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ABSTRACT

The effeet of solids loading raltio, glass particle size,
and air Reynolds numbers on the pressure drop and [low character-
istics of a diiute air-solid suspension in turbulent pipe [flow
has been studied experimentally. The phenomenon of drag reduction
has Dbeen found to occur for certain particle loadings and particle
sizes in both vertical and horizontal flow. An explanation based
onn the interaction of the particles with the turbulent structure

of the fluid in the viecinity of the wall has been suggested.
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SUMMARY

A closed loop experimentul scetup was asscmbled for the pur-
posc ol making pressure drop and turbulence measurements lor dilute
was-s0lid suspensions flowing in a tube. The apparatus. included a
two-phase flow meter for solids concentration determination and
solid state anemonetry for velocity and turbulence measurements.

Five different sizes of glass beads ranging from a nominal
diamcter of 10 to 60 microns were circulated at loading ratios up
to 2.5. Three different air Reynolds number ranges from 12,000 to
25,000 were investigated in both a vertical and horizontal test
secticn.

The results of the investigation showed that for the vertical
test section lower pressure drops were'abtained for all of the
dilute gas-solid suspensions studied than were observed for the
purce gas at the same gas Reynolds number. For the horizontal test
section, pressure drop increases above the pure gas values were ~
found for the two largest sized partiéles but decreases were also
observed with the smaller particles.

The vertical test section results may be explained in terms of;
the interaction of the particles and the fluid energy in the vieinity
of the wall. 'Tﬁe results for the horizontal test.section.could not
be wholly explained on this basis due to the "segregated" and

"bouncing” flow phenomena observed with the larger particles.

r'.




Turbulence measuremencs made in a vertical section show an
inercase in the centerline intensity of turbulence when drag
reduction was observed. This might indicate that a build-up of
the laminar sublayer is caused by the particle extracting energy
irom the fluid near the wall. Similar trends have been reportecd

in cases of drag reduction with liquids.
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I. TIMO-0DUCTI ON

Historizally the first use of gas-solids suspensions
ocourred 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 longer limited to =onvey:ng mediums, but sprezd to
include many physical upevanisns as well. Gas-solid suspen-
sions are now being considered as nuclear reactor coolants
and ag working fluids in conventional gas power cycles for
space power generstors.

The advantagsc »f uslng‘such suspensions include =asc of
handiing,. provisizn of large surface areas for mass and heat
transfer, ani under cerstain conditions a higher convec:tive
heat ftransfer :oefficient vhan zhat of pure gas. OUne of the
most importeant drawbacks o the use »f these suspensions,
however, is the dearth of knowledge concerning their flow proper-
ties. Evesn though gas-solid suspensions find such widespread
applications, the prediction of pressure losses associated
with their flow is still mostly an empirical art.

One would expect that as the suspensions become less and
less soncentrated the flow properties would be more readily
characterized and mcre easily understood - approaching those of
the gas. Howewver, the opposite is true. The flow of dilute
gas-solid suspensions is even less prediztable than that of
concentrated suspensions.

Some investigators have found that the addition of small

amounts of solids to a turbulently flowing ges have increased




2.

the frictionai resistance to flow; whereas others have reported
a phenomenon which could be interpreted as drag reduczction.

For the purposes of this investigation, drag reduction will

be said to occur when, upon the addition of a second phase to

a flowing fluid, a decrease in frictional resistance below that
obtained with the pure fluid undzr the same flow conditions is
observed.

Drag reduction with liquids has been widely reported
and is an established fact. Drag reduction with gas-solid
suspensicns 15 a dubious phenomena wirh only meager evidence
supporting 1it,

One of vhe purposzs =f this investigation was to design
and devzlop a zlesed loop experimental systam for the deter-
mination of zuspension pressure drops as a function of con-
centration of salids, particle diameter; and gas Reynolds
number., The investigation concentrates on dilute gas-
s0lid suspensions in turbulent flow, so as to ascertain the
reality of drag roduction. Since little information was
available on the effect of particle size on turbulent fiow
characteristics of a suspension, various particle sizes
are studied in the investigation. All particle sizes are
50-microns or less in diameter, since previocus analytical and
experimental results indicated that drag reductiom will not
occur with larger sizes. The experimental system inecludes
both vertical and horizontal 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
attempr is made to clarify the drag reduction phenomena

and other aspects of dilute gas-solid flow,

3,



II. 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 vill 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 «ith 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
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{hv

'e= jvictior of the gas against the pipe wall.

"' friction between the zclids and the pipe wall.

Yo rirap rorce reculved to move the solids through
T PLppo
"t ftorer required to accelerate the gas to its

el iibvium velocity,

The forxce required to accelerate the particles to

their aquilibrium velocity.
. vert .cal tubes, the force required to support the

woirpt of soluds anu gas.

cemrtiteient mooel and the equivalermt friction

»wiz! ars basea on the inclusion of the preceding forces

trprees and forms, A description of these models

“=1 1n the two subsections that follow.

18 pre
hrapg Coefficient Model
i~z v «thmer (ref. 1) present the following equation
propescc o inkle (ref, 237 for predicting the pres:ure dro
of a di'.i= ~muspension
i O AV, 2, P v 2
T . J{g.&.&
» S Particie Flui§ to
R - R o Aczeleration pipe friction

| Pp"""gé' "' + ¢'p'L (1)
ricle Weight of
LL0m particles
(Vertical

tubes only)



where F;' the bulk density of solid = @-@, 1b solid/ft>
mixture, and fp' is the particle friction %actor based on

particle velocity and particle density in the mixture.

For a horizontal tube of constant diameter that is of
sufficient length so chat acceleration forces can be neglected
(particles and fluid having reached their respective equili-

brium velocities), this equation reduces to

P 2f PV‘L +

s = ggg g 2f Ppﬁp (2)

By use of the Fanning equation

Afg - 26g ko 2 (3)
dividing AP by APg. the following reation is obtained
APg =1t ¢ '?’vz'
Defining the ratio of the mass flow rate of particles to the
mass flow rate of pure gas as the loading ratio, M
g gg (5)

then ]

| ' |

B T Lt PR «©

g '8 B
Before equation (2) can be used to determine AEEB however,

a means of obtaining both‘fp' and Vo is necessary.

For particle sizes showing a significant velocity lag or



slip between the particles and the transporting fluid, Hinkle
(ref. 2) assumed the pressure drop due tc 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

2£ " %vp"‘-L - nCp g(vg - 'ijzﬂ'bg L (7)
&c | Be.,
or
fo' - PV, - v )3rD2 D (8)
Ts ®p

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

defined by
‘b = __ SFpE 9)
- 2-
™0 Vg - Vp)

where Fy is the drag force and vg.. \'

p is the relative velocity

between the gas and particles. Since
.
->
6 Op

then %
£ ! 3CDP (v v.)D (11)

P = g =~ P
86Vp Dp

In order to employ this model the particle velocity must

be known. If experimental values of v, are not available,

the particle velocity can be crudely estimated by assuming Vo

g~ vps where the terminal settling velocity

to be equal to v
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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 (v_ = vp), the model woul” predict no additional

pressure drop die to the particles.
Equivalent Friction Factor Model
The inherent disadvantages of the previous model indicace
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

2
v
8P, 2fs°(3'g%gg (12)
Lo

where £ ' is an equivalent friction factor and G% 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

é;:é. = ;.S_ (13)
Al g

An alternative definition of the equivalent friction

factor based on suspension density is given by
L

v [
AP, _ 2fses%__s_ (14)
Ec
Thus fs' is related to fs’ assuming negligible slip between
the particles and the gas, by the relation
e, |
¥




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 comprehensivc survey

will be presented “or previous studies involving small particles,

Large Particle Studies

A brief review of the literature available from studies
dealine primarily with large particles is presented in the
following sections, and a summary of the operating conditions
and the physical properties of pases and solids used in each
experiment is presentéa in Table I. The experiments were
conducted at rcom temperature with pressure levels ranging
from 1 to 3 atmospheres within the various studies.

Vogt arnd White. - In an early paper by Vogt and White

(ref. 3), the pressure differential required to produce steady

flow of sudpensions of sand (D_ = 200, 330, 440, 730 4),

P
clover seed (Dp = 1150 ) and wheat (Dp = 4000 M) 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.




0.
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
AF
¢APg

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

=1+Fm (16)

Feynolds number, particle size, etc. Vogt and White's

correlation was presented as

P (( D Y’ G |!
=1+ B (17)
JLPg v Ep (% (Re)g

where B, and 1 are functions of the dimensionless group

Rep (CD)%° 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 2030M in

diameter through two transfer lines with inside diameters of
0.473 and 1.023 inches. In their work the loadirng 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 sum of the static and friction terms
which hadApreviously been combined into one term by Vogt and

White.




Their findings indicated that the pressure dcop 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
p = 704, 1454
and 275p) and coal powders (Dp = 110 g, 500 M and 740M) in

wen and Simons (ref. 6) using glass beads (D

¥, 3/4 and 1 inch glass pipes and a % inch steel pipe. The
solid loading ratios used in their work ranged between 80

and 750 and were considerably higher thar those used in
conventional pneumatic transport. The Reynclds 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 sizz and shape 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 bottem of the pipe as agglomerated masses
rathef 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 mesterials conveyed by
air in a 5-inch-diameter horizontal pipe were millet
(Dp = 1900t), peas (Dp = 5760 4=), turnip seeds (Dp = 1280 o),
wheat (Dp = 4000 ), pine kernels (DP = 8400,&), and
sunflower seeds (Dp = 5850 s0). The loading ratio was varied
between 0 and 15, and the gas Reynolds numbers ranged from
110,000 to 321,000,

Dogin and lLebedev correlated their data by using the
form presented by Gasterstadt. They observed that
AP /Lng decreased as the flow velocity of the gas increased
and found that ( &P /tLPg ) - 1 was proportional to the ratio
of the particle diameter to the pipe diameter taken to the
0.1 power and to the ratio of the densities of particle and
gas Pp / G’g. The results of their investigations were

summarized in their final correlation vhich was given as

S g (Fr

£ = £+ ( ) Mgge (18)

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

g
a parameter that varied, depending on pipe roughness; between
1 x 107% and 2.2 x 10°% in the experiments of Dogin and
Lebedev.

Assuming that the relationship for the gas friction factor

= - '2
fg . 046 (R.e)g

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

(19>

the resultiag rélationship for a given gas, particle density,

and tube diameter becomes
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£ _ 0.1 (., y~ 0.6
: 1+c¢ (Dp) (vg) U] (20)

where ¢ is a constant depending on the system. Equation
(20) shows that (fs'/fg) - 1 should increase slightly with
particle diameter amd 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 O 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 ratio 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 alsoc 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 bv their
plots for the 304-micron particles was less than that predicted
for the 756 miéron 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 increases 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 he 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 ranio w3s
the higher particle concentration at the walls occurring at
these low mass flow ratios.

Another interesting result of this stidy 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~ai-e
of turbulenze approaching the particle dimension ana an
increase in the wave number in the core region,

Through photographic measurement of particle velocities,
it was alsoc found that the particle velocity disitrihutions
for the 304-micron glass beads tended to be closer to the air
velocity distributions than those obtained for the 756 mi:iron
particles under corr..ponding conditions.

Other work, - Other important experimental studies involving

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

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

will not be repeated herein; however, a summary of the range
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of the operating variable: involved appears in Table I.
Small Particle Studies

Due to the fact that the experimental work in this
study deals with small particles, a comprehensive review of
gas-30lid 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 usirg horizontal
and those employing vertical test sections will be
separately described.

Horizontal test section studies.

Most small particle research reported in the ! terature
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) measured the flov 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 particles had a size
distribution varying from less than 10 microns to greater
than 220 microns with an average diameter of 50 microms.
The gas Reynolds number was varied between 17,000 and 50,000.

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

that AP /O P = fs'/f8 appeared to decrease when the gas

g
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flow rate or (Re) Jras increased. Farbar also reported that

&P/ OP, increased as ™ was increased up to 7 = 10,

Althoughghis data above M = 10 were inadequate to establish
a definite variation, he proposed that above this value
the loading ratio no longer has an effect on the presswe
drop ¢f 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
inconveniertly presented because the author neglected to
subtract the gravity head (the pressure drcp caused by
supporting a vertical column of the suspension) from the
total pressure drop to obtain the pressure drop caused by
friction alene. 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 (R.e)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




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 attenpted to correlate their data by
using the drag coefficient model with no success. They
finally proposec a correlation based on a so-called mixture
fricticn factor defined by .

£ Loy (h v a' )

OP = m b g;f& lml f(iaaﬁqu)ﬂj

ch vg

where a' is a constant chosen by the authors as 0.3 for the

(21}

3% micron particles and 1.0 for the 97-micron particles.
Upon plotting £  £from their pressure drop dat.a against gas
Reynolds number, they found £ roughly constant, or independ-
ent of solid flow rates, for both particles sizes at Reynolds
numbers greater than 30,000. The average values of £ were
0.016 for the 36-micron particles and 0.035 for 97-micron
particles. At gas Reynolds numbers less than 30,000 t@ese
values increased as.(Re)g was decreased,

In Mehta's experiments, Vplvg For the 36-micron partigles

remained relatively constant at about 0.7, whereas for the



97-micron particles, vp/vs varied considerably (from about

.22 to .67)e

If the relationship defining fsq 2
L Vg f 120
= ' -t 3 o
APS 2 fs f’g b gc

is substituted for AF_ in equation (21) and the resulting

equation is rearranged. The following relation between f_°

and £ is obtained: ] . v gt

f1 - .m {1+ *72—'1) 1225
s 4 g ‘4 .

Substituting the constant values for f suggested by the

authors for each particle size gives
v >3 .
fs! - 00004 + 004 ( VE fya\) for the 36-micron
g

(23)
particles
and
v | )
£.' = 0,008 + 0,0088 -—B.m  For the 97-micron (y,
& 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 quantity to
determine. In addition, the correlation is only applicable
for (Rg)g > 30,000 since at lewer gas Reynolds numbers,

i, was not found by the authors to remain constant.

