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Summary

Flow measurements were performed on dilute gas-solids suspen-
sions flowing in a closed loop system. The flow measurements
included data, in the presence of particles, on gas friction
factors, gas velocity profiles, gas turbulence intensity profiles,
gas turbulent spectra, and particle velocity profiles. During
flow measurements, glass beads ranging in size from 10 to 60
microns in average diameter by weight were suspended in air at gas
Reynolds numbers of 10,000 to 25,000 and solids loading ratios
from O to 4. Pressure drop measurements were taken in both hori-
zontal and vertical 0.870 inch, inside diameter, stainless steel
tubes. Profile measurements were taken only in the vertical tube.

Some novel and interesting_techniques were used for measure-
ment of various quantities in suspension flow such as solids load-
ing ratio, gas velocity and turbulence profiles, and particle
velocity profiles. A target-meter, with mounted strain gauges,
was used in conjunction with a sharp-edged orifice to measure
loading ratio during operation in the closed loop. A constant
temperature anemometer with thermistor and fiber-film probes was
used to measure gas properties in suspension flow. Particle
velocities were measured by the double streak photographic method.

Drag reduction was achieved for all particle sizes in the
vertical test section. The two largest particle sizes revealed
drag increases in the horizontal test section. The results in the
horizontal test section were complicated by gravity segregation
and particle deposition. The profile measurements in the vertical
section indicated that the presence of particles caused a thicken—'
ing of the viscous sublayer and a general increase in turbulence
intensity away from the sublayer region. The gas velocity pro-

files for suspension flow, in the turbulent core, were similar to



those without particles. The particle velocity profiles were sim-
ilar, in the turbulent core, to the gas velocity profiles. A
theory, based on particle-eddy interaction and viscous sublayer

thickening has been proposed to explain these results.

Introduction

This report represents the first two phases ofﬁa three phase
investigation (ref. 1) into the existence, causes, and effects of
drag reduction. The first phase consisted of friction factor
measurements to confirm the existence of the gaseous drag reduc-
tion that was reported in aﬁ earlier study (refs. 2-3). The
second phase of the investigation consisted of gas velocity, gas
turbulence intensity, gas turbulent spectra and particie velocity
profile measurementsldesigned to elucidate the reasons for the
drag reduction. The third phase consisted of heat-transfer mea-
surements to determine if Nusselt number reduction will occur with
drag reduction. The heat transfer work has been reported sepa-
rately. The results of the experimental investigation were
intended to provide sufficient information to determine which of
the suggested causes of drag reduction was the correct one. These
suggested causes included reduction of>gas viscosity (ref. 4),
electrostatic effects (refs. 5-6), general turbulence suppression
(ref. 7), and thickening of the viscous sublayer (refs. 8-10).
The results were also intended to provide a basis for a quantita-
tive theory predicting the amount of drag reduction.

Previous investigators have reported decreased gas friction
factors when particles were added to a turbulent stream. A sum-
"mary of earlier experimental evidence of drag reduction is shown
in Table 1. Although experimental restrictions may have dictated

the results, drag reduction has generally been limited to small
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particle sizes, small pipe diameters, low loading ratios, and low
turbulent Reynolds numbers.

In this investigation, five different nominal sizes of glass
beads (designated by the manufacturer as #980, #981, #279, #380,
and #660) ranging from 10 microns to 60 microns in diameter were
suspended in air at gas Reynolds numbers of 10,000 to 25,000 and
solids loading ratios from O to 4. The frictional pressure drop
of air in two 0.870 inch, inside diameter, stainless steel test
sections, one vertical and one horizontal, was measured for both
clean gas and suspension flow. A reduction of the air friction
factor in suspension flow below that of the friction factor in
clean gas flow at the same gas Reynolds number was defined as drag
reduction. Because gravity segregation could be discounted in the
vertical test section, all profile measurements were restricted to
the vertical test section.

One of the difficulties attending experimental investigation
of gas-solids suspensions has been the general unsuitability of
many instruments that otherwise perform adequately in clean gas
service (ref. 11). As a byproduct of this investigation, some
novel and interesting measurement techniques were developed and
refined. These techniques included use of a target-meter and
orifice to measure the solids loading ratio in .a closed loop sys-
tem, a fiber-film probe and a constant temperature anemometer to
measure gas mean velocity, gas turbulent intensity and spectral
profiles, in suspension flow, and a high speed strobe and camera

to measure particle velocity profiles.

