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Abstract:

The results of experimental measurements made on the pressure' drop incurred during the flow of
mixtures of air and various weight rates of wheat flow in circular pipes of two diameters are given in
this paper in both graphical and tabular form.

The pressure drop due to the air alone and wheat alone are separated and the calculated values found
for the pressure drop due to the solid particles alone is tabulated in graphical form for each of the
experimental 'measurements.

An equation which seems to account for the pressure drop due to the solid particles alone is derived by
dimensional analysis. Friction factors for use with this equation are calculated from the original
measurements and are given graphically for use in the derived equation.

The results of this research are compared with that of Mr. J. W. Crane who conducted a similar project.
The work of other researchers along the lines of this project has been reviewed and discussed.

The physical properties of the wheat used in this research are listed in an appendix.
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ABSTRACT

The results of experimental measurements made on thé pressure drop
incurred during the flow of mixtures of air and various weight rafes of
wheat flow in circular pipes of two diameters are given in this paper in
both graphical and tabular form. ' . ,

The pressure drop due to the air alone and wheat alone are separated
and the calculated values found for the pressure drop due to the solid
particles alone is tabulated in graphical form for each of The experi-
mental measurements.

An equation which seems to account for the pressure drop due to
the solid particles alone is derived by dimensional analysis. Friction
factors for use with this equation are calculated from the original
measurements and are given graphically for use in the derived equation.

The results of This research are compared with that of Mr. J. W.
Crane who conducted a similar project. The work of ofther researchers
along the lines of this project has been reviewed and discussed.

The physical properties of the wheat used in this research are listed
in an appendix.
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.INTRODUCTION

PURPOSE |

Theory concerning the pressure losses incurred in The pneumatic con-
veyiﬁg of grain have been practically non-existent. Pneumatic grain con~
veying instal lations have been designed by empirical formulas or by rulés
of thumb. |

The purpose of this thesis was 1o study the pressure drop en-
countered in the flow of air and wheat mixtures and to develop a theory
which would account for these pressure losses. The theory as developed
was substantiated over the range of experimental results.

it was planned that the initial construction of this equipment
would proQide The beginning of a continuing graduate research program
at Monfana State College in the flow of air and solid mixtures.
YMP@RTANQE

The use of pneumatic methods in conveying grain'and other solids has
fncreased rapidly during the past several years.l The types of materials
‘being handled by pneumatic processes has also incfeased widely. These
materials vary widely in particle size, parTicIé shape, and density.
This increased use of pneumatic conveying will require increased re-
search activity concerning the theory involved in the process, if pneu-
matic conveying systems are fo be designed with the confidence which &~

firm knowledge of well founded theory can give to a design.

i, Rhodes; T. W., hAi‘r-As A Conveying Medium For Handling Materials.®
“Industrial and Engineering Chemistry, (October 1953) Page 119~120.
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Present empprical methods of design require the knowledge of %he
characteristics of some previously cons+rqc+ed system., For someone de-
signing a system which will convey a material which has not been handled
pneumatically prior to that time it wouldibe difficulT? if no+ impossible,
for him to design a system which would operate as designed. |f, however,
a theery could be es+ab}ished which would explain the characteristics of
-pneﬁmafic COnyeying +hrough'+he use of the variables concerned, then the
designer would need only to determine the nature of the variables con-
cerned in his particular problem and apply this theory. This would un=-
doubtedly save much money spent on the design of systems which may prove
tTo be uneconoﬁical after being put info operation.

PREYIOUS WORK

The vas+-majori+y of the work which has been done in investigating”
the pressure drop due to the pneumatic conveying of solids has been of
an empirica[ nature. Many of the investigators have had a particular
sityation in mind during their investigations and have come up with re-
sulfs which for that particular situation havé been sufficient for them
to ﬁerform the required des[gn.

The most comprehensivé wérk of this nature was that of Segie%.z

Segler performed laboratory work-over a period of several years during

which he collected data on such grains as oats, wheat, barley, and flax.

2. Segler, Dr.-Ing. 6. 1951. 'Pneumatic Grain Conveying." National
Institute of Agricultural Engineering. Braunsweig, Germany.
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He measured pressure drops in straight pipes, around bends, and during
periods of particle acceleration after the grain had been introduced inte
The air stream.
Segler presented the following empirical formula.
hs =2 LV?
In this equation, hs Is The pressure’drop due to the simultaneous flow
of air and grain, (L) is The pipe lengfh,(?) is the air velocity, and
{A) is a constant depending upon the type of gréfn, the pipe diameter,
and the weight rate of flow of The grain. He has listed values of (A)
for many djfferent grains, pipe sizes, and air velocities. No theory has
been presented in support of this equation.

Segler also listed values of equivalent pipe lengths which can be
used o predict pressure drops around bends and pressure drops during
accélera+ion of particles after They have been inTEoduced into the air’
stream. He suggested that the pressure drop be calculated for these
equivalent pipe lengThs by the above equation.

Segler also presented a rather thorough discussion of the operating
characteristics of various types of feeders. |

All of Segler's work has been empirical in nature, and the values
he haé suggested for (A) are Tﬁe resuits of many tests on many pipe
diaméters using various grains, varying air velocitiés;:and varying

weight rates of flow of grain.

g
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Vogt and Whi’l'e3 have done considerable laboratery work on the
pressure loss due to +h§ conveyance of solids in an air stream.

They have suggested the following equation for the determination of

(,9 - 1) = GY(TDDT:)Z %;;TR)K

where ﬁ; is the ratio of The head loss due to the flow of air and solids

1

+his head loss.

+o0 The head loss due-to the flow of &ir zlone, and "a" and "k" are

functions of the dimensipnless group.’

f(r-R)3r Dom

Valqes for (a) and (k) have been listed graphically in their paper for
j .

boTh vertical and horizontal flow. (Dp) is the effective diameter of the
par;ic!es and has been defined as the diameter of a sphere of .equal
surface area, ( f9 s) is the mass density of the solid material, (_fo)

is The mass density of the conve?ing fluid, (D) is The diameter of the
pipg, (g9) is the acceleration due fo gravity, (R) is the ratio of the
wei%hf rate of solid flow fd'fﬁeﬂweigHT rate of %luid flow, and (AL) is
+he'viscosiTy of ‘the conveying fluid. The determination of (Dp) has pre=
sented considerable difficulty, since for irregular particles it is
_extremely di fficult to measure surface area. The work of-VégT and White

has been used quite extensively in The Chemical Engineering lndusfry.

3, VQQT,‘E. G., and White, R. R. "Friction in The Flowxof Suspensions"
Industrial and Engineering Chemisiry. Yol . 40, Page 1731=1738, 1948.
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Pinkus4 was the first to attempt to develop a theory concerning the
pressure drop due to the flow of air and sol'id mixtures. In his work he
aTTgﬁpTed +o use the Fanning Equa‘l‘ion5 to account for the preséure drop.
HétéTudied +he ‘pressure drop due to the flow of air and sand mixtures in
a 2.00 inch steel pipe. His observations proved that the Fanning Equation
was not valid within The range of 'his experiment. Fr&m his obsefvafions,
Piﬁkus concluded that the pressure drop due only to The solids phase of
+he flow was linearly proportienal fto the velocity of the solid par+iclesﬁ_
He also concluded that the ratio of the velocity of the solids te the
velocity of the conveying fluid was a constant. However, he was unable
to measure the velocity of the solid particles and thus was unable fo
prove this last conclusion. Pinkus' research was done using a single
horizohtal pipe of 2 inch diameter. He used ?n auger type feeder to
feed sand into the air stream. Conéiderable Trouble was experienced
wiTQ this type feeder. Thé feeder was sub jeet to plugging and bindiné
Wh}fe carrying the solid material .