Pfeffer, Rossetti, and Lieblein (ref, 17) prepared a
plot of £ ' against 7 for several values of (Re)g
calculated from Mehta, Smith, and Comings original horizontal
flow data (for?) >1). This plot showed a greater dependence
cf £ ' on m than indicated by equations (23) and (24). The

plot also showed that fsv decreased with increasing gas
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Reynolds number.
Schluderberg, Whitelaw and Carlson. - In an effort to study
the properties 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
summarized 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 1l- to 5-micron graphite particles
in carbon dioxide, helium, nitrogen, and carbon tetrafluoride
were also measured at gas pressures between 30 and 130
pourds per square inch gage, gasltemperatures 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 ~onstant
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 without a turbulence
promoter showed general agreement with the Moody-friction
factor curves for smooth tubes at the lower Reynolds

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

H
-
Ed
]
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The authers postulated that the lower values arose from the
suppression of flow turbulence by tne suspended particles.

The Franklin Institute (ref. 21) conducted a critical
evaluation of the wrk reported by Schluderberg, et. al.
concentrating on the results reported for case a) above,
where the flow was more readily comparable with the
correspending data for pure fluias. and where the results
obtained shoved 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 pressure level at the exit from the hairpin loop,
the mass flow rate and the loading ratio. After recalculating
the friction factor the Franklin Institute still found that
the friction factor was less than that for a pure fluid
flowing in a smooth tukte at the same Reynolds number. They
also fourrd that the data were still too scattered and subject
o error to be useful in deducing a correlation eqguation.
Peskin, - Peskin and Dwyer (ref. 22) made an effort to
determine the mechanism of éas~solid flow in tubes in a
similar marmmer 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 viscor s 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 d.sturbances that alter
the gas velocity profile and decrease the size of the
laminar sub-layer. In this case the wall shearing stress
increases,

(4) Particles 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-soiid 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 coerficient 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
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since the particles because of their 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 C; 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

e
ap, = 2£. € L7g (14)
S.':‘»ﬁg
c

Sets of curves of fs against gas Reynolds number w-re

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' increased with increasing
solis 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 noter.l at this pnint that the results for

the friction factor of the 110-micron particles are some-

what dubious in viéw of certain experimental inaccuracies

in the runs for this particle size (private communication
from R.,L. Peskin).

So0o. ~ In order to verify some of his analytical results,

~5 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 sclid and gas,
the mass ratio and flow rate ratios (loading ratic) were found
to be different, with the former always at a higher value.,

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 flow ratio was between
4,97 and 8.13 for the zlass and .249 and .876 for 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 aiso found that the concentration of solid particles
increased toward the wall of the pipe, whereas, the m.ss flow
of solid particles decreased toward the wall. Although the
solids velocity is less than or equal to that oi the stream
at the core, it was found to be finite and nearly 20% of
the core velocity ar the wall. The fluid was found to follow
the 1/7 turbulent velocity law whereas the particle velocuity
profile depended on the distance from the wall to approxi-
mately the 2/3 power.

The authors concluded that ccrrelation of the drift of
solid particles toward the'wall because of electrostatic
forces and diffusion of solid particles toward the core
because of concentration gradient was valid.

In a later study, Soo and Trezek (ref. 26) using the
same experimental system described in reference 25 presented

results on concentration and mass flow distributions of
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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 particlez after a prolonged
run with the air-magnesia suspensiorn. They found that
restarting after shutdown did not lead to :urther 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,
and 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
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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 small contribution to the pressure drop in pipe flow.
Their data also showed that due to large 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 thereiore
analagous to that of free molecule flow with slip at the
wall and nearly I;near velocity gradient.

The authors conclude by observing that pipe flow of
a gas-solid suspension is basically a phenomenon of inter-
action between électrostatic and hydrodynamic effects, the
potential parameter being the ratio of electrostatic force
to turbulent force. Unless the pavticle charge is truly
negligible, they conclude, steady fully developed laminar
p’.pe 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
lucite, 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.drops
were measured in the center section of a 1 inch diameter

glass tube. The size of lucite particles ranged between 147
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and 417 microns with an average size of 230 microns. The
glass beads were between 53 and 74 microns and averaged 64
microns. Thi size of the calcite particles varied from below
1 micron to approximately 10 microns with an average particle
size of 3 microns. The authors carrizi 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 photce-
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 velocitv 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 micrun 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 correiation obtained in this work

was based on the pressure drop measured in the 4 tu 12 foot

region of the test section and Was re presented by

£s = 1.0 - 0.Bm + 0.5 (25)

%
This correlation however was recommended by the authors with
the precaution that it be used only in the region where
tested {ﬂUﬂG), since at higher loadings a point of zero
friction loss would be approached, which is an impossibility.
This correlation predicts a minimum at m = .8 with a standard
deviati&n of 0.4, 1In addition to observing the friction
factor (based on mass average velocity and supension density)
decrease wnen solids were added 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

% T

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 resuits 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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suspeﬁsion. 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 microu
glass b2ads in a mixture of 89 percent N, and 11 percent

CO, 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 27,400.
The loading ratio was varied between O and 3.5 at the high
Reynolds number and between O and 7 at the low Reynolds number.
Althougl. 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 increasnd 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
alr 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
LEL = 1 (p,? - P%) - 2n. 01T - (26)
8cD G%(1 +m )RTavg PaT1

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

4LEL = ‘B
'(-’gv—gf_ (27)

at zero iloading 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 decrzased with loading, however for the friction
factor the decrease began immediately with even very low
loadings. He also observed that only in one case - 30u;
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-
mentally studied local heat transfer characteristics of
glass~-and lead-air 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
20,000. The pressure drop test section was approximately
.710 inches in diameter with some irregularities so that
"very 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 reg..n 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 pcwders. The results also indicated
that higher Reynolds numbers and lareer dismater 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 produced similar magnitude of pressure
drop but had heat transfer characteiistics which ﬁiffered
markedly. The discrepancy was expléined 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 l2-microns) in vertical tubes with

1, 2 and 3 inchk inside diameters. The loading ratio varied
from 0 to 17 and the experiments were carried out at four

gas Reynclds 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 (Dng/DP" Pp(Re)g) Boothroyd
presented his results in terms of the ratic 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-~ 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 under similar conditions of lcadin, 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



is an aremometric isckinetic 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 « value
close to that experienced without solids. In additionm,
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 turbuience of the
carrier fluid was of a weak nature but was somewhat stronger
at higher values of F%DZ/(RQ)S- The minimum value of the
dimensionless diffusivity was well pronounced anc 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 dimensicnless 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 circuictances be severly inhibited by this stabi-
lizing '"shredding'" action.

Boothroyd also states in his conclusions that more
turbulence may probably be produced 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 té this study wall be presented
in the following paragrvaphs. 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. 32).
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

q
i
i

less than one, Tien assumed that the solid particles are
uniformly ‘listxributed 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 relatiorship between the average
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Nusselt number of the suspension and the factor § , where

(c,)

5 = p’p (28)

P'e

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 vork later performed by
Tien and Quan (ref. 33). Their experin:ntal results showed
a peculiar feature: the Nusselt aumber first decreased
ard 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.

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

In refere:ice (38) Soo studied fully developed turbulent
plpe flow of a gas-solid suspension. In this znalysis a semi-
empiric21 model similar tvo the 1/7th velocity for gases, was
applied tc 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 =zmall, the
velocity distribution of the gas stream was not
significantly affected by the particles.

Rased 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 okttained
indicates agreement with the assumption that a continuous
trangport of small, energy rich eddies from the wall toward
the center exists, with simultaneous 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 the 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. Bv using experimental results for
relative mass velocity at various distances along the wall, Sco
was able to calculaté the constants. The author then related the

particle velocity and density at the wall by using the energy



equation for the suspensicn at the wall. Combining this result
with the previously determined constants he obtained

relations for particle density amd 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 vwall 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-snlid suspension
with a boundary, Soo (ref. 39) treated the casé 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 analysis 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 houndary

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 solld particles
decreases, the concentration at the wall increases, the
boundary-laver thickness of solid particles 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 oif 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 *“ particle to take place so as to give
‘rise to substantial lift force. He observed that the
1lift due to shear motion is megligible in comparison to
that due to the induced normal component of fluid velocitys
In this analysis, Soo also considered the effect of
Brownian motion of particles, since the magnitude of d:
Brownian motion (though gquite 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
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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 lcading ratio is
increased. Confirmation of this result was obtained

from the experimental work of Sprcull (ref. 44) with dilute
suspensions of talc in air.

A ~ext written by Soo (ref. 45) covering momentum,
energy, mass, and charge transfer between phases in a
multiphase system is the most recent reference of its
nature in the field and contains more detailed presentatiomnus
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 limestone
dust consisting of 40% by weight of particles smaller than
10-microns in diameter; the other was talc dust 99% by
weight smaller than 10 # . The maximum reduction of 407%
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. Sprcull found that the

concentration of the dust was the main factor in the effect,
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and particle size ard bulk density of the dust were relatively
unimpeortant.

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

Sproull alsoc mentions that the acdition 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 torgues 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 time scale of the turbulent fluctuatiomns,
The dust particles would not then follow rthe zir motion

but lag behind the turbulent fluctuation of velo-ity. The
relative velocify of dust and air causes an extra dissipation
which extracts energy from the fturbulence and presumably damps
it, thereby reduc:ng the Reynclcs' stresses and the loss of
pressure. On the other hand, Saffman continues, with fine dust
for which the relaxation time is much less than <he turbulent
time~scale, the dust follows the air motion closely and its
main effect is to increase the effective density of the air,
thereby incresasing the effective Reynolds number of the flow
and the Reynn . dz’ stresses.

Incrigued by the possibilities associated with Sproull’s
results ‘ref. 44), Saffwman (ref., 47) investigated the effect
of dus® pariicles on the stabillity of laminar flow of a ges,
in order to see how dust may affect the critical Reynolds
number for transition from lamimar te turbulent flow. The
equations describing the motion of a gas carrying small dust
particles were given and the equations satisfied by small
disturbances cf steady laminar flow were derived. The effect
of the dust was described by two parameters; the concentration
of dust and the velaxation 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 charACm

teristic time scale associated with the flow, then the



addition of dust causes the critical keynolds number to be
lowered by the factor (1 +¢D‘l (dust destabilizes the gas
flow); whereas, if the dust ir coarse so that the relaxa-
tion time 1s 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
much greater than the characteristic time scale, increasing
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 1s 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,

¢) incompressible gas flow,

d) flow is unidirectional,

e) negligible velocity of sedimentation.

If the last assumption is not true, tBen the velocity

of particle and gas will not be equal in basic flow and the



number density will not be constanct. 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) exteuded 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 resulte were obtained by making
a perturbation of the curve of tieutral stability for a clean
gas. The results were illusitated form= 0.05 by a set of
perturbed neutral stability curves at different values of
the time relaxation parameter varying from O - 500, His
resulis 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 colids make their presence felt primarily by
modifying the 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 wasg baéed on a modification

of Gill &énd Scher's expression (ref. 50) for the eddy viscosity
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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 Karuan
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 7 = 0, K
reduces to 0.36 which is the accepted walue for flow of a
particle free gas. DBased on the value of K given by equation
(29), the dependence of fs' on gas Reynolds number and luading
ratio was obtained by Julian (ref. 14). He found fS? to be
independent of particle diameisr and particle density and
dependent on (Re)g to the -.2 power, which indicatcz that the
effect of gas Reynolds number on the suspension flow is approx-
imately the same as it is for pure gas flow. Pfeffer, Rossetti

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

£.' = .046 (Re);0.2 (1 +m)0e3 (30)
so that after dividing by equation (19)

£s' = (1 +)™ 7 (31)

E

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 invelved large particles (particle diameter

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



1

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 lLieblein (ref. 17)
performed an analvsis and correlation of heat-transfer
coefficient and fricticn factor aata 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 turied to
the Keynolds analogy.

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

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

obtained
fg' =1+ 1 (Bg 1) (32)
T sl
Using the previously obtained relation of hs in equation {32)the
authors obtained Hg
% =1+ 4.0 (Re)” 032"? (33)



In the region of Reynolds number greater than 25,000 bhut
less than 100,000 equation (31) 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.reductfon 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
turbuleuce.
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
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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 occ.:: .

A second type of drag reduction has been observed to
occur with scap 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
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 drap 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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Lteoapmavatus employed in this study wain based »a rh-

. enlgnine compressor capahle of pumping both gas

]
Pt
4

use
and colid= rhrough a closed experimental loop. Pressure drops
across bhoth horizontal and vertical test sections were meast.:
by means of micronanometers. Velocity and turhulence measure
nencs were made by app'ying some of the mosf recent advannes

in anemometry to the gas-solids system. VFarticle consentratyn
was determined with a specially designed mass fiow metex empih}=
ing strain gages., In ciirr to properly calibrate the mass ..o
meter, an open loop system was alsc designed and employed.

Five diffeicnt sizes of glase beade were used 1n the experiments
in order to determine the effect of particla disreter o fric-

4

tional pressure loss. he details cov-ervning soraratus and

materials employed durlng the study as well as tine experimeniai

procedure will be presented in the follow.ng pavagraplis.
Apparatus

The apparatcus to he dascribed in decsaii Lo thic secltliag

4

includes the gas-solids circularny  ©ha clo<ed experimental
loop, the anemomatry and the mass flow meter as well as the
open calibration loop.

Gag-solids circuisztor. - When bhoth gas and solids are contin-

wously recirculared withoGt vemoval of e so0.'= from the gas
stream the flow 2y he nlassified 2q o ~iosed loop operatlon,

P

In orcer to achieve such as closad loop veoivculation, nowever,

a hi.wz2r or comwpressor must be avar il Ui, o Toh can pump both

solids and gas together without damage to its internal parts

b



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 Virzinia.

The cirzulator 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 $.010
to 0.015 inches depending on combined differential expansicn
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 nocse
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 genératorshown in figure 5. The
motor-generator was built by U.S. Electric ‘otors 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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Slave motor counled to

gagsesolids circulator.
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type 1531-A Strobotac electronic stro oscope focused on the
flexible coupling connecting the circulator and the 15 hp
slave motor.

Closed experimental logp. - The closed experimental loop employed

in this study is primarily constructed of 1" O.D. type 304
seamless stainlesc 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 invoived facing off the ends of the tubes
and using flanges fitted with 'Y inside diameler bushings
soldered on each piece so that the tube ends met flush within
the outer bushing. Eithexr method provides a leakproof msva’
metal joint with no protrustons into the fluid stream and
essentially no disturbance of flow patteruns.