Experimental Apparatus and Procedures

The suspension was circulated through the closed loop system

shown in Figure 1. The loop could have been described as a 12



foot high, 18% foot long rectangle generally constructed of 1 inch,
outside diameter, 0.065 inch wall, type 304 stainless steel tubing.
The motive force for flow was provided by a centrifugal circulator
which was capable of pumping gas and solids simultaneously.

Two test sections for pressure drop measurements were pro-
vided. The vertical test section was 30 inches long and fabri-
cated, like the 92 tube diameter entrance region, from 1 inch out-
side diameter, 0.065 inch wall, type 304 stainless steel tubing.
The pressure taps, at either end of the 30 inch test section, were
fabricated from 1/16 inch outside diameter, 0.020 inch inside
diameter, stainless steel tubing and seated to match 0.020 inch
holes in the wall of the test section. After soldering the taps
to the test section, the tap holes were lightly polished to elimi-
nate burrs. The horizontal test section was identical to the
vertical test section but had a 173 tube diameter entrance region.
The taps were located at the top of the horizontal test section to
avoid plugging by particle deposition.

Two 1 inch, inside diameter, pyrex viewing sections, one in
the vertical downflow section and one in the lower horizontal sec-
tion were installed in the loop using glass-to-steel flanges. 1In
order to prevent accumulation of static electric charges, a con-
tinuous leakage path to a common ground was maintained by attach-
ing cables across the pyrex sections.

A mass flowmeter, containing a sharp-edged orifice and a
cantilevered target as integral units, was located in the downward
vertical section of the loop. A cross section of the mass flow-
‘meter is shown in Figure 2. The orifice was used to measure the
~gas flow rate even with particles in suspension. Earlier studies
(refs. 1-3) and this one showed that the calibration of an orifice

was unaffected by dilute volumetric concentrations of solids



suspended in the gas. The target was used, in coniunction with
strain gauges mounted on the target support, to measure the total
flow rate. With the gas flow rate known from the orifice, the
solids flow rate was determined. (The calibration of this device
is given in a later section.)

The gas profile measurements were taken just above the verti-
cal pressure drop test section. An electronic anemometer unit
consisting of a constant temperature anemometer, an auxiliary
filter and gain control, a D.C. voltmeter, and an r.m.s. voltmeter
was used. Four different types of anemometer probes were tested
or used: thermistor, conical wedge film, hot wire, and fiber-
film.

The thermistor probe was used only for some preliminary
calibration work because its large size (making it strong enough
to withstand the bombardment of particles) destroyed the sensiti-
vity of the probe to most of the turbulence. The probe was also
difficult to use because it was extremely sensitive to small
ambient temperature changes. The conical wedge film was also too
large for meaningful measurements. The hot wire, although having
the most sensitivity to turbulence, was unsuitable for suspension
measurements because it could not withstand the bombardment of
particles.

The fiber-film probe was chosen for measurements in suspen-
sion flow. The probe was only slightly temperature sensitive and
registered about 60 to 70 percent of the turbulence registered by
the hot wire. The probe failed after several hours use in a
dilute suspension of 30 micron particles because of the loss of
the protective quartz coating over the film sensor. However, the
probe life was sufficient to obtain measurements of flow and

turbulence quantities over a wide variety of flow conditions.



The probes were positioned at various radial locations in the
tube using a gear operated traverse mechanism. The probes were:
calibrated outside of the loop using a commercial calibration wind
tunnel. The complete details of the calibrations and calibration
procedures are available in reference 1.

For photographic measurement of particle velocity profiles,
the vertical stainless steel test section was replaced with a
section of 1 inch, inside diameter, clear pyrex pipe. The camera,
a 35 mm single lens reflex with a 32 mm macrolens on a bellows
extension, was set to record two spaced shadow streaks of the
particles on the same frame. The film was exposed twice by a high
speea strobe during a short, known time interval. The measured
distance between two shadow streaks on a photograph represented
the movement of a particle over a kndwn time interval and there-
fore determined the particle velocity.

Solids were added to the loop before data runs by pouring a
given weight of sifted particles into the solids inlet port
located near the circulator intake. The port was sealed and the
circulator was started to disperse the particles through the loop
With the exception of mass flowmeter calibrations, the system was

always operated in a closed loop condition.

