary
temperature using probe #5 is presented in Appendix A. As

can be seen from figure 20, when the temperature increases
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the output voltage decreases at any given velocity, typical
of a thermistor type transducing element., At the outset of
this project it was thought that these probes could be made
with such an accurancy as to allow the calibration of one
probe to be within +1% of the calibration of another.
Calibration of each of the five probes, however, showed this
to be true for only two cases.

Orifice Calibration. =~ Orr (ref. 64) maintains that an

orifice is essentially unaffected by the presence of solids
and may be used to meter gas-flow rates in suspension flow,
In order to determine the validity of using an orifice to
meter gas flow rates of suspension an orifice calibrated for
pure gas flow is required. This was obtained by installing
pressure taps across the aiming orifice located above the
strain gage as shown in figure 9, and taking pressure drop
measurements for pure air runs using the anemometer to deter-
mine the air flow rates. Knowing the pressure drop across
the orifice and the air flow rate, orifice coefficients
were calculated (see Appendix A). The variation cf these
orifice coefficients with orifice Reynolds number is
shown in figure 21. As can be seen from the figure, above a
Reynolds number 20,000 the orifice coefficient is essentially
a constant of .63.
Open-Loop Calibration Results

In order to determine suspension loading ratios during

closed-loop operation the two phase flow meter was calibrated

using the open-loop system and experimental procedure previously
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described. During these open-loop calibration runs, which
were carried out with both pure gas and suspensions as the
wofking fluids, the centerline mass flow rate was varied
between 2,2 and 5.5. The suspension runs were made with
feeder rates between .25 and 14.5 gms/sec. achieved by
changing the setting on the BIF screw type feeder., The
data obtained were correlated in che form predicted by a
simple momentum analysis presented below,.

The strain gage reading cbtained from the two-phase
flow meter is proportional to the force which the fluid
exerts on the circular target inserted in the stream. This

force is equal to the time rate of change of momentum of the

fluid, so that

Vop & F= dmev, (16)
° —gr "

The fluid in this case is composed of both gas and solids,

therefore, equation (36) can be written as

or = Ky dmvy LRy dmovyy (37)

S 7oA (RIS AR G

de at
Expansion of this equaticn yields

. . Tener dv
Var = klwg 9%& + kzvp dgg + kym_

g + k7mp D (38)

Assuming cnat there is no slip between the particle and gas

(VP = Vg) and that the particles and gas are not accelerating,
k
\Y _ Kk, v_ [dmg + T2 dmpy s
ST = "1 g (at ET Ie (39
However,



and
dmp = wp (ol
t
so that,
; L
] klg (PgVA+k2 Wp) \l.Z,
1
Rearranging equation (42) by multiplying and dividing each
part of the right hand side by ?g gives
2
st = KA G20+ Ky €g%"p (43

eg | 1\g
Assuming the density of the gas to be approximately constant,

equation (43) can be rewritten as

Ver = kl'?vg (Qvg) + kz'evg(wp) (44)
where
kl' klA and k2' = »kzn
1
Cg “10g

Since the area of the target does not occupy the entire flow
area of the tube, it is entirely possible that the relatron
between VST and the mass flow rate of gas and solids iz neox
linear so that an equation of the form,
Ver = Kyt Py (Pu? v i (pud)” (s

may be expected.

>In order to facilitate the calibration of the meter,
equation (45) was modified in terms of centerline velocity
as follows

‘ b (46)
" iy (6 D
V k pv Qv )& 4 <5 f‘c&d )



where

—— 1 + a TV e J ¥
kl - kl (08) aﬂd kz e ;-8 kz

The pure gas (WP = 0) strain gage output was plotted as
a functisn of the centerline mass flow rate in figure 22.
According to equation (46) when log VST is plotted as a
function of log Ve with Wp = 0, a straight line should
result with slope 1 + a and an intercept (gvc = 1,0) of
k1”° The log plot of Vgpy versus P v, shown in figure 23
indicates that a = .808 and k1" = ,0128. A typical readoat:
from the Brush recorder for Vgop is shown in figure 24,

The suspension data were treated in a similar manner with

equation (46) indicating that an arithmetic plot of Von = Vopo

versus Vv, should yield a family of straight lines passing

through the origin with a varying slop: equal to k," .

This is illustrated by figure 25. The value of kg” and b
are readily obtained by plotting the log =f hETnvqTQ/
versus the log of wp' i1s shown in figure 2¢. It was inter-
esting to note that the slops b was equal to 808 exactly the
same value as obtained from the pure gas results. Subsfituting
the values of the experimentally determined constants, equation
(46) can be written as

Ver =

Since the ratio of the particle flow rate, wp and the gas

mass flow rate ,BQVCA is the calibration correlation in terms

of M is

V ~ '\.1 o 2 35

.0217 ((JVC.:

_ r D - L,590 PR

wr

, . y . 808 P v o
.0128 (PVC) (Q‘C) SVO L 0155 £V (vp) 308 L4770
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Although technically only valid for the 3gp“partic1e5’thi'

O]

correlation was used to determine loading ritios for all the
glass particles studied in this work. Recorder oﬁtputs for
two cases of strain gage output, one each for high and low feed
rates, is shown in figure 27. The pulsing observed on the low
feed rate sample ocutput is a result of the feeding character-
istics of the screw type feeder, Whenever pulsing was obtained
an average value of strain gage output at any given point was
used to determine the solids loading.
Closed Loop Results
During closed-loop operations with a suspension as the

working fluid, mass flow ratios, friction factors for both
vertical and horizontal test sections, centerline and percent
turbulence as well as orifice coefficisnts were determinad.

In addition, a photographic analysis using the pyrex secrion
preceding the horizontal test section (see fig. 6) was

performed for representative Reynolds number and lcading

3

ratio conditions. Particie size distributiocn analyses were .

s

also made on representative particulate samples both before
and after circulation through the loop. The results of each
of the analyses and expzriments mentioned above are presented
separately in the following sections.

Mass flow ratios. - Loading ratios were determined by use of

the two-phase flow meter previously described aleng with the
open-loop calibration represented by equation 48, 3Samples
of the flow meter output for closed-lcop operation are shown

in figure 28. Velocities were obtained from anemometer
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readings using calibrated thermistor probes. Curves of loading
ratios as a function of weight added to the system wers
obtained for the five particle sizes at each of three different
Reynolds number ranges. These curves are presented in

Ry

figures 29 -~ 37. The data from which the surves wers faired

is also indicated in each figure. As can be ssgen from the
figures, with the exception of the 980 glass beads {awg D_~ 10

2ll of the curves are rvoughly S-shaped. Focr mach parvicls
size a comparison of the plots for the three diifevrent
Reynoids numbers indicate that the higher tle Reynolds number
the higher the loading ratio ar any given weight added %o

the system, This effect is mere pronounce:d as The weight

added to the locp is increased, This phencmena s exp ainsd
by the fact that a larger percentage cf particles are enbrained

by the gas when its velocity is high as compaved "o when v
is low., A lower air welocities it is more likely =0 have
partizles caught in the compressor, =lbows or other seciions
of the system, or coating the loop. It should also be poived
out that particles will vemain in suspensicn at higher
concentrations for higher air velocities This accounts for
the decresasing magnitude of the flattened upper pcrtion of
the S-shaped curves with decreasing gas Reynolds number
for each particle size,

The shape of these curves could be explainad on the
basis of differing interacting =ffecus. [he lower porziocn
of the curves is less steep and indicaten that a small

percentage of the particles added to the system are
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actually circulating. For larger particles (Dptﬁ 50 4 and 30~ )
this effect is less pronounced than for the smaller particles
(#279,981, and 980) and is primarily due to the particles
accumalating in irregularities of the loop. For the smaller
particles the effect can also be attributed to their
cohesiveness whicn initially makes them more difficult to
circulate and possibly indicates « tendancy for thece particles
to coat the loop (although thie was not visually observed
except for the smallest size gilass beads).

The steep portion of these curves appears to occur
after the surface irregularities are filled and after cohesive
forces are no longer sufficient to prevent additional
particles from being circulated. The steepness of thi=s
portion of the curve depends on the particle size, The
smaller particles being more easily envrained by the flowing
gas show a steeper slope than the larger particles which are
not as easily carried by the fluid.

After this steep portion, the figurss indicate a
second flattened part in the curves. In this region adding
more particles to the system does not appear to significantly
increase the amount of circulating material. This area of
the curve is a result of particle sedimentation, so that
as particles are added other particles settle cut at
approximately the same rate. This sedimentation can be

the particles, as the

n

partially attributed to the si o

g
[¢]

50t particles exhibit this second flattened portion of

the curve at the lowest concentration for the highest



Reynolds numb=r., However, since thisz flattening out cocurs

at approximately the same loading ratio for the other particliec
and since at the lower Reynolds numbers the smaller particles
exhibir flat portions at the same or lower concentrations

than the large particles, a more compiicated explananion is

1+

i)

indicated. The cchesiveness of the fine particles almo:
cartainly will tend to cause sedirentaricon at lower
concentrations than would be otherwise expected. Further-
more, the lower the gas velocity, the more 1mportant the
cohesive force since reentrainment in the fluid stveam become-
more difficult. The visual observations through the pyrex
viewing sections of the loop indicated when aziumulevion

of particles at the bottom of tThe horizontal secticon ~oured.
Concentrations at which this "salting cut’™ wag wisually
observed are indicated by verti.a! dasbed

29-37, It should be noted that sedimentazicon was comewhat

difficult to see for the large particles <ue ©o wihger oma i
volume at the incipient poinc of AU . Smalie

particles presentec = diffevent problem «n tnat since thoe

flow appeared very thick even at relativelwv low concentraticn

1]

(due to the large number of dispersed particlies , it was
difficult to se= particles at the boctrom of the pyrex section.