The pyrex-metal jointcs were formed by using standard
glass-metal flanges and teflon gaskets with 2 one inch inside
diameter. The pyrex sections contain a slightly outward tapered
inlet and exit portion into which the stainless steel tubing
was fitted. The inside diameter of the metal tubing was tapered
out at a very slight angle hy fine machining so that the wall
thickness at the end of the tubing approximated a razor’s edge.
This type of coupling resulted in a leakprnof joint with a
minimun disturbance of the flow pattern and essentially no

step prcotruding into the fluid stream.



A schematic diagram of the closed loop used for thais - iy
is shown in figure 6. As can be seen from the figure, ti«
loop is approximately rectangular in shape with twc horizo~ -
and two vertical sections. In order to promote uniform pait: -
distribution and prevent particle accumulation, sharp 90% ali .
were installed before every section of the loop where meazur-«
ments were taken. These elbows were made from 2" dizrmeter
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 w: -’
no steps or spaces where the particles could accumulate.

Since flow is in the counter clockwise direction. figur«
indicates that the first portion of the loop e.usuntered by
the fluid le»ving the circulator is vertical with flow in tn
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 srot oo
has two glass pressure taps 30 inches apart and 3 inches *rom
each end. These taps were filled in with epoxy resin
leaving a smooth 1/16 inch diameter hole for pressure measu:=
ments and also prevented any ripples, steps or irregularitie:
in the glass tube at the tap junctions.,

After the upward vertical leg of the loop is another
sharp 90° elbow followed by a 12 foot long horizontal porticn
This horizontal part is composed of an 82%” metal calming sect.ic
followed by a 12" pyrex viewing section and a 44" metal teer

section. The 44" section contains two pressure taps 40 incres
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apart two inches from each end of the section. Thzse taps -~
sist of 1/16" outside diameter spring steel *whing with a

020" hole which was soldered into the test section, A 20/1000
drill was used to bore hoies tnrough the test section where

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

the tubing at these tap holes.

The downward vertical portion of the loop follows armiother
sharp 90° elbow comnected 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 cpen
loop operation is 5" past the anemometer inlet and 15%" above
the long radius elbow connecting the downward vertical to the
lower horizontal portioh 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 section
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 plezometer ring composed of eight static



pressure taps spaced 45° apart around the tubing before the
impact tube. The static pressure taps were constructed 1in
the same manner as the metal pressure taps previouslyv 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 is
located 3-3/4" from the end of the pyrex viewing section.
This inle% in simply a metal plug which has been carefully
machined so that the bcttom 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 peort 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° elpow and the suspension flowed
through :he compressor thus permitting closed loop operatiomn.
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 thres way valve
and the compressor was opened allowing room air to be sucked

through the compressor and causing the suspension to be blown



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

Some of the auxiliary equipment associated with the clesed
loop circulation of the suspension are the pressure measuring
instruments and probe positioning equipment. All of the test
section pressure drop measuremernts for suspension flow were
made using an R. Feuss model 134b micromanometer. These

micromanometers can be read down to .002" of water and as huigh

as 6.25 inches of water by use of five different scales corrzs-

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 vtandard U-tube manometers.

These manometers read up to 10 inches or 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-.

c.of fluid. The fluid in this manometer was a Dwyer gage fluid

with a specxfic gravity of 1.75. | | :
Manual traverSes were used to positibn both the anemometer

probe and the downstream impact tube. The traverses were manu-

'factured by Unlted benso* and Control Corpo and have a 6" scale'

allowing & posxtioning accuracy of 01 incbesg The units also
have a prot*actor*and rotary vernier so that-d;rec;;onalr
accuracy of within 1o can be obtalned,..x"’ |

- The complete closed loop system mavfperiodlcalLy ch@cked
:for.leaks at al] :tages dvring constructlon anﬁiexuarimen a;c

c:;tlon by soap bubble testing and by use of a comnercial 1eak
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detectior 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
onn 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 notr.
practical for gas-solids flOW since this opening will continu-
ously become blocked with particles 80 fhéﬁ'measurements_cannat
be takena_ The use of an otifiée or a Venturi to determine the
volumetric flow rate of the fluid is also questionable, since
it is not known hoW“the'solids effect the-orif*ce cOeffiCienta'
Due to its dellcate nature, it is dlfflcth to use a ‘hot
wire anemometer probe even to obtain air veloc1tﬂes w1th pure
~air flow. With solids suspended in the flow it ig impossible
to use standafd'hOt Wire'probes for thése measurements. During
ﬁhe coutsé df_this study hot wiré and_film”prpbes'off?arious"' |

configurations wéré'teStedﬁand were found to-b?eak befpte.any

 -measurements could be made.

Recen* advances inkelectronics have made p0331ble the
-development of solid state anemometry unlts w1th which a
~ thermistor Drobe may be Ugada! One such thermlstor probe dem

veloped by the“DISA S&B;Corpo'was;field_testedgln'the close@-3 
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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 pfobe
is L-shaped ard has a glass coated thermistor bead suspended

at the tip. The L-shape of the probe allows velocity measure-
ments to be taken without inﬁerference from the'support'rodo'

The thick glass coating prevents ths 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 ;herefo:s requires |
a more extensive initial calibrstion than.standard hot wire'
probes. | |
The anemometer used in conjunction uith'the thermistor

probe was the SSDOO Universal Ansmometsr manufactured by the
DISA S&B Corpc This anemometer consists of four componentso
an Anemometer Unit, an Auxiliary Unit, a Digital DC-Voltmeter;.
and'an RMS Voltmeter. The Anemometer Unit is a multipurpose
precision instrument designed primarily for measurement of the

instantaneous mass flow of gases and 1iquids, usxng either a _uu_

:hot-W1re, a hot film or a thermistor probe. The unit was L
'operated as a constant-temperature anemometer but is switchable

| for constantwcurrent operation.

The Anxiliary Unit is intended for ‘use in conjunctlon with

© the Anemometer-Unit.. It features a hlgbw tabllity, high-
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Figure 7: Close up of Thermistor Probe.

Figure 8: Front panels of four Anemometer
Modules.
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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 transiczo..
and incegrated curcuits.

“he all-transistor RMS Voltmeter is designed for measure-
ment of the actual root-mean-square value of AC voltages (RMS
voltages) between 300 v and 300V inside the frequency range
of 1 Hz to 400kHz. These voltages may be sinusoidal or non-
sinusoidal and have crest facters.as highae 5 at full scale
deflection and 15 at one~third of fullnscele deflection. The.
abllity of the voltmeter to accept waveforms having such high
crest factors ensures a high degree of accuraﬁcyg even in
meaeurement of nonsinusoidal wave forms such as noise and pulse
trains. The Voltmeter:alse premits varying the integrator time
" constant for best possible response time, depending on the wave
form and freQUency of the_veltage-under“measureﬁenta The time
constant varieb from 0.1 to JO sec, | | |

The Digital Voltmeter is anutber fully transistorlzed
~instrument. It incorporates a self-balancing serve system and
_prevides digital readout of.DC'volteges from 1 millivolt up to
100 volts;_ A damping circuit w1th stepwise variable time
-~ constant (1, 3, and 10 SECS, ) permits measurement inside the L
limits determined by the time constant,~of the arithmetic
mean of the SLgnal from an anemometer whose probe is exposed
__to a turbulent flow. A pho Ograph of the front panels of

.”these four modules is shown in flgure 8g-



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 Virginié was employed. A cross section of this flow meter

is shown in figure 9. As received from the Bureau ofMihes9

the meter had a filler which did not possess smooth gurfaces

and had a tendency to deteriorate when attacked by the suspension.
For the pur poses of this study a special c&sting was prepared

and a silastic rubber was poured into the meter. When cured B
this rubber provided a filler which did not sé_g9 was $mooth

and was impervious to suspemsion flow.

The metering element is a c1rcular target that is inserted
in the two phase FLow stream. The target is attached to a rod
~at the end of a cant;levgred metal strip to which are affixed
mecal-foil strain gages. Elimination of temperature effects
upon the meter performance is achieved by having the strain |
gages moﬁnted_in ténsion and compression, one on.Pach side of
the metal stripo The metal foll strain gages sense the deflec?
-'tion of the flexible metal strip caused by the solids and gas
acting on the ta'rgetn |

The gages form an active comﬁansated hal€ brvﬂr».énd were
used in conjunction w1th two fixed resistorb,_all compriaing a
- compiete Wheatstone bridgea Because of the large rapid fluctuam
tionxin the brldge output signal, a long ~time constant |
.'resistor capacitor filter was incorporated The filter was i ’:
.- used primarlly to obtain.long~term,averaga flow reaaingsg_‘,

with a time constant-of aboutrlsé-secondsﬁ-_The filter also
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removed electrical "ringing' at the natural resonaot 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 :ecorder with preamplifier
was used to recori the output from the two-phase flow meter
as well as the output of a chromel-alumel thermocouple.
The thermocouple ﬁas_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 fecording
system used in this study was able to measure an output as
small as one micro-volt and was capablﬂ of step variation
in sensitivityo

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

-Open Calibration Loop. - A schematic diagram of the open

‘loop system used for the calibration of the two phase -

flow meter is shown in figuré 10 'As"can.be seeanrom-the_-.-
figure the ma jor difference between the ooen_and closed
-szstem,are in. the need for both a contlnuousdparticle
“feedlng and. COllECthﬂ system° A continuous;and_fairly: :
'steady feedlng of the particles into the air s tream was
accomplished by means of a feeder»air loek combination a
installed at the top of the feeding'“Y”.shown mn the __di

i*flgure. The feeder is a BIF helix type volumetric dry
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feeder with intercharigeable helices. Solid particles
placed in the feeder hopper flow by gravity into a
chain-driven rotating horizontal helical feed screw. As
the helix rotates, it moves the material along the base of
the hopper and ou: through the discharge spout. From the
discherge spout the material falls into a Prater rotary air
lock with six individual feeding compartmente. This
combination feeder-airlock permits continuous feeding
without permitting additional air to be introduced to
the system.

The design of the coellection system for the open-
| loop operation presented several difficultieso Since the
study was carried out in an enclosed axe19 no dust could
be permitted to contamimate Lhe alr. Sinee no cyclone
car be dssigned [within the space J“mita*ione-ef Thu
study) that is 1007 effs cienzq the use of a cycione
'would represent a potential health hazardo The use of e:
‘sintered tube for solids collection andweighing_althpugh
capable of nearly total efficiency was also fouﬁd_to.be
impractical for this system. It was found that after a
short period of t ime the sintered tube becmme clogged thus
- causing a large pressure drep an7ess the tube and a '_
decrease in the fluid flow rate through the . l@onJ'It wae
thexefore difficult to make meaningful measurements°

A cross section of the colleetion syetem finally evolved

is shown in figure 110_ It can be seen that the collector _'Z:

represents a compromise between a cyclone and & siﬁnered |
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tube. In this design the collector is essentially a cyclone
with sintered tubes providing the air outlet. The suspenstion
enters the collector at a downward angle tangential to the side
of the come. The decrease in air velocity experienced upon
expansion into the cyclone caused mest of the solids to drop
to the bottom of rhe cone. The small portion of solids still
entrained by the air are deposicel on the sintered tubes.
This design prevents sclids <ontamination of the air .is
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 a'commercial pitot tube
in the air inlet'section of the loopa Thié commercially
‘purchased pitot tube was checked while in this upstream
location durirg puve air open lzop operation by means of
the'pitotAQtatic testing section pfevioﬁsly described.
Velocities_obtained frbm_éach_ihstrument Wére:fbund.tc be
_essentialiy the same for.the.Reynolds ﬁumber.range iﬁ this
study. |
| | Naterlals

The materlals used in thlS study consisted of flve
different size distrlbutlonu of Scotchlite glass beads
purcbased from the ‘Minnesota Mining and- Manufacturing
Companyn Atomlzed alumlnum partlcles with a mean diameter_' 
of approxlma*elv five mlcrons were also expnrimented Wlth_ “-
durlng the- course. of this studyn- Unfortunatel;s howeverg_

it was found that;these:alumiaum.particles'tend@d-t°*~
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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. Lisrophotographs of these
particles both before and after being circﬁlated are
shown in figures 12-16 and indicate no change in the
sphericity of the particles. The_size distcibution of these
particles both before and after circulation in the cloéed
loop system were obtained by use of a Coulter counter,

These distributions will be presented in a later section of
this dissertation. | | |
Experimental Procedures

Three separate expe rimental procedures were adhered to
‘during the course cf this_studyo Thesé cprfeSpond to the
situation of pure air rumns, Openrioop caliblatio_ns9 and
closed loop experiments.respectively.and are described in 
the following sedtionso

Pure air runs - The ‘pure alr TUuns were primarlly performed

with the closed loop confa.guration9 but some runs ‘were alsc_

" made ‘with the-openaloop wvstemo These TUNDS were carried out in R
order to calibrate and check the entire system.for the candltion
of zero load*ng ratioo Durlng these runs pressure drops

_across both horizontal and vertlcal test sections were taken |

and pure air frlctlon factors for each of these sectlons were

_calcula-téd.___ Ihé thérmist;_or anemometes;ﬁ _;pro_be*was é;l_'sc
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Table IV. Particle Sizes

Descriptive
Title

Actual Nominal
Particle size*

50

1. 59

130

34

#279

25

#981

 #980

10

;'*Determinéd'by.Cculter-Cdunte:.AnalySis

N i o O ———

e i




Figurd 12: Photograpiis of 50, Glass beads. 7

a) Before recirculation -
300 x magnification.

b) After recirculation for
4700 seconds in the closed
loop 300 x magnification.



Figure 13: Phctographs of 304. Glass beads. o

a) Before recirculation -
700 x magnification.

b) After recirculation for
3480 seconds in the closed
loop 700 x magnification.



Figure 14: Fhotagraphs of the #279 Glass beads.

a) Before recirculation
=700 x magnitication,

b) After recirculation for
3800 seconas in the closed
loop~700 x magnification.




Figure 15: Photographs ot #9€1 Glass beads. ) o,

-

a) Befcre recirculation
-700 x magnificetion.

b) After recirculation for
4420 seccnds in the closed
-loop 700 x magnification.




Figure 16 : Photographs of the #980 Glass beads. 2

a) Before recirculation
- 700 x magnification.,

b) after recirculation in the
closed loop for 7130 secondas
~700 x magnification,
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calibrated using the downstream pitot-static testing section at
the fluid flow rates ard temperatures encountered auring 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 these stfain gage readouts

were compared for open and closed lcop systems at equivalent
‘mass flow rates.