Calibrations and Clean Gas Test Resuits

Particle Size Analyses

The five grades of glass beads were sized before and after
circulation in order to define the size limits of the solids and
to determine the extent of particle degradation caused by pro-
longed circulation in a closed loop system. A Coulter Counter was
used for the particle size analyses. The results are given in

Table 2 where weight mean and arithmetic mean diameters are given.



Before circulation, all the glass beads, with the exception
of the #660 designation, had narrow distributions and the two mean
diameters were similar. After circulation, the particle degrada-
tion tended to slightly broaden the distributions. Nevertheless,
the diameters did not change significantly except for the #660

beads which suffered a three-fold reduction in size.

Target-meter Calibration

The target-meter was calibrated in an open loop operation
whereby a known weight of particles was collected in a known time
interval, providing a direct measure of the solids flow rate. The
flow of solids and gas together affected the deflection of the
strain gauge mounted target-meter. Therefore, the two effects
needed to be_separated for calibration.

The calibration of the meter was based on the fact that the
deflection of the cantilevered target support was directly pro-
portional to the force of the fluid impinging on the target. The
force of the gas alone was known from the flow rate given by the
sharp-edged orifice. The force of the solids was related to the
solids flow rate.

‘Because the electronic processing and recording system did
not impose any non-linear gain on the strain gauge signal, it was
expected and confirmed that the recorder output was linear with
the force acting on the target. This result is shown on Figure 3
where recorder output voltage is plotted against the air drag
force on the target. The open loop calibrations indicated that
the force of the solids scriking the target also éave a linear
readout. However, the calibration of the device against solids
drag force showed that the calibration was a strong function of
the particle diameter. Therefore, separate calibrations were

developed for the different particle sizes. The variation in the



calibrations was attributed to the different velocities at which

different particle sizes struck the target -~ smaller particles

struck the target at higher velocities than the larger ones for

the same air velocity.

In general:

V. *F =F +F
ST g P

For clean gas flow (ref. 1):
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where CD and AT are constants.
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Equations

1 through 5 were combined to give formulae for the loading ratio:
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for the #279, #380, and #660 glass beads respectively.

Open loop calibrations were not performed for the #980 and
#981 glass beads because the large and expensive inventory of
these beads required for the calibrations was not available. How-
ever, the #981 glass beads were almost exactly the same size as
the #279 glass beads and a separate calibration was obviously not
required. Because it seemed that the #279 glass beads, even in
the disturbed region upstream of the target, had accelerated to
the air velocity (ref. 1), the smaller #980 glass beads were
assumed to also have nearly the same velocity as the air as they
struck the target. Therefore, the calibration for the #279 glass
beads was also used for the #980 glass beads. Again, complete
details of the calibration procedure and results can be found in

reference 1.

Clean Air Friction Factors

The clean air pressure drop measurements showed no discern-
ible difference between the results obtained in the vertical test
section and those obtained in the horizontal test section. The

Blasius equation for friction factor:

0.316
f = —]——= (9)
g Re 0.250

g9

which is considered accurate (ref. 12) to #5% could have been



used to correlate the data within 3%. However, the empirical

equation:

g Re °

g

was used to correlate the data to +1%. In the working range of
Reynolds numbers used in the study, the empirical equation pre-
dicts slightly higher friction factors than does the Blasius

equation. However, this was perfectly consistent with the stan-
dard Moody diagram (ref. 12) and the small but finite roughness

associated with commercially drawn tubing.

Clean Air Velocity Profiles

The clean air velocity profiles were correlated by the

single power law profile:

%)1/6.62 (11)

%;=<
for Reynolds numbers between 12,000 and 22,000. Schlichting (ref.
13) reports that the exponent has the value 1/6.60 at a Reynolds
number of 23,000. The measured profiles were therefore only
slightly flatter than expected, the additional flatness perhaps
the result of the disturbances produced by the anemometer inlet
port and the probe support.

In terms of the friction velocity and the universal velocity
profile, the profiles were correlated by the logarithmic law (ref.
. 13) in the turbulent core region:

YU,
= 2.54n — ¢+ 5.5 (12)

GlG

The slight deviation of the data below this law at the edge of the

10



buffer layer and above the law at high values of yU,/v was in
agreement with the results of other studies (ref. 14). Because of
the small tube size, the velocity profiles carried only into the
outside edge of the buffer layer and not at all into the viscous

sublayer.