.
TN rvaltLlons

For any given particle size, the

indicate that particle accumulartion begins at lower

concentrations for the lowsr Hevunolos
unexpected since the carrying capac:.cr o7 Tne Diuld i3

reduced when the gas velocity is decreased. The ~Ug+

ta
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particles wé;e not observed to ''salt out' at the concentrations
and Reynolds numbers considered in this investigation. It
was observed, however, that although these particles did not
accumulate at the bottom of the tube, they did exhibit what
has been described as "bouncing flow' (particles are transported
by bouncing along the bottom of the tube) through many of the
runs. Furthermore, these particles also visually appeared
to be flowing in a somewhat ''segregated' manner with a
higher particle density appearing at the bottom of the tube
than at the top.

Accumulation of the 3@}& particles visually appeared to
occur at loading ratio of about 0.7 for the lowest Reynolds
number range ( (Re)g = 13700) and approximately 1.0 for the
middle Reynolds number range ( (Re)g = 17500), No accumulation
was noted for the high Reynolds number runs ( (Re)g =25,500),
although the "bouncing flow'" and ''segregated' flow phenomena
were evident.

The #279 glass beads were found to accumulate at all
three gas Reynolds numbers, as indicated by the figures.
However, ''segregated" flow was not noticeable by eye
although some ''bouncing flow' was observed for high
concentrations in the lowest Reynolds number runs.

The #981 glass beads appeared to behave almost identically
to the #279 beads. Accumulation of particles for the two
lower Reynolds number conditions occured at about the same
concentrations. No accumulation was observ=d at the higher

Reynolds number for loading ratios up to approximately
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1,9; accumulation for the #279 beads at this Reynolds number
was observed at a loading ratio of 2.1. It should be pointed
out, however, that no signs of either ''bouncing' flow or
"segregated” flow were visually observed for the #981 beads
at any of the flow conditions considered. The 980 glass
beads were found to be the most difficult glass particles to
work with. Because of their extremely cohesive nature they
began accumulating at the lowest particle concentrations for
all Reynolds number conditions. They were also difficult
to remove from the loop during clean-out. Accumulation or
coating was observed in both vertical and horizontal sections
and was of a different nature than observed for the larger
particles. It appeared that this accumulation was quite fine,
covered large areas of the tube and had a dendritic type
structure, A photograph of this phenomenon will be presentad
in a later section of the dissertation.

The #980 glass bead were also found to be affected by
the moisture in the air. Figures 36 and 37 show the difference

in concentrations obtained when the same amount of #980 glass .

beads were added under different conditions of room and
particie moisture content. In the condition labelled "high
humidity'" the 980 particles were exposed to room air for
approximately two weseks and the experimental runs were made
on relatively humid days. For the condition labelled 'low
humidity'"; runs were made with fresh #980 glass beads on

days of relatively low humidity. As indicated by the figures

the higher moisture content caused lower concentrations for
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any given weignt of particles added at all Reynolds numbers.
As can be seen from figure 37, no particle flow at all was
obtained for the lowest Reynolds number run.  However, no
difference between friction factor data for the high and
low humidity runs was observed at any given loading ratio.
The fact that humidity affects the number of small particles
flowing through the system but noc the frictional pressure
loss associated with a given loading ratio for these
particles, further indicates that the cohesiveness of the
smaller particles rather than gravitational forces is the
primary factor in determining the concentration at which
accumulation occurs at any given gas velocity. It should
also be pointed out that data for the #980 glass beads were
not obtained at higher loadings due to the fact that at
higher loadings than shown in figure 36 and 37, clogging

of the pressure taps in both the vertical and horizontal
test sections occured.

Friction factors. - Friction factors for both the vertical

and horizontal test sections were calculated using measurements
of pressure drop, inlet static pressure, centerline velocity,
temperature and loading ratio. The calculations were
performed by using the incompressible flow equation for
friction factor based on the density of the pure gas. This
equation may be represented by

zgcAPfD

v — X .
fs v 2 L (49
g 8




12%.
where
APf = AOFgpe = APy - APa (501
with £>Pm = measured pressure drop corrazcted for length

c
of manometer leads in vertical section.

ALPh = gravity pressure head in vertical test section.

ASP; = acceleration pressure losses.
In these closed loop experiments che pressure loss across
each test section was very small compared to the static
pressure and the flow was essentially isothermal in nature sc
that Akfg_was found to be negligible. The gravity pressure
head is a function not only of the gas properties but the
solids loading as well and can be described as

AP = (1 + m )L 6% (512

The corrected measured pressure drop is the measured pressure

drop plus the head of air in the manometer leads betwesn

the pressure taps in the vertical section,

APmc = &Py 7 Leg (52)
so that for the wvertical section
OPe =Py - ME, L (53)
In the horizontal test section the gravity pressure head
is zero and Zlec = Zst so that
m

The gas densities used in the calculation for the friction
factor in each test section were corrected for the average
static pressure across the test section. Méasured values of
the static pressure at different centerline velocities are

presented in figure 38 for the horizontal test section and



T
‘.w b
SHIE
M @
i H I ASEEEIEE
EAbrdgis P e L EREAIRRE
: o O R
: o o _ H IS
A SR I | I -
T : ) R i L
U o it i
% m M el
Q 1t L
—~ o o Gt
o m
FS I | [} 3
S PR e
Q © o
N BN
e =R
& 4 adl
o o 1l T
o O T
gy B e i HEn
o A du ik
3
THHHHD @ @ JJiH ] i
! QO @ »nii
Hif = M o dn i L
E ik P 3 A :
g4 @ o .
S o : M
Hi H 0 @ HHEE :
i 3 a r h e i B
> oa W SATHETH
o.o. i | »
HETH
1l + S
: m i {H Wi
) Eanlhii] SHHE
.. i ] 1| L L {1} I 1 ] -+ ¥ 4 4 _, .‘“
T - st st el il ST HEH L |
ar i AHINE i i !
H L,;. taeitioh 4. L,. H .. HipHn o ST SRR .M Hh gas
R R I T TR RATHE R SRR i
A e e g D L R T it (2%e3°34 sanssaxd 273®3aS
114 I H 1 Nuwnha 3 - pay gge gty o . "
i B ; mﬁ,ﬁmﬁ@? R
«~t

JOE
o3

2
2

2

2

2.1

.0

2

1

8

1

o7

1

o o~
L] L] [ 2 [ ] . L]

«i - -

'O ¥IS63 W TiIS44NAN
*4°8°0 N1 3avH WD ST X 81 .4
£1S1 9 YILIWILNID 3HL OL Ol X O1 Uy#l




figure 39 for the vertical test section. The velocities
required for the calculations were determined from centerline
velocities measured on the anemometer, multiplied by .8 and
corrected for flow area and pressure differences in esach test
section, assuming constant gas mass flow rate through the
loop.

In order to present the resuits for each test section
in a convenient marrnér9 the calculated suspension friction
factor based on equation 12 was divided by the appropriate
pure gas friction factor for esach test section. Equation
34 for the horizontal section and equation 35 for the
vertical section. This fric. ion factor ratio was then
plotted as a function of solids loading ratio for the case
of either the horizontal or vertical test section for each
of the five ©particle sizes and each of three Reynolds number
ranges. These plots are shown in figures 40 - 64, Curves
indicated on the figures were faired by eye to represent the

data points on each plot.,

Figures 40 and 41 are plots of the 50/0 particle data
for the horizontal secition. As can be seen from the data
there is an increases in the friction factor ratio as the
loading ratio is increased for each of the Reynolds numbers;
the increase at any given loading ratio being greatest for
the lowest Reynolds number and least for the highest Reynolds
number. Figures 42 and 43 are plots of the 50, particle
data for the vertical test section. These plets indicate a

large decrease in the friction factor ratio as loading ratio

31,
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1s increased. This 'drag reduction'" is found to be grzatesrt
at the highest Reynolds number and smallest with the lowest
Reynolds number. In other words, the lower the Reynolds
humber the higher the friction factor ratio for both the
vertical and the horizontal test sections. Figure 42

also indicates that at the higher Reynolds number the ''drag
reduction' appears to have an infiection, perhaps indicating
a tendency to reach a minimum. Figure 44 is a composite of
the curves drawn thrcugh the data for the six different
conditions studied using the 504 particles, and clearly
indicates both the difference between the horizontal and
vertical test sections as well as the Reynolds number effect
in each section.