The experimental procedure during these runs canbe
described as follows, After an equipment.wérm up'period of
between 30 minutes and one hour., the readout from the twe
phase flow meter was set to zero, At this time the voltage
from the anemometer was also checkec for agreement with a
previously obtained.voltagewtemperature gcrrelatibho This
. voltage-temperature relaticonship was détermined by regulating
the temperature of the loop by means of the room air-conditioner
and recording the anemometer voltage and corresponding loop
. tempe rature over a long timé'pefiod without flow. In ordet
to obtain cousistent and useful:aneﬁometer calibrations for
all flow condtions and temperatures it was necessary to have
the ~ero fiow voltage agree with thisfrelationship before any
.flow measurements could be taknn¢ If necesvaryg 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 xoot mean square voltage under conditions of
no flow through “he system wmll be referred Lo as V and

AV 2 ! L4 -
Vrmso respe t;vely,
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Both micromanometers were then prepared by filling them
with 200 proof ethyl al:ohol until zero readings were ohlained,
Both the impact tube and the anemometer probe were initially
set at the center of the tubing by means of manual traverses,
the compressor was started and the desired RPM of the motor
was obtained by adjusting the speed of the motor until a slot
on the coupling shaft appeared to stop turning when viewed with
the electronic stroboscope. bthen steady pressure drop readings
were observed, the prassure drops across t he test sections
were recorded as well as the pitot-static section pressure drop.
The anemometer readings were then recorded whils an idenzifi.
cation mark was made on the flow meter and themocouple readout
on the recorder. Static pressure and orifice pressure drop
measurements were then made. oontinuous readings of the room
temperatuxe and hnmidity were made using a Serdex hygrothemo-
graphu | | '

Modification of the above procedure during some.pure

air runs depended upon the required measurerents. During the

initial runs it was desired to check the pressure measuring

instruments. It was therfore necessary to design and covstruct

a pressure manifoldo_ The pressure manifold contained toggle

valves and was used when several-pressure.drops or ‘instrument

readings were to He made., - The man*fold was thoroughly checked

_”for leaks by means of a high pressure compressed alr line and
soap bubble testing prior to installation in the experimental "

- .system. - Using the manifoid- 1t 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 I 1eld tested

along with the R. Feuss micromanometers included a movable lag

manometar, a hook gage and a Flow Corporation MM3 micromanomete:.

The K. Fenss micromanometers were found to give the most veliab.e

readings and showed the guickest -esponse 7> changes in flow
or pressure drop. Subsejuent Lo vhese *nin rul runs the
R, Feuss micromanomete: s were used exclusively for pressure
drop measmrementn

Though the calibration of the anemometer probes was
carried out with both the impact tube and the thermistor
probe in the center posivion, it was also necessary to obtain

velocity profiles for a number of the pure air runs. These

proflles were obtained by moviug the impact tube to predeter-

mined positions across the test section using a wanual
traverse., Lhe prof%i&s vere aiwavg marie subsequent to the
previbusly describEf neasurements with f£luid temperatures
being continuously recordedo_

Pure air runs were also made after each set of closed

‘loop suspension runs. The purPOSe of these air runs was to
detuvrmine whetnwr the anpmometer probe calibration had bpan

.altered by the solidsn During;these runs the 1mpaﬁt tube was

not employed. The pressure drops across each test sec»ion-were

-measured*bY“the"micromanometérs diredtlyféﬁd-thafahemémEter“”

voltage readlng was used togﬂther Wlth tbe prevxous?y obtainpd 3

calibration to determine tbe air velocity.. Friction factors

were calculated from this data. . If the calrulated frlc*ian

factors agreed With‘th0§e'previ0usly obtalnedffor.each test



section, tien .t was concluded that the probe had 1ot been
damaged by the particle flow., When a difference was found,
the suspension runs performed subsequent to the previous

calibratien check were repeated using amother calibrated

/

!

probe.

Open loop calibration _runs. ~ In order to obtain a correlation
between the output from the two phase flow meter and solids
loading ratio an extensive series of oﬁen ioop calibration runs
was performed. During these runs it was necessary to eeparately
measure the solids and air flow rates and relate_these measureu'
ments to the flow meter output, suisequently to be referred te
‘as V,ma |

| After the rompressor Was adJUSLEd to the proper RPM by

- using the stroboscope, the one inch ball valve beneath_the
rotary alr lock (see figﬁre 10) was opened, and the rotary

air lock put into operation. A sﬁitch was then act*vated
which allowed the BlF_feéder; an_eiectric timer and'the
electric vibrator to begiﬁ operating eiﬁulteneauelyu :The BiE_
feeder could be approximately set for the 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 experlmenta} s;stem FOr the no. flow cond:.t:.ono |
Feeder settings eould not-be used to prec1se1y determine the
"e 11ds flcw rate since it was found that the feeder rate at 'a
__given setting was dependent upon the alr zlnw rate, '_
The upstream pitot tube was used for *re determination o

: ef3a1rrrlqw'rates. The so]ids flow rate was determined by ;g-””



88.

weighing the collected particles in a measﬁred time. The
particles were removed from the collector by mechanically
rapping the top and sides, removing the rubber stopper at the
bottom of the coilector 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 made using a
triple beam balance capable of weighing 2610 grams to the

nearest .l gram.

Pitot tube readings were made and recorded several times

during each run with recorder output being marked each time.
When the pitot tube pressure drop decreased to 10% below its
_initial value tfe run was terminated., This decrease in pitot
tube reading was causpd by clogglng of the sintered tubes and
consequent decrease of the locop velocity., Due to the design
of the collection system at least 100 gme. of particles could
be collected even at the hignéét sdlidé flow fateibéforé it
was necessary to terminate the runs. After each run it was
ﬁecessary to remove ﬁhe sintered tubes from the collecto:
‘and clean them by ﬁse of ‘a éompreséed airlline; 1Wéighing'of'

'_the sintered tubes beiore and after cleanLng indicated that

less than 5 grams of part1cles were requlred to clog the tubes.

‘Shut down procedure*for t--he-open——loop-ru.nE consisted of--
ghutting the feeder, tlmer and vibrator simultaneously, then
'stopping the airlock closing the ball Valve, and turnlng |

~off. the compressor and motorwgeneratoro;;ﬁl;g_¢_¢__”f;

et as b ot Sl S - s b s ANETIEE L+ S s T e el Sy IR
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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 perféctlj steady rate caused
pulsations in those readings and led to scatter in the data.

Due to the 1arge inventory of particles required and its
time consuming nature, open-loop strain gage calibration was
performed only with the 30uglass particles.

Closed- loqp experiments. =~ Measurements obtained during both

the pure air and open«loop calibration runs were used to obtai

calibrations and correlations necessary in order to analyze

the cldsedwloop-results, During these closed-loop 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, uponafrictidn factors, gas velocity

profiles ard ornfice coeffzcient was studiﬂd.

89,

The operating. p*ocedure for these Tuns was somewhat less__

complicated than that.for the open~1oop calibration runs.
After the initial warm up perlod settlng the instruments to

appropriate no flow values and recording V and V ; a pre-V

rmso

weighed sample of partlcles was poured into the loop througha -

the closed-loop-feeding inlet previously-described V,The;,

"motor-generator Was turned on ‘and the ﬁomprmssor put into

this.RPM‘;nThe-pxessureydrops;acrpss tbavtwo teat;sections

'operation._ The stroboscope was set at the hlghest RPM under o

-;consideratxon and the compressox speed adjusted to maintain :
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were measured directly by means of the two E. Feuss micromanc
meters. When these pressure drops and the output froem the <wo
phase flow meter showed no change with time, readings were taken
The anemsﬁeter voltage and Toot mean square voltage were
recorded while the thermocouple and flow ﬁeter recorder ouf -
put was marked. Ihe test section and orifice pressure drop
measurements were then :aken foliwed 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 »f data.recording.Wﬁ"
followed.

For the Closed;loop.study;sclidé 1oading was determined
by means of the calibrated'na&SWEiow neter and air veincities
and turbulence measurements were madéjusinguthe calibrated
thermistor probes. Velocity profiles were obtained for =«
number of suspensidn runs using the thermistor probe and &
m&nual,tféversea Tbese profiles Were.always ﬁade'subSeqﬁent

to pressure drop and centerline velocity measurements. The

entire closed loop system_was-electricaliy.groundEd throughf

the compressor by means of cables connerted across each glass
test section t01 all saspensxon runs. )

Since attrition of 1arger dlameter particles during rlocedv_

'locp opefation wWas felt*tc'be more like1y=thanmwith the;smaller,

partlc]es, the loop was cleaned more frequently when the two

.largeat smze particles wera Stﬂdl&do  For these paxtlcles,
- runs were made at 10 gram 1ncrement¢ and the ;oop cleaued evexv =

ﬁother.rqn;“ For the two- middle 51ze partlples employed in,this
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study, runs were also made at 10 gram increments but the loop
was cleaned after every fourth run. For the smallest sized
particle the 106p was not cleaned until a complete series of
eight runs vere completed. The high cost and difficulty of
obtaining the three smaller diameter pzrticles along with the
very small inventcfy of these particls~ available for this
study strongly influenced the fore:soing method of operation,

The particles were collected in the sintered tube shown
in figure 6 by use of the three-way ball valvé iﬁ.the_

flow=-through position. Particles from different runs were

- saved in labeled jars for subsequent particle size distri-

bution analysis so’that particle attrition could be studied
on representative samples. | |
The mass flow meter output was used to determine whether

the loop was completely clean. -After every loop cleam-out pure

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

 system.



IV EXPERIMENTAL RESULTS AND DISCUSSION

The results obtained during pure gas.studies9 open-loop
mass flow meter calibration as well as closed-loop investi-
gations with circulating suspensions will each be presented
separatelj 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 deta were obtained. The results
obtained from these data are pressnted bsalow,

Velocity profiles, - Velocity profiles were obtained for tube

Reynoids nﬁmber ranging from 3450 to 41200 by use of the
downetremm pitet=static.testiﬁg section preyiously_deseribedo
- 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. |
"expeiimentally.determinedo 'The_agreement between.the e:u’:pe'an_:L=
mentai data and the theoretical curve is seen to be better .
than 3% at all points. The experimental data were obtained |

with three measurlng instrument the R. Feuss micremano=

@2,

.meter, a movable leg nanometer, and a specially designed hook .

gage. The data from the three instruments were practically

identicals so that onily ene experimental point is disearniblc

at some of the traverse positionsa

| The velocity data obtalned from each‘traverse ware also )

_,plotted against the radial distance from the center of the ___e

tube. Thewarea«under'these:curves-wes determined-ueingea",-'e<~'*-"
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polar planimeter and the average gas velocity was calculated
The reader ic referred to Appendix A for details of this
operation. The ratio of the.average to centerline gas veloc
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 averaze to
centerline velocity ratio is .80 + 205%,.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 vere determined

by measuring pressure drops across both .he horiZontal and

veritical test sections. For runs in which velocity profiles

were taken, the experimentally determined average velocity

. was used in the frietion faétor calculation otherwise a value

of .8 times the centerline velocity was taken as the average

veloc1ty¢ Since the pressure drop across each test oectlon |

is relatively small and the flow is isothermal in nature,

the incompressxble flow equatlons were used to determine

fricLion factors._ The method of calculation is indicated 1n

: Appendlx A along with a sample calculatlon,

A plot of the calculated B1331us friction factox g
(Blausius frlction factor equals 4 time the Fannlng frlction
factor) as a function of the gas Reynolds number for the |

horlzontal test section.ls shown in flgure L8 Two emplrlcal

'ﬂequhtlcns are rcmmonly used. to represent tbn relatlon between =

" the gas frlction factor;and the Reynolds number foraflow RRC
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VARIATION OF RATIO OF AVERAGE CENTERLINE GAS VELOCITY NITH

GAS REYNOLDS NUMBER.

. TABLE V.

-(Re)g

dLu
0 .

3450

736

3670

.783

4300

777

11500

.823

19150

.788

31835

- ,789

41200

830

¥5.,
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through smooth tubes (ref. 63). The first equation is valid

the Reynolds number range between 5000 and 200, 000 and conr=

responds to |

fB - 0.184 | (34}
(Re)sf

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 gdequate.description of -

the data since the bulk.of the experimental fesults_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 | s

_fB= 00560 + v I : (35)
| . ~ (Re), |

Tﬁis_empiricél relatioﬁ'is'i more exact equation and is
reportedly (ref} 63) valid ih;a wide Réynoldé number range

of between 3000 and 3,000,000, The calcﬁlated-friction.
factor data from the vertical test section is présented_ip
'figurg 19 as a function of Reynolds number along with & curve
of the fric*ion:féctbr.calcﬁlaﬁed using eQuation (35) The o
+5% deviation curves are again indicated by dashed lines.

Since most of the calculated data fall within these deviation . 
curves, equation (35; Lan be used fo represent the pure gas.ﬁf
.vertical test section friction factor results.f The difter~ 

. ences between the friction factors of the hori?ontal and  ;‘;T,,_a~
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vertical test sections can be attributed to the fact that

the horizontal test sectior 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 t=ing closer to the gas-solids circulator.