Clean Air Turbulence Intensities

The measurement of clean air turbulencé profiles
revealed that the actual numerical results, although not neces-
sarily the trends, were strongly dependent on the type of probe
and the operating procedure. In this study, the clean air turbu-
lence intensities measured with the fiber-film probes were used
for comparison with the suspension results. The clean air turbu-
lence intensity profiles are shown in Figure 4.

The trends reported in Figure 4 are in agreement with results
of other investigators (refs. 15-16). The turbulence intensity
relative to the local mean velocity increased from the tube
centerline, slowly at first,.and then rapidly as the wall was
approached. The turbulence intensity relative to the local mean
velocity at a fixed radial position decreased with increased
values of Reynolds number. Because measurements were not taken
deep in the buffer layer or in the viscous sublayer, the known
sharp maximum at the edge of the sublayer and the decrease of the
turbulence intensity to zero at the wall (ref. 15) were not
observed.

The spectral profiles indicated that the fiber-film probe was
quite limited in sensitivity to high wave numbers (small eddies)
and could not give the response of a smaller probe like a hot-
wire. Unfortunately, the hot-wire was not suitable for suspension
measurements. Therefore, meaningful information on the effect of

particles on various eddy sizes could not be obtained. Fortunately
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this difficulty did not extend to measurements of the effect of
particles on the overall turbulence level at a particular loca-

tion. Further discussion of this point is given in reference 1.

Suspension Test Results and Discussion

The results of the experimental program confirmed the exist-
ence of drag reduction in a gas-solids suspension. This section
includes detailed description of the experimental results obtained
with suspension flow and comparison, where applicable, to the
results of other investigations. The section begins with some
comments and observations on the behavior of the suspended
particles in the closed loop. The rest of the section describes
the results of the pressure drop and profile measurements in sus-

pension flow.

Observations on Flow and Solids Entrainment

Graphs of loading ratio versus weight added to the loop were
developed for all particle sizes and gas Reynolds number ranges.
Two of these are shown in Figures 5 and 6 for the #980 and #380
glass beads, respectively.‘ The graphs were plotted from data
accumulated during.selected runs following thorough loop cleanings
but at varied ambient coﬁaitions. It was apparent from these
graphs and additional data (not shown) that the exact value of the
loading ratio corresponding to a particular weight of solids added
depended on a multitude of factors. The most important of these
factors were the particle size, gas Reynolds number, ambient
humidity, and the amount of particles remaining in dead spots
after a loop cleanout. The effect of the first two factors can be
seen qualitatively from the figures. The effect of the last two

was even more qualitative and could not be seen from the figures.
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Large particles permitted circulation of higher loading
ratios than smaller particle sizes. For example, adding 100 grams
of #380 glass beads to a clean loop résulted in an average loading
ratio of about 1.0 whereas adding the same amount of #980 glass
beads to a clean loop resulted in a loading ratio of about 0.1, a
full order of magnitude difference. The larger Reynolds numbers
also permitted circulation at higher loading ratios, although the
Reynolds number effect was not as important or as consistent as
the particle size effect. The proportionate spread of loading
ratio at a particular value of weight added was roughly equal to
the proportionate spread in gas Reynolds numbers.

The shapes of the loading ratio curves were similar for the
#981, #279, and #380 glass beads. For each of these three
particle designations, the first 40 grams added produced little
entrainment. The next 60 grams added produced significant
entrainment. Additional weight added over 100 grams did not con-
sistently increase entrainment except at the highest Reynolds
numbers. Unfortunately, the circulator could not sustain the
highest Reynolds numbers with large quantities of solids in the
loop because of excessive power requirements. Therefore, adding
more than 140 grams often did not increase the loading ratio and
occasionally decreased the loading ratio with the appearance of
saltation in the horizontal sections.

The shape of the loading ratio curve for the #660 glass beads
differed from the ones discussed above only at low loading ratios.
The first 40.grams of weight added did produce significant entrain
ment although the same tendency of the curves to level off at high
values of weight added appeared. A certain amount of caution must
be introduced in evaluating the results for the #6600 beads because

of the unknown effect of the attrition of the #6600 beads on the
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target-meter response. The Brush recorder reading did not appear
to change with time as the #660 glass bead suspension circulated
and as the particles attrited. An increasing proportion of fine
particles would have been expected to increase the reading with
time. Alternatively an increasing proportion of fine particles
would have contributed to a loss of entrainment by particle
deposition. The two effects apparently offset each other in terms
of the recorder reading. However, there is no way of assessing
the effect of the particle attrition upon the target-meter cali-
bration. The open loop calibration did not account for attrition
since particles passed only once through the circulator before
collection and did not have time to undergo significant diameter
changes.

