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z
rormules were develcved for determining "i." iox
use in thie velocity Iermulee Tie "' voelue is used in
place ou tie drag coefflicient "C". Farticle progiii.cyo
were used for the determination of '"n",
The formulas ere valid fcr tihie particles tested
vhien the transport velocities are between LOCU if'eet per

minute and 4000 feet per minute.

Cherles Erskine Kice



L BUPECY Cr o AmiICLE 5148, oHAL D IED

DaLeIr: Ci wIfTiCi rNEUnATIC SUSHENSICH

A THESTS

mitted teo the Schicol for Advanced Graduate Stud

-

Michigan State Unilversity oi Agriculture end
hpyplied Science in peorticl Julililnent of

lne reculreaents i'or tne degree of

CCYCR O FHILOSCFHY

Departuient oi fLgricultural Engineering

14¢0

185

oi

)
i -



Cr 20975
Sy SRV A

ACLNCWLLDGELLLLS

itany individuels essisted in maring

,‘_
i~
s

o8

ko]
O
(.’)
e
&)
=<
(o}
ct
i3
®

verk reported narein.
Dr. A. W. Feryrelil, bdedu ol cne hAgricultural Bn
ncexring Depertment made aveileble the researcn assistantship

ior 1& imonths at licnligan State University.

The New iHolland Macnine Coizpeny furnished toe
{inancial support icr the &assisuventsnip.

e College Zxperiment Staticn, University or
Georgla furnlsned {inencisl support for coupleiticn or the

researcin ot Athens, Georgila.

H-

br. Relleond L. Hinkle, Mecnanilcal Lipinesr, Dr.

U

[

iouaid womociazi. hetcllurgical Sngineer, Dr. Willienm D.
Baten, Mathematician, Dr. lerle L. Dswmey, hgriculturel
snzineer, served as guldance comalttee menters. They con-
tributea nuch in the wey ol encouragement cnd guldaace.

br. Wesley I« Buchels, fLgricaltural ingineering
Department, Ma jor Froiessor, has been oi great essistance
in hiis guldance and encouregemaent,

Dr. Welter M., Carleton, formerly oi tne Agricultaral
sy ineering Depertuent end now witn tie fgricultural Zngi-
neering Researcn Divisicn, United sStates Departuent of
hgriculture, gulded the early piases cf the wori.

Iire Re He Driftmier, Chaalruen, hgricultural Zngi-
neering Divisicn, university of Georgia gave encouragemnent

end material support in the {inal stages ci tne work,

11



The author expresses most sincere appreciation to
tnese Individuals and crganizations and to all cthers who
assisted in any weay.

The author elso extends thanks to his wife,

Fauline, for her patience and help.



candidate e Lae degrec oy

Jinnd Syemineticns Mam,ul 1;, 1-( 0 - "'_‘:3) LN Focn clc

Dissartetion: lue sifect ci cer
on lMini:nwa rrncuuc
Lransport Velocit

es.
Cutliine ci Stuaies
l.ajor subject: Lericultural EBngineering
binor Subjectls: uGCuﬁhLC?l Ingineering, Hetnenctics

sic ropidecel Iceus

>

orn:  Morca LO, 1oLy, Colquitt County, CGeowgie

L

..

Jidergraduate Studies: Unlver
Craducte otudies: Iowa oiate Colleize, RN ARG

lrrwcui aral Engine
Loha_dsbiy LShsolohy,

a7l ./"‘l

(J
(@)
3
(@]
©
.

Jnited Stetes brmy, LoH2-LokLkY,

Jniversity oi Georgias, 1YL7. Associste irciessor
ond Asso 1(te Lgricultural Bngineer.

leuber c¢i' troe hioerican Scciety oi Eiricultarel Ingineers.



TABLE Cr CCNLIENLS

INTRCDUCTICH . eeoocoososescecossoscsscscssssccsscscscscosssnsnss
REVIEY Cr LITERATUREeeeecsoosccoccccccsssscscscsccsscscs
OBJECTIVESceoosoossoscscossoccscsossssessscsssscsosncscsasscs
EqUIPMINT e eecocsocsesssccsescoscscsesvsescssscscssssscsccsssnsce
Development of Variable-Area MetEIeecececeescosceccsese
Vertical Fipe Systellececceccscecceccccsocssssscsssoecse
Cther Equipnenteececscccscccscccscccscscsccssecscccscos
SELECTICN CF MATERIALSececesescscccsccscscscssscccsoscsss
FRCCEDUREe s eocccscscscsccsscescssscssoscsscacossscssasascs
Suspension VeloCciticSeeesssocescsccscoscccocecsscnse
Vertical Transport VeloCitieSeseescoccscscscccccscs
AERODYNALIC THECRYeoosococecssscscccccoscscocsoccssccescse
RESULTSeeeeccsesosocsscsoscsscssssssocsssasssecscsnsscncsss
Test Results on Suspension VelocitieSeececcoaccces
Minimum Transport Velccities TeStesececscccccscsce
Comparison of Experimental Results with Theoryeeee
APFLICATICN eooescocsccscococsoscccsccsscsosscsessossscccocsse
SUMMALR e ooesecosesvsessecsesossssesscscscoscsnsoscsscosocnsane
CONCLUSIONSeesoososcsessoscscsccosssossssoosccscsoscsccscscse
FPROBLE!NS EECCMMENDED FOR FUTURE STUDYeeoesescsccccccsce
APPENDIXeeececococscosocoasoscsoccasssosscssssonsssasnsssca
gquipment US€leeseececeoseccccccscccscscscsossccscccscs
Air Measurement MethOUS.eeeeecesecsccccsscscsccsss

Sample Data............‘.I...‘...O........'...I...

v

Fage
1

3
11



PLEIEREI‘ICES CITED.C“..O..I........C.‘..‘...........l..