In any case, the friction factor data obtained from each section
can be adequately represente. 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 carried out with
pure gas circulating in the closed loop system through the

use of the downstream pitet=stauic section. Since the
thermistor probe is very sensitive to the temperature of
‘the flowing gas, a number of curves of anemometer outpup
voltage as a fuhction'0f-fluid5veloc1ty at different temper-
atures was required for eacb calibr.tlon, A cross plot of
~these curves was Lhen made in order to obtaln a single plot
of -voltage versus temperature with fluid veleeity as a
rpframeter¢ During the course of this study, five probes

were calrbrafed in this manner. The final voltage versus v
, temperatuxe plot for probe #5 is shown iﬂ figure 200-e | |
'-typ1Cal curve of voltage as function of verocity at an arbitrary
| femperature using probe #5 is presented in Appendix A. As

ican be seen from figure 20 When the temperature increases
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the 6utput voltage decreases at any given velocity, typical
of a thermistor type transducing element. At the outset of
this project it was thought that thesé probes could be made
with such an accurancy as to allow the.calibration of one
probe to be within +1% of the caiibration of another.
Calibration of each bf 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 detefmine.the validity of uéing aﬁ orifice to
meter gas flow rates of sﬁspension an orifice calibrated for
pure gas flow is required. This was obtained by instal.iing
'pressure taps across the aiming orifice located above the
strain gage as shown in figure 9, and taking pressure drap
measurement s for pure air runs u51ng the anemometer to_deter=
mine the air flow rates. Knowing the pressure drbp ACYOSS -
the orifice and the air_flow rate, orifice coefficients
were'calculated (see Appendik 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 orlfice copffic1ent is essentiall}
a constant of 63 | | o | o |

| Open-uoop Calibration Results | o
In order*tx>determ¢ns suspansion 1oading ratios deing

closed- loop opecation the two phase flow meter was calibrated

"u31ng the open-loop system.and experimental procedure previously

]

[P H W FPRERE T3 E TP SANERA R B

o i e S b o B oz vy

S ighang i E et e S g
o TR bl ey - ¥




R N

e e b

. I
TN PN R e -~
e et F Ve g i T e

N lvﬂclf.\fr\..i

.._..\mif&..}

L

. e
S

i ]

Q0Q05

ool

2%t € ,ﬁwmﬂ%ﬁ? sa wazyum wu_u_mo
> __08CQoe

0Q0v

oooo_

-

. .
- e b

——

-

- 00Q0%

Joquni SPTOULTY SEH UATA JUSTITIII0D oowmwuo 30 UOTIPTIIEA :1Z uﬂaWﬁm

“

. . o . L N - -
) . P . . .
o . R . . .
. -t . .
- - " .. . .
. . . . S -
. ) . ;
- . - . . -
L . . C . -
: . . . . . n

():)'E!i?l;#}xjiérqu<:'?;"

443

L

. AD INZIOS




LTRENT e

P e T

RPN G P R ok e e i

- However,

23,

described. Luring these open-loop calibration runs, which
were carried out with both pure gas and suspensions as the
working fluids, the centerliﬁe masSSs 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 sett’ng on the BIF screw type feeder. The
data obtained were correlated in che form predicted by a
simple momentum analysis presented beliow. |

The strain gage reading obtained from the two-phase
flow meter is proportional to the force which the fluid
'exe:ts on the girculat'target inserteu in the stream. This
force is equal to tle time rate of change of momentum of the

fluid, so that

Ll dm.y L : :

V. X F= f's 636)

ST - _
dt '

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

therefore, equation (36) can be written as
VST_z-kl d{m v l +_k22d£fgv ) o .  (37):
dt dt. ' o

Expansion of this equation ylelds - R e
dv dv (38)

YST - klv %mg + kzvp + kl g EES +:k2mp,ainﬁ

Assumiﬁg tnat there is no slip between the particle and gas

(ﬁb Vg) and Lhat the partlcles and gas are nof accelerating?

Igdt}

,ﬁﬁ i  .':;;gg;'Egng:' 5 fT&?f i{fi°jjT f. fT “fﬁiiggj .j7 

Ver = ¥y Ve dng + 22 dmy (393



04,
and
Qgg - wp - (4]
so that,
ISI - KV ¢ (PeVe A+k Wp) (42)
1

Rearranging equation (42) by multiplying and dividing each
part cf the right hand side byv? glves

Vor - KA G2vg L K, pv iy 4

iR

Assuming the density of the gas to be appreximately constant,

3

[

equation (43) can be rewritten as

Ver = Ky ?vg (Qvg) + kg'?vg(Wp) - : (44)
where - |
| kl'-g klA and k kz
e RG

Since the area of_the tafget does not occupy the entire flow
area of the tube, it is entirely-possible-that'the relation
| between VST and the mass flow ‘rate of gas and solids is mnot

.linear so that an equation of the form,_

VST. =kt Qv Pv)® 4y ( Prgllig)®  (4s)

may be expected | I |

In order to facmlitate the calihratlon of the meter,
‘equation (45) was modified in terms of centerline velocity
 as follows |

o N VST k uev (Qv )a + !\, ”?V (W )

T e e

s e it et it eae v Bel




where .

1

! 1+a £ — ; v
kl = kl (08) and kz“' é8 kz

The pure gas (Wp = 0) strain gage output was plotted as
a functicrn of the centerline mass flow rate in figure 22,
According to equation (46) when log Vg is plotted as a
function of log Vs with wP = Q, a_stréight line should
result with slope 1 + a ard an intercept (evc = 1.0) of
k;". The log plot of Vgpg versus @ v, shown in figure 23
indicates that a = .808 and k," = .0128. A typical readout
from the Brush recorder for Vgp is shown in figure 24,

The suspension data_wefe treated in a simil?r_ﬂanner.with

equation (46) indicating that an arithmetic plet of Var = Varg

vé:sus.v; Shc&ld yield a fémilylof straight liﬁés p&#slng
through thé origin with a varying slopa eyual to kz".pr}ba
This is illustrated by figure 25.. The-value of kz” and b
are readily obtained by plottlng the log of WST STO! Q‘fﬁ
versus the 1og of W?' s shdwn in flgUT° 26 . It was 1nter«
‘esting to note that the slope b was equal to - 808 exactly the
aame value as obtained from-*he-pure gas results° Substituting
tke values of the experlmentally determined constants, equation
(46) can be written as | - o |
o7 = 0128 (?Vc’) (?" )°80_8 % ,0155 ?"c (W e 80" ( )

Since the ratio of the aartlcle flow rate, %b ‘and the gas

__V

mass flow rate .8(v A is the callbratlon correlatlon in terms

of 'les v
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42t Figure 25: Vgt - .vs-ro as a function of 5 | °
40 centerline mass velocity with

particle flow rate as a parameter. o
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Although techiically only valid for the BQWVpartictaa this
correlation was used to determine loading ratics for all the
glass particles studied in this work. Recorder outputs for
two cases ~f strain gage output, one ecach for high and low feed
rates, is shown in figure 27. The pulsing observed on the low
fead rate sample oitput is a result of the feeding character-
istics of the screw tyre 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 opérations with a suspension as the
working fluid, mass £low ratibs, friction factors for both
vertical and'horizontal_tést éectionsg,centerline_and persent
turbulence a5 well as orifice coefficiwnts:were decarmined.
In addltion, a photographic analjgxs using the n fex ééction
preceding the horizontal test section (see fig. 6) was
performed for representative Reynolds number and loadlng
ratio conditions. Particle size distribution analyses were
>also made'on.fepresgntétive_particulatefsamples both before
and.aftéi c;rculatibn,#hfcﬁgh the_léop° The resulﬁs'of_each
.”of the analyses and-&Xperiments.mﬂntioned:above‘are_pfesggted_,
séParatély in thg5follbwing'sectionso B | o

VMase fldﬂ ratios, - Loadlng ratlos ware determlned by use of

- the two- phase fluw metel prevmouslv descrlbed along with the |
openw100p calibration repfesented by equatlon 48 | Samples |
'of the flow meter outpuL feor closed«logp cperatacn are shawn;;g--

in flgure 28. Velocities were obtalned from anemomater
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readines using calibrated thermistor probes. Curves of loading
ratios as a function of weight added to the system were
obtained for the five particle sizes at each of nhrea.diifexsﬁa
Reyrioids mmber ranges. These curves are presented in

figres 29 -~ 37. The data from which the ~irves were faired

i also indicated 'n each figure. As can be seen from the

fmnureug with the exceprion ~f che 980 glass Leads {avg by PO

all of the curves are roughly S.shaped. Fer s=ach particle

size a comparison of the plots for the three ditferent

RPeynolds nunlrers indicate that the higher thﬂ_Rﬁynalds number'
the higher the loading ratio ar any given weight.added té

the system., This effect is more pronounced as the wsight

added to.the loop iz ircreased, This phenﬁmeﬁa 186 explained
by the'fact that a larger percéntége ¢f particies are eutrarvned
by the gas when its velocity is high as coﬁpared to when it

is low. At lowér air velocities it is more likely %o have
particles caught in the compreséof, slbows or other sections

of the system, or coating the loop. It should alss be poivied

out that particles will remain in suspensiou at highev

concentrations for higher air velocities This accounts for

the decreasing_mégnitude'bf the flattened uﬁpef portion of

the S-shaped curves With deCréasing_gas_Reynoidsznpﬁbef
far'earh particle size,. | | B

Tne shape of’ these curves could be ekp zined on the
bacls of differlng 1nteract1ng eifectsa 'Ih@ Lower portlonf"'

of the curves is 1ess steep and indlrarf that _-émaill

‘*percenta e of the particles added to the system are
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actually circ.iating. For larger particles (Dp&‘ 504 and 30.+ )
this effect is less pronounced than for the smallier ﬁarticles
(#279,981, and 980) and is primarily due to the particles
accumalating in irregularities of the loop. For the smalles:
particles the effect can al:o be attributed to their |
cohesiveness whici: initially makes them more difficult to
circulate amd possibly indicates 2 tendency for these particles
to coat the loop (although thic was not visually observed
except for the smallest size glass beads).

The steep portion of these curves appears tp.occur
after the surface irregularities are filled and after.cohesive
forces are no 1onger sufficient to prevent additiomnal
particles from being clrculated. The steepness of.thiq
portion of the curve depends an-the_pafticie size, The | |  ré
smallex particles being more easily entrained by the-fiowing .
gas show a steeper slope than the larger particles which are
.not as easily calried by the fluid |

After this steep porrlon, the figures indlcate a
second flattened part in the curves. In this reglcn adding
more pafticlés to the system does not appear to significantly
;'increasg-thg ambunt}oﬁ cifculétigg m§teria1.' This area cof ”
tha7cury§ is- a result of pafticlgwssdimentgtionQ_so:ﬁhat.
as7pérticies afe'a&ded other particles s¢ﬁtle.oﬁﬁ,at B ._ e o
"-aPPIOY1mately tha same rate. This sedimentation can be.-. |
 .part1¢lly attributed tc the sxze Qf the partlcles,'as the
_ 50¢¢ particles exhibit this second alatvened portlon of : f .

- the’ curvg at tha«lowest;concentration;for.the;highgst  |
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A
“

Reynolds numi-r. However, since this {la tening ont aecurs
2t approximately the same loading ratio for the other particis
and since «t the lower Reynolds numbers the smaller particles
exhitbit [lar portions at the same or lower cmncentéations
than the large particles, a more complicarea explanation is
indicated., The cohesiveness of the fiue particles almest
certainly will tend to cause sedinentaticn at lower
concentrations than would be otherwise expected. Further-
more, the lower the gas ve‘ocmtyg the mere importent the
cohesive force since reentrainment in the fluid stream becoméf
more difficult. The visual observations through the pyrex.
viewing sections of the leoop indicated when aczumulation

of particles at thé bottom of the horizon* L section -noured,
Concentrations at which this ”aaltlng out" was vasu«ily
observed are indicated by vertical dashed. l*nea LT ,lgu:es
29-37, It should be noted that sedimentation was somewhat
dlfflculr to see for the 1arge partlclve due to th&1r ama Ll

wolume at the 1naipient point of sed mautghxﬁnn $mailbr

R AR S g RS A T 1 et AL R T e b

particles presented a different problem in that since the
flow: appeared very thick even at relatively low concentrations
(due to the 1arge numher of dispersed partlries it was

difficult to seas parficles at tha botfom of the pyrex section,'

TR 0 ok g e el it St L 0 . e

For any givpn parflcle size, the vxsual Qb%ervations.,_
lndlLdte that pml?aﬁle accumulatlon beglns at lower
| concentratlons for_the_lower Reynolﬁs-numbersa_ Thls is’ not
 unexpécted.sincé tﬁﬁ'céfry;ng_pé?a¢?5?_ﬁf tﬁé-iluld}IS_-

rsduced when the gas VQlOCityqis,d&Ct&a$ﬁd;_7The_5@&%:_.




126,
particles were 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 exhib; " what
has been described as "bouncing flo@" (particles «re 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” mamner with a
higher particle density appearing at the'bot;om of the tube
than at the top. | |

Accumulatioen of the BOfL-particles visually appeared to
occur at loading ratio of about 0,7 for the lowest Reynolds
number range ( (Re_)_g = 13700) and approximatelylioQ fcr the
middle Reynolds number range ( (Re) = 17500). No accumulation
was noted for the high Reynolds number runs ( (Re) =25,500),
_althOugh the "bouncing flow“ ard "segregated" fldw phenomena -
were evident. - | “ | | __ | .

The #279 glass beads wefé foﬁnd.ﬁo acéﬁmuléte_at all.
three gas Reynolds-numbers, as indicated by the figures.
'HOQBVer  "segrega£ed"'f1oW-was not noticeable by eye
,although s0me "bouncing flow" was observed for high
- concentrations in the lowest Reynolds number TUuns.

‘The #981 glass beads appeared to behave almost identlcally
to the #279 bead . Accumulatian of particles for the two
lcwer Reynolds number conditlons occured at about the aame
-com.entratmns. No accumulatlon was observad at the higher =

= Reynolds number for 1oading ratios up to approxxmately

A b



127.
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 accumulatirg at the lowest particle concentrations for
2ll Reynolds number conditions. They were also difficult
to remove from the loop during clean-out. Accumulation or
coating was obscrved in both vertical and horizontal sections
and was of a different nature tian observed for the larger
particles. It appeared that this_accumulatibn was quite fine,
covered large areas of the tube and had a dendritic type
structure, A photograph of this phenomenon will be presented
in a later sectibn of the digsertation.

The #980 glass bead_wérg_alsb found to_be affgcﬁéd by |
the moisture in the air. Figureg 36 and 37 show the difference
in concentrations obtained when the same amount of #980 glass
beads were added under different cdnditions of room and
;pirticle moistute contéhto: In thg condition lcbelled "high
‘humidity" the 980 particles were exposed to room air for_'
0pproximately two weeks and the experimental runs were made
on relativ#ly humid dayso ‘For thgrconditién 1&bé11ed~"lbw
.humidity", runs ware made with fresh #980 glass beads on   i' |
days of relatively low humidityo' A& Lndicated by the figures .:_:h.