The loading ratio curve for the #980 glass beads was much
flatter than for the other particles indicating the great diffi-
culty encountered in circulating fine particles. The difficulty
was attributed to the importance of electrostatic charging and
cohesion upon the behavior of small particles. Both conditions
are more important in suspensions of small particles than large
ones because both conditions are aided by increased contact and
surface area. The #980 beads in suspension gave obvious evidence
of electrostatic deposition in the form cf herringbone patterns on
the walls of the pyrex viewing sections. Further addition of
particles at first removed the deposits but then they reformed and
became almost impossible to remove. Similar phenomena have been
observed by Boothroyd (ref. 11), Wachtell and Waggener (ref. 17),
and Rossetti (ref. 2). The cohesiveness of the various particle
sizes was obvious from preliminary screening of the particles be-
fore addition to the loop. The #660 and #380 glass beads poured
through the screen while the #279 and #981 glass beads required

14



some mechanical aid to pass through. However, the #980 glass
beads, particularly when the laboratory humidity was higher than
normal, almost had to be forced through the same screen.

All of the particle sizes were subject to some form of depo-
sition at isolated locations in the loop. The one common property
of all the deposit locations was that they represented a discon-
tinuity of some physical loop characteristics. The first type of
discontinuity was the least serious: the locations where the
stainless steel charge leakage path was interrupted by the non-
conducting pyrex viewing sections. Only the #980 glass beads
formed uniform deposits on the pyrex viewing sections.

Other particle designations deposited on the lower wall of
the horizontal pyrex viewing section. However, this type of
deposit could be considered as occurring at a second type of
discontinuity: the locations where the flow expanded in cross
sectional area producing a sudden decrease in velocity. Two
mechanisms contributed to deposition at flow expansions and dis-
turbances. In horizontal sections, large agglomerates of small
particles fell out of suspension as the flow velocity decreased.
In vertical sections, smaller particles tended to follow eddy
patterns caused by flow disturbances and deposit in dead spots.
This phenomenon was most apparent at the target-meter location
where heavy deposits, as much as 40 grams, of small particles were
often found filling the tube containing the target-meter support.
Large individual particles were less prone to leave the main flow
pattern. The third type of discontinuity, a thermal one, was
caused by the water cooling jacket located just upstream of the
circulator. Thermophoresis apparently caused the finer particles
to plate out on the cool wall of the jacketed tubing.

The ability of az particle to deposit at any of the three types

15



of discontinuities increased with decreasing particle size. The
loading ratio curves reflected this ability. Partially because
the amount of deposition could not be controlled, the loading
ratio curves did not provide information to accurately predict the
amount of entrainment. Only the target-meter response gave reli-
able indications of the loading ratio for a given run.

The two other factors that were not incorporated into thé
loading ratio curves also prevented use of the curves as calibra-
tions. The laboratory relative humidity while usually less than
50%, was not regulated but appeared to have a marked effect on the
cohesiveness of the particles. The amount of particles remaining
in dead spots after a loop cleanout was also not controlled. When
runs with a designated particle size were in progress, the loop
cleanout procedure did not include removal of particles that had
accumulated in dead spots such as the three-way ball valve body
cavity, the tube holding the target-meter, and the circulator
shaft bearings. Only when particle sizes were changed or when
clean air data was required was every trace of particle accumula-
tion removed with a high pressure airhose and an industrial vacuum
cleaner. 1In general, less than thorough cieanings permitted
higher loading ratios.

After prolonged circulation in the closed loop, it was
possible to differentiate the various glass bead particle designa-
tions by their color. The glass beads before circulation were
white. After circulation their color ranged from an off-white to
a dark gray with increasing darkness corresponding to their nomi-
nal size before circulation. The color of the #660 glass beads
suggested that bits of stainless steel were mixed with the bead
sample. The likely source of the eroded stainless steel was the

pump impeller and impeller housing.
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Suspension Friction Factors

Unlike the clean air pressure drop measurements, suspension
pressure drop measurements involved a correction.for static head
in the vertical test section in order to determine the frictional
pressure drop. In the general case the pressure drop across a
test section containing a gas-solids suspension is:

= + P A + AP
AP APag APads + A Ly + PLds £q + APde (13)

The pressure drop caused by acceleration of gas was negligible
because the flow was fully developed and isothermal in both test
sections. The pressure drop caused by acceleration of the solids
was also negligible because the bulk slip velocity, as reported
in a later section of this report, was small and the solids
acceleration pressure drop could be related directly to the gas

acceleration pressure drop (ref. 11).