-The results obtained using the 30 4. particles are
indicated in figures 45 - 48 and appear to exhibit similar
trends as the 50 4 particles, with less drag increase in the
horizontal test section but slightly greater '"drag reduction"
in the vertical section for the highest Reynolds number
condition. Figure 47 also indicates a slight inflection in
the friction factor curve for the highest Reynolds number
in the vertical test section. The Reynolds number effect is
perhaps most dramatically indicated by figure 49 which is a
éomposite showing the curves representing the three different
Reynolds number conditions in the horizontal and vertical test
sections using the 30 .. glass beads.

The results of the friction factor study using #279

glass beads (approx. avg. Dp = 25/4 ) are shown in figures

142,
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50 aﬁd 51, he figures, representing the results in the
horizontal test section, indicate that although 'drag
reduction' is obtained at the two lowest Reynolds numbers
this decvease is conly 18% maximum and there is actually a
slight drag increase for the lowest Reynolds number condition.
The results with vhe vertical test section shown in figures
52 and 53, again indic=te '"drag reduction" but.not to the
extent indicated with the larger particles. No inflection
point is exhibited in the vertical test section results but
an inflection point and a minimum friction factor ratic seem
to be shown for the two highest Reynolds numbers in the
horizontal test section, These results are more clearly
illustrated by the composi te for the #279 glass beads shown
in figure 54, |

Figures 55 - 58 indicate the friction factor results
obtainea using the #981 glass beads., The 3M Corporation had
indicated that these beads have an average diameter of
approximately 15, howevor, subseguent analysis using a
Coulter counter has indicated that these particles have a mean
diameter of approximatsly ZOfpwith a somewhat different size
distribution than the %279 glass beads. These particle size
analyses will be presented in a later section of this
dissertation. In view of the fact that the #279 and #981
particles have zpproximately the same mean particle size
it is not surprising that the results in both the horizontal
and vertical test sections as indicared by figures 50 - 53

and 55 - 58 show the same general trends and are approximately

'P...i.
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the same in magnitude. The lone exception to this agreement
appears in the horizontal data at the lowest Reynolds numbeér
where a slight drag reduction rather than a slight drag
increase is shown. This could be attributed to the fact that
the #279 glass beads contain more large particles than thn
#981 glass beads. This could also be the reason that all of
the horizontal test seciion frict.on factor results are very
slightly lower than the corresponding results for the #27Y
glass beads. The results for the three diffevent Reynolds
numbers and the two different test sections are inuwrnated
in figure 59, The figure also shows that at any grven
loading ratio the '"drag reduction' is still somewhart gresitzr
for the vertical test section than the hovizontal test
section for all Reynolds numbers,

The smallest particles used in this investigation were
the #9380 glass beads (average Dp approximately equal to 103,
The friction factor results obtained using these particles
are indicated by figures 60 - 83. The figures show siight
"drag reduction' for all Reynolds numbers in both the.-. . e
horizontal and vertical test sections. The results also
show that the friction factor ratio for both the horizontal
and vertical test secruions are nearly identical for these
very small particles (see figure 64),

In order to show more clearly the effect of particle
size on the friction factor ratio, two additionel composites
have been prepared. The composites shown in figures 65 and

66 represent the results of friction factor ratio as a
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However, he predicts that if the particles are coarse so that
the relaxation time is relatively large, then the suspension
has a stabilizing action (the particles cause a higher
critical Revnolds number and less frictional pressure loss).
In other words, the finite slip velocity betwesen the
particles and the gas causes energy to be extracted from the
turbulent eddies resuliting in a smaller frictiornal dissipation
at the wall., As indicated by Soo (refs. 38, 45! this energy
extraction would be especially prominant in the vicinity of
the wall where the velocity of the particles greatly exceeds
that of the gas.

From Satfman's anal ysis it would be expected that the
larger particles which lag behind the turbulent fluctuations
of the flowing air but follow the bulk motion of the air will
yield higher 'drag reduction’ than smaller particles which
to some extent follow the turbulent fluctuations of the
fluid. The fact that the 50f~ particles yield slightly less
drag reduction tran The BOfpoarticles i the vertical test
section may also be explained on the basis of Saffman's
analysis. According to his model, for a relaxation time
very much greater than the characteristic time scale (particle
sizes much greater than those required to obtain the
characteristic relaxation time) increasing the size of the )
particle lessens the stabilizing effect. At the gas Reynolds
numbers studied in this investigation it would appear that
the 304 particles yield the optimimum velavation time since

both larger and smaller sized particles result in less "drag
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reduction"., alithough not verified experimentally, Saffman's
theory would predict higher friction factor ratios for
particles larger than 50,

The results for the horizontal test section cannot be
fully explained on the basis of the theory presented above.
The reason for this is apparantlyw due to gravitational effects
which cause the particle number gensity to vary across the
tube and not remain constant as required by Saffman's analysis.
As the particles become smaller, their sedimentation velocity
decreases, hence decreasing the téndency toward "'segregated
flow"” resulting in the friction factor ratios for the two
sect:ions to approach one another. The fact that the smallest
particles used in this study yielded essentially the same
results in the horizontal and wertical test sectioné further
confirm this theory. With the larger (50 p» & 30pa) particles
a drag increase was observed in horizontal flow which may be
attributed to the observation of '"segregated flow'" to such
an extent that many of thes particles were transported through
the horizontal sections in "'bouncing flow'. This "bouncing
flow'" causes additional frictional pressure drop and in view
of the fact that the cross~-sectional density of the particles
is not uniform and, therefore, the upper portion of the
horizontal sections are less affected by the particulate
flow, the net result is a drag increase for these larger
particles. As the flow becomes more dispersed (smaller
particles) the ''segregated flow" is minimized, hence '"drag

reduction'” results. An interesting conclusion which may



be drawn frow this investigation is that in a 7/8" tube the
maximum "'drag reduction'' in the horizontal section may be
obtained with 10ux avg, diameter particles since for particles
below 104+ the relaxation time would be smaller and "drag
reduction” would decrease; whevsas, for pavticles above 10+
"segregatad flow"” would tend to rause an increase in drag.
Photographs showi:y ilwe rroo o Flow pattecns of the
particles under varying condivions of loading and Reynolds
number appear to confirm the faot that the smaller particles
respord to the turbulent fluciuations of the fluid to a

greater extent than the larger particles. The photographs

also show segregated flow in rlw» horizontal pyrex section,

These results will be presonisd wn detail in a later -
section of the dissertation.

Ovifice Coefficient. - By we.ous Uing the pressure drop across

the orifice and assuming an ave: velocity of .8 times

the centerline welocity measursd by Lhe snemometer, orifice
coetficienits were caleuloves o wll ol vhe olosed loop
runs at different particis loading railos and Reynolds
numbers. The results »f these calculations are plotted on
figure 67 along with & curve representing the orifice
calibration obtained with pure air as the circulating fluid.

Dashed curves representing a -+ L0 devistion from this curve
are also shown. Since very few data points fall outside of
these dashed curves it appears et e vrifice coefficient

calibration was not affected by ths wrao»oce of particles

in the flow stream,
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The data points which fell outside the + 5% deviation
curves were examined and no clear cut trend could be discerned
with regards to particle size or concentration. Therefore,
it would appear that these points are the result of experimental
inaccuracies in either the velocity measured by the anemometer
or the orifice pressure drop or a combination of both.

The results of this study therefore, seem to confirm
Orr's contention (ref., 64) that a properly calibrated orifice
can be used to determine gas mass flow rates for dilute
suspensions.

Turbulence measurements. - Measurements of the percent

turbulence at the centerline position of the tube were also
made for closed loop experiments with both pure air and
suspensions using the thermistor probe previously described.
In order to obtain useful turbulence data from these
measurements it is necessary to relate the D.C, voltage and
the root mean square readings from the anemometer to the
bulk velocity ( U } and the RMS value of the welocity
fluctuations in the direction of mean flow, Jﬁji,o This

can be obtained from the velation between the velocity and
the D.C. voltage for the Disa anemometer unit which is:

2 o 2
Ve = VO

= pu" (54)
where B and n are experimental constants and U is the point
bulk velocity. Therefore, assuming u is small compared to

the bulk velocity, U we obtain

i Lo a2k
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From the anemometer calibrations previously performed it was
found that the relationzhip between wvelocity and voltage was

i

in agreement witn King's law (see Appeudix A) and n= .5,
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so that —
u? ~4V1/ v2 (61)

T = =
0 (92 - v )

and the percent turbulence is simply 100 I.

Another method of relating the root mean square and
D.C. voltage to the relative intensity of turbulence is by
point to point calculations. In this procedure; the
calibration curves for each probe at each temperature are
used. The RMS voltage is divided by the slope of the curve
at the recorded D.C. voltage and yields the RMS fluctuating
velocity. This fluctuating velocity is then divided by
the value of velocity obtained from the anemometer calibration
at the recorded D.C. voltage so as to obtain the relative
intensity of turbulence, Values of I obtained using this
method were compared with those from equation (61) and
agreement to within 5% was found between the two approaches.
In this investigation the values of I reported are those
obtained using equation (61).