" the higher ‘moisture content.caused,lower concentrationsafor..ﬁ i




any given weiznt 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 sysiem but no. the fricticnal 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
.llso 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'caps-in both the vertical and.horizontal
test sections occured

Friction factors. -~ Frictlon factors for both the vertical

and horizontal test sections were calculated using measurements-__

of pressure drop, inlet static pressure, centerline velocity,
temperature and 1oading ratio.' The calculations were
performed by using the anompress .ble flow equation for |
friction factor based on the density of‘the pure gas. This

'equarion may'be represented by .
g _Sf SIS

9y

128.
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where
AP =  QFge - APy =~ OP, £50)
with OP . = measured pressure drop corrascted for lemgth
of manometer leads in vertical section,
&Py = gravity pressure head in vertical test section.
AP

a = acceleration pressure losses.

In these closed loop experiments .he pressure loss across
each test section was very small compared to the static
pressure and the flow was essentially isothermal in nature so
that AP, 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

AR = (1ra)Lg o)
The corrected measured pressur- drop is the measured pressurs
drop plus the head of air in the manometer leads b<tween
the pressure taps in the vertical section, .
AR = R, o+ LE G
so that for the vertical section

AP’f' =P - ,.Yugg L . | _. | (53)

In the horizontal test section the gravity pressure head

is zero and Z;;mc' i ZSPm 80 th‘t.__

Thﬁ'gas'dénSities used in the calculﬁtion,fqr.the:ffiction .
factdr'in eich test seCtion were cbfrected fof thefgvérage;_~
statxc pressure across the test section. Measured values of
the static pressure at different centerline velocities are __eﬁ

presented in*figuregBBeforvthe+h0xizonta1.test sec;ioneand,;-
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figure 39 for the vertical test section. The velocities
required for the calculations were determined from centerline
veloeities measured on the anemometer, multiplied by .8 and
corrected for flow area arxl pressure differences in each test
section, assuming constant gas mass flow rate through'the
looupe.
In order to present the resuits'fbr each test section.
in a convenient mannerS the calcuiated suspension friction
- factor based on equation.12.was_div;ded by the appropriate
pure gas friction.faﬁter for sach test section. Equation
34 for the horizontal section and equation 35 for the
vertical section, This frias;vn factor ratib'was.then
plotted as a funéﬂien qf.soiids_loading ratio for the case
of either the hbrizontal or vertical ftest sectien_for each
of the five particle sizes and each of three Reynolds number
ranges, These ploté are Shqwn'inffigures 40 ~ 64, Curves
iﬁdicated on the figures wefe faired by_eye_t¢ represent;the
data points on each plotq : o
Figﬁres 40'and:41 éfe_plets.of:the 504 particle data
;for the hqrizontal.section;. As can be”seen'frbm the'data'
there'is;an'increése in the frictidn-factor fatio.as_tha_
loading ra*io is intfease& for each of the-Reynolds numbers;

tbe increase at any given loadlng retio being greatest for PR

the lowest Reyno*ds ﬂumber and least for the bighest Reynolds  ..

ﬂumber, Figures 42 and 43 are plets of the SQp.partlcle
data for the vertlcal test SGCthﬂo These piats indlcate a

large de rease in the friction factor ratio as 1oad1ng ratio
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~ glass beads (approx. avg. D,

is increased. This "drag reductiun” is found to be grzatesr
at the highest Reynolds number and smallest with the lowest
Reynolds number., 1In other words, the lower the Reynolds
number the higher the friction factor ratio for both the
vertical and the horizonta. ftest sections. Figure 42

also indicates thct at the higher Reynolds number the "drag
reduction' appearz to bhave an inf.ection, perhaps indicating
a tendency to reach a minimum. Figure 44 is a composite of
the curves drawn thr ugh the data for the six different
conditions studied using the 5041 pa:ticles,and clearly
indicates both the cifference between the horiéontal and
vertiéal test sections as well as the Reynolds number effect
in each.section. |

The results obtained using rhe 30;» particles are

-indicated in figures 45 - 48 and appear to exhibit sxmilar

trends as the 50 s# particles, with less drag increase in the

142,

horizontal test section but slightly'gréater "drag reduction®

in th@lve:ticaﬁ section fqr.thc highest Reynolds number

condition. Figure 47_&lsoaindicates a.$light inflection in

| the'friction faCtor'curvé for the highest Reynolds nurber

in the vertical test svctlon. The Reynolds number effect is

perhaps most dramatxcally indicated by finure 49 which is &

composite showing the curves representing rha thr-e different

"_ sect1ows using the 30;» glass beads. -

The results of the frictlon factcr =tLdy ncing #279 -

 Reynolds number ccndmtlons in the harizontal -and vertical test

= 25/4 ) are shown,ln figuxcs-1_
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il
50 an¢ 51. ine fipures, representing the results in the
horizontal test section, indicate that although 'drag
reduction'” is obtained at the two lowest Reynolds numbers
this deciease is only 18% maximumjand there is actually a
slight drag increase for the lowest Reynolds number condition.
The results with cthe vertical test section shown in figures
52 and 53, again indicate 'drag reduction” but not to the
extent indicated with the larger particles. Mo inflection
point is exhibited in the vertical test section result s but
an inflection point and a minimum friction factor ratio seem
to be shown for the two highest Reynolds numbers in the
horizontal test szection, These reéults are moré cleafly
illustrated by the composl te for the.#279 glass beéds shown
in figure 54,

Figures 55 -~ 58 indicate the friction factor results
obtained using the #9Siiglass beads,. The 3M_Corp¢ratipﬁ had
indicated that.thése beads have an average diaméter_of |
approximately 13y, however, subsequent analysils using a
Cbﬁlter.counter'has indicated that these partic1es have a mean
diametar_of.appfOXimately_20ﬁ»w;;h i:somewhht différent size
distribution £han-the #279.g1ass beaﬁs. nThéée pqrticle_siée
analyses will be presented'in:a later section of this-'
‘dissertation. In view of the fact that the #279 and #981
partiCLes have approximately thg same maan particle si7e
it is not surprising tnat the results in both the horizontal
and fertlcal tast sectlcns as indira?ed by figures 50 - 53.

and 55 - 58 show the Same general trends “and are-approximately*
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the same in mignitude. The lone exception to this agroement
appears in the horizontal data at the lowest Keynolds number
where a slight drag reduction rather than a slight drag
increase is shown. This could be attributed to the fact that
the #279 glass beaos contain more large particles than t*-
#981 glass beads. This could also be the reason that all of
the horizontal test section frici.on factor results are very
slightly lower than the correspondin, results for the #279
glass beads. The results for the three different Reyﬁmlds
numbers and the two different test sections are ipdicatéd_

in figure 59, The figure also shows that at any given
1oading'ratio the '"drag reduction' is still somewhav greater
for the vertical test section than the horizontal test
section for all Reynolds-numbersn. | | |

- The smallest particles used in this investigation were

‘the #980 glass beads (average D -approximately equal to 10m),

- The friction factor results obtained usmng these partlcles

are indicated b; figures 60 - 03, The_flgqreb show_slmght
"drag reduction" for all Reynolds numbers in both the |
horizontal and vertical test sections. The'results,aléo
show that the friction factor ratio for both the horizontal
‘and vartical-teét sections.arg.ﬁearly idéntiéal for'thase

- very small-particles~(see figure 64)*' | H

In order to show more clearly the ‘effect of particle

size on the friction factor ratmo,_two addltional composites RUERE

have been prepared. The composites shown in flgures 65 and

66 represent the results of friction factor ratio as. a
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. | ble
functian of Tiuaing ratio for the five Adiiierent part::le
sizes at the highest Reynolde number in the vertics. :ovi
horizontal <-etinns respectively., TFor the vertical section
results it i< obsezved that vhe marximum "drag reds wtion™ is
obtarues tor the (g, particles with the 50pe particles
giving only slighvly more arag. The 7931 ang 279 glacs

Lealds glve approximate’ s s s nagnitude of Tdrvep

e

reduction” - & value lezs tran achleved witi the larger
particles. The smallest partirles appear to wive the least
"drag reduction't, o

Figure &5, the composite for the horizontal test section,
indicates Ph&t.the'SOAAand 30 - glass beads result in drag
incres sn.; wiereas, the #2759 and #981 particles cause "dra g
reduction” of approximately the SAUTE, ordef Qf magﬁituda,
‘but less than that exhibited for the same particles in ﬁhﬁ
vertical section, Thé #980 particles gave approximately the
came results for poth the_hofizontal and the véftical_tést
section. | |

| The best explanation for the vertical test section results

appears 0 bé'giVen*by the'theoretic31 ana1ysis perfbrmad'by.
Saffm&n.(refa 47) | 1n his analysis, Saffwan showed that if
the particles are fxne enough for tbe relaxation tlmn_'
fa ﬁeasure"of nba.rata-at”which the velbcitv.ef_azparticlé
adjusts to cnahges ln the gas velocity) to be smal Lompared
-.witk the flow, then th& addxt;ou ot partlclev Pauses th&
| _crltlcal Reynolds number foz trmﬁ&Lflﬁﬂ rram lamlnar to v”"

turbul&nt flow to be decreased,and a drag :nhrease resultsn



1645,
However, he predicts that if the particles are coarsé s0 that
the relaxation time is relatively large, thei. the suspension
has a stabilizing action (the particles cause a higher
¢ritical Reynolds number and less frictional pressure loss).
In other words, the finite slip velocity between the
particles and the gas causes energy to be extractsd from the
ﬁurbulent eddies resuliing in a smaller frictional dissipation
at the wall. As indicated by Soo (refs. 38, 45) this energy
sxtraction would be especially prominant in the vicinity of
the wall where the velocity of the particles greatly exceeds
that of the gas. |

From Saffman's analysis it would be expected that the

larger particles which lag behind-thg'turbulent fluctuations
of the flowing air but follow the bulk motion of the air will
.yield higher "drag reduction' than smaller particies which
to some extent follow the turbu&@nt_fluctuations of the
fluid. The fact that the 50 particles yield slightly less
drag reductioﬁathan-the Bﬂﬁuparticlasrin.the~Vertical test n
'sectibn may also be'explained on the baqis of Saffman's
| an-lysis. According to his model for & relaxation time
very much greater than the characteristic time scale'(particle-"

sizes much greater than those required to obtain the -

| _characteristia relaxation time) increasing the size of the

particle 1essens ths stabilizing effect.  At the gas Reynolds

numbers studied in this-aavestigation it would appear that

- the 39# particlee yield r.he aptimlmum relaxam on ‘time since

'both 1arger and smaller sized particles result in iess "drag

Kk s S A

AR T BT e bR e e T
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reduction', slthough 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;
" rhe reason for this is apparantly due to gravitational effects
which cause the particle number density to vary across the
tube and not remain constant as required by Saffman's anolysis.
As the particles become smaller, their sedimentation velocity
decreases, hence decreasing the tendency toward "segregated
flow" resulting in the friction fac ‘or ratios for the two
sections to approach one anothera The fact that the smallest_
particles used in this study yielded essentially the same
‘results in the horizontal and vertical test sectionﬁqurther
confirm this thecry.. With'the lavgef.(SO;» & 30p) particles

a drag increase was observed in horizontal flow which ‘may be
~attributed to the observation of "segregated rlow'" to such
an extent that many of the particles were transported through .
the'horizontal sections in “bouncingIEIGW"" This "bouvcins
flow" causes additional frictional pressure drop and in view

of the fact that the cross-sectional density of the particles_

L T e S BN REES PR R SRy S

is not uniform and therefore, the upper portion.of the
horizontal sections are 1ess affected by the particulate'
'flow the net result is a drag increase for thase larger
_;particles.' As the flew becomes more. dispersed (smlllor
‘partlcles) the "segregated flow" is minimized, ‘hence "drag

reductiqn" results. An interesting conclusion which mny
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be druwn frow this investigation is tbhat in a 7/8" tube the
maximum ‘'drag reduction' in *he horizontal section may be
obtained with 10u/ avg., diumeter particles since for particles
belcw 10/+ the relaxation time would te smaller and "drag
reduction” would decrease; wheveas, for pirticles above 10~
"segregatad flow' would tend to rause an increase in drag.

| Photographs showi . x ¢ia o3 flow patterns of the
particles under varying condirians of loading aﬁd Reynolﬂs
number appear to confirm the faur that the smalléf particles
resposd to the turbulent fluctuations of the fluid to a
greater extent than the larger particles. The photographs
also show segrepated flow in rha horizontal pyrex section.
These results will be presesned 1o d@;aii in a later
section of the dissertation.