Pinkus graphed the head loss due to the soljd particles alone against
air veloéiTy, ob+aininé a linear relationship. He was able to solve for.
%ﬁg prgssure drop due to the solid parTicleS'aJoné by subtracting the
préssure drop due ¥p the air alohe. In doing this, he assumed That the
préssure drop due to the fiﬂfdﬂphase-was ynaffected by the additioh of

i i
"+he solids and thus was.a function of the rate of fluid flow alone.

4. Pinkus, 0. "Pressure Drops in Pneumatic Conveyance of Solids."
Journal of Applied Mechanics. Vol. 19, Page 525~531, Dec. 1932,

5. Fanning, J. T. "A Treatise on Hydraulic and Water Supply Engineer-
ing." 4th Ed. D. Van Nostrand, New York. 1884,
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In his observations, Pinkus found that The pressure drop due to
The acceleration of the solid particles after their ThfroéucTion to the
air stream occurred for only a distance of approximately 8 inches down~
stream in the conveying pipe.

Thé next attempt to derive a theory to expiéin pressure drop was
doqe in 1956 by Craneé. Crane patterned his theory aftér that of Pinkus.
Ho@ever, in place of the Fanning Equation, Crane used the Darcy Weis~
baéh equation To account for the pressure. drop due to the grain
colliding with the pipe wall and with other grain particies. He also
inciudea a term to account for the pressure drop .due to the increase in
eiévaTion of the solid particies in an incliined or vertical pipe. The
equations which Crane developed are as follows.

An equation for pressure drop:

.
fs VoL Gs | GsLsine |, faloVh U
2D%9 Y0 ' Vs Th,o0 2 Dg Y0

AH =
(H

An equation for velocity of the solid particles:

\/AZKQCAP - j(b,Pb‘:Pn)S,ne ‘

' v = ZWP e o
s U4 C ApVa n W CApgSInG 4 Va2fs Ua CAp _ 3(&3-&1 fs Sin@&
2 Wp 2 We 4 Do Wp P 2D

And an equation for the friction factor (fs):

¢ = DL¥ CAp(va -Vs) =29 Vp Yp Sine]
5= Vo Tp V&

6. Crane, 4. W. "Predicéting Pressure Drop in the Pneumatic Conveying
of Grains." A Thesis. Michigan State University, 1956,
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Where.(zx h) is the pressure drop in feef of water, (Vs) is the
velocity of-+he solid particles, §L) is the length of thé'gipe, {Ggé
‘is the weight rate of flow of spiids per square foot of ﬁﬁe’cross—
'secfional aFea of the conveying pipe, (D) is the diameter of the con=-
veying pipe, R Ho0) is The specific weight of water, (©) is the
anqle of inclinafign of the conveying pipe, (fp) is the friction factor ‘
in the Darcy Weisbach equation, (U’A) is The specific weight of the
conveying fluid, (Va) is The velocity of the conveying fluid, ( Z’p) is
the absolute specific weight of the particles, (Wp) is the weight per
paFTicle of the grain, (C) is the drag coefficient for a sphere with a
diameTer.equal To the smallest diameter of a wheat particle, (Ap) is‘
the simallest projected area of a wheatl particle, and (VYp) is the '
absolute volume of a wheat particle,

Crane measured the pressure drop due to the conveyimg of sofi
white spring wheat in a 3.58 inch diameter aluminum pipe at varicus 
weight rates of solid flow and at various pipe inclinations. His re-
sults seemed to substantiate his theory, except at air velocities over
i00 fps.

‘In the derivation of these equations, Crane assumed that the drag
coefficients for wheat particles in an air stream were The same as
those for spheres. Crane computed Reynobds Mumbers for the wheat

particles by using the smallest of The minor diameters of the wheat

. e
particle for "P" in the equation, A& = L/[3é%/§M . He Then selected
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drag coefficients for spheres using these Reynolds Numbers. This
appears approximately correct if all wheat particles were oriented
with their longitudindl axes parallel to the flow. However, this
assumpTion seems difficult to justify since in the flow of the air
and solid particles, the particles are continually colliding with one
another and with the pipe wall.

In his thesis, Crane has given values of his coefficien+ (fs)
for various air velocities. These velocities aré in a range of
Reynolds Numbers from 86,000 to 170,000, The céeffjcienTs are for one
Type of light spring wheat only.

; Crane used a revolving bucket type feeder with considerable success.
His solid particles were introduced into the air stream through fixed
plate orifices. He made attempts to measure the velocity of the solid
particles by photographic means and by aTTQmpfs to measure the density
of dispersed particles within therpipe. However, he was unsuccessful
in both attempts. ﬂh‘fhe photography attempt, he found that in the
hiéh speed phetographs which he fook of the flow, Tthere were so many
particles in the pigTure that it was impossible to trace a single one
and Thus compute its velocity.

His attempt to measure the density of the dispersed solids was made
by installing Two automatic gates which closed instantaneously and simul=
taneousiy, thus isolating a 5 foot length o% pipe. - He then removed this
section and weighed the grain conTenF; His results were extremely s

erratic. Crane assumed thal his gates were not closing simultaneocusly;
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however, the visual observations made-of the solids flow, done in this
thesis, show that for air velocities in the range of those reported by
Crane, the particles are not dispersed uniformly within the pipe.

Hariu and Mols+ad7; measured the pressure drop due to various
chemical powders in vérficai conveying. However, +hey unknowingly in-
cluded pressure losses due to the acceleration of The conveyed par+icle§
as Théy left a vertical bend in~+héir a#pafafus. Theirlmeasuremenfs
were made in |/4.inch and 1/2 inch diameTe% glass tubes which were 12
inches long.

Belden and Kassela‘bade experimental measurements which correlated
well with those of Hariu and Molstad for particles up to 0.10 inches in
diameter conveyed in lines of large diameters. Here again their approach
to the problem was empirical.

Many other experimenters havé attacked the problem of explaining
lpressure losses due to the flow of air and solid mixtures. Pracficafly
all of these experimenters have attacked the problem in an emplrical
manner. The work of these experimenters is much too voluminous to be
described here; however, a rather thorough bibliography has been included

at the end of'This thesis.”

7. Hariu, O. H., and | Molstad, M. C., "Pressure Drop in Vertical Tubes
in Transport of Solids by Gases." [ndusirial and Engineering -
Chemistry Vol. 41, Page 1148-1160, 1949, '

8. Belden, D. H., and Kassel , L. S., "Pressure Drops Encountered in
Carrying Particles of Large Diameters in Vertical Transfer Llnes°
- {ndustrial and Chemical Engineering. June 1949
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To date, no theory has been evelved which will explain all of the
factors involved in pneumatic conveying. |

Rouse’ has alluded to this in his freaTmenT of the problems involved
in transportation of discrete matter. The variables involved in sediment
transportation are basically the same aé those in the probliem of pneu=-
matic conveying. He says that generally speéking the problem is a
function of the following type.

F(LV. P M, d, Od, AY,C) =0
Where (L) is a linear term to define the boundary scale, (V) is the fluid
velocity, ( £ ) is the mass density of The fluid, (M) is The viscosity
of %he fluid, (d) is a term to account for par+icie size, ( O d) is the
standard deviation abauf ‘the particle size, (AW ) is the effective
speci fic weight of the discrete matter, and (C) is the concentration of
the discrete matter in the fluid.