AP =

AP 4
“ads ' . (14)

ag

¥

The static head of air was automatically balanced by the
physical configuration of the micromanometer. However, the
static head of solids in the vertical test section had to be
subtracted from the reading of the micromanometer in order to
determine the frictional pressure drop. The loading ratio was
assumed to be the same as the ratio of the dispersed solids

densitynto the air density. Therefore:

L L
A = I e & 15
PLds pds gc ne = (15)

was assumed. This would be true only if the bulk slip velocity

between the gas and solids was negligible which was verified later
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by the particle velocity profile measurements.
The pressure drop caused by fluid friction and by solids
friction could not be differentiated by the micromanometer so that

both were combined into one frictional term:

= A s
/_\Pf Pfg + APfds (16)

The frictional pressure drops were used to calculate friction
factors from the equation:

A D
2 Pfg

C
fs = ———3————' (17)
pU L

The air density was used in the friction factor calculations in
order to provide a direct comparison between clean air and sus-
pension friction factors. |

The results of the pressure drop measurements are shown in
Figure 7 for the #980, #9811, and #279 glass beads in the vertical
test section and in Figures 8 and 9 for the #380 and #660 glass
beads, respéctively in the vertical test section. The graphs were
plotted as the ratio of the suspension friction factor to the
clean gas friction factor versus loading ratio at corresponding
gas Reynolds numbers. Drag reduction was indicated by values of
the friction factor ratio below unity.

Drag reduction was achieved for all five glass bead designa-
tions in the vertical test section. The maximum drag reduction
was about 40% for both the #380 and #660 glass beads. The onset
of drag reduction with loading ratio was progressively delayed
with increasing particle size. For the #380 and #660 glass beads,
which showed a variation of drag reduction with gas Reynolds
number, the onset of drag reduction was also delayed with increas-

ing gas Reynolds number. Only the friction factor ratio curve for
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the #380 glass beads at a gas Reynolds number of about 18,000,
showed a distinct minimum. All other curves, after the onset of
drag reduction, either showed a monotonic decrease of friction
factor ratio or a decrease to a uniform level of drag reduction.
In general, the friction factor ratio remained near unity until
the onset of drag reduction. However, the #660 glass beads showed
a sizable drag increase before the onset of drag reduction. As
already mentioned when the loading ratio curve for this particle
size was discussed, some caution must be introduced into any con-
clusions drawn from the results obtained with the #660 beads
because of significant particle attrition.

The results for the #980, #981, and #279 glass beads were
very similar although the maximum amount of drag reduction for
the #980 glass beads was slightly smaller at 10% compared to 13%
achieved for the #981 and #279 glass beads. As expected, the
results for the #981 and #279 glass beads were almost identical.
The onset of drag reduction appeared at a slightly lower loading
ratio (0.10) for the #980 glass beads than for the #981 and #279
glass beads (0.15). The friction factor ratio curves for these
particle designations showed a decrease to a moderate uniform
level of drag reduction but no distinct minimum. The slight drag
increase, 2%, at very low loading ratios for the #981 and #279
glass beads was probably caused by a combination of solids fric-
tion and additional tube roughness produced by a small amount of
particle deposition.

The flow of suspensions of #3280 glass beads produced drag
reductions of as much as 36%. The onset of drag reduction was
delayed until loading ratios of 0.2 to 1.0 depending on the gas
Reynolds number. After the onset of drag reduction, decrease in

friction factor ratio was monotonic at all Reynolds numbers except
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at a Reynolds number of about 18,000 where a distinct minimum at

a loading ratio of 2.0 was achieved. At this Reynolds number and
for this particle designation, the pump was able to circulate high
loading ratios without significant loss of entrainment. A dis-
tinct minimum would probably have been achieved for all the other
curves and particle designations if high enough loading ratios
could have been attained. Before the onset of drag reduction, the
friction factor ratio remained at or slightly above unity.