OTIER REP"EREI\ICES............‘....O...........‘........

vi

3

c

D

(@h)

S

no



10,

11.

LIST CF IIGURES

kir and material velocity 1in the case orf
throwver and pneunlcltiC CONVEYOI'Sesscocccsessscce

hpparatus used in determining suspensicn
Velocities.‘l.Q‘..Q.....O..O.........I...O.l.‘.

Veriable_area Heleleecccscecsscscsccsscccscscscsscssscse

View of variable-area meter with a cylindrical
F’aI‘tj.Cle Sasl)ended.'.......C'..........'....'..

Two oi the sguare edged orifice plates used
in measuring I

Apparatus used 1n meking minimwa transporc
VelOCity determinalionSeecescsceccesescssscsccnse

Sonie cylindrical particles used in the testSeesese
Sone rectangular perticles used iIn the TeSCSeecsee

Some equilateral trianguler snaped particles
used in the TESUSeececevccososcccccscsoccssoncscscsooe

oome rectangular snaped particles of same size
but differeins aensities used in tne testSeeecese

Suspension velocities of rectenguler particles
Oi‘ Douglas i‘ir..ll....l..l....l..'........'..l'

Suspension ve.ucities of cylindrical particles

ol Maple..................-..-.........-.......

Suspension velocities of equilateral triesnguler
particles 0l DOUgLLeS Flleeeesoccecsccccescsocccas

Comparison of suspenzion velocitiles for
dii‘i‘erent shapes..'...'..‘....‘0......‘...‘.0..

Alr velncities reqguired rfur Jdlilierent shaped
perticles witn common L/D I'2tiOSeccecscscoccccs

Alr velocities required for cylinders with
comuon L/D I'80iO0Seeeecocecesecsccsccesssoscscscscsse

A conperison of dimension effect on Maple

CylindeI‘st...................Q......‘..O.....l.

[A)
N

w
(o

w
r

(@)
(o))

(§S)
ﬂ

o
D

)
O

L1



LIST CF FIGURES (Cont.)

L cuwmpirison oi diacnsion effect on Dougles Fir

Cylinders...................................

A comparison of dimension effect on Douglas
I"ir tI’iangles...........Q.l.l....‘....ll....

Suspension veloclties of cubes of the same size
but of different densitiles. Calculated and
experimental values are SiOWileeesoossosssces

Minimum transport velocities for rectengular
partiCleS ox Douglas e s

B group of rarticles tnat tend to require nign
suspension velcCltieSeesesosesccescscccscnse

Some of the particles on which tests wWere I'Neeee

Conmparison of transport end suspensdou
veroCitiles cf 3/“" cia, Cylinders......-....

()

g
o



2I5T C TAZLES
Table Fage

Velocity for Ccnveying lMaterials..eecececes 9

=
o
'_h
=

L]
=

ValueS for Cylinders.......................o 53

[ ]
=

et

r
-
-

Values 0T R2CLaNEleSeeeeecceceseeeenaeenees O

L ]
3

Values for TriangleSeeeececsescccccasssssccess 55
Data liaple C;)'-linderSoncoooooa'0000000010000000-0 71

I‘:az\’le Cylinders.....'..'..;...O......'...'. 72

. .
|w) |w]
3] W
ct ct
O] o

I’Ea.ple C]lindeI‘S............................ 73

co 3 60 v F O w o
L]

[ ]

(w)]
)
o
Q

Douglas 'ir rectangleSeeececesescceesecsecses 7k

0
L]
o)
<)
cr
W

Douglas I'ir rectangleSecesesccecccceccccces 75
10. Data Douglas Fir rectangleSeeceecececccesscaceses 76
11. Data Douglas .'ir triangleSeceeececcscccccccsccses 77
12, Data Douglas Fir triangleSeececececccceccsosccccees 78

13. Data Douglas Eir triangles...‘......O.....Q‘..“ 79



A VSV U O
LJATEy sercoent of whe a-ricultursl radl Lours are

~ ~ . LI

ST . 2 NP A 4ee P S B SR N Wt ey
Lployea arcuna tie farimsteod i tiic fori. ol clwore 1alCre

Dlds totzl ol cpyrouimately € 1/2 billicon can Lours per year

15 uszd Lo a rezatb eiibtent in roving aterials Tron cne place

te auctier, i.¢., {row will to bin, fron bin to bwk. [or

KR |

exciple, 200 million lons of waterials are Lancled by farwcrs

every year, ai tiils is Jurtiier acce:ntuated since csoine of

rials arce _.oncled scveral tives,

(;

ate

‘rinc v;es

Vre

Tois study deals zriwerily withh tihcse
wiich use gir to elevate wnd ccouvey., It is lnown that
materials can bve .ovze at lower o eratiing cost witii ctler
ecawnlcnl wevices, acwever, cle eusc ¢l crerviicn wad
siny licity of inctcilaticn nave rade rneusatlc conveying
a yrepyular weans cof clevatin, silaje, cihcy ed nay, aud grai

waen [roduct daiage is nct of najor impcrtauce

T

Ti:e generzlly acce; ted rneuratic conveying rate is

50 fps (2,CCC frum) (13). In the case of verticel elevaticn
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Thie eurly work ccncerning rreunetic trazus_ort wes
ceruucted cn siloge cutters wihilci net oniy cut tie silage Lu
also elzvated 1t into tie silo. 1In 1921 the sanerican
Socicty cof Agricultural Sngineers' iLelt lachinery comiitiee