Rouse writes: "With its eight variables, such a function is obviously
too -complicated to study as a whole, even though it represents about as
simple an aspect of such motion as can bé'foundw The solution is |
seldom a complete one, however, and deviations are To be expected as
the range of the investigation is exceeded. |1 is for this reason That
sﬁcﬁ occurrences as sediment transportation along the bed of a channel

have been among the last to be brought out of the realm of pure empiricism.”

9. Rouse, Hunter. "Advanced Mechanics of Fluids." ~1959. John Wiley"
and Sons, New York. )
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DESIGN AND CONSTRUCTION OF EXPER[MENTAL APPARATUS

-COMPONENTS OF THE GENERAL SYSTEM

Almost any type of solid material which éan be conveyed pneu=-
matically could have been used in the experimental research reported
herg. Wheat was chosen primarily because many farming concerns have
beeé using pneumatic conveyors To handle wheat in this western area
for some time. |t was also desirable to use wheat because of ifs
relagtive cleaﬁliness during conveying. The experimental equipment
was set up in the Civil Engineerfng Laboratory in Ryon Laboratory at
Montana State Gollege. Laboratory classes and other projects were |
beihg conducted in the laboratory simultaneously with This resegarch
which made a material that was relatively clean desirable,

The equipment with which The experimental research was conducted
was built during the summer of 1959, The basic system consisted of
the following components: | |

I.) A conical shaped hopper which discharged the grain into -
the rotary feeder.

2.) A rotrary-air-lock Tyﬁe feeder which received wheat from
the hopper mounted above and discharged it into the con~
veyinhg pipe.

3.) - Two complete sets of test pipes, one with an inside diameter
of 2.06 inches, and The oTHer with an inside diameter of |

| .63 inches.
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4.) A 3450 rpm, electrically driven, impeller *type blower, rated
at 240 cfm of air, WJTH discharge pressure of 27.7 inches of
water.
The general location, arrangement, and overall dimensions of the
experimental system are shown in %ig. I oh Page 20.

Because the length of tTime required to make the necessary measure-

ments during an experimental run was quite long, it was decided to

| qonéTrUCT the system so that the wheat would circulate continuously,

| ‘ *theneby making the manual refilling of the hopper unnecessary. The
sysTem was ThQrefore designed so that the wheat was blown through the
test pipe and then back into fhe hopper for recirculation.

THE FEEDER | '

\
=

A rotary type feeder was used in the research reported here. This

| type was selected primarily because of its successful use by Cranélo.
The characteristics of this type of feeder have 5een,descﬁibed in

| detail by Seglerll;, The priqcipal of the feeder is basically that of
a revolving QOor. [ alléws the solids o enfer the feeder from a low

pressure area above the feeder and then discharges them into the high

pressure area of the conveyfng pipe, theoretically with minor losses

of gir.

10, Crane, J. €. Op. Cit. P. 45.
It.. Segler, 6. ©Op. Cit. P. 73,
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2l
A drawing of the general design of the feeder is shown in Fig. 2,

Page 22. The assembled feeder is also shown in Fig. 3. The body of the
feeder was made from a |2~inch length of [0-inch diameter standard steel
pipe. The remainder of the feeder parts are described in the drawing in
‘ Fig. 2. |t was decided that the opening in the top of Tthe feeder Through
which the hopper discharged. the grain into the feeder should be made '
larger than The bottom of the hopper. Any air which leaked through the
feeder would thereby pass around the hopper and would not affecT the
weight rate of discharge of the grain from +he hopper as |+ would if
this leakage of air escaped upward through the hole in the hopper through
which The grain dﬁscharged.

The feeder was propelled by a 1/2-horsepower, 110 volt elecfrfc
motor. Thq drive connection was made by using type A V-belts. An
18=inch diameter V-belt pulley was attached fo the feeder shaft. The
motor drove the feeder through a reducing idlier shaft. The total re-
duction in speed between the motor and the feeder was 19.3 to |, w1+h_
‘the motor Turnlng at 1750 rpm, while the feeder turned a+ 9l rpm.

During operation it was found that the feeder leaked excessively
and -since the quantity of air flowing was measured ahead of tThe feeder,
this was a serious problem. WiTh this leakage, the air veloecity in the
pfpé could not be obtained with any accuracy. The feeder was rebuilt.
several times, but the problem of leakage was not overcome. Finally it
was decided that the amount of leakage through the feeder would have o

be measured.
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cfs with the feeder not leaking = Q4+, and The air intake in cfs with
‘the feeder leaking = Q.
The legarithmic equations for these fwo curves are
log Q+ = 0.650 log P + 0.309

0.650 log P + 0,335

log QL =

Changing these equations- 1o rectangular form, we have
0+ = 0.309 p@-650 (2)
QL = 0.335 p0.650 | (3

1 f the value of (P) is the same in beth equations, then The
difference in Q's for this case will be the amount of |eakage through
the feeder in cfs.

Q leakage = Qu - Q4 = (0.335 - 0.309) pO-5°

0 leakage (cfs) = 0.026 pO0-65C

(4)
A similar equation was derived for the 2.06 inch pipe. This equation is
shown in Fig. 5. The pressure at Tapl#I was measured in all experimental
runs, and the volume rate of flow of air in the test pipe was computed
by .correcting the air intake fo the blower, using These equations.

. 1 f the flow of +he air leaking +hrough the feeder had been of a
turbulent nature, The'exponent{of P should have been gﬁproximaTely 0.5.
1 ¥ The flow had been laminar in nhature, the exponen}'of P should have
been |.00. This feeder had clearances between the revolving bucket wheel

and the feeder body which were quite small. From This standpoint, it

appeared ‘that the exponent of 0.650 for P was reasonable.




-PIPE TEST SECTIONS
Standard thin-wall electrical conduit was used for both sizes of con-
véying pipe used in this project. Several different types of pipe were
considered, including aluminum tubing and s+and;rd steel pipe. Thin-
“wall electrical conduit was chosen because of economy and ease of
handling. The pipe c¢ame in 10-foot sections. These sections were

joined, using standard water-tight "EMT" couplings. Particular

‘attention was used in selec+}ng.+he couplings which joined the fwo lengths
of pipe which formed the test section, to insure that a smooth Jjoint was
formed. |

" Bends in the pipe were accomplished using commercially available

90 degree bends. These bends had a radius of curvaTure of 10 inches,

and were of comstant secfion throughout.

The conveying tube was joined to the 2-1/2 inch standard steel pipe
which was welded. to the bottom of the feeder b? using a standard YEMT"
water—-¥ight connecter and bell reducer couplings. The maximum operating
pressufé inside the pipe was approximately 20 inches of water.
| "The entire piping. system functioned satisfactorily, and was
absplu%ely air tight over the range of préssures to which it was exposed.

. The %test section of The pipe was made up of fwo |0~foot sections of
+he conduit. The location of this test section is shown in Fig. 1.
Special care was eXercised'To make sure that the test section was per-

fectly horizontal and in good alignment. At the end of the test section,
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a 4~-foot long section of transparent acrylic tubing was installed in
order +hé+ the flow could be observed during the experimentation. ‘The
inside diameter of this fTubing matched The'inside diameter of the pipe
being tested, so that no change in the flow pattern occurred as “the
grain passed from the test section into the fransparent section. This
observation section proved to be quite valuable during the actual ex;
perimentation.