The pure gas turbulence results obtained in the downward
vertical leg of the loop with the probe in the centerline
position are presented as a function of gas Reynolds number
in figure 68, As can be seen from the figure, an increase
in Reynolds number results in a decrease in the centerline
percent turbulence. This trend is consistent with the results
of other investigators with both air (ref. 65) and liquids
(ref. 66). The explanation of this phenomenon appears to be

that as the Reynolds number is increased the thickness of the
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laminar sublayer is décreased and more turbulence occurs in
the vicinity of the wall resulting in a lower percent
turbulence in the center of the tube. As the velocity decreases
the laminar sublayer becomes thicker and the turbulence in
the core and at the centerline increases.

The magnitude of the percent turbulence found in this
study, however, is substantially lower than that reported
in previous investigations. This is apparantly due to the
fact that the turbulent structure recovery after any obstruction
requires a longer length of undisturbed tubing (L/D = 150
(ref. 67)) than was available in this investigation. An
insufficient length to diameter ratio for turbulence.
measurements results in lower values for the percent tur-
bulence in the stream. However, since the trend of the data
appear to be correct, a reliable estimate of the effect of
particles on the relative intensity of turbulence can be
obtained by using the ratio of I with and without particles
at any given gas Reynolds number.

Figures 69 - 73 represent plots of the results for the
ratio of relative intensity of turbulence with and without
particles (Is/Ig) as a function of suspension loading ratio
for the five different particle types studied. The data
for each particle size are plotted using three different
symbols each representing a different Reynolds number range.

As can be seen from the figures, no Reynolds number effect
is discernable in the Reynolds number range investigated

here.
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Figure 74 is a composi te of the curves faired through
the data in figures 69 - 73. From this figure it is clear
that for all particle sizes the relative intensity of
turbulence increases as particles are added to the fluid.
This is consistent with the model proposed by Saffman,
since removal of energy from the fluid by the particles in
the vicinity of the wall would result in a thickening of the
laminar sublayer and consequently an increase in the
centerline intensity of turbulence.

These trends are also observed for liquid drag reduction
and are also attributed to build up of the laminar sublayer
(ref. 68). The magnitude of the increase appears to be
indicative of the amount of drag reduction obtained for each
particle. The figure shows that the greatest increase in
turbulence is obtained with the 30 g~ particles followed by
the #981, #279, #980, and 50 a4~ particles. With the ex-
ception of the 50, particles, this was the relative order
of the magnitude of drag reduction observed on the vertical
test section. The fact that the relative intensity ratio
for the 50, particles is somewhat lower than would be
expected on the basis of the friction factor data cannot be
explained.

Unfortunately, turbulence measurements could not be
made in the horizontal test section as well as in the vertical
test section due to a combination of instrumentation, space,
and time limitations. Such information would be useful for

a clearer understanding of the ''drag reduction'" phenomena.
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The fact that no Reynolds number effect was discernable
for the centerline turbulehce results; whereas a Reynolds
numbgr effect was clearly evident with the friction factor
data appears to be due to the pure gas relations for these
results, The friction factor is somewhat dependent on
Reynolds number (see equation (34)) even for the pure gas
case; whe reas, the relative intensity of turbulence at the
center of the tube is almost constant for the pure gas
in the range of Reynolds number studied (see figure 68).

It is therefore not surprising that no Reynolds number
effect on the centerline percent turbulence was noticed
in the relatively narrow Reynolds number ranges investigated.

In an effort to obtain additional information on the
effect of particles on the flowing gas, gas velocity profiles
were taken using the anemometer probe. Velocity profiles
could not be made with the downstream pitot static section
due to persistent clogging of the impact tube. The shape
of the anemometer probe prevented measurements of velocities
in the vicinity of the wall so that measurements could only
be made between 0 $§~§~ < .6 . In this narrow range the

o
gas velocity profile appeared to be slightly flatter with

the suspensions than predicted by the -%-th power law for
gases, These velocity profile data, however, are considered
to be somewhat unreliable due to difficulties experienced
in positioning the probe and the length of time required for

each traverse which caused a large temperature change during

the course of the experiment. These data are therefore not

180,
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presented in this dissertation.

Soo et al. (ref., 25), Peskin and Dwyer (ref. 22) and
McCarthy and Olson (ref. 28) have repérted little or no
effect of particles on the gas velocity profile. Their work
in addition to the orifice results obtained in this
investigation (which were based on an average velocity of
-8 vc) seem to indicate that the total velocity profile
is relatively unaffected by the presence of particles,
although a more intensive investigation of the gas velocity
profile in the presence of particles appears to be called
for.

Gross_flow photography. - Photographs were taken during some

closed-loop suspension runs so as to illustrate certain
aspects of the flow patterns of the suspensions. These
photographs wexe taken in the horizontal photographic section
shown in fig. 6. A relatively large depth of field was used
when taking these pictures so that gross flow patterns
could be observed. An Edgerton flash with a .5 microsecond
duration was placed below and aimed at the photographic section
so that the high speed flow patterns could be frozen.
Photographs taken by this procedure of the five
different particle sizes under various conditions of flow and
loading are shown in figures 75 - 79, For each particle
size photographs for both the highest and lowest Reynolds
number range investigated are presented. For all particle
sizes except the #980 glass beads three different loadings

are illustrated by the pictures. Only two different loadings
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;.FigunéL75:§Grbssmflaw photographs 0£ §949fparticieé;
... (Re)g. = 25225 ; (Re)g = 14300

a) Loading ratio = ,12

k) Loeding ratio = ,02

i

¢) lLoading ratio = ,46 d) Loading ratio = ,22

e) Loading ratio = ,79 f) lLoading ratioc = ,52
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(Re)g= 25250 (Re)g = 13675

¢) Loading ratio » ,50 d) Loading ratio = ,45

e) Loading ratio = 1.44 £) Loadinr ratio = .66

Figure76 ; Gross flow photographs of 30 4 particles.




(Re)g? 25925 185.

e) Loading ratio 5.1.82
Figure 78: Gross flow photographs of #981 Glass Beads.

"f) Loading ratio




a) Loading ratio = .14 ‘ b) Loéding ratio = .04

QEigunal77§ GrQSsjfiéw phbtoéiaéhs of #279 Glass Begds.,
' ;'(Re)g = 14400

o

d) Loading ratio = .3

Loading ratio = 1.91°

f) Loading ratio = .54
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(Re)g= 27675

Segpe

a) Loading ratio = .20 b) Loading ratio = .01

¢) Loading ratio = .74 d) Loading ratio = .10

Fig&re 79: Gross flow photogi'aphs of #980 Glaés’ Beads.
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conditions at each Reynolds number are shown for the #980
particles. The case of no loading in the loop is shown by
figure 79e and can be used for the purpose of comparison.

| By comparing the photographs for the SOﬂ_andNBQpb
particles (where drag increase was observed in the horizontal
section) to those for the smaller particles, certain flow
differences seem evident. Whereas, the 50 and 30 mparticles
do not appear to be following the turbulent fluctuations
of the fluid to any great extent, the smaller particles show
wisps of particle eddies indicating that they are more closely
following the fluid flow. The #1980 glass beads shown in
figure 79 appear to have the greatest number of these eddies
as well as the smallest size.

The '"segregated' flow phenomena is shown by figure 76
for the 30 qr glass beads. In this figure, the uneven
distribution of the particlés with greater particle density
at the bottom than the top of the tube is clearly indicated.

By studying figures 75 - 79 it can be seen that this
effect diminishes as the particle size decreases. The
photographs for the SO/p glass beads are somewhat more difficult
to analyze due to the fact that the camera was at a slightly
greater distance from the photographic test sections when
these pictures were taken. Consequently, less detail is
evident in the photographs.

The type of coating or accumulation visually observed
for the #980 glass beads is shown by figures 79b & d. The

fine structure of the cocating and tendency to deposit in the



flow direction are also indicated.

The photographic results presented above were all taken
through a horizontal test section. Although'it would have
been desired to take photographs of the flow patterns in a
vertical section, this was not feasible due to severe space
limitations in the vicinity of the two pyrex vertical sections.

Particle size analysis. - The effect on the particle size

and shape of continuous recirculating through the gas-solid

circulator and the closed loop was also investigated during

the course of this study. Samples of particles which had

been continuously recirculated for”long periods of time were

collected in the sintered tube shown in Figure 6 and particle

size distributions were obtained by use of a Coulter counter.

In addition to these recirculated samples, particle samples

taken before circulation in the loop were also analyzed.

The results of these analyses are presented in figures 80 -

84, Each figure has two curves, one representing the initial

size distribution of the particles and the other showing

the effect of recirculation on this initial distribution.
Figure 80 shows the "before'" and "after' distribution

of what has been referred to previously as the 50jvparticles.

The analysis indicated that the true average diameter of

these particles before recirculation was approximately

59/p . It should be noted at this point, however, that

some difficulties were experienced with this sample when using

the same solution for testing as with the other samples. The

sample was therefore reexamined by the Coulter counter using

188,



A6 BO43R

EELITAY

CYCLES

%)

T PROBABILITY
X 2 Lec

7 co

. & ESSE

[

[ 289 Ea

Weight 7 coarder

)

arsize

n ( ov

tha

ize)

uncers

than (

eight % finer

[ER o

(SuocaDTH)

ezT

-
o

PT2TIB]

99.23

W
™

e

[l

0.2 0.5

0.05 - 0.1

0.01




43
A

€

he 30 4L-particles.