Crifice Coefficient. ~ By measring the pressure drop across

the orificg aﬁd assuming an aVeragé velocity of .8 times
the centerline velocity meaéured by th: anémometer,.prifiCQ
coafficients werg'aaléulatad_fgr at b of Lbe-mlosed.ioop_ |
TUns at'different pérticle loading ratios and Reynolds
nunibersn The results of rhvﬁe calcu]atlons are plotted on

| flgure 67 along w1th a curve repvesentlng the orlfice

A N.,,-md‘n—'ﬁv_;é,:_r,_wr;;.~w‘- e b 2, B E e e

calibration obtalned.w1th pure air as the_cirgulathg f1uid,

Dashad curves r@presentlng a-+ 5% deviation frem this curve -

s w5 b

are also shown. Swnoe very few dsta polnts fall outside of
-these dashed gurves”;ﬁ appgars,tpat me orifire coefficient
- calibration was:nnt affected by thﬂ g,&;ﬁﬁf ai 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 regard to particle size or concentration. Therefore,
it would appear that these points are the result of experimental
inaccuracies in either the velocity meastred 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 |
suspens_ionso

Turbulence measurements. - Measurements of the percént

turbuience at the centerline position of the tube were also
‘made for closed lcop experiments;with both pure air and
suspensions using the thermistur probe previously described.
In order to obtaiu useful turbuleqceudata 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 velocity
fluctuations in the dlrection of mean flow, - ;2..' This
can be obtained from the relatlon between the velocity and |
the D.C. voltage for-the-Dls&.anemometer-unit which is: T
| | | _vz__-v'z_ =B0® S -(5'4)
"Wﬂrle B dnd n are eyperimental constants and U is - the point

_bulk velocity. Therefore, assumlng u is small compared to"

the bulk velocity, U we obtaln

T o T L e
B R L C N
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From equation (54),

|

Ao
1 g o iV |
A2 v 2V dr_ (56)

oR
ot
]

5

A
Bn

=ty B £ e R S s

upon rearrangement equation {(56) becomes

L L@ S
2 y.2h T oy FF | (57)

therefore,

e { » i | " 2 '
. ——— - 0 ‘ 2 — 'm dv .
it = “B fw(v . )72V FE | (58)
d “

Since, ' _ _ _

= e e
I av

/ du” [ 2

voAET AP

equation {58) become s | |
L - L | o | |
— et oynEalE
A UuT T e n~ & “ ' — {59)
In order to obtain the relative turbulence intensity, defined

- _ - uZ

B . -
‘equation (59) is divided by equation (55) to yield

=2 (60)

e vt ey g
(-

A ut = ZHE‘\ N

. 3
N A A

From the‘anémometgr calib:ationsxpfeyibuslj.performéd_it"Was |
found that the relationship between'ﬁglogity é@d_vql;agnga$_ﬂ_ !

in agreement with King's law (see Appendix A)iandfn= S5,

B Bk 1 e e B LA VS i



s that as the Reynolds number is increased the thickness of the -

170,

L - JT? 40 ,/:7 | | (61)

s0 that

2 2
0 (¥ - 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. .Vslues of 1 obtained osihg'this
method were compared with those from equation (61):andt

agreement to Withirx 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 downﬁird
vertioal'leg of the loopeﬁith-the'prObe in the centerline
'position_sre_presented'ss e funotion of gss”ReyooldS"number°
in figure 68. As can be.seenlfrom the.figure,.an:increase:'

in Reynolds number results in a decrease in the- centerline 1_' 

r.percent tu.rbulence° This trend is consistent with.the results
of other investigators with both air (ref° 65) and liquﬁis i

(ref, 66). The explanatlon of this phenomenon appears to be

T o e B e s, T, T e T

e R S LT s s
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172,
laminar sublayer is decreased 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 ard at the centerline increases. |

The magnitude of the percent turbulence found in this
study, however, is substantially lower than that reported
in previous 1nvestigetions. This is epperontly due to the
fact that the turbulemt structure recovery after ehy obstruction
requires a lenger length of undisturbed tubing (L/D = 150
(ref. 67)) than was availabie‘in this investigation. An
insufficient length to diameter ratic for turbulence
measurement s resuitsein lower.vaiues for :he pefcent tur-
bulence in the stream., However, since the trehd of.the diets
appear to be correct, a reliable estimate of the effect of
particles on the reiatrve 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 ploﬁs of-the.results.for ﬁhe

ratio of reiatiVe‘intehsitY'of turbulence with end*Without -

| pe:tioles (1 /I ) as a function of suspension loading ratio
1for_the five-different perticle-types_studied, The dete._
for each particle size ere?piottedﬁusing"thfee.different'_-
symbols-eech'representing e-diffefent'Reynolds number'rénge.
~As can be seen f:om the figures, no Reyno1ds number effect o
is discernable in the Reynolds number rangc 1nvestigeted |

‘hers.
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Figure 74 is a composl 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 mudel proposed by Seffmeh,
gince removal of energy from the fluid by the particles in
the vicinity of the wall would result in a thickening of the
lamimar 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 6f_the amount of drag'reduction.obtained for each
particle. The figure shows that thegreeteet increase in
turbuience is ubtained with the 30 s~ particles followed by | :
the #981, #279, #980, and 50~ particles. With the ex- | L
ception of the 50;» particles, this was the relative order “
of the magnituje of drag reduction observed_on'the vertical
test section. The fact that the relative intensity ratic
for the 50‘& particles is somewhet lower than would be
expected on the basis of the friction fettor dete cannot be

- explained.

BB R A AR 5 DT o e SR e g e e

Unfortunately, turbulence measurements could not be -

'_made in the horizontal test section as well as in the vertical
_test section due to a combinetion of instrumentation, spece, |
and time 1imitetions. Such informetion would be useful for -

a cleare* understending of the "drag reduction" phenomene.
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The fact that no Reynolds number effect was discernable
for the centerline turbulence results; whereas a Reynolds
number effect was clearly evident with the friction factor
data appears to be due to the pure gas relations for these
regults. The friction factor is somewhat dependent on
Revnolds number (se2 equation (34)) even for the pure gas
case; whereas, 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 pitut 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 wali 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 temperatﬁre change dnring

the course »f 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 reported 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
o8 vc) seem to indicate that the total velécity 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 were 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 covld be frozen.
Photographs taken by this procedure of the five
different particle sizes under various conditicuns of flow and
icading 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 #9380 glass beads three different loadings

are illustrated by the pictures. Only two different loadings



/52
Figure 75 : Gross flow photozraphs of 50 .+ particles.

(Rg)s_- 25225 (Re )g = 14300

a) Loading ratio = ,12 b) Loading ratio = ,02

c¢) Loading ratio = ,46 d) Loading ratio = .22

e) Loadirg ratio = .79 f) Loading ra.tio = ,52



(Re)g= 25250 (Re)g= 13675 1¥32

a) Loading ratio = ,12 b) Loading ratio = ,04

¢) Loading ratio = .50 d) Loading ratic = .45

e) Loading ratio = 1.44 f) Loading ratio = ,66
Figure /6 : Gross flow photographs of 30 /tparticles.
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Figure 77 : Gross flow photegraphs of #279 Glass Beads.
(Re)g = 2390y (Re)g = 1440V

a) loading ratio = .14 b) Loading ratio = .(4

¢) Loading ratio = 86 d) locading ratio = .3

e) Loading ratio = 1.91 f) loading ratio = o O




/%5~
(Re)g = 25925 (Re)g = 15000

b) Loading ratio = .01

¢) Loading ratio = 1.3 d) Loading ratio = ,12

£} Loading ratio = .30

e) Loading ratio 1.82, ‘
Figure 78: Gross flow photographs of #981 Glass Beads.



)§é .

e) Loading ratio = 0,

(Rng' 27675 (Re)s = 16200

a) Loading ratio = .20

c) Loading ratio = .74 d) Loading ratio = ,10

Figure /Y: Gross flow photographs of #980 Glass 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 79%¢ and can be used for the purpese of comparison.

By comparing the photographs for the 50, and 30k
varticles (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 tc any great extent, the smaller particles show
wisps of particle eddies indicating that they are more closely
following the fluid flow. The #980 glass beads shown in
figure 79 appear to have the greatest number of these eddies
as well as th® smallest size,

The '"segregated" flow phenomena is shown by figure 76
for the 30 s+ 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 SOfp glaes beads are somewhat more difficult
to analyze dus tec the fact that the camera was at a slightly
greater distance from the photographic test sections when
these pictures were taken. Consequerntly, less detail is
evident in the photographs.

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

fine structure of the coating and tendency to deposié in the
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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 sectious.

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 ware
collected in the sintered tube shown in Figure 6 and particle
size distributions were obtained by use of & Coulter counter.
In addition to tiese 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 c¢% the particles and the other showing
the effect of recirculation on this initial distribution.
Figure 80 shows the '"bufore'" and "after' distribution
of what has been referred to previously as the 50jparticies.
The analysis indicated that the true average diameter of
these particles before recirculation was approximately
59’pu. 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
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two other solutions. The results showed the same trend for
the size distribution but with mean particle diameters of
44~ and 46- Jr .

The ";fter" results for the 50u 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 meaﬁ diameters of 20.5-and
31, respectivel y. However, this in itself is quité 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 504~ and one around
30p. This would appear to indicate that the observed
decrease in average particle diameter may not be the result
of attrition alorne but may also be caused by contaminants
picked up during recirculation. Microscopic examination
of these samples alsoc revealed the presence of smiller
irregular shaped, dark contaminants amongst the larger
spherical glass beads. A photograph of one of these samples
obtained using a metalograph is 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



195,
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 p. ;
whereas after recirculation the mean diameter is about
36« . The fact that the size distributions appear relatively
close also seem to show that very little particle attrition
occurs for the 30, particles, Microscepic 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 tefore
and after recirculation are roughly the same and shcw little
or no contamination of the 'seu 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
25p-and 20p~ respectively. The size distributions also
indicate & slightly highe. 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 befcre
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 b: ‘cre
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 20f~and
18~ before and after recirculation, respectively. The
analysis indicates little evidence of particle attrition
or contamination cf 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 4« and 8.5 4,
respectively. The shape of the curves also indicates that
little or no ﬁarticle 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
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required to effect the results reportec 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 SO,M'particleso However,
the particle size reduction for the 50 4~ 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 stresm.



V. CONCLUSIONS

A closed-loop system capable of continuously recirculating
gas-solid suspensions has been built. This system was used to
measur 2 pregsure drops, gas velocities, turbulence intene-
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 tﬁé following conclusions can be reached:

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

for both horizontal and vertical test sections.

2. The results from the horizontal section in the
loading ratic rangs up toe 2.5 indicate that the

"drag reduction' is greatest for the smallest
particles (approximately 20%). Drag increases
of as much as 407 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 30pparticles (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 thé horizontal section. For the smallest
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particles the magnitude of the friction factor ratios

in both sections was essentizlly 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 "'segrepgated' flow in the section,

At any suspension concertration the results from both
test sections indicate that the lower the Re-molds
number the higher the ratio of suspension to gas
friction factor. Lthis 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.

Calibrations of these thermistor probes obey King's law
but are quite semsitive to temperature and are
therefore required at a number of different tempera-
tures.

The se 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 2zero 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 pur: gas and suspensions show
no discernible effect <f particles. This confimms
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
systiem indicate that the swmaller 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
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 fluctuations in the fluid velcocity.
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The photographs alsc illustrate the '"segregated" flow
phenomena exhibited with large particle flows in the
horizontal section.
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.
The turbulence results, however, are substantially
lower in magnitude than those found in previous
investigations. This is attributed to an insuf
ficient length of undisturbed tubing from the
orifice to the anemometer probe (ss2e Figure 6).
The.net result of this small L/D ratio is a decrease
in the magnitude of the centerline turbulence although
the correct trend with Reynolds number is still obtained.
Ratios of the relative intensity of turbuleance between
the pure gas and the suspension should therefore reflect
the effect of particles on the turbulence,
Results from these intensity rat_o data for the five
particle sizes investipgated 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 particles in the vicinity of the wall
would result in a thickening of ths laminar sub-layer amd
a congequent increase in thllctntorlin. turbuleica.
The intesity of turbulence results do not show a
discernible Reynolds number effgct at any loading
ratio for eny of the particles investigated. This

is probably dus to the relatively small Reynolds
nusber rangﬁ_studiedo

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

Particle size analysis reveals little particlse
attrition with all particles except the 50 micron
particles.

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

from the loop.
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VI, KECOMNMENLATICNL FCE FUTHRE WCKk

wahile a great deal of new information has been obtainec
from this investigation, there are still manv unanswered
questions which should be resolved., Tor example: Will
drag reduction still be cvservec with particles larger than
SQ;L 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,
e.g., glass or metal? What effect does particle size have on
the strain gage calibration? What effect coes the particle
material (compesition, density, shape, etc.) have on the
pressure crop?

In addition to answering some of these questiors 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 with out present anemometer
unit using a modified thermistor probe. Particle velocity
profiles have been successfully 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 pusitions in the tube in both the horizontal and
vertical test section is necessary to test the particle
stabilizing theory of Saffman (ref.47) as well as to develop
a mathematical model to describe the experimental results,

It would also be very desirable to have measurments 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 formulatica cf£ & model.
This information could be cobtained by use of a spectrum
analyzer in conjunction with the anemometer and the experi-
meﬁtal loop. Increasing the length of undisturbed tubing
prior to taking turbulence measurementslwould also give
more significance to the turbulence data obtained.

Photographs of the gross flow patterns in the vertical
test section as well as turbulerice measurements in the
horizontal section would also further elucidate 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 across the tube,
the develcpment of an improved traversing system (preferably

automatic) is also necessary.
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VII. LIST OF SYMBOLS

Symbols

[ 3

Definitions Units
constant defined by equation(Aé) dimensionless
cross sectional area of tube (Lz)
parame ter defined by equation(lB) dimensionless

constant defined by equation (46) "

experimentally determined constant
in equation (54) "

function%of dime nsionless group

Rep (Cp)* (see equation (17 "

drag coefficient "
specific heat (Q/MT)
orifice coefficient dimensionless
tube diameter (L)
particle diameter { L)
Fanning friction factor dimensionless

Blasius friction fagtor
= 4 x Fanning friction factor "

pure gas friction factor "
friction factor defined by equation (22) "
particle friction factor "

suspension friction factor based on "
the suspension density

suspension friction factor based on
the pure gas density "

force ( F)
drag force ( F)
function defined by equation (16) dimensionless

Froude number "



List of Symbols (cont.)

Symbols
g
Ec

I

k

k1, k2
k1', k2'
k1", k2"
K

AP
DP
IS
DP
AP!ll(:

Definitions

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 Re )% defined
by equaticn ( 1If

length of pipe
mass

number of particles per unit

volume of mixture

experimental constant in
equat ion (54)

pressure
pressure drop
acceleration pressure losses

gravity pressure head in
vertical section

measured pressure drop

measured ~ressure drop corrected
for length of manometer leads

universal gas constant

210,

Units
(L/tz)
ML
(¥=)
(M/th)
(Q/L%T)

dimensionless

1L
"
"

"
1"

(L)
(M)

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

(F/L2)
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List of Symbols (cont.)

Symbols Definition Units
Re Reynolds number dimensionless
t time (t)
T temperature (T)
u fluctuating velocity (L/¢)
U point bulk velocity (L/e)
U bulk velocity (L/¢t)
v velocity (L/t)
Voe terminal settling velocity (L/t)
' anemometer D,.C. voltage, (volts)
Voms ToOot mein square voltage, (volts)
Vemso initial root mean square velocity (volts)
Var strain gage readout (volts)
Voro z:zaégcsage readout for pure (volts)
v, no flow anemometer D.C., voltage (volts)
W mass flow rate (M/t)
e density /L)
P' bulk density /L)
m particle loading ratio dimensionless
5 (Cp)p/ (Cp)g ratio of specific ,
hsats
AL microns (L)



List of Symbols

(cont.)