Two sizes of test pipe were used in the project. These sizes were
|~1/2 inch-and 2-ihch.”EMTﬁ_condui+ which had measured }nside diameters
qf | .63 inches and 2.06 fnches, respeéTively. :

PorTionsnpf +he conveying pipe are visible in Figs. 6 and 7.
Pressure taps were insTalléd at intervals along the test sectionm in
order that differeé+ial ﬁfegsunés aléng the tést section could be
" measured. These pressure Taps\are descriﬁed on Page 49 .

THE. BLOWER

To provide the necessary air supply for The experimen+a+ion,'an
AelecTrically driven blower was installed in the system. The blower was
a centrifugal ftype driven by a direct coﬁpled.fwo-horsepower,.220 volt,
“A.C. motor. The motor ran at 3450 rpm. The blower is shown in.The photo~ .
graph on Page 335.

This blower was loaned to the Civil Engineering Depariment by the
Chemical Engineering Depariment. No specific data was available on The

characteristics of this blower; however, its maximum delivery while being




708 % (o # L)) (- # $%()%S (

L& (" %&S & (- L1 S LS. (- #*



- C)NS% (tto# L& (" # & (3))
#1$ %, . ()", "( %, %, 1" &% $%
B -# $% E R ovr Lg06 ( HS" -# # #") S



32
used was 110 cfm at & pressure of 20 inches of water. |+ was learned
early in the experiment that:the blower did not have adequate capacity to
provide the desired air Qe{OCiTy rangé; however, é blower with the
desired characferisfics was not avaiiéble for use,
In order fo measure +he air intake to The system, é circular sharp
edged orifice wés‘fms+alled on the inlet sfde of the blower. Consider-

able amount of +hro++1ing was: noticed when a 2.0 inch orifice was.in-

~

stalled at a distance of 8.0 inches from the eye of The blower impeller.
It was decided that this +hro++ling.was due to the short distance between
the orifice and the impeller, In a dis?aﬁce{This short, the jet of air
woglq‘nof have time to expand and fill the eye of the impeller. An
.ex*eﬁsion to the blower inlet was buiiT, and the orifice reins%élled
at a distance 6f 24 inches from the eye of the }mpelter. Neo throftling
effect was observed due to this installation.

The outlet end of the blbwer was equipped with a- 2-1/2 inch diameter

threaded flange. A 2-inch brass:bodytga*e valve was installed in tThis

low of

outlet line between +the blower and feeder in order that-Fheirate sy

air could.be controlled.
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RATE OF FLOW OF AIR, CONTROL AND MEASUREMENT
ORIFICE :
A sharp-edged circular orifice was {ns+alled at the inlet to the

blower in order that the rate of flow of air could be measured. This

’ installatien has Been mentioned briefly in'the description ef the blower
‘ Ins+allaﬁion on Page 29 of fhis paper. The orifice installation can be
seen in ?ig; 8.
A l.§5 incﬁ diameter orjfice plate was ins+alled‘in.fhe 6.0 inch
\ sheet mefaj pwﬁe‘qp +he 'inlet side of the blower. This orificé plate
was 6‘10 fnches thick and was sharp-edged. A section of the 6.0 inch
diameter sheet metal pipe |.0 feet long was installed in front of the
orifice to eliminafe'any possible re-entrant effec+513°
The orifice was installed between two 3/4 inch fthick plywood flénges.
| A section of 1/4 inch 0.D. copper fubing was installed in each flange as
| shown in Fig. 9. These tubes were used as flange taps in order o
\ . measure the pressure differenTia] across The orifice plate. The Tubing
i was soldered to the shgeT metal pipe in order to provide a Tight
| cﬁnﬂecfion. The ends of the fubing led to the central control panel
manifold shown in Fig. 10. A 60 irch Y=tube manometer filled with oil

of specific gravity 0.824 was used to measure the pressure differential

across the orifice plate.

I3, King, Wisler, and Woodburn. "Hydraulics." 1948, John Wiley and
Sons, New York. P. 145, ‘
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THEORY OF THE ORIFICE EQUATION

An equation was developed to determine the rate of flow of air-in-
To the blower. This equation depends onn the pressure differential
across the orifice plaTe; The orifice theory-is as fol lows!'4,

In Fig. 9 on Page 36, Point | is taken as some poinf'far enough
up stream from the orifice plate that the stream linés of the flow are
parallel. Point 2 is a point in The vena contracta downstream from the
orifice plate.

Writing the continuity equation between Points | and 2, we have:

G = ‘b’,Al\/l = 2YZ‘AZV&'

{5)
Assuming that ¥ =¥2 , we can write the following equation
for the velocity of the air at Point |. |
V, = V, A
i 2
A (6)
Writing the Bernoulli equaﬂonI5 between | and 2, and neglecting

head loss, we have

VW . R =M. B,z

Assuming Points | and 2 are at the same elevation, and substifuting

thé value of V| from (6) above, the following is obtained:

14, 1bid. P. 123,
15, - |bid.s P. 94.
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B_B.Y¥ ;—(-‘-‘—Z)j
¥ '3 29 . Ay
which can be rewritten as
|

v, =

"

29(B - %) |
= 642/4\01 '(7)_

This is The equation for the theorefical velocity in the vena

contracta: However, due to energy losses, V, (actual) will be less
than Vo (+heoretical ). To get Vo (actual), we must multiply fhe above
equation by a coefficient (C,) called The velocity coefficient. LeTting

(—I;- - —Pb%)= H, Equation 6 is rewritten fo form

=C
e 'y '(’42/4) (8

In order to de+erm|ne Q, tThe volume rate.of flow, we must multiply

Equafibn (8) by the crogs-sectional area of the vena conTracTa, since
Vo is now the actual velocity in the vena contracta. The cross-sectional
area of the vena contracta will be less than #haf of the orifice. The
. arega of the vena conTracTa is defined as (CCA) where A,is The area of

the orifice. Equation (l) now becomes:
. 29H
= C C Aa
Q= CcCvAN ) TRA AT

where Agis the cross-sectional area of the orifice opening. This can be

rewriften as,

0= CcCv As 29H
V1Y (9)
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Letting the quantity Ce Cy - = C, the discharge coefficient,

_\/l ~Cé (A@/A‘,}?"
we have -
g) = (;/%n/fggy%f '

‘ (10)
where the units of H are foot pounds per pound of air, or simply feet
of air. Since in this research, "H" was measured in inches of water,
it was desirable to modify Equation (10) in order that Q could be‘
computed in cfs while working with "H" in inches of water. In order

to accomplish this, we write the following equation.

H (inches of water) = H (feet of air X 12 X B'a ()
' 62 .4

where 62:4 is the specific weight of water. But Y g, the specific
weight of air, varies with pressure and temperature according to the
gas law! ©, A p |
8 = &7 (12

In Equation (12), “"P" The pressure is in pounds per squafe foot
absolute, T is the temperature in degrees EahﬁenheiT_absoluTe, and R
(+the gas constant) = 53.3 for air.

Solving Equation (11) for H (feet of air) and substituting for

Y 5 according to Equatien (12}, we'h;vé!"

H (feet of air) = 276.8 TH (inches of water) (13)
5

Substituting This into Equation (10), we obtain The following .

6. Vennard, J. K. "Elementary Fluid Mechanics." 1958, Johh Wile?
and Sons, New York, P. 6.
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" - equation for the volume rate of flow of air in terms of pressure and

Temperature.