[

RN REENE RSN RSN

MADE fh N LA,

46 80O

I

20

B e g e

R

S

0 O S N

IR ERRE

i

KEUFFFEL & ESSER CO.

X 2 LOG CYCLES

PROBAEILITY

bl

TN

coarser than (oversize)

W=

L&

i

R e ]

Weight 7

il

t

— Before

™

~

oy
s
g

95

1G

70

60

S50

13

w

005 0.1. 0.2

0.01




&4 -

R ;]l._lluq..!::..lﬁ.(l!l.. ey gy

b2
(34}

a3
(5]

<

(53

praneir iy

R
o
v

L
6

ISR N NNk R

<~

rse

AEENEARE

Coa

1

&
1
10

a7
/o

L. - o
W ) g
g : . . LA J
¢ : B o 1. : P NP, S —

B
zh

b Lz

i

PROPASZILITY
X 2 LOG CYCLES
urreL
o
(9%

=

Weight 7 finer than (undersize)
20

LI AL
2

”.n
N

(N

!

0.5

0.2

2l

0.05

0.01.

o .




LT

bal

unde

{-
\

3

[ PSSP i

R

igure o

; 3
[ER% T3 | S0 RS )

ESSEE CO.

'F

i3

Weight 7 finexr than

HEUIFEL

(suoxoTs) B82S |[OTIaeRd




—i0

anc!.

for

tion

on before

ula

i
re

but
d locp reci

C Glass

{
a

[ PR S SN SO N S,

el e

.

?
;
t
wtl
i
t

ose

1

98

#

the

46 3043

MADL 11 WS,

LES

PROSABILITY
X 2 LOG CYC

Bl




194,
two other solutions. The results showed the same trend for
the size distribution but with mean particle diameters of
44~ and 46~ fr .

The "after" results for the 50 particles were obtained
from two different samples, each recirculated for approximately
the same length of time under similar conditions of particle
loading. These size distributions as indicated by the two
lower curves in figure 80 show mean diameters of 20.5-and
31, respectively. However, this in itself is quite a
deceptive statistic. The results from both samples indicate
that the distribution after recirculation has a double node,
one at a particle size of approximately 50x~ and one around
30p . This would appear to indicate that the observed
decrease in average particle diameter may not be the result
of attrition alone but may also be caused by contaminants
picked up during recirculation, Microscopic examination
of these samples also revealed the presence of smaller
irregular shaped, dark contaminants amongst the larger
spherical glass beads. A photograph of one of these samples
obtained using a metalograph 1s shown in figure 12b. Although
the photograph seems somewhat unclear, the larger particles
and smaller contaminants are visible, The figure also shows_
that the size of the spherical glass beads are approximately
the same as those before recirculation. Due to the irregular
shape of the contaminants and their dark color it may be
concluded that they are small pieces of the metal loop

(probably near the elbows) which have been eroded away and
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become part of the recirculating stream.

“ The effect of recirculation on the 30, particles is
indicated in figure 81. The figure indicates that the mean
particle size before recirculation is approximately 34 sr ;
whereas after recirculation the mean diameter is about
36 o » The fact that the size distributions appear relatively
close also seem to show that very little particle attrition
occurs for the 30 4 particles. Microscopic examination
revealed little or no contamination of the sample. The
metalography photographs for the 30/} particles, shown in
figure 13, also indicate that the particle sizes before
and after recirculation are roughly the same and show little
or no contamination of the usea sample.

Figure 82, which shows the effect or recirculation on
particle size for the #279 glass beads, reveals that the
average particle diameters before and after recirculation are
25ﬁpand 20p~ respectively., The size distributions also
indicate a slightly higher percentage of finer particles after
recirculation. This would tend to indicate that there is
some particle attrition although not very much, for these
particular samples. The metalography photographs for these.
particles shown in figure 14 do not indicate appreciable
attrition or contamination of the sample.

The size distributions for the #981 glass beads before
and after circulation through the loop are indicated in
figure 83, A comparison between figures 82 and 83 reveals

that the size distributions both before and after recirculation
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for the #981 beads are very similar to those for the #279
particles., The only difference appears to be that before
recirculation, the #279 beads have a larger percent of
-coarser material than the #981 particles., The mean diameters
of the #981 beads as obtained from the figure are ZO/band
18+ before and after recirculation, respectively. The
analysis indicates little evidence of particle attrition
or contamination of the sample. These observations can also
be made of the metalographic photographs of the #981 beads
shown in figure 15.

The smallest particles used in this investigation were
the #980 glass beads, for which size distribution curves are
presented in figure 84, These curves show that the average
diameters before and after circulation are 7 s« and 8.5 4,
respectively., The shape of the curves also indicates that
little or no particle attrition occured as a result of
recirculating these particles through the loop. There does,
however, appear to be some inconsistency between the results
at the coarser end of the distribution. The after sample
contains a larger percentage of coarse material as well as some
large particles. This is probably due to contamination of the
sample to a slight degree by recirculating through the system.
Metalography photographs of the #980 glass beads both before
and after recirculation are shown in figure 16. Although
the figures do not indicate any inconsistencies of the sample,
such contaminations would be difficult to see in a photograph

due to the relatively small number of large contaminants



required to effect the results reported using the Coulter
counter,
In conclusion it appears that particle attrition does
not occur to any large extent with any of the particles
tested, with the possible exception of 50 particles. However,
the particle size reduction for the 50 s~ particles appears
to be mainly due to erosion of small pieces of metal from
the loop by the particles and their subsequent addition to

the fluid stream.

1 9 ‘:. o



V. CONCLUSIONS

198.

A closed=-loop system capable of continuously recirculating

gas-solid suspensions has been built,

measure pressure drops, gas velocities; turbulence intens-

ities and particle concentrations with the aid of a solid

state anemometry unit and a specially designed and calibrated

two-phase mass flow meter. Five different sizes of glass

beads were studied during the investigation at three dif-

ferent gas Reynolds number ranges for both a vertical and

horizontal test section. From the results of this investi-

gation the following conclusions can be rearhed:

10

'""Drag reduction' does occur with gas-solid suspensions

for both horizontal and vertical test sections.
The results from the horizontal section in the
leading ratio vange wup to 2.5 indicate that the
"drag reduction' is greatest for the smallest
particles (approximately 20%)., Drag increases

of as much as 40% were noted when the two largest

size particles were circulated.

3. The vertical test section results for the same

loading ratios indicate that "drag reduction is
at an optimum for the 30pmparticles (approximately
75%)and that the amount of drag reduction decreases

for the larger or smaller particles,

4, Except for the smallest particle size, the friction

factor results for the vertical section were always

lower than the horizontal section. For the smallest

This system was used to



50

70

10.

particles the magnitude of the friction factor ratios
in both sections was essentially the same.

The friction factor results for the vertical section
can be explained by an analytical model proposed by
Saffman (ref. 47) which indicates that due to the
relaxation time of the particles, energy is extracted
from the fluid stream instead of being dissipated at
the wall.

The horizontal results cannot be explained by this
theory because of gravitational effects which cause
"bouncing''and "'segregated" flo;-in the section.

At any suspension concentration the results from both
test sections indicate that the lower the Reynolds
number the higher the ratio of suspension to gas
friction factor. 'his Reynolds number trend has

been reported in many previous experimental invest-
igations, even with large particles.

This investigation is the first reported experi-
mental study in which a thermistor anemometer probe
was used for gas velocity determination in a gas-

solid suspension.
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Calibrations of these thermistor probes obey King's law

but are quite sensitive to temperature and are
therefore required at a number of different tempera-
tures.,

These probes do not break when placed in the gas-

solids stream even for very long periods of time.
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Periodic checks on the calibration, and a continual
check of the zero flow readings when working with
the suspensions, indicate that the probe is
essentially unaffected by the particles.

Orifice coefficient results based on anemometer
velocities for both purs gas and suspensions show
no discernible effect of particles. This confirms
previous contentions that an orifice plate may be
used to meter gas flow in gas-solids suspensions
and is further evidence that the anemometer is
essentially unaffected by the presence of the
particles in the loading ratio range studied.
Studies of the flowing suspension concentration as
a function of the weight of particles added to the
system indicate that the smaller particles are
initially more difficult to entrain and settle out
at smaller concentrations than the large particles.
This agrees with Soo's contention (ref. 45) that

the saltation velocity goes through a minimum with
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a decrease in particle size so that very small particles

actually require a higher velocity to keep them in

suspension than larger particles.,

Gross flow photographs of the horizontal test section

indicate that the smaller particles are more easily
dispersed in the gas and follow more closely the

turbulent fluctﬁations in the fluid velocity.
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14, The photogfaphs also illustrate the "segregated” flow
phenomena exhibited with large particle flows in the
horizontal section.