(12) sug.ested the fellowing feriwla {or rating sila. e

cutters:

- . e - - —

ie corndtiee alsc stendardized thne sila-e cutter

F
[¢¥;
w
ct
)]
L]

Duiflee (&, 7, &) rercrtea cn testiin, the elli-

cie.cy oi silase cubiers in 1924, ile found that Llie power
requircuents were C.220 Lp/ton for cutting and C..50 . /ton
Tor blewing. The rcwer for blowing was 71.72,5 of tie total.,
The relationship vetveen nril ond .ower reglirenwidts indicated
that sgecds between 500 to €CC sirii gave capacities conpzrable
witi higher speeas and reguired less hersepower, In lLis re-
pecrt in 19295 Dulfee presented a new foriula {or rating

silaege cutters, e alsc stuiled pressures rouna at toe

-

bcttom of the elevation pire. It the coujariscn cf large

and swall pipes it wus Tfounda that, in general, horcerower
reguirercnts increased wiu. a decrease in tige size, ror
tiie relationsiip of speed and efficierncy it was obcserved

thuat caracicy is »rovortional to sgeed and that tie licrse-

cower curve is ncre ebrupt than tie carpacity curve,



-Li--
y ctevert (L) calculated the volurme cof the

pire occupied by silape at differ nt srecds and asveloped a

h
In 1946 Rancy (14%) suz:ested tae theory of free
throw for sila.= blowers,

In 1949, Longhcuse (11) repcrted on the performance
characteristics of long hay vlowers, Ile found tihat the fan
inlet size was very impertant, waen it is too lorge, effi-
ciency is reduced and when 1t is too siall, not enoush air
can enter the inlet. Iic also reported that the shiit hcerse-
power variles as the cube cf the speec, and that peripheral
specas of 1C,000 fz2et per minute are nezced,

In lQSC Lon_hcuse (12) reperted on tune anplication
of fiuldization to tihe conveying ci graein, He conveyed
grain in a one-inch pive seventy-five feet long. Conclusicns
reached as a result of the fluicization studics are as
follows: 1. Grain either wiicle or grcund can be conveyed
satisfactorily as a fluid, 2. ccnvenilence ond ease of opera=-
tion favor fluidization, and 3, initial cost and iaintencnce
si:ould not be cxcessive,

In his text boox Zainer, et al (2) gives inforna-
tion on the thzory of the impeller blcower uvresanted by Segler,

Segler states that the material has a lower velo-
city thaon the air in tiie uesper »certion of the pire and a
greater velocity as it leoves the Dlacdes.
dancy (1%) has reprorted that naddles loaded for a

distance equal to 1/ <he radius will unload in 459, and



tiose loaded for a distance equel to 1/3 the radius will
unload in 55€,

Duffee (9) reported that normally only 2% to 3
incues of blacde was used, anc that less pcwer was required
by 4 inch blades than by € and 10 inch blades. 3BDerge (1)
rerorted that 5 inches of the blacde wazs scorcd, and that the
blades were unloaded at an an_le of 45% with the tangent
pcint.

Treoretically, elevation elriciency derencs upon
kinetic cenergy imrarted to the rarticle in the cases of the
‘impeller blover i.e., h = V<, The height elevated is alweys

2g
less becazuse of fricticn in its various forms. Duffee (9)

[

nas stated that the jpower would dcuble when the elevation
height is incrcased Irow 30 feet to 10C feet, De Forest (4)
woerked with 4 and & bladed impellers and tihe kinetic energy
imparted to the material., The kinetic cenergy inocarted by
tiie 8 blade inpellers was +3% of input with an efficiency of
17.2/ce Thne 4 blade imrellers iw-arted 57,/ of the input with
an efrficicncy of 22,8, .

The actual height that blowers should be orerated
is 4C,i of theoretical height according to Duffee ($). They
are often operated, iicwever, at lower percentages of the
theoretical height., Power oreraticn data norrvally used for
iunpeller-blowvers inciczte that most of them operate with
efrficiencies running from 9 to 10 percent (1k%),

Segler (14) has done considerable work on rneunstic



conveying and on impeller blowers., e statec tlizt thiere

is not sufificient experimentally deter:iincd data available
Tor deter:iining the coelficient Jor chafll and chopred strawv
conveying., Segler reccriends an elbow of & dianeters Jor
ccnveying, and the use of a diffuscr which gave a 10/
capacity increase,

Hencderson (5) gives the netihocds Jor injecticn of
raterial into rneumatic cconverian systems such as tiie biuciet
waeel, screw and the injector. To thzese can le adfed the
direct entrauce into the fan ncusing., Th2 bucket wieel can
ve us2d for Liglier rressures thnn the screw, 7T bucket
wheel ari screw cotn give excell-ut air [low elficiencies
of aprroxinmctely 1C0,s Lecause of very low pressure 1oss,.

e injector intaice wi.ich orerates on tie princirle ol tue
injector ruup is of sinmple cesign and 1is suited for tlhe
entrance of riost unaterials. Tie air streeam ccuing Ircin tlie
blower is recstricted in tic nczzle and transierred to a niga
velocity. The resulting velocity pressure in tihe cconicel
exyansion is transferred into static pressure,

Segler (13) has suicwn tiat in an imceller blower,
tiie naterial velccity is creater tien tie air velocity
¢urin: the first part of novezent anud that its velocity drers
v2low thce air velocity very ra;idly towsras t:e rinel .nrt
or uwcverent (Uigure 1), The iaterial velocity is alwa:rs
below tie air velocity in a pnevnatic syster.