Subscripts

s suspension
g gas

p particle
1 " initial
2 final
avg average

£ fluid

212,

ol el e e wﬁmﬁ%&m@hi ,. e




IX. APPENDIX A
METHODS OF CALCULATION AND SAMPLE COMPUTATIONS
1. Pitou~-Static fection Velocity Profiles,
Velocity data u~ning the Jownstream pitot-static section
were obtained across the tube diameter at the following

positions:
Distance from top inner tube
Position wall (inches

.031
071
.131
.201 .,
o301 Bl
VAT /
«581
. 681
o751
10 . 801
il . 841

oo~

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. - ~

213,
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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 = Cpt\/ch (;4%;)

A-1
where
e = ,0808( 492 )
(560+T) A-2
and Cpt’ the pitot tube coefficient, was found to be unity.

A sample computation tor 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

= ,935 mv = 74.25 " F
P== .0808 ( 492 ) = .0744 1b

(534.3) £e3
= 8,03 [~-AP
v v[:Zs
v = 29,41/”- 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, It was therefore necessary to convert
each reading into 1b/ft2, The instrument readings were:

a) Micromanometer, - AP = 16.75mm H,0

-£P = 16,75mm H,0 x .003281 f* § 62.2 Lb 1b

= 3,425
£ £t2



b) Movable leg manometer, - &P = .0550 ft.of H,0, -AP =
.0550 ft.x 62.2 1b = 3,425 1b

fe3 £el

c) Hook gage, -AP = ,6635 in. H,0, ~OP = .6635 in, x
62.2 1b_ x 1 _££ = 3.44 ;gi

PRI VAR £t
The velocities obtained were:

Micromanometer - v = 2904\J3°425 = 54.4 £t
se¢

29.4V 3,425 = 54.4 ft

Movable Leg -V =
sec
Hook Gage - = 29.4-J3.44 = 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 (x)

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

tabularized as follows:

Pogition T v vY
6 »0035 54 .4 .190
7 1435 51.6 /40
5 1365 52.8 7.23
8 02435 47.8 11.62
4 02365 49,5 11.70
9 +3135 44,0 13.78
3 03065 45. 14002

10 3635 39.9 14,50

2 »3665 41.1 15,08
11 +4035 34.2 13.79
1 4065 33.5 13.62
w 4375 0 : 0

215,
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An arithmetic plot of vr as function of r was then prepared
as shown in figure A i.

The average velocity v is defined by

v =2W Jovr dr

so that upon substitution of .4375 for r_ , equation A-3 becomes

e
v = 10,45 Jvr dr
'; -
The value lvr 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 = 4,08 {10,45) = 42,7 ft
sec
and
v = 42,7 = 788
Ve 4 .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 calculation for
only one probe at one temperature and one velocity will be
illustrated below. A typical calculation was performed as
follows:

DATA:

Probe #5 RPM = 13200

T = .95 mv = 75°F

f%* .0743

ZSE;= 6.75 322 (after conversion from mm water)
ft



g4

rl|1||l~..l i e e o sy
N - 1 S

B

~roduct vr with

¥
.
+
.
1
i
[=]
—

:
{-
i
th

.
-
Lo

1

a

Variation ©

-
"

R

: g

YUun.

-
5

ypical

-
[

r for a

e

tanc:

1s

»

1 d

-~
L=

radi

*uy (099s/33) 1 A0NMD

oxd

o

]

50 HISLI W IRLLNIN

VU5 nOHE 3uTe

D G X 4l

Cr&1 OF HILTWILNZD IHI OLOl X ol




Vc = 2gc:APpt
€e

Ve = N Sbsiy (872 = 29,4 [6.75 = 76,5 EE
V = 6,065 volts
Vo = 3,745 volts RPM = 0

Data were calculated in a similart manner for all velocities
at a minimum of & 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 , as & 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:

vi - v = Bv," 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 Number,
The gas Reynolds number and the Blasius frictioﬁ

factor for the horizontal and vertical test sections were
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calculated from the following equations:

221,

(Re)g = E/MYD A-S
fg = 28, AFD
Qw‘} L A-6

where ? is 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. 1f 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 methed cor-
rections for static pressure difference in the horizontal
section and both static pressure and diameter differences

in the vertical section had to pe made. Since the anemometer
probe was calibrated against the 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 cai-
culations 6f 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: amicromanometer
and have been converted to 122 in the manner illustrated in

section 1,
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DATA.
RFM 13200.
T =  77°F
v, = /7.3 ft  (as obtained from anemometer
ce calibration curve)
/ -
M= £ 0169/1488)Y(537/492) = 1.188 x 107> _1b__
re-gsec
P = .0808 (492, = 0747 1b/ft
537/
Horizontal test section:
g ¥ L3 1in Hg gauge
APm = 4,28 b
il
P = .0808 (492y,31.4y _ oyy7Lb
(Sx7d 75ts) = 20777 2%
” = T ~ 5
VT BVe (agefl - L8 (72.3) (L955) = 58.9 £L.

sec

LR ORI & &
?e)g w B0 =TT 7(58,2) (,0729, = 28126
AL '--"8‘*(.:.05
f? = 25 APD = B4.4)(64.28)(,0729) = 0224
- ¢pZ L (-0777)(58.9) (3.33)
Vercical test section:
P, = 2,00 in Hg gauge
ASPm = 1,737 1lb
ftz

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 = Zlﬁm for beth

vertical and horizontal test sections,
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f = .0741 (m31:9) = ,0790 1b/ft>

- A
v = -8, (-"5-)@;;9—)

Since the diameter of the anemometer probe section is 7/8" and
that of the vertical test section is 1",

Ao = 765

A

therefore,

i
fi

08 ‘:7703)(00741) (0765) = ‘5405 _f__t_
.0795 sec

D = ,0833 ft,

L = 2.5 fto
(Re), = PvD = .0790 (44,5)(.0833) = 24650
1.188 x 10™
£, = 2g OOFD = (64 4301,737)(,0833) = .0239
L (.0790)(44.5)° (2.5)

4. Crifice Coafficient,

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

c, = Qaaﬁ;cﬁta . A-7

where AP is the pressure drop through the orifice, Pis

the density of the gas upstream of the orifice, Vv is the
average velocity through the orifice and@ 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 ccefficient of discharge for ga. flow

generally include an expansion factor, Y. tor ircompress-
ible flow this faccor is unity. Since the primary interest
of the orifice ccefficient results is in the effect of the
particles on the coefficient, this factor has been assumed
to be unity in all orifice coeffici:it calculations. A
sample calculation %or a 'yplcal experimental condition
is given below. The data r=corded were as follows:
RPM = 13200
T = 77°F
pressure at upstream orifice top = 1.00 in Hg
pressure drop through the orifice = 16,8 in. of 1.75 SG
gage fluid = 23.4 in, of water = 152 1b2
£t
Ve = 77.3§§E
diameter of orifice = 435 in,

D= .875 1in

Q= 2435 = .497
.875

f =-0741 (BF) = L0767 1b/£t>
correcting the anemometer velocity for pressure and area

differences through the orifice,

v = 8v . r«O?‘#l) (}____)
RN LY MR-
G = .8(77.3) (.967) (2.01)% = 232 ft_

sec

(1- @“*) = .939



so .hat
c, =07677232
L0787y
c, -« 1.0767)
Coow 629
o o
R, = R¥D_ = 7.0767)7232) (°4%2) ~ 56640
- M e et

Vo REX 1077

The fact that the calculated results of orifice coeffi-
cient as a function of keynolds number are in good agreement
with those given in reference %% for circular square edged
orifices seems to indicate that the assumption that Y=1 is
not. unreasonable,

5. Strain Gage Calibration.

The two phase flow meter also required calibration for
rne pure gas condition. This was done using both open and
closed iLoop configurations. In the open-loop configuration
velocities were determined by tne pressure drop from a
ralibrated pitot tube located as Lllustrated in figure 10.
In the closed loop studies velocities were determinead by
anemometry, A sample calculation for an open loop situatien

is shown beslow:

VST = ,3000 my
= 6,60 1b
ZLP?T ;T;
Fe

= 769F

e = ,0808 (492) = ,0745 b



Vo = 29.5 6,60 = 75,8 ft
sec
wy o= £ 5 y
Ve 9.63 ““%E“‘“
ft™ sec

For the closed loop configuration no calculation is required,
OFEN LOCP CALCULATIONS
Open loop calculations were performed mainly in the
~alibration of the two phase flow meter with suspension flow.
In this procedure the mass {low raite of solids was calculated
by dividing the weight of particles collected by the time
required for collection. The centerline mass velocity was
calculated as nutlined in section 5 and the strain gage out-
put was read directly form the recorder., No other calculations
were required.,
CLCSED LOOP CALCULATIONS
1. Mass Flow Ratins. - Mass flow ratios were calculated

e
R s 04 0L e el S

using the relation.

N I’ Ve coc 1,238
L i °0'—’”"’\'ch71°808 ° ] (48)

derived #s shown previously.
A sample computation for a typical experimental run is
shown below. ¥or this run the dats obtained were as follows:
RPM = $500°F

Weight added : 80,0 gms ~ #981 GLASS BEADS

VST = ,3100 mv
T = 82,1
P¥c = 3.82 __1b
ftzasee (obtained from anemometry)
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/YL = 03100 - 0590 10238
.0217 (3.82) ~°

ﬁl = ,62

2. Fricton Factors.

Friction factors feor the horizontal section were calcu-
lated in the same manner as shown earlier for the pure gas
case, This is so becausze 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 Pe = OFp - N EL (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
Ver = »3100 mv
T = 82.1° F

@vc = 3.82 1b (obtained from
ft°-sec anemometry)

Vertical sectionﬂ&}‘ = ,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
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be corrected ior area difference, so that

- 9} 1ib
4 5 ) vert = ,8{3.,82) (4 = 2,34 ——
e [ ft sec
Pg = .0808 (492) (31 ) = .0762 1b
542 . P
DPe - 8281 - 6157 (.0762) {30)
17
AP‘F = 08281 - oll?O = 07111 .l'.p..
£l
oy
£, APe 2g, D
(ﬁ?v, vert vvertL
so that,
1
fﬁ{_{°7111; £ .ol 12 = 0211
=7 \,’20 + ‘?T:gr U
ff

The gas Reynolds number calculated us.ng (Pw) vert
ig found to be 16380, Using the relation

£ = Ouow + .50
g -3

Re,
(eg

which was found to be a good f£it for the vertical test section

data,
f = 0280
g
so that
£s' L0213
3 .. o Lo
= = Iggn T 7%

a9

3. Orifice Calculations. - Orifice calculations for the case

of suspension flow were made exactly as outlined earlier for
the pure gas case.

4. Turbulence Calculations. - Turbulence calculations faor both
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pure gas and suspension cases were made in the same manner

using the relation

% TURBULENCE = 400 V Vome

— (61)
0 - Vo2

A typical calculation was as follows,

Wt = 35 gms - #2729 Glass beads.
V. = 5.790 volts

{Re)_ = 19796 (calculated using
g anemometer calibration)

M = .0602 (as illustrated previously)

VO = 3,67 volts

Vrms = ,0092 volts

Probe in centerline pssition.

So that,

% Turb. = 400 5,79; (.0092)
(5079?’ (3:!67)42

% 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.
To = ,01038

so that,

s = 01062 = 1.023
Ig L0L038
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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 calibration
obtained for the BQ/Aglass beads? These are questions which
cannot be answered at the present'timeo 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 undertakern,

The instruments read during the course of this investigation
include the Brush recorder (for both temperature and strain
gage readout), the R, FgPss micromanometer (for both pressure
drop and pitot tube veloéity) 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 a 10 M /diy censitivity. 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 bhe

aT

22pr — — v

i % =  ,004 or .47

t A

The two phase flow meter readout on the Brush recorder

~

was measured with the 10%%%; sensitivity for readout u;: to
-50 mv and with ¢he 204g¥v sensitivity for readout between
.50 mv., ana 1.70 mv. So that the average reading errors on

both scales would be

\Y3
8 *.é;.':.: LA 2,9-? ,i.,... = - “ w1V ,
- LS 02 = 2%, 10 533 sensitivity
and
c V |
Oﬁgz‘“ L%%Q = L0133 = 1%29 20&%% sensitivity.
! .

The R. Feuss micromanometer has a reading acturacy of
«5% of full scale reading. For an average piece of velocity
profile data where
L Ppr
o &Fpp = 2005 {200) x .10 = .10 mm H,0

167.5 x .10 (Scale factor) := 16,75mm HZO

co that the reading error is

& ([Pl
P:'[‘ e =% T%'l—ﬂg"s* = 500597 = 06%
LLPPT

Whenever possible these micromanometers were read

on the mcst sensitive scale available so that most of the
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readinss were over 100 divislone using the particular ar:
factor and the relative reading error was small as illustrat.
above. It should alsy be nered rhat the pitot v.:be pressure
drop error results in only half the error feiOCLty, due
to the relationship between the two (see equu .on A-!,.

For pressure drop vhe same error 1s obtained as shown
above, For a typical a:ze wiih pressure drop of a flowing
SUSPENS1on,

APm = 106,0 » .2 (scale fastor) x ,003281 x 62.2 = 4.28572

OPmo= 005 (200) % o2 x 003281 x 62,2 = 0404322

t
so that,
45 { N Pm) 0404 - -
Q Lt ..':.7._.‘... = 00945 = 1%
/s Pm 4,28
For every anemome’ric velocity determination two reading

errors vesulted frow vre digital voltmeter, one in the zero
reading vhe other with rhe f{low measurment. Hence, for a
typical case, realizing that the Instrument can be read to
the nearest ,0CZ vclts (with the sensitivity of 10 volts

full scale),

oVo _  _ghoz2 -

b¥e. ~ 99 . 000533 = .OS%
and

‘c:‘%-_ = $9%% =~ ,00033 = .03%

The smajl values of these errors are miéleading, however,
in that they are only instrument reading errors and do not
inciude calibration or temperature correcticn 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

.0092
. 0002

Vrms

§Vrms
and

EVrms . ,0002 _ =
Srms = ‘oues < .0217 = 2.2%

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

=2

ég,:;, s w5 = ,133 = 13,37

<]

N

However, the &Fs of .2 in Hg is almost negligible when
the static pressure is converted to in.Hg absolute, for

example

AL T — be -
Ps (absolute) =  31.4 -006375 - 64%
For the orifice calibration a typical error would be,

fexr the case of A&Fo = 16,8 in, of 1.75 5G gage fluid

§APo  _ o 2
LPo 16.8

The open loop calibration required only three significant

= ,0119 = 1,19%

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

-

' Wt = 250.0 gms
;28We = .2 gms
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