15, Measurements of the intensity of turbulence taken in
the downward vertical section of the loop for the pure
gas indicate that over a large Reynolds number range
the intensity of turbulence increases as the Reynolds
number decreases. The trend is consistent with
previous investigations and can be attributed to a
build-up of the laminar sub-layer at lower Reynolds
numbers,

16, The turbulence results, however, are substantially
lower in magnitude than those found in previous
investigations. This i3 artributed to an insuf.
ficient length of undisturbed tubing from the
orifice to the an&mometér probe (sze Figure 6).

The net result of this shall L/D ratio is a decrease

in the wagnitude of the centerline turbulence although
the correct trend with Reynolds number is still obtained.
Ratios of the relative intensity of turbulence between
the pure gas and the suspension should therefore reflect
the effect of particles on the turbulence.

17. Results from these intensity ratio data for the five
particle sizes investigated indicate that the percent
turbulence at the center of the tube increases as
particles are added to the system. This is consistent

with Saffman's model since extraction of energy from
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the fluid by the_pu:tiéles}in‘the vicinify of the wall

- would result in a thickening'of'thn laminar sub-layer and

18,

19,

20,

21,

" a consequent increase in the centerline turbulence,

The intesity of tqrbu1ence1resu1ts do not show a
diqqernible Reynolds humber effect at any loading
ratio for dny of the particles investigated. This

is prbbably due to the relatively small Reynolds
number rangé.studiedo

The centerline turbulence intensity ratio appears to
be an indicator of drag reduction since the highest
intensity ratio was observed for the 30y. particles
where the greatest drag reduction was also observed.
With the exception of the 50/~glass beads, the higher
the relative intensity ratio, the more drag reduction
obtained. .

Particle size analysis reveals little particle
attrition with all particles except the 50 micron
particles,

Particle size analysis of the 50 micron sample.after
recirculation in the closed loop, reveals that this
sample may have been contaminated by metal eroded

from the loop.
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VI. RECOMMENDATIONS FOKk FUTURE WCRK

While a great deal of new information has been obtained
from this investigation, there are still many unanswered
questions which should be resolved. For example: Will
drag reduction still be observed with particles larger than
50p in the vertical section? How important are electro-
static effects? Is there any difference between pressure
drop measurements taken in test sections of different materials,
€.g., glass or metal? What effect does particle size have on_.
the strain gage calibration? Wwhat effect does the mrticle |
material (composition, density,shape, etc.) have on the
pressure drop?

In addition to answering some of these questions it would
be very valuable to be able to measure both the gas and
particle velocity profiles in the tube. The gas velocity
profiles can be readily measured wi th our present anemometer
unit using a modified thermistor probe. Particle velocity
profiles have been successiully measured by McCarthy and Olson
(ref. 28) and others using special photographic techniques.

A knowledge of the slip velocity of the particles at different
radial positions in the tube in both the horizontal and
vertical test section is necessary to test the particle
stablilizing theory of Saffman (ref. 47) as well as to develop
a mathematical model to describe the experimenﬁal results.,

It would also be very desirable to have measurements of the
intensity of turbulence at different radial positions in the

tube especially in the vicinity of the wall,
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The effect of the particles on the turbulent energy
spectra would be important for the formulation ¢f « model.
This information could be obtained by use of a spectrum
analyzer in conjunction with the anemometer and the experi-
mental loop. Increasing the length of undisturbed tubing
prior to taking turbulence measurements would alsc give
more significance to the turbulence data obtained.

Photographs of the gross flow patterns in the vertical
test section as well as turbulence measurements in the
horizontal section would alsc further eiucidate the phenomena .
Several instrumentation additions would tend to improve the
accuracy of the data obtained. A linearizer which would result
in straight line anemometer calibrations and allow the percent
turbulence to be read directly would shorter data taking and
processing time as well as improve the accuracy of the data.
In view of difficulties experienced in positioning and moving
the anemometer probe when making traverses aéross the tube,
the development of an improved traversing system (preferably

automatic) is also necessary.
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VII. LIST OF SYMBOLS

Symbols Definitions$ Units
a constant defined by equation(46) dimensionless
A cross sectional area of tube (L2)
Ap parameter defined by equation<l8) dimensionless
b constant defined by equation (46) "
B experimentally determined constant
in equation (54) "
B, functioniof dimensionless group
Rep (Cp )2 (see equation ( 17% "
< drag coefficient "
Cp specific heat (Q/MT)
Cy orifice coefficient dimensionless
D tube diameter L)
Dp particle diameter (L)
f Fanning friction factor dimensionless
fB Blasius friction factor
= 4 x Fanning friction factor "
fg pure gas friction factor "
£ friction factor defined by equation (22) "
fp particle friction factor "
fS suspension ﬁriction_factor based on "
the suspension density
fs' suspension friction factor based on
the pure gas density "
F force : ( F)
Fp drag force ( F)
Fa function defined by equation (16) dimensionless

Fy Froude number "



List of Symbols (cont.)

Symbols

g
8¢

I
k

k1, k2

kl',
ki,
K

AP
DP
Opy
LDP

LFpe

k2!
k2!l

Definition$

acceleration of gravity

gravitational constant

mass velocity

convective heat transfer
coefficient

relative turbulence intensity

Von Karman constant

constants defined by equation (37)
constants defined by equation (44)
constants defined by equation (46)

modified Von Karman constant
defined by equation (20)

function of % defined

by equation (lif
length of pipe
mass

number of particles per unit
volume of mixture

experimental constant in
equation (54)

pressure
pressure drop
acceleration pressure losses

gravity pressure head in
vertical section

measured pressure drop

measured pressure drop corrected
for length of manometer leads

universal gas constant

210,

Units

(L/t?)

%)
(M/L t)
(Q/L%T)

dimensionless

1A)

e

(L)
(M)

dimensionless
(F/L%)
(F/L?)
(F/L?)
(F/L?)
(F/L?)

(F/L?)



List of Symbols (cont.)

Szmbols
Re

L g 13 ot

<

Ps

rms
rmso

ST

< <9 < < < 4

STO

on f3 ’0"Q =z <

&

Definition

Reynolds number

time

temperature

fluctuating velocity

point bulk velocity

bulk velocity

velocity

terminal settling velocity
anemometer D.C., voltage,
root mean square voltage,
initial root mean square velocity
strain gage readout

strain gage readout for pure
gas flow

no flow anemometer D.C. voltage
mass flow rate

density

bulk density

particle loading ratio

(Cp)p/ (Cp)_g ratio of specific
heats

microns
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Units
dimensionless

(t)
(T)
(L/t)
(L/t)
(L/t)
(L/t)
(L/t)
(volts)
(volts)
(volts)

(volts)

(volts)
(volts)
(M/t)
/L)

/L)

dimensionless

"

(L)
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List of Symbols (cont.)

Subscripts

S suspension
g gas

p particle
1 initial
2 final
avg average

f fluid
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IX. APPENDIX A
METHODS OF CALCULATION AND SAMPLE COMPUTATIONS
1. Pitot-Static Section Velocity Profiles.
Velocity data using the dJownstream pitot-static section
were obtained across the tube diameter at the following

positions:
Distance from tog inner tube
Position wall (inches

.031
071
131
.201
.301
YA
0581
.681
.751
.801
.841

1
HOoOVvoNOULERWRR

With exception of 1, 11 and 6 these are the positions
recommended (ref. 69) for a standard 10 point traverse for
obtaining average velocity in circular tubes. Positions 1
and 11 were used instead of those recommended because
the size of the impact tube precluded the possiblity of
measurement closer to the tube wall. Position 6 corresponds
to the center of the tube, within the accuracy of the
‘manual traverse used for positioning. Although measurements
at the center of the tube are not necessary for the standard
10 point traverse, these measurements were taken so that
the resulting velocity profiles could be compared with those
predicted by the 1/7th power law using the centerline

velocity.
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The data necessary to determine each velocity were the
pitot static pressure drop and the temperature of the

flowing air.

V= CpeV e (:ééf) A-1
where
€ = ,0808(_492 )
(460+T) A=2
and Cpty the pitot tube coefficient, was found to be unity.

A sample computation for obtaining the average velocity
from the raw data is presented below., Since the computations
at each position along the tube are essentially the same only
calculations for one position will be illustrated.

Data from typical run were as follows:

position ~ 6

o

T = ,935 mv = 74,25 F
? = ,0808 ( 492 ) = ,0744 1b

(534.3) 3
v = 8,03 [-AP
6744

[ree——

v = 29, 4V AP
The pressure drop was measured using three instruments:
an R, Feuss micromanometer reading mm of water, a movable leg
manometer reading in feet of water; and a hook gage reading
in inches of water, 1t was therefore necessary to convert
each reading into 1b/ft2o The instrument readings were:

a) Micromanometer, = AP = 16,75mm H,0
- &P = 16.75mm H,0 x .003281 f+ 2 62.2 Ip _ 3. 425 b
e T gt

N
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b) Movable leg manometer, - AP = ,0550 ft.of H,0, -AP =
.0550 ft.x 62.2.1b = 3.425 1b
2

fg§ ft

c) Hook gage, -AP = ,6635 in, H,0, -AP = .6635 in x

62.2 1b_ x 1 ft = 3.44 1b 2
ftg 12 in ft2
The velocities obtained were:

Micromanometer - v = 2904N[50425 = 34.4 ft_
se¢

Movable Leg - v = 29,4V 3,425 = 54.4 ft
sec

Hook Cage - ¢ = 29.4+3.44 = 54.6 ft
sec

Similar calculations were performed at the remaining ten
positions in the tube. These velocities were then plotted

as a function of tube position on arithmetic graph paper.