Q= CAO-\Pg (276.8)1%’-
. (14)

A thermometer and a barometer were stationed near the inlet tfo
the blower so the air temperature and pressure could be recorded during
the experiment. The barometer recorded in inches of mercury. Re=-
writing Equation f!4) so that P' can be. inserted in the equation in
inches of mercury, we have | |

- 29 (lz)("2;76.8) TH_
@= CAO'\/ 62.4(13.6) P

- where 62.4 = specific WeighT of water, and 13.6 = specific gravity of

mercury.

Letting g equal 32.2 fpsz, this equation reduces to

O = 15.85 CA; %’g— :
) (15)
The cross—sectional area of the orifice used was 0.0148 square feet.

The coetfficient of discharge is not only dependent upon The geo=
metric properties of the orifice, but experimenters have shown That it
is also dependent on Reynolds Number17 Reynolds Number for The orifice

was computed from the equation

@D _ 4
Ng = %? :G%vv - 7oV

where @ is the volume rate of flow, D is the diameter of‘+he orifice, and

17. 1ibid., P. 302.
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1] is the kinematic viscosity of the fluid. Reynolds numbers for the
orifice ranged from 30,000 to 70,000. For this range of Reynolds
numbers, with the orifice installed as shown with flange taps, Bucking-
ham'8 sugges%s a discharge coefficient "C" from 0.6063 to 0.6022. 1+t
was decided to use an average value of 0.6042 in Equation (15). Sub-
stituting for "C" and for the cross~-sectional area in Equatieon (15},

we obtain The following .equation.

Q= o145y 7%
(16)

In Equation (163, @ is in cfs of air, T is the air Temperature in
degrees Fahrenheit absolute, and P' is the airApressure in inches of
merjcur\/° | f the effects of compressibility a}e considered negligible,
then Equation (16) can be used to compute the volume rate of flow
through the intake orifice.

EFFECTS OF COMPRESSIBILITY

Throughout the breceding derivation, the flow of air was con=
sid?red to be applicable to the same laws which apply to a non-compress=
ible fluid. Since air is compressible, the error due to this assumption
was analyzed. .

i+ is convenient Fo ponsider the flow process through the orifice
as isentropic. |In actuality there is some energy loss through fhe

orifice, and due to this loss, there will be somé heat exchange. How-

8. Buckingham, Es "History of Orifice Meters and the Calibration,

Cong?ﬁuc+ion, and Operation of Orifices for Metering." American
Society of Mechanical Engineers. New York., 1935, P. 123,
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ever, assuming that the fluid is ideal; will ease the work in the follow-
ing development, and will not give a serious error in calculaTiqn, since
the flow process through the orifice occurs rapidly and there is linle
time for heat exchange. ‘

In Fig. 9, lef Point | be a point in the orifice intake pipe far
enough upstream from the orifice that the stream lines of the flow are
parallel. Let Point 2 be a point in the vena contracta.

Writing the continuity equation between | and 2, we have

G=AViT | = AVal 2

The general form of The Bernoulli equation can be written between
points | and 2 as 19
2
! Z 2 ,
(dp Yoz - %,z . [Td
jZK‘FZQ : 29 2 .12)’

(7

In the equations used here; G is the weight rate of flow, Ay is The
cross-sectional area of the pipe, Ap is the cross=sectional area of the
orifice, g'is the specific weight of the fluid, k is the adiabatic co= |
efficient for.the fluid, V is the average velocity, P is the pressure in
the flow,'TJ is the unit shearing stress, L is the length of pipé, and R
is'The hydraulic radius of the pipe.

Since it has been assumed that the fluid is ideal, there will be no

friction loss between | and 2. Therefore the last Ferm is dropped from

19. Vennard, J. K.; Op. Cif. P. 71,
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the Bernoulli equation above, since this term accounts for energy loss
dug to friction,
Remembering that Points | and 2 are at equal elevations, Equation

(17) is rewritten as

f'e’f_\/f_\./f
2

vz 4 ¢18)

For an isentropic process_%; = constant = C. Solving This for §, the
J
Y= (&)
‘ C

Substituting this for ¥ in Equation (18), integrating and rearrang-

following is obtained.

-

ing +efmé, the following equation can be written.

V-V _E,_R[ J
o '*K—I(b’

23 29 (19)
When the centinuity equation is solved for V, and this value sub=-
stituted into Equation (193, the following expression is obtained.

@[ - (hefBY] - () - (3]

2
9 (20)

K
But XZK'-“ %: and \(, = %

Substituting the above values for 52_ and ?ﬂ and solving Equati on

(20) for Vo, Eduation (21} is obtained.

“- VEE(E)- %]
V-G (%)%

2
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SubsTnTuTnng This value of Vo into the equaflon (G A2V22§2), the follow~

ing is obfained.

A N
6= T | L]

A ) €22)
Letting K; - _g?)% » Equation (22) can be rewritten as
] ! =
2 P, \K*/
G = ——22 29K () [8)* - (3)¥]
\/’ ) )K" K= (23)
piX

This equation glves the theoretical value of G. As was stated earlier in
this section, the fluid dealt -with is not idéal, and some friction loss
does exist acioss the orifice. In order to a&count for this friction
loss, we must multiply Equation (23) by a velocity qoefficienT c, To
reduce the theoretica!l jet velocity to the actual jet velocity. Point

2 has been taken as a point in the vena contracta which has a cross-
sectional area which is less than that of the orifice. In order to
correct Equa+ion-(25) +o allow for the decrease in area of the jet at
the vena confracTa,'wé must substitute CcAo for Ap in Eqpa*ibn (23),
where Ao .is the area of the orifice, and Cc is the contraction co-
efficient. The area of the vena contracta then is defined as CcAo-

Thns is :den+[cal to theory used in incompressible flow. For compress=
1ble flow, however, the value of G, does not depend on the raflo Ao/A|
alone, but depends also upon the ratio Po/P|. OCg increases as The ratio
P2/Py decreases.MﬁﬁffpﬁyiggEquaTion (23) by €,Cec and substituting Ag for

Ao, we have
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6-‘- Cely AO - 29"( PD/L)[ Pz K- IJ
/- TG |/

This equation is much too complex for iiconvenient. usésinsmeter—" .

(24)

ing. 1T has been expressed in a much simpler form by Daugherty and {nger-

G = CYA, {9 5 (\R- (°°/Da)4>

where (C'= C,C¢) and has The same value as the discharge coefficient (C)

sollzo as

(25)

for an orifice with incompressible fluid flowing. The factor "Y' is an
expansion factor which accounts for the effects of compressibility. |f
Equation (25) is equated to Equation 24 and this equality is solved for -

"y, the following result. is found

3 PZK-JJ
’" “\/ [:—

For a nozzle or a venturi fube where Co = I, iT can be seen That Y

(26)

can be computed from the above equation; however, where the coefficient
.Cc is changing with the ratio Pp/P;, then experimental methods must be
used to find the values of "Y". Buckingham21 suggests the following
empirical equation for "y",

vz | - [04+ 0.35 (2 4]['9 i

(27)

20. Daugherty, R.L., and lngersoll, A;é. wEluid Mechanics With
Engineering Applications." 1954, ‘McGraw-Hill. New York., P. 150.
- 21. Buckingham, E. Op. Cit. P. 28.
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where Dy is the diameter of the orifice.

Buckingham states that this equation is valid for flange %aps or
vena contracta taps.