e a

M2 tuifalo rorge Comany (13) hes pudlisiued data
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on generally used ccnvering air velocities, Thiese are shown
in Table 1.
The Zulffalo rorge Ccrisany (13) uses an exgression

developed from tests by il. Gasterstedt to ceternine tie

pressure loss resulting frcwm tue pressure of material in

-~
’

t:..e air streau, They usce a verticel resistance twice tict
for horizontal :iovement [or noderzte 1lifts (aprrroximately
firty lfeet or less),

l.e energy remidired to accelerate tie naterial
Iron zero to ti.e ccnveying velocity is signiiicant. 7Toe

pressure lo

Py

w

S resulting irci thie introcducticn oi tihe mat-
erials into tioe stiream of icving air nay ve estimcted Ly
t.e [oliowinyg exyression:

() A

Ze2H Lir
v
A = iressure l1oss, inches ol water

R

Ratio, pounds material ier pcuaa air

I3

v velocity pressure, woving air

Crane (3) developed tuaeoretical equaticns ior
deterrining pressure crops in a pneumatic system conveying
solids in a straigut section ol pipe under steauy state
conditicns. friction ractors for air ana tue sollid and tle
design specification are reqguired Jor tue sciution or these
eguaticns whic.: were veriiied vy eaceriuentur work, Scue
cf tne conciusions Crane <raw {roiu als worls ares

1. VPressurs drop due to solids incrz2ase as »ive
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Figure 2. Apparatus used in determining suspension velocitie
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suspended.
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l.uta d&t:l .
The particles were I1njeoccted one at a tine for
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Vertical Transport Velocities

Y.

The method used to deteruine eitect con nminirma

tronsport velocity caused by size, shape and cdensity of the

varticle on minimm transporc velocities called for the use of
te vertical oive systen, 1he experimental cesigi used was
T..¢ rawadnized blociz, Prelindnary tests were run to aetler-
uine tuhe number of replications tnat would be required, As
a result ol these tests eight repzlicaivions were used in
analyzing tlhe data,

The fan speec was adjusted to furnis
veiocity below the anticirated zinimun transnort velocity of
tic varticle under test, The test prarticle was injected

tirouzh the rort cpening =zna then tie port was closed, The

spced or tue fan was tien adjusted witil the particle becauwe

visible in the rlastic section, =ad then cue speced would Dbe
increasa2d in increnents egual to z.sroxinstely 20 feat per
minute o1 air velocity until the prarticle would Le trans-
roerted up tiie vertical pipe sysicn, and out thie top of the
systeni., OUne minute wos allowed bhetfween increient ilncreases
to reriit stabilizaticn ol tihe rarticles,.

The ailr velocity in tihe vertical ripe systen at
vaiclhh the particle was transsorteda was deteriined by a
traverse of the ripe with & 0t wire aneuoweter, and checiked
by the use of a zitot tube.

The tine allowed for the particle to be elevated

3% feest was 1 minute., A reasoncble estimate for the averaze
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ACRCDYUIAYZIC [ImorY
The aerodynanic properties of a rparticle derends
upon trne rphysical characteristics of the particles, the
prorertics of fluild in wiaich it is located, and the gpplied
force, The fluid considered in this study was air.
Lapple and suepherd (1C) developed a nathematical

analysis which handles the relations of these properties,

(3) w4y = (V3 -7 P
> o P/‘% P )

g(—;z—‘/

Zy definition:

) F=c v2 La
2g
(5) dv = - 2 L
® ’é—/g—pfé ¢ I,k
A = projected area of particle. Sguzre feet,

/(’ = fluid specific weight., Pound rer cubic foot,

S

particle srecific weight. Pounds per cubic foot,

vf'p = particle voluie, Cubic feet.

v = relative velocity. Ieet per seccnd,

force, Founds
N = particle nass,

W = particle weigiht., rouads

= particle aerodynanic drag coeflicient, dirensionless,



& = tine, Scconas,
Re = Reynolds nwarer.
D = average particle diznaeter, reet

A particle allowed to 1zll willhi caly rluid resist-
L a naximan velocity, in o covnvard directioen
il {he rarticle density 1s greater than the fluid density,
aud this is relerccd to os the steuady stale velocity., To
suspond a rarcicle, the alir velocity in the upward direction
wtst balance tiwe steady siute velocicy of the varticle in
tiie downward direction.

The :article would have 1o acceleration or velo-
city and thie velocity ol the air would also be tie relative

velocitly or tie oir strean to the sus.ended particle,

cince e varticle has no accelevation,

o
—~
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~

We will suwstituce dv = 0 into ecuaticn
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Figure 11. Suspension velocities of rectangular
particles of Douglas Fir,
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curve turnea urwvard.
It is possible to show this yoint cf raxinun sus-
rension velccity even nmors clearly by adjustin

and plotting both the raxinvi prcjected area and the ratic

of maxirum prejected area arainst the ratvio of _area

volune voluine
(Figure 12), In Figure 13 the scales were so adjusted that

the two lines crossed wh

o]

re trhe naxirurn rrojected area line
becare horizontal anc the rate of the pexiirun preojected area
volume
lire turned upward,
This conbination was used to show the lccation cf
the raxirmup recuvired sucspensicen velocity as o peint on the