A curve was faired through the points to represent the

velocity profile., Representative values of the velocity

were then read from the curve at each radial positon (r)

where data were obtained. These velocities were then multiplied
by r. For the example under consideration, these results were

tabularized as follows:

Position T v vr
6 -0035 4.4 -190
7 01435 5l.6 7.40
5 «1365 52.8 7.23
8 02435 47,8 11.62
4 02365 4965 11.70
9 «3135 44,0 13.78
3 23065 45,7 14,02

10 «3635 39.9 14,50

2 03665 41,1 15.08
11 24035 34,2 13,79
1 4065 33.5 13,62
w 4375 0 0



An arithmetic plot of vr as function of r was then prepared
as shown in figure A-1,

The average velocity v is defined by
s
v =21 o Vr dx
Tr® A-3

so that upon substitution of 39375 for r_, equation A-3 becomes
v = 10.45 Jvr dr
'E (]
The valueévr dr was determined by finding the area under
the curve shown in figure A-1 by use of a polar planimeter,

for the example under consideration the area was 4.08. So

that,
v o= 4,08 {(10.45) = 42.7 ft
sec
and
i_ = 42,7 = ,788
Ve 5.4

2. Anemometer Calibration.

Five thermistor probes were calibrated using the down-
stream pitot-static section during the course of the invest-
igation. For the sake of brevity a sample calculatien for
only one probe at one tempsrature and one velocity will be
illustrated below. A typical calculation was performed as
followsﬁ

- DATA:
Probe #5 RPM = 13200
T = .95 mv = 75°F

&

ZSE;: 6.75 192 (after conversion from mm water)
ft

]

00743



PARRY I

ith

product vr w

| the

£

ion ©

Variat

1

A
A

e

.

ical r

1N,

7P

r for a t

ance

dist

AR

v

X

4
a

O3 ¥ESS3 W TIE4dN3EN
VS A KL AUYR WD 8T X &)
C1S1 O dILIWILINID JH1 OL 0 X O}

r....w..n.
==, rmnv,.w

=




218,

Vc =L/g;c‘ﬁPgt
€e
v, = ,[84:4_ (6.75) _, ft

C m 9.4 6.75 = 76,5 E_C_Cu

V = 6,065 volts

Vo = 3.745 volts RPM = 0

Data were calculated in a similar manner for all velocities
at a minimum of 6 temperatures between T = .90 and 1.20 mv.
A typical curve showing the relation between V and v, at a
given temperature is shown in figure A2. A series of these
curves for at least six different temperatures was then
crossplotted so as to obtain a curve of V as a function of
T with v c &8 a parameter (see figure 20), King's law for
flow around a cylinder would predict that the relation
between V and v, would take the following form:

vt - v % =By " A-4

for the anemometer unit used in this investigation. If this
were so, a plot of log (V2 - VOZ) as a function of log
Ve would result in a straight line of slope n. Such a plot
is shown in figure A3 for three different temperatures
using probe #5. As can be seen,the resultant curves are
three straight lines of slope approximately equal to .5 as
predicted by King's law.
3. Friction Factor and Reynolds Numher,

The gas Reynolds number and the Blasius friction

factor for the horizontal and vertical test seétions were
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calculated from the following equations:
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(Re)g = ¢ vD A5
2
£y = 28 APD
962 L A-6

where E’ij;the average gas density, v is the average velocity
through the test section, and D and L. are the diameter and
length of each section respectively. The average velocity
was obtained by one of three methods. .If a velocity profile
was available, the average velocity calculated as outlined in
section A-1 was used., If no velocity profile data was avail-
able, then a value of .8 v, was used. The centerline velocity
was obtained either by the anemometer probe in the downward
vertical section or the pitot-static section in the lower
horizontal portion of the loop. With either method cor-
rections for static pressure difference in the horizontal
sectlion and both static pressure and diameter differences

in the vertical section had to be made. Since the anemometer
probe was calibrated against theé downstream pitot-static
section which remained at atmospheric pressure throughout the
experiment, the static pressure where the velocity measure-
ments were made was assumed to be atmospheric. Sample cal-
culations of a typical run where the centerline velocity was
obtained with the anemometer will be presented below. The
pressure drops were measured with the R. Feus: uicromanometer
and have been converted to 1b2 in the manner illustrated in

e
section 1.



DATA:

RPM == 13200,

T =  77°F

Ve = 77.3 £t (as obtained from anemometer

- seq calibration curve)

M= (,0169/1488)1(537/492) = 1.188 x 1077 _ 1b__

tt-sec
= L0808 ,49: 0743 Lb/Erd

e .'{f'.,q 25 y =
VBT

Horizontal test section:

P

s - .
s 1.5 in Hg gauge
APm = 4,28 1b
L,
ft
P = 0808 ,492, 3.4y _ wm 1B
Us37itaai9) = 07770
Vo= L Bv . sl 0741 gy . £
w (\‘:‘Tj‘?’;f?‘?j v .8 J2.3) ( oQC)S) = 5899 “S-’E-'E
D o= 0729 £t
!J =4 3 ."n :, i i
(Pey = Pyl = TT77(58.2) (L0729, = 28126
g L . T ‘} e
‘ Leiad w10
fg = 28 MAPD = \54.,4)04.,28)( 0729} = (224

) v e M e T
0o L C.O777Y(58.977(3.3%)

Vertical test sestion:
P, = 2,00 in Hg gauge
AP = 1,757 1b_

3
Fo L
£t

N
L

22.

Since the pressure drop is very small compared to the static
pressure and because the loop flow is essentially isothermal,
acceleration effects are negligible and AP = Alﬁw‘for both

vertical and horizontal test secticons.
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f = .0741 (32=3) = .0790 1b/£t>

<
i

o svvaanny

@

Since the diameter of the anemometer probe section is 7/8" and

= A
By, (S ) (=2

that of the vertical test section is 1",

Ay = .765

aveisrs

A
therefore,

v o= 8 (77.3),.0741 (.765) = 44,5 ft
(75790) sec

D = ,0833 ft.

L = 2.5 ft.
(Re) = PubD = ,0790 (44.5)(,0833) = 24650
& T T =5
1.188 x 10
£, = 28 OPD = (A4.(1(1,737)(.0833) = .0239
6% (.0790)(44.5)2 (2.5)

4, Orifice Coefficient,
Calculations of the orifice coefficient were based on
a mean velocity determined by using the center line velocity
from the anemometer multiplied by .8, The coefficient was
determined using the relation
= Do ﬂ—éfr__—— A-7
M- a
where AP is the pressure drop through the orifice, Pis
the density of the gas upstream of the orifice, v is the
average velocity through the orifice ande)is the ratio of

the diameter of the orifice to that of the upstream channel.

It should be noted that equations recommended for the
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calculation of the cecefficient of discharge for gas flow

generally include an expansion factor, Y. For incompress-
ible flow this factor is unity. Since the primary interest
of the orifice coefficient results is in the effect of the
particles on the coefficient, this factor has been assumed
to be unity in all orifice coefficient calculations. A
sample calculation for a typical experimental condition
is given below. The data recorded were as follows:

RPM = 13200

-0
T = 77°F

fi

pressure at upstream orifice top = 1,00 in Hg
pressure drop through the orifice = 16.8 in. of 1.75 SG

gage fluid = ¢9.4 in. of water = 152 1b

Frentieady

ft

= 77.3 ft

v
(9
sec

diameter of orifice = ,435 in,

8
=o0741 (SO og‘) — 00767 1b/ft3
correcting the anemometer velocity for pressure and area

differences through the orifice,

=

v o= 8w . .‘_0741‘) (i”“)
O \sm’é‘? ' @l

G = .8(77.3) (.967) (2.01)% = 232 ft_
secC

(1- @?) = .939



so chat,

= (767(232) ! 938
v N LR TSI T L0TETY

C. o= (.0767) 232 ,J:bo;hﬁ

f: 2 5629

)
i
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>
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e
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o
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it

%
i

N or
o ’:) : ..;i._\}.;r_)..» ‘ R
/(/(‘ o b Y i B R TREE r0a

Toh88w 107

The fact that the calculated results of orifice coeffi-
cient as a function of Reynolds number are in good agreement
with those given in reference %% for circular square edged
orifices seems to indicate that the assumption that Y=i is
not unreasonable,

5. Strain Gage Calibration.

The two phase flow meter alsc required calibration for
che pure gas condition. This was done using both open and
closed loop configurations. Io the open-ioop zonfiguration
velocities were determined by the pressure drop from a
calibrated pitot tube locate? as illustrated in figure 10,
In the closed loop studies velocities were aetermined by
anemometry, A sample calculation for an open loop situation

is shown bslow:

Vewnp = 3000 my
Yo m
= o - i 1k
AP_‘ . 8.6 HE,
P ot
ol o8
T = 74°F




v, = 29,5 6,60 = 75.8 ft
sec

For the closed loop configuration no calculation is required,
OPEN LOCP CALCULATIONS
'Open laop calculations were performed mainly in the
calibration of the two phase flow meter with suspension flow.
In this procedure the mass flow rate of solids was calculated
by dividing the weight of particles collected by the time
required for collection., The centerline mass velocity was

calculated as outlined in section 5 and the strain gage out-

put was read directly form the recorder. No other calculations

were reqguired,
CLOSED LOOP CALCULATIONS

l. Mass Flow Ratins, - Mass flow ratios were calculated

using the relation.