For the #660 glass beads, drag reduction of as much as 39%
was achieved. The onset of drag reduction was further delayed
until loading ratios of 1.0 to 1.8 depending on the gas Reynolds
numbers. After the onset of drag reduction, the decrease in
friction factor ratio was generally monotonic. The data for
Reynolds numbers of about 18,000 suggested that a minimum similar
to that of the #380 glass beads had been achieved. However, an
insufficient number of experimental points could be obtained at
these high loading ratios to conclusively define the minimum loca-
tion. Again the results for this particle designation are clouded
by the unknown effects of particle attrition.

The results of the pressure drop measurements are shown in
Figure 10 for the #980, #0981, and #279 glass beads in the horizon-
tal test section and in Figure 11 for the #380 and #660 glass
beads, respectively, in the horizontal test section. The results
were almost identical to the results obtained in the vertical test
section for the three smallest glass bead sizes. The #380 and
#660 glass bead suspensions yielded drag increases rather than
drag reduction in the horizontal test section. Apparently gravity
segregation and sedimentation had a negligible effect upon the
drag reducing ability of the smaller particle sizes but had a

detrimental effect upon that of the larger particle sizes. The
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maximum drag increase for the #380 glass beads was 21%; for the
#660 glass beads it was 44%. No Reynolds number effect was
discernible for any of the five glass bead designations. The
difference in results for the two test sections indicated that
uniform particle distribution was important for the existence of
drag reduction.

While several earlier investigations have measured drag
reduction in gas-solids suspensions, only one reported data for
the range of Reynolds numbers and particle sizes considered in
this study. Rossetti (ref. 2), using the identical mass flow-
meter and circulator and a similar closed loop system also
measured drag reduction in vertical and horizontal test sections
at Reynolds numbers between 10,000 and 25,000 and particle sizes
between 10 and 60U. The particles used were also the same glass
bead designations, #980, #981, #279, #380, and #660.

The trends of the Rossetti results were almost identical to
the ones reported here. Drag reduction was achieved for suspen-
sions of all five particle designations in the vertical test
section and for suspensions of all but the #380 and #660 glass
beads in the horizontal section. The maximum drag reduction was
achieved for the #380 and #660 glass beads in the vertical test
section. The #980, #981, and #279 glass bead suspensions gave
similar results in both the vertical and horizontal test sections.
Drag increases were noted for the #380 and #660 glass beads in
the horizontal test section.

There was a significant difference in the numerical results
of the Rossetti study and the results of this study, especially in
the vertical test section, because Rossetti did not establish
separate target-meter calibrations for the different particle

sizes and applied his loading-ratio calibration for the #380 glass
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beads to all glass bead designations. The loading ratio appeared
in the calculation of the frictional pressure drop in the vertical
test section and strongly affected the amount of drag reduction.

A further cause of difference between the Rossettli results and the
ones reported here was the difference in the size and material of
construction of the two vertical test sections. Rossetti worked
with a 1 inch inside diameter pyrex pipe following a 0.870 inch
inside diameter stainless steel entrance region. The vertical
test section here was a 0.870 inch inside diameter stainless steel
tube preceded by a long length of identical 0.870 inch inside
diameter stainless steel tubing. Numerical comparison of the
vertical test section results is obviously inappropriate. How-
ever, the two studies did indicate that test section electrical
characteristics have no effect on the existence of gas-solids drag
reduction.

The horizontal test sections were fabricated from identical
material in the two studies; and, numerical comparison between the
two studies is possible in a limited context. It must be assumed
for the purposes of comparison that the maximum loading ratios
achieved by Rossetti were somewhat higher than the ones achieved
here because Rossetti was able to attain higher Reynolds numbers.
The loop used by Rossetti was shorter than this one and had a
lower total frictional resistance to flow. It could, therefore,
sustain higher air flow rates and better solids entrainment.

The maximum amount of drag reduction reported by Rossetti in
the horizontal test section for the #980, #98l, and #279 glass
beads only slightly exceeded the amount reported in this study.
The maximum amount of drag increase, reported by Rossetti, in the
horizontal test section for the #380 and #660 glass beads almost

exactly corresponded to the amount reported in this study. The
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shape of the friction factor ratio curves for the #380 glass beads
were very similar for both studies.

Rossetti did not report distinct minima: however, three
other investigators have reported the appearance of distinct
minima at loading ratios between 1.0 and 2.0. The three investi-
gations (ref. 7, 18, and 19) were conducted a