gra:n rather than the break in the line as shown in Firures

o

11 and 12,
The effect of tihie L/D ratio was investigated in

two wars. Tigure 1% fives the reguired suspension velocities

~

t
for different shaved particles with a coru.on L/D =1, The
density of the cylinders was corrected tc that cf the cother
particles. This sraph indicates that with comen L/D fatic,
crlirnders reqguire greater air velocitiles than the rectangular
and triangular particles. Ficure 15 compares the recuired
air velocitics for susrension cof aiflerent sharecd particles
with comren L/D ratics, The iaximunm susp nsion velccity
occurred with an L/D = 1 excert for the triangular particles.
ne recuired suspensicn air velocity ¢oes ug

decreases to 1 and decreases as L/D decreases from 1 wiih

the ezcepticn of trianrsular particles sihown., Fizure 1€



FT/MIN

SUSPENSION VELOCITY

1800 A

1700 1

1600 A1

1500

1400 {

1300 1

o

15 1-3/8" & x 2"
16 1-3/8" & x 1-1/2"
17 1-3/8" & x 1-1/4"
L 18 1-3/8" A x I al
39 1-3/8" A x 7/8"
40 1-3/8" A «x
4] |1-3/8" A x
L 42 |1-3/8" A x
i 42
[12]
z VELOCITY FT/MIN
wi
=
40N o]
Z -
S
(=4
&-’ N;Z.O" 42
< —
,SZ,GJ.g 19 4 MAXIMUM  PROVECTED
- @ AREA IN
'S <
u
3161 181
£ |2
5 42
'§°-6"£ 7Ts5 16 17 18 39 40 4
s S MA XIMUM_PROJECTED AREA IN°
> a 3
17 1< | VOLUME IN
\2 <
12 1
50 6.0 7.0 80 9.0
AREA IN?
VOLUME IN3

Figure 13. 3Suspension velocities of eguilateral
triangular particles of Douglas Fir.



FT/MIN

SUSPENSION VELOCITY

’

2200+ CYLINDERS
L/D = |
mooow\
RECTANGLES i !
1800 + e
]
(
1600 + P — —
TRIANGLES
g/
0 ﬁ i ; ' —
05 1.0 15 20
LENGTH OF PARTICLE IN

Cicure 1h,

Comnarison of suspension velocities for

different shapes.
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L0~
shows air velocities required for cylinders with comr.on L/D
ratios,

Coripariscns of required air suspension velocities
of the same share but of differcnt size particles are given
in IMigurcs 17, 18 and 19 (plotted on inverse seni-log paper)e.
“he maxirum velocity for each size is cf the sane magnitude,
tut occurs ot a different veoluwe., The maxirun occurs in
the region where L/D is arproximately 1 and the velocity

1

decreases witn a decrease in volume as the L/D ratio goes
down,

The data cbtained in ceternining the susrension
velocities for cubes of the sane size but difler=nt densities
were uscd to calculate tihe susrension velecity of the heaviest
particle uvsing the assumrticn that the velocity would be
pronorticnal to the third power., The average of the values
czlculated from experimental data for the suspension of the
r1ecviest particle was taken as thne best estinate of the
rcc .ired susrension velocity of the varticle, It was used
as a basis for calculating suspension veclocities for each
group of particles, The values obtained wvere plctted as a
line on the same graph with the exreririental valuves (Figure

20). The calculated curve, and the experimental curve, are

sirilar,
Minimar Transrort Velccities Test

The data cbtained in the tosts to deternine
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FT/MIN

VELOCITY

SUSPENSION

Sl

I" PLASTIC CUBE NO 3 THROUGH 10
3100 4 I wooD CUBE NO | AND 2
2900+
27001
2500 +
CALCULATED
23001
EXPERIMENTAL
2100 ¢+
4 o
o b —~+— : : '
0.3 0.5 0.7 0.9 LI
WEIGHT GR
VOLUME CC ¥
Figure 20, Suspension velccities of cubes of the

sane cize but of different densities.
Calculated and experimentel values are
shown,



-L5a
rinimum transport velocities were plotted in the same rianner
as thie data from the suspension velocity tests, The nature
of the curves was tl.e same, Thne values obtained arnd the
analysis were conparable to the results on the recuired
suspension velocities, (Ficure 21),

The particles with dimensicns arproximately tiiose
of a srhere or cube recuired higher suspension and higher
minimun transvort velccities (Figure 22),

m

figure 23 shows soie of the test rarticles, The

corn »ith had tc be drcpped from the tests because it dis-

integrated bzsfore thie required numver of revlications cculd
be made.

Figure 24 shows the transrtort and susrension velo-
cities reguired for 3/% inch diameter naple cylinders. The
transport values are nigher tiian the suspcnsion velccities,
According to Segler (15) the particle velocity weould be

avout one third the increase in air velccity.
Compariscon of Exverimental Besults with Theory

The velocities were calculated for particles tested
and the value of "C" deter:mined that cculd bte used in for-

mula (11) and obtain the same velocity.