) v 1,238
L ST | .
o= ( TTTEOR ’ °59C] (48)

| .021/0Qv,)
derived as shown previcusly.

A sample computation for & typical experimental run is
shown below. For this run the data obtained were as follows:

RPM = 3500°F

Weight added ¢ 80.0 gms - #981 GLASS BEADS

VST = ,3100 mv

T = 82,1

OV ~3.82 _1b

26,

fr“~sec (obtained from anemometry)



o= .3100 - 59010238
.0217 (3.82) 1808

-'Wl = 062

2. Fricton Factors,

Friction factors for the horizontal section were calcu-
lated in the same manner as shown earlier for the pure gas
case, This is so because of the definition of fs" which is
based on gas properties, The vertical test section friction
factors when determined with suspensions as the working fluids
must be corrected for the head of solids in the vertical
section, This is accomplished by defining

O P = OFy - QL {53)

A sample computation for a typical run is shown below.

For this run the data obtained were as follows,
RPM 9500
Weight added 80.0 grams - #981 glass beads
Vop = 03100 mv

T = 82,1° F

il

Q)ve = 3.821b_ {obtained from

ft“-sec anemometry) .

Vertical sectionf\¥P, = .8281 _1b (converted from mm water)
ft
PS = 1,10 in Hg gauge

The calculations are as follows,
M = .6157 (as shown in previous section)
e v = .8(3.82)

the average mass velocity in the vertical test section must



be corrected for area difference, so that

s o= 9) 1b
(P ) vert = .8(3.82) g2 = 2.3 =
: " ! B4 y;
ft® sec
Pg = ,0808 {492) ( 31 ) = ,0762 1b
547 79,90 3

DPe = 8281 - L6157 (.0762) 1

3
N

so that,

“ant e mn—
-

i1y f¢ .4y T2 = L0211
36T H0,8Y 30
' Coy)
AL

The gas Reynolds number calculated using ( @%) vert
is found to be 16380, Using the relation
£ o= 0uun + 50
g .

—TETEET 2

(Re}g

which was found to be a good fit for the vertical test section

data,
£ = 0280
so that
)
5 . L,021% _ 7

£
£ 0280
g

3. Orifice Calculations. - Orifice calculations for the case

54

of suspension flow wers made exactly as outlined earlier for

the pure gas case,

228

4, Turbulence Calculations. -~ Turbulence calculations for both
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pure gas and suspension cases were made in the same manner
using the relation

% TURBULENCE = 400 VV___ (61)

7 7
Ve = VQ

A typical calculation was as follows,

Wt = 35 gms - #279 Glass beads.
V. = 5,790 volts

(Re) = 19796 (calculated using
& anemometer calibration)

N = .0602 (as illustrated previously)
Vo = 3,67 volts
Vrms = ,0092 volts

Probe in centerline position.
So that,

% Turb. = 400 5.79) (.0092)
(5.79)2 - (3.67)%

% Turb. = 1,062

The ratios £S/Ig were calculated using the pure gas turbulence

results at a given Reynolds number. For example from figure 68.
Te = .01038

so that,

s = 01062 = 1,023
T, 01038




S
(8%
<

X. APPENDIX B
INSTRUMENTATION READING ERRORS

This section of the dissertation will present the magnitude
of the instrumentation errors encountered during this
investigation. A more complete error analysis would not
yield significant results because the major errors encountered
in this study were probably due to the assumptions made for
calculation purposes. For example, what is the error
involved in assuming that the average velocity is .8 Ve
for suspension flow? What error is involved in the calculation
of loading ratic for all size particles using the éalibra@ion
obtained for the BQ/Aglass beads? These are questions which
cannot be answered at the presentltimeo So that, until future
investigations clarify the errors involved in these assumptions
a complete error analysis is really not possible.

An alternative to the preferred error analysis is
simply listing the instrumentation reading errors. Thus,
if at some future date the inaccuracies involved in the
assumptions are determined a more complete error analysis
could be undertaken.,

The instruments read during the course of this investigation
include the Brush recorder (for both temperature and strain
gage readout), the R. Feuss micromanometer (for both pressure
drop and pitot tube velocity) the digital voltmeter (for
anemometric velocity measurement) the RMS voltmeter (for
turbulence measurements), U-tube manometers (for static

pressure measurements) and an electrical timer and triple
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beam balance (for open loop.calibration),

For thermocouple readout the Brush recorder was used
only with =& 10 M /giy sensitivity. This means that it could
be read accurately only to the nearest 5MV, Five microvolts
corresponds to about .3°F for chromel-alumel thermocouples
in this temperature range, So that an average temperature

reading error would he

)

+

%- = -32 = 004 or .47

b

&

The two phase flow meter readout on the Brush recorder
. A PP .
was measured with the 10{$y§ sensitivity for readout up to
e ' A S I3 3
.50 mv and with vhe 20 4Y sensirivity for readout between
div y <

050 mv, and 1L.00 wmv, So that the average reading errors on

both scales would be

\l‘ o
A 005 - P UV oy
) w e fllgden 2 (02 0= 2%, 10 4 sensitivi
s 25k 2%, 1 Jiv Ssenmsitivity
Y]
and
¢ Ve - 8
ARCY) 010 2 Y C s
wm ST em B ca N1 7 ] Pt 1
VST L ,0133 13%, zodiv sensitivity.

The R. Feuss micvomanometer has a reading accuracy of

05% of full scale reading For an average piece of velocity

profils data where

l&PPT = LAT.S X .10 (Scale factor) = 16,75mm H?O

d&Ppn = 0005 {200) x .10 = .10 mm H,0
so that the reading error is
b (4P i

e it et mas o s o st s S 222 00597 = 6%
4 15, °
£LP?T 75

Njo

Whenever possible these micromanometers were read

on the most sensitive scale available so that most of the
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readings were over 100 divisions using the particular arz
factog and the relative reading error was small as illustratoed
above. It should als be noted that the pitot tube pressure
drop error results in only half the error velocity, due

to the relationship between the two (see equalion A-1).

For pressure drop the same error is obtained as shown
above, For a typical case wirh pressure drop of a flowing
suspension,

APm = 106.0 x .2 (scale fastor) x ,003281 x 62,2 = 4,28302

£Pmo= 005 (200) x .2 x L003281 x 62,2 = 00404%-52
so that,

} ‘J{.\mpm) ,

. ci:'o 5 = 070
P 309" 19

For every anemomerric velocity determination twe reading
errors resulted from the digital voltmeter, one in rhe zero
reading vhe other with rhe flow measurment. Hence, for a
typical case, realizing that the Instrument can be read to
the nearest 062 volits (with the sensitivity of 10 wolts

full scale),

aVo - 002 LI

and

&3 00 )
il !~ o= ‘.:».»;,,“_'.}‘;.—125 =4 000033 =, 03%
R LR
The small values of these errors are misleading, however,

in that they are only instrument reading errors and do not
include calibration or temperature correction errors which
are incurred when converting the recorded voltage to a
velocity.

The RMS Voltmeter may be read to the nearest .0002 volts
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(using the scale employed throughout this investigation),
hence for a typical case

Vrms = ,0092

§Vrms = ,0002
and
61E%§ -4 .?..Q‘Q.Q‘_% e - = 9
e Vrms 50092 00217 - 202/0

The U-tube manometers may be read to .1 inch of the
gage fluid in each leg. For a typical static pressure
measurement ; where

Ps = 1.5 in. Hg gague

the reading error incurred would be

“Ps e 2 . — qa A
~&§gw = whE .133 = 13.3%

However, the & Ps of .2 in Hg is almost negligible when

the static pressure is converted to in.Hg absolute, for

example
é..g.“l%_ A A T AR b =3 WL.{‘)‘-.—. W 7 =z °,
P (absoiute) © 3.5 © 006375 = .64%

For the orifice calibration a typical error would be,
for the case of &LPo = 16,8 in. of 1.75 SG gage fluid

5 ‘A*PO . o:’.{;
Po 16.8
The open loop calibration required only three significant

= ,0119 = 1.19%

measurements aside from pitot tube and recorder output. Two
weighings (an initial and final weight) and a time of
operation, The errors incurred would be as follows for the
worst cases of each mesasurement,

Wt.

_ 250.0 gms
2 8wt

o2 gms



WE = z5p7p ~ 0008
and
t = 100 secs.
t = .1 sec
se that
St o1l -
= = 55 = 001 = 1%

It should be again emphasized that the errors presented
above merely represent instrument reading errors and by

no means represent the actual errors incurred during this

investigation,

. 08%
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