Equations (25) and (27) can now be used to compute the rate of flow
of air Through the orifice. This result can'Thep be compared with The
rate of flow of air’compu+ed by Equation (16) which neglects the effects
of compressibility. fo make this comparison, the maximum rate of flow
was chosen, since the effects of compressibility should bewafmaxiﬁéﬁ at
this rate. Therefore This comparison will indicate the max i mum_error
involved in computing the rate of flow of air while neglecting the |
effects of compressibility. In this installation, the orifice diameter
was | .65 inches, and the pipe diameter was 6.0 inches.

For the maximum rate of flow, the following values weie recorded.

Temperature = 75° F (The temperature is assumed to be
the same at Points | and 2).

P = 25.62 inches of mercufy.

Py = Po = |0.00 inches of water.

For air the adiabatic coefficient K = 1.40, and the gas constant R = 53.3.

From ‘+he above figures, the following computations can be made.

Ao = ~(/‘,g5)2_£‘.(;44),= 0.0/148 #*
Do _ 165 . 4,275

(25-4,3)(/3 é)(e2-4)

R-R _ 10 =0.0287 ¥ =
- 25.62(12.6)

re'r T (12)53.3) (535)
= 0.0635 lbs. per ft°
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Y= 1= [0.4] +0.35(0275) %] [Emerwig ] = 099155

These results can now be substituted into Equation (25) to calculate
the rate of flow of air. The discharge coefficient used will be taken as

the same as that === used in The development of Equation (f6) on Page 4.
/I

G= 0.6042(099/55)(0. 0/43)-7/ 64.4(0ezs) [10142,4)
- = eyl

= 0.008897/2/4 = 0.130 /bs. /967'7720740@?

When the anve values are substituted into Equation (16), fhe volume
rate of flow is obtained for the case when compressibility effects are
neglected.

From Equation (16)

D= o5y ZEEL = 2.05 cfs

lfAThis value of Q is mul¥iplied by.af ,.a weight rate of flow is
found, and this value can be compared to ‘that obtained by including
effects of compressibility.
| 6 = 2.05 (,0635)l£ 0.1305 lbs. per min.
The error iﬁ G incurred by neglecting the effects of cohpressibiliTy can
+hén be expressed as

Error =[6.1305 - 0.1300 |x {00 = ©. 385 7
0.1300

In the 2.06 inch pipe, this is equivalent o an error in air
velocity of 0.34 fps., For the |.63 inch pipe, The error in velocity

would be 0.55 fps.
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Since the error in the rate of flow of air due %o neglecting
compressibility effects was small, Equation (l6) was used to compute

the volume rate of air flow throughout this brejec+.
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SYSTEM FOR MEASURING PRESSURE DROP ALONG THE TEST SECTION

PRESSURE _TAPS AND CONTROL PANEL

Two complete sets of %esf pipes were used. The dimensions of These
pipes are given on Page 29.

Pressure taps were installed in the test pipe at 3-foot intervals
along the pipe. Sévem taps in ali were installed in the test section.
The first tap was located 2 feet from the end of the 90° bend in the.
conveying pipe which marked the beginning of the test section. A detail

photograph of one of ‘these pressure taps can be seen in Fig. t}.

The pressure tap was made by first drilling a 1/64 inch diameter
hole through ‘the pipe wall. Special care was taken to insure That These
holes were normal to the pipe wall. Affer the hole was drilled, a 3/16

inch brass flare type fit¥ing was welded fo the pipe over’ the drilled
ho'e. Special care was used in removing the burr around the drilled hole
on the inside of the pipe so that none of the velocity he&d would be
converted fo negative pressure head as the air flow passed over the

burr. To accomplish this, a long dowsl |=~1/2 inches in diameter was
wrapped with fine emery cloth for a distance of about one foot from one
end° The dowel was then inserted (n+o +he test pipe, and the burr at
each pressure tap was ground smooth. After one operation with the dowel
and emery cloth, the taps were redrilled, using the same size drill bit.
Following this, the taps were ground smooth onceaﬁsﬁé%&sﬁng:fhé‘déWe£~andX'

emery cloth. Next 3/16 inch 0.D. copper tubing was installed from The
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pressure tap to the control panel.

Only one pressure tap was installed at each 3-foot inferval. Care
was taken to see that eaéh tap was installed exactly in the top center of
the pipe. Other investigators2? have used multiple taps at each seéTion
with these taps spaced at equal intervals around the pipe diameter. How-
ever, the +apé used here seemed to function quite well, and very liT+!e
flueTuaﬁion was noticed on the manometer when pressure readings were
being taken. The differential pressures between' the taps were 'satis-
factorily uniform when s+eady's+a+e conditions of flow existed.

CONTROL PANEL AND MANOMETER

A confrql panel Was set up so that the differential pressure between
pressure Taps.could be measured withoyt disconnecting the manometer %rom
ea&% pair of consecutive taps. This cantrol panel with the. manometer
attached is visible in Fig. 10. The layout of *he piping fof ‘the confrol
panel is shown in the drawing ori Page 52.

An inclined tube type manometer was used to measure the differential
pressurés. The manometer used a red oil with a spécific gravity of
0.824. The‘manomefer scale read directly in inches of water, and was
graduated to read a maximum of 4 inches of water by graduations of 0.02
inches. However, it was found that manometer deflections over 3.0 inchés

of water were too unstable to afford accurate readings. At the high

weight rates of grain flow more than 3.0 inches of deflection was required

22. Crane; J. W. Op. CitT. P. 28.
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To read the differential pressure between tap #| and tap #7. To remedy
this, the two valves marked A and B in the drawing on Page 52 were in-
'sfalled so that #%he differential pressure befween Tap #4 and fap #5,
#6, and #7 could be measured after +he differential pressures between
tap #| and tap #2, #3, and #4 had been measured. After Tﬁis correction,
‘+he manometer was capable of measuring any required_differenfiaj’pressure
wi+h negligible fluctuation. ‘

The two flange Type pressure taps on either side of the intake
orifice, previodsly described, were also connected fo the control panel
manifold. A vertical U-~tube manomefer filled with red oil of specific
gravity 0.824 was used fo measure the differential pressure across The
orifice plate. Fluctuation in this manometer during meaéuremenf was
negligible, and it was possible to estimate the manometer reading to the
nearest 0.02 inches of oil.

CONTROL_OF RATE OF FLOW OF GRAIN

The experimental pressure'drops were measured at varying air
velocities with a constant weight rate of grain flow.

To meter the weight rate of flow of grain, it was decided to use a
variable area orifice. This orifice was constructed in the form of a
sliding aluminum gate in the bottom of the grain hepper. A rectangular
sharp=edged hole 1.0 inches wide'ahd 3.0 inches tong was machined in
the center of this ga*e: Thfs gate is.-shown in Fig. 13. As +he gate
was pushed further into “the slot. under the hopper, the hole opened

longer, allowing more wheat to flow through the orifice.
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A system of holes drilled *through the plate was devised so that
the gate could be locked in 6 different positions. The hopper was Then
calibrated in a static pesition off the experimental equipment. The
weight rate of flow of grain through each preset orifice'opening was
calibrated by taking *the average of 20 timed rates of flow for each
position. The results of this calibratien are shown in Fig. 4. As
can be seen; The weight rate of”flow wﬁen plotted against the measured
gatte opening produces a straight line. The equation of this line deter-
mined by the methods used on Page 27 is

Gg =14.37 X .95 (28)
where Gg is the weight rate of fiow of grain in pounds per minute and X
is the gate opening in inches. This equation is valid only for a gate
opening | .0 iriches wide, for wheat with the properties given in The
'appendfx, and for a "head" of at least 6 inches of wheat abo&e The
orifice.