(11) civ = e.o3 \fw
A7é p

These experimentally obtained "C" values were



MINIMUM TRANSPORT VELOCITY FT/MIN

SIS

D A l.'x |l\x2ll
B8 I'x |"xi4/2"
[1] a - ]
260% C 1"t "% |-/4
D "x"x 1"
E I"t1"x 3/4"
F I"x1"x 3/8"
25 00!
2400
2300/ 3.0
N
z
g
w
1/
g
2200 2
(&)
w
(=
(&)
w
3 c
@
F
2100| * 10 0 -
x
<
>
F
2000 5 s 7 8 )
AREA IN2_
VOLUME IN3
Figure 21. Iinimum transport velccities for

rectangular particles of Douglas Fir.
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PR R . < - ~ K N 2. - -~ <7 2 >
chtninea ooouweling € ol pordrentally cutaines vilceitias in
. ’ - N K . d v ol 1"ovy - - e S
cruncion (11) ant sclvirn- for " Thogo "IM ovelics, slcn

R N 2 - L ) by 2 B s S - A T~ S S 3
usca to acternine the velceclty rogruircd, Lovever ticere are

hads S e 1—0 HCH

voluzo thot can be used i the theoretical roruvla to obtain

tii2 required velocitr, rrorertics of tie articles were

usedL te davelen the feormmlns., The term "K' is used to dis-
- r

Tirpvish it fror the dras coeilrciznt MCY, The rrojerties
/

ccoicidersd wore ws follews: velure, aren, uoxirun prcjzcte

(o7

area, :ni c¢iencions,

Tz "C" values were :lcitea fer a rarticular
Tnis dnderraticn was used tc
Gcvelor a genercl Jormnuila te rerresent tinls Inrerosticn,
The S rereriics of thie particles were incerted as varisbles
in tihis yeonersl formula i constonts deterridined,

The foeriula th~t an:lies tc the cylindrical form

is ¢ tihe tooe:

oo

L = Lenz<h in.

D = Dinwncter in.
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mpa maximum projected area ir.2

A Arez in.2

The formula that aprlies to rectangular particles

is cf the type:

K=(V)a+bY+D
W Z
as) & = (1) t 42 mpa +0
S A

Where: L = Length in.

S = S8ide in,

mpa = maximunm projected'area in2,
A = area in2,
D =0

The forrula that applies to the triangular particles

is of the saue form as for rectancular rarticles,

(1%) KX =(_§)%+2mna+.3
S A
Where: D = 3

These formulas checlied out with maximum error of
18,2 percent on the heavy plastic 1 inch cube and less on
the others., The averaze value obtained differed from the
experimentally obteined value by less than 10 percent, There
was no statistically sicnificant difference in the two sets
of values.

The suspension and ninimum transyort velccitiecs
do not cover a wide range of velocities and the range cf

MC" values is limited. The foriulas obtained are valid in



e
-
S e=

the rance of velccities frcm 1CCO feet rer minute to L4000
feet prer minute,

The ormulas can be used with the thneoretical
formula to obtain recuired suspension znd minimum transpert

velccities with a reasonable cegree of accuracy.
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TAELE 2

"KM VAIUZES FGR CYLIINDERS

Particle o Drag
I/hpq.e K" Coefficient
Cylinders Calculated _ e
3/4" dia, x 2" 1,02 1.0%
3/4" dia, x 1% 1,00 1.14%
3/4" dia, x 1" .98 .97
3/4" dia. x 3/4" 96 .97
3/4" dia, x 3 .98 1.10

3/4" dia, x 1,07 .96




- e
TAZLE 3
"I VALUSS FCR HACTAIGLES

article: Drag

Douglas Fir "y Coefficient

_sectangles Calculated ____ _ MCM __
M ox " ox 2v 2.4 2,22
M ox 3 ox 13 2.16 1.93
" ox o ox 1 1.71 1.77
" x .é_n X ""Z" 1.323 1.51+
Mo 2t ox g 1.20 1.13

— -- -— - = - - a—




-

-3
;
P

TARLE 4

Cl tra et em e e
"M VAIUSS 1rCh TRIAICLES

-—-———

rarticles:

Deuglas rFir Drag
Triangular s v Coefiicient
Shared Czlculated ton

13/6" x 2" 2.03 2,30
13/6" x 12 1.9C 1.53
1 3/8" x 1" 1.¢6 1.7€
1 3/E" x 5/8 1.43 1.0
1 3/8" x M 1,55 1

- - ——




AFCLICATICH
The inferucticn develored in the study has definite
aprlicaticn in the field of transrort of farwm and cther

ma

naterials, Thac power and air velocities reguircc to trans-

=]

rort naterial is effected by the dirensinns of the norticles

-

transcorted,

In the trans:ort cif forages, lons or extrerely

short cuts wculd require less air velocity trein norticles
o

cut in l=nsths approxiiately equivalent to the diameter

of tke particle, i.e. = 1.

L
2

w

In the trans ort ol sualler noterials, tle result
obtained indicate tiiat zrain that has been relled or crusihed
could vbe transnhorted with less air velocity thon the originsal
grain,

The greater the rrojected area of tie
rélotion to its voluue, tie lover the alr velocity that is
recvired Tor the sare dexsity. Ireatuent of Laterizl to
obtain greatver »rcjected area would reduce the cir velocity
and save L OWCeI.

An apprlicaticn ¢f the vrincivles invclved woulc e
tie lwanaling of nmaterials for reprared aniral Jeeds, They
couldé be usad in tihe handling of wveterials froen the farmn or
at any stare in tre wmaterials Liandlins at thae feed plant,

m3

The air velocity recuized to susnend a 2% x A" x 24
Douglas fir .article was 145C feet per ninute, while fcr a

oy M o MW onarticle the velocity was 1705 fect ser minuie,

1—

To this velocity 000 fent ver rinute convering air velccity



e
-57-

must be added to obtain the total required velccities of
4450 feet per nrinute for %" x =" x 2" particle and 4705 feet
per ninute for the +" x 3" x +" particle. Accorcing to well
Imown fan laws tne liorsepower recuired for o unit fan varies
as the cube of the revelutions er uinuie cna ci.cic Teet
ver :inute, (a this basis it vill tole 17.2 cercent iore
herecpower to coavey tiie " lenztis than the 2" lengths,
Since the suspension velocity of the ¥ lenctihis is tuhe same
as the 2" lengths it will also require 17,2 percent nore
horserower to convey the #" lengths thon the 4" lengths,

If the susepnsion velocity for the &' x 2" x
Douglas Fir particles was not movm and the Drag Coefficient
"C" was not aveilale, the approximete susvension velocity

can be calculated by the method develcned,

~
)

(@S]
~

-

{]

——

=

T o+ 2 pa + 0
)t ey

ho

(0.2} "+ 2 (0,25
.5 T.00
(0.,5) 2 + 0.5 +0

= 0,705 + 0,5 = 1.205

(11) civ = \/w
A-75/8‘13
(1.205)3V = 8.08 \/%499;;&9751333“_
0.C0173) (33) (0.07%)

(1.205)3V = 8.08 0.£52

0,07

(1.205)%7 = 8,08 \[6.96

O

o]
]




Vo= 22,1 1t/
V = 132C {t/uwin
"¢ experimentall,; cbtained value was 1440 ft/unin,
The dillerznce velucen the two valucs, exverimeuntally and
calculated, ic &0 ft/uin or 7.6 .ercent,
The "C" v lue covtained Iroeu vihn cupceriwental

Adrnte wis l.12 conwarec to thne "H" colicul-tzd value cof 1.,2C5,
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CC.ICLUSICIS

N

T:is study was vased on the fol

-~
t

lowiny hypothesis:
The eir velocity required to surport or transcirt a matericzl
is related to tne vhysicsl ‘ron2rtiess of the particlz, These
oroperties incluce density, size, shape anc surface con-

The ccnclusicns based on nropertics of density,

size and siare are as follows:

l., The susnensicn veliocitlies and minimum trans-
vort velocitiss arec rclatsd to the L/D ratio:
i1.6. the reauired zir velocity incrzuses as
L/D arywveaciies 1. Observations indicate that
resuired air velocities are minimized as L/D
arrroaches zero,

2, The suspensicn velocitizs and minimun trans-
pvort velocitios are rclated te the
maximum projected area ratio: i.e, <The recguired

volurme
velocity increases as the ratio decreases

and reaches a maximum as the ratio reaches
a constant value,
3e The susnension velocities and nminimun trans-
port velocities are related to the maxirmun
projectad area: 1.,e, The renuired velocity
increases as the maximum projected area de-
creases and reaches a maximum at the point where
the maximum projected area reaches a constant value,

L, The suspension velocitizs and the miniuam
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.

ransyoert velocities ere ayproxicately pro-
norticual toe the cube of the cdensities cof tha
aterial,
To.e fan norserower coin ve roeduced vaen hondlirng

Lowerial wihen particle saape con be centrelled

b VA . Lo n s - - N TP
tc tawne 2dvuntege ¢l the above concitsicns,
Tn - ! B 3 = N - - e S
"I valres Jer oir velcocities nay be celculzted

cescd cn the riayeical rroperties of tic naterial

N D, SN U T T IR
J11ell Grag coerlicicnts are netv aveiloole,



raCeoLli: S aaClllI.DEE roer pUTURD SUUDY

M1 3 b

aplicaticn roscivilitics, Tiree suz-ested studies con

1, Tie eflect ¢ ..corsercwer raguirencent of

rair as couwrared to whcle
grain.

. Thc elfect on nhorsepcwer reguireuent cof

blowing crusiiecd rorafe as coliarcd to

ncr.ally chnocpred aterlal ol the sare
ian ot cut,

3. LUoteriinotion of tie conveying roio of
forepes witiy difi'erent length of cut,



The rlastic variatle-creac reter was Ceveloped so

that tioe floatirn: rarcicle could e seen ir o colurr of

air ¢f gradually decreasing velccity. oScue ¢ tile ;azrticles
varied widely in the susrercion velocity recguired cue to the
terrorary positicon assuned by tine particles., Jae viarisole-

ieter was avle in rwost cases to Ifuriisnk tie recuirad

nacrined in the slher.

rer.itted reacing cof low prescure drcpe,

Loower used to cdeterrvine rinimun tronstert velcocitios ncd
a variacle s:ced ¢rive tc ,ernit variaticw of sir velccity,
An adjusztable zate to contrcl alr intcke was used in the
susgensicn valocity tests,

The ritot tube was usced in nalinz traverses ¢f tuae
~ise cross secticn and in checking the calibtraticn of the
hct wire aneiwcrcter,

Tiie not wire eneicreter vas used tc ciacci ai
velccities caiculated using tie squere edged oridice, ond
tc leasure air velccities required for traincrort,

T..e vertical pipe systen wns cdevelcped tc perumit
injecticn of uaterial into the csystewn, tie Leccurenent of

air veliccity, and to rervit the return of particles. A



clear plactic secticn wos i-.cluced to jer:nit visual obser-

vation,.



ATR I1EBASUASISLT ETHODS
Tiie velccity calculaticns were based on a develop-
ment of Polson and Lowther (17 ) in their expansion of the
work of Durley.
Durley's equation was:

(15) v = (2gh)?

v = velccity feet per second,
g = acceleraticn cf gravity feet per second,
h = total difilerential head feet of air,

This equation was wodified to give the weight (W)

of the air discharged per square foot of orifice per mninute,

€0v = 60(2g % 5.1516 V)P
v e

€0 (6%.4 x_5.1916 1)%

(1) W

W = weight pounds rer ninute per square fect,

total differential head, inches of water,

v = specific voluwe, cubic feet per pound.