After the hopper was placed back in The experimental system, it was
calibrated again with the system running. A difference of approximately
0.11 pounds per minute greater flow per orifice opening was observed in
this test. By varying the volume rate of flow of air, it was found that
the air leakiné from the feeder did not affect the weight rate of flow of
grain from the hoppér° The increase in weight rate of flow was attributed
to +he vibration of the equipment while running. % was noted during the

calibration that when the grain was kept at a depth greater than 6 inches




B>

"y

%% % '

||$*&

"y

#

-$% ( #") $



QR Q

(

?1

BA Q O0QP
+,
(7
N$

&

E

Y$ $QQ

Q00



57
aBove the orifice plate, the weight rate of flow of grain Through The
orifice waslindependenT of the depth of graim above the orifice opening.

The grain hopper itself was conical in shape and was built from
‘0.125 inch thick galvanized sheet steel. The il-inch high metal rim
visible in Fig. 3 was added after experimentation began to prevent the
escape of wheal grains from the hopper.

The hopper and orifice functioned weil during the experimentation.
Periodic checks were run on the hopper calibration to make sure that
+he weight rate of flow of grain had not deviated from The calibrated
rate. No deviations greater than 0.10 pounds per minute were notéd.

in the |-1/2 inch fest pipe, 5 different weight rates of grain
" flow were used, and during the test of the 2 inch pipe, 6 dif%eren+
rates were used. The weight rates of grain flow that were used were
3.36 pounds per minute, 6.67 pounds per minute, 10.35 pounds per minufe,
|5.98 pounds per minute, and 17,LQ pounds per minute. The first five
rates were Those used whilé‘+es+ing the 1=1/2 inch pipe,while all six

were used in testing the 2 inch pipe:
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EXPERIMEN%GAL PROGEDURE

THE GRAIN USED

Four hunhdred pounds of light spring wheat were obtained for use in
the experimental work in this project. The wheat wés obtained from a
local grain elevator. _All four hundred pounds were taken at one time
from the same bin. The wheat was cleaned in a commercial type seed
wheat fan mill at the grain elevator. To rémove The foreign matter, the
wheat was cleaned again, this time using a small kicker-type cleaner,
which is normally used to determine the percent "dockage™ in wheal. This
operation cleaned the whea#lsafisfacforiiy.

The specific gravity of the wheat was determined by measuring the
volume of a known weight of the wheat. The follewing procedure was used.

A small»beaker was first filled with wheat and weighed. Then the
number of particles in the beaker were counted. "After counting, the
wheat particles were poured into a graduate containing a known vélume of
water. The contents of the graduate were stirred vigorously while the
wheat particles were being introduced, in order fo dislodge the air
bubbles which seemed to cling to the minute fibers around the wheat
particle. The increasé in volume due to the addition of the wheat
particles was noted. From the above information, it was poésible tTo
compute the weight per particle, the voluhe per particie, and tThe absolute
specific weight of the particles in pounds per cubic foot. These values

for the wheat are given in the appendix. The average value obtained for
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the absolute specific éravify of the wheat was compared with an average
figufe from the Grain Laboratory at Montana State College. The value ob=-
tained in this paper was 87.8 pounds per cubic foot. The range of values
for this type of wheat grown in the Gallatin valley as given by the
Grain Laboratory were from 82.5 to 88.0 pounds per cubic foot. 87.8
pounds per cubic foot seemed reasonable in this comparison.

No data was availabie for comparison of the weight per particle and
the volume per particle.

Ten particles were maasured, using a micrometer. fhese parTicl?s
were measured on +heir'major axis and on both minor axes. A shape |
factor of C/<{ @b, as suggested by COreyZS, was aefermined for each
particle. ln_Th}s expression, "C" is the length of the major axis,
and "a" and "b" are the lengths of The minor axes. The average value of
this shaﬁe factor was 0.600. The deviation of the individual particles
from 0.600 was du?Te small, even Though some ofifheipar+icies varied,
considerably in size,

Special care was used in ekamininé the wheat during +He actual test
runs. When the wheat began 1o show signs of damage, i+ was removed and
an unused charge of wheat was placed in The hbpper. Approximately forty
pound§ of wheat were used in each gharge. The average %ime of use for

each chafge of wheat, before noticeable damage *o the particles began

55 Gorey, A. T. Drag Gosfficients of Non-uniform Particles.” A
Thesis, Colorado State University, 1954. P. 20.
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to occur, was approximately tem hours. This would have represented an
average of 142 complete circulations through the system, assuming the
average weight rate of flow was the average of the 6 rates ysed.

>

DESCRIPT-1ON OF PROCEDURE USED

The step b? step procedure followed dufing each experimental run
was the same for each pipe size. For +he | .63 inch pipe, only five
weight rates of flow of wheat were used, while in the 2.06 iﬁch pipe
6 weighT rates of flow of wheat were used., These rates of flow have been
listed on Rage 57. |

. The exact procedure followed during the runs was as follows.

.} The blower was turned on, and the 2-inch air contrei valve
was obened completely.

2.) The feeder was set into operatien..

3.) The variable orifice in the bottom of The graim hopper was
opened to the desired weight rate of flow and locked ‘into
position.

4.) The reading of the vertical U~tube manometer connected across
the intake orifice was recorded.

5.) The air Temperafufe and the barometric pressure were recorded.

6.) The pressure inside the test pipe at the first pressure tap
was recorded.,

7.} The differential pressures between pressure Taps along the

+est section were recorded.
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8.) The vertical U-tube was again connected to the intake orifice
and TThe manometer readihg across the orifice was checked. |f
this reading and that taken in step (4) differed, the run was
repeated. |f the reading checked fhéT»in_sTep (4), step (9
was initiated. '
9.) The opening ef The two=inch air control valve was‘reduced"
until a reducTion'ih the intake orifice manometer was noted.
Following step (9), “the procedure frem step (4) through step (9)! was
repeated throughout the full range of flow. The lower limit of flow
occurred when the conveying pipe began to block: Before blocking
' occurred, the flow became irregular, and the sensitive manometer used
+to measure differenTial pressures along the test pipe began to fluctuate.
A;nofideable fluctuation of the manometer used to measure differential
pressure across the intake orifice was alse evident when air velocities
approached the velocity at which blocking occurred.
After the cohpie+ion of the experimental run for each solid rate of
flow, the leakage from the feeder was checked as described on Page 22.
The procedure described above was repeated for each weight rate
of solid flow for both pipe sizes.- Approximately two and one=hal f hours
of continuous fesTing were.necesséry to complete the entire run for each
weight rate of solid flow.

INITIAL - RUNNING

Before the experimental data could be recorded, it was found That the
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system had to be operated for approximately six hours before the
pressure drop along the test pipe bégan to be a constant between
+he pressure taps. This change in pressure drop was due to the
constant polishing of the p}pe interior by the wheat parficles.