5.1¢16 constant to convert inches of water to
pounds per square foot.

The value for V is deternined from the equaticn of
a perfect gas.

FVv = RT

Vo= 53gbt

Substituting in equation 16

(18) W = 606kl xsj.lﬁlé 1?)5
3e3

= 150,21 (;%)%

(17)




P = I'reszure Councs ver sguare lcot,
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(20) W = 1,692¢& a2 (1) pourds per minute.
Cecrrecticns cun vz rade by rultinlying ccoeflicients
for tie crilice and vy correcticn facter for conditicns
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Transzort Velccity

Hnimun Terp. £5
BoF. 74,4
Transycrt Velccities Date 9-15=56
rarticle oize Velocity Velccity Velccity
& Suace Learside Center Farsice
ft/iain ft/iin ft/min Cylinder
225 LAY 3000 305C 3000 3/L" dia,
226 Z 225C 2300 2300 symbol,
2.7 £X 3000 3050 3000 Vy=-2"
208 VvV 3050 31C0 3000  Wd-1z"
229 Yy 2700 2650 2700  XX=3/b"
220 o 23C0 2350 23C0 . YY-%?
231 7L 31C0O 2100 3050 Z2Z-3"
232 WW 3100 3150 21C0
223 1 2S00 2000 2500
234 X 2350 3000 2950
225 iy 220C 225C 2200
SO vV 3000 21C0 3050
2-7 WA 3000 2000 3050

- - -——- - -— - -—————




TAZLE 5
DATA
CArLe CILIZDINS

43 1b/ft3

rarticle suspersion “rarsncert
Size Area Volune Velocity Jelccity

in, in< ind t/ixin ft/zin

n
3

()

1 2580
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2720
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217G
1cCo
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TALLE 6

DATA

IAFLE CULIIDEAS
43 1b/£t3

Farticle suspension Trans-ort
oize Arez Volue Velocity Velocity
in, in? in3 ft/uin ft/uin
5/8 dia. x 2 L. o4 C.el 2420 2923
5/8 diu. x 1% .59 C.h46 24€0
5/8 dia. x 1 2.5¢ .31 25C0 2750
5/8 diz. x 3/4 2.0¢ C.23 250 2500
5/C dia. x % 1.5 .15 5500 2823
/¢ Cla. % 7 1.10 ¢,.,CC 1725 2116
dia., x 2 2.53 (.39 2110 27CC
7 dia. x 1% 2. 74 C.3C 21:0 2716
¢in, x 1 1.%6 .20 22he 2€66
dia. x 3/4% 1.57 ¢.15% 2200 2650
3 dia. % 5/8 1.37 C.12 23C0 2216
cia, = % 1.10 €.10 2240 2756
1dia. ¥ % C.75 .05 1755 2€C0
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Farticle suscension

Size Arca Voluze Velocity
o - LT

in, in< ind ft/zin
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TALLE 7
DATA

SAPLE CILTLDEN

w3 1o/t

~
]

Farticle suscension

Size Arca Volu:x Velocity
in, in in2 ft/=zin
3/8 cia. x 2 2450 C.22 1855
3/0 dia. x 1% 1.%9 C.17 195G
3/ dia. x# 1 1.4C C.11 20C0
3/¢ Gim. = 3/% 1.10 C.CC 20eC
3/2 éin, z 5/8 0,96 G C7 2060
3/C8 dia. x Co:l G.CC 2060

/& dia. % 3 Ca52 C.C5
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v - s ; Ces s
Joeloblgae Lodoe tuwbhoia. UL

53 1n/0t0
razooicle ouS . Cision Trarsrort
olze Lrea Veiule Velccity Jelocity
in. in< in3 ft/:in Tt/rin
13 13 x ? 1¢.50 L. 50 1050 1,17
l% iy oo 1% 14,350 3,30 1030 2258
LE Doly 13 leoC feoz loju 2508
1 20 1z 2 1 1.0 Z2.25 175G 2233
12 pd l% e %/% L el i.c0 1710 2383
iy wly w7 eI 1,43 1550 2CoC
1z & lg X 7 Cevic CoC 11c¢C Lold
lE x 1z 2 i1z.iz Sedtt 1520 2550
13 < 13 x 1z 1o .t2 234 179C 2500
iz o 13 £ 1% S e37 i..C 1.2C -
1 x 14 = 1 P 1.75c 1720 2650
13 iz x ;/4 €oCY/ 1.17 1530 2¢ 50
1y = 1z x El 0.0 Co/U 13cu 2200
1T x 13 = 71 FeoY el 1300 -




RS SR e ~ A GLr
Mol v alv Do inal G S

Farticzo SUSziisio IS TR
Size Area Voltine Verocity Volozity

. ] D P - /vy 2 ~ oz
in, in~ ind 1t/min ft/rin
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Madison, ... D., 21 sngineering, Fifty
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k9,

Raney, &. e, The rfree Tuarow Theory of

Thrower Discharge., Unpublisiied paper,

International Harvester Coijyany, Clicuzo,
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1946,

sezler, (., Construction of agricultural
bloyers, Londtachnizche Ferschung rn, 2-1C,
1951, =

Stewart, 3. A., Cutting Zncilage with
Blectrie Motors, Agricultursl ILrgineering

Polson and Lowther? The rlow of Air tiarough
(3 v s s - N A atea  Tydvapas +-
Circular Crifices in tain Flates, University
of I1llincis, ungineering sipericent Station
sulletin 240,

Yeeting of ASAS Delt liachinery
Counitiez, June 1€, 1621, Agricultural
Inzinecering 3: 164, 1921,
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