No daTa was recorded for the pressure drop due to air alone before
+he pipe became polished; however, it can be reasonabfy assumed
that the pipe was fransformed from.one which behaved as a rough
pipe o a bipe which was hydraulically smooth within the raﬁge of

Réynold‘s numbers reported in this research.
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EXPERIMENTAL RESULTS

COLLECTION OF DATA

Pressure drop along Thé test section was measurea Throughout The
full velocity range of the experimental sysTem. This range was limited
by two separate conditions. The maximum éir velocity attainable was
limited by the capacity 6f the blower. The maximum air velocity
attained was 84 fps in the 1.63 inch pipe, and 80 fps in the 2.06 inch
pipé, Both values were attained with a weight rate of flow of wheat of
3.36 pounds per minute, Therlower“limi+ing velocity of the experimental
range was governed by the blocking tendencies of The test pipe. An ex-
perimental run was always begun using the maximum air velocity attain-~
able. - The flow of air was then throttled do&n in small increments until
it reached the point at which the sys*ém begén to block, After some ex—
perience, it was found that blocking was impending when the sensitive’
“manometer used to measure pressure differential between the pressure
taps began to fluctuate. Once this condition waé reacheq; it was found
that even a very small decrease in air flow wquld cause blocking. The
rate at which the blocking became complete wés:dependenT upon how fér
below the blocking limit fthe rate of air flow was cut. When blocking
was taking pléce, the system behaved in the following manmer. |

First the distribution of the solids fn the flow ceased To be uniform.
Large slugs of grain could be seen passing the.transparent secfidn. As The

extent of the blocking continued, the graim began fto flow in surges. Flow
' i
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of grain would sfop temporarily, causing a buildup of preésure within the
test pipe. When the pressure became_large enough, & surge of grain was
blown violently Through the system, resulting in a decrease in pressure.
This process repeated itself until complete blockage occurred. To un-
plug the test pipe, the grain hopper orifice was clesed. The cycle of
blocking just described would then repeat itself in revérse process
until all the grain in the system had been discharged.

The maximum grain capacity of the apparatus was 16.05 pounds per
minute with an air velocity of 58.0 fps in the |1.63 inch pipe, and 18.03
pounds per minute with an air velocity of‘59,9 fps in the 2.06 inch pipe.

During each experimental run, the pressure drop was measured between
the following pressure taps: | and 2, | and 3, | and 4, 4 and 5, 4 and
6, and 4 and 7. The increment of pipe length befween successive pressure
Taps was 3.00 feet. |

Experimental data was read as accurately as possible with The eduib"
ment used. In some measurements taken duriag the runs, where the 15.98
and 17.10 pounds per minute solids rates were used, the manometer was
f!ucT&aTing as much as 0.04 inches of water . The solid flow during These
measurements was not uniform, and the air velocity was approaching the
minimum necessary To sustain flow. These measurements were erratic, as

can be seen in Fig. 16.

ACCURAGCY OF DATA_REGORDED

The accuracy of the data taken during these measurements was in-
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fluenced by several facforé. All but oné of these factors influenced
the accuracy of the computation of the velocity of air in the Test pipe.
The one factor which was not involved in the calculation of the air
velocity was the measurement of differential pressures along the test
section. This measurement was dependent upon Two %hings, the character-
istics of the pressure Tap;, and the accuracy of the manometer. The
manometer readings were estimated accurately to the closest 0.0 inch
of water. The characteristics of the pressure tTaps were unknown; how=-'
ever, the differential pressures between them and not the pressures éT
‘the taps were of prime importance, so special care was taken to make the
pressure %aps as nearly uniform in consiruction as possible, so that
di fferential pressures would be measured accurately.

An error in air velocity occurred, due to the measurement of the
rate of flow of air, at the intake orifice. The accuracy of the measure=
ment hére was directly dependent upon the accuraey of the manometer
reading. The manometer used here was read to the nearest 0.02 inches of
oil of specific gravity 0.824. In the orifice equation (I6), which waé
used ‘o compute %he volume rate of flow of air, this amounts te an
accuracy of plus or minus 0,0d5 cfs at a manometer reading of Ten inches
of water, which was approximately the maximum reading used.

The maximum error in the volume rate of flow of air due o neglect-
ing the effects of compressibility was computed as 0.0079 cfs on Pagel47,

The method used in determining The leakage Through the feeder was
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. also a petential source of error. ‘The only possible estimate of the
accuracy of This method is That which was inherent in the manometer read-
ings. The manometer was read to ‘the nearest 0.05 inches of oijl 6f speci fic
gravity 0.824. Using tThe maximum pressure measurement, which was |5 inches
of water, This accuracy of measuremenT’would‘have”given an estimated erfqr,
calculated by Equation (3), of 0.002 cfs.

Assuming that all of these errors occur in the same direction gives
an estimate of the maximum error incurred in computing the rate of flow
of air. This maximum estimated error is the sum of those listed above.

0 (maximum error) = 0.008 + 0.005 + .002 = 0.015 cfs
This error iﬁ Q was equivalent to an estimated maximum error in air
velocity in the test section of 1.04 fps in the .63 inch pipe, and 0.64
‘fps in the 2.06 inch pipe.

The influence of compressibility on the flow has already been deter-
miﬁed on Page 47 . Although this effect was negligible, the velocity of
the flow in the test section was computed from the weight rate of flow
of air using the continuity equation. The pressure in the test section
was measured during every run, and from this value, the specific weight
of The.air in the test section was computed.

CALGULATION OF AIR-VELOCITY

in calculating the velocity of the air in the test section, the
presence of the wheat was neglected. This was an approximation.- However,

its effect was negligibie: In order to calculate The exact air velocity,
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it would have been necessary to know the velocity of the solid particles.
Since it was nol feasible to measure the velocity of the solid particles,
iT was decided to neglect their effect,

The effect of this assumption can bé .seen in the following sample
computations. The rate of air flow in a 2.06 inch diamefer pipe has been
determined to be 1.95 cfs. This corresponds to an air velocity in the
test pipe of 84.0 fps.

Assume that the velocity of the solid particles is 40 fps. This
assumption seems reasoﬁab}e after observing the flow of the solid particles
in This experimenTO-'Also'assume that the weight rate of flow of selids
was 17.10 pounds per minute, or 0.285 pounds per seéond. Assume also That
+he cross sectional area of a particle is 0.000255 square feet, and the
weight of a particle is 7.30 x 19"5 pounds. ,Tﬁesé were properties of The
average wheat particle used.

The number of particles flowing per second would be

0.285 = 3900 particles per second.
7.30 x 1072

The number of particles per foot of pipe would be

3900 particles per second = 97.5 particles/ft.
40 feet pér second

The volume of the particles in one foot of pipe can be found by multi-
plying the number of particles in one foot of pipe by The volume of one
particle, which can be assumed as 8.79 X 10~7 cubic feet.

Volume of particles per foot of pipe = 97.5 (8479x10“7) = 8.57x10™0

cubic feeT,




68
The volume of air in dhe foot of pipe is the volume of +he;bipe'minus

the volume of The particles.

Volume of air per foot of pipe
. 12

2,06 ° T - .000857
4

il

;0231453 —-.OOQ0857
= ,0230596 cubic feet

The average air velocity is the velecity of this volume of air
necessary 1o produce The given volume rate of flow of air. The net cross-~
sectional area of the pipe available for The flow of air is the volume of
air per cubic foot of pipe divided by the length of pipe which we have
considered to be one foot.

The average air velocity can be computed by diyiding the volume rate
of flow of air by +he available cross—-sectional area.

Average Air Velocity = 1.95 = 84.70 fps
.0230596

The cross-sectional area of the pipe available for air flow, if the
wheat volume is neglected, is 0.0231453 square feel. |f the air velocity
is computed from this cross-sectional area using the same volume rate of
air flow as before, we obtain

Average air velocity = 1.95 = 84.20 fps
.0231453

The error due to This approximation can be expressed percentage-wise

as

84.70 - 84.20 x 100 = 0.590%
84.70











































































































































