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Matei-1alA hs.ndl 1ni is a probla 1n every ttP• ot 1n4iurtn, 

•:t t baa been aaltl that today t he peate~t oppo:rtunl t1ee: tor the 

••4uet:1on or lndustrlal costa a.i\d_ tor 1nc:rea.1u,,1 manutaotu1"1ng 

e .rt1e1tiutof lie 1n tlle moi-e eooaomiota hand.11ng ~U'ld ti-:aneµoi-t1ng 

ot mater1altJ Path.er the.n 1n the more eeonomlo 1:1l m.anutaotur1ng 

~nd. pr-oo,uHJ'ing ot mator1&18 ( l) . " F.v<t~J tl4.tment gc>1ng 1nto a 

pNGOfJt! IU'.td. the fUU.ened pN4Uot mnergt,ng h&a to 'b$ moY&d , 

oounted or we1glted, and to:rett. Th~ i'owie• Int1,uJtr1 ls not an 

e1teeption. Fuel. hn.1 to 'be moved to the pc>wtu• plant. and. 

weighed, etore·d ,. re·\o>)e1ghed ; J!'estorcd 1n a hoppttt ; and then 

ti-eaettned t<> tn. bo1.ler. Ashes ht\Ve th be re.moved Md 

oam•d a.war from t ht pl.Mt. IArge quant1t1."1a of !-1.r tulve 

to be toll'Ced 1nto the b.<>1ler. Hte~• baa to be piped to the 

tut-b1nes• and th• eleotMcal ene~ ha.3 to be d.latPU>ttt&d. to 
the oon-tnlffle.r . All ot th.t, Ct)tu1t1tutet1 a oomplex materials 

b ndl1ng probl.,em. 

:tn the p<nirer plant, the mo ~t o1"1 t1oa.l tra.n#pO'Pt1ng pro-

bl e.m 1• th.Qt of moving the _tuel . The p:roduotlon ot ate~m and 

eleotr-1eal ene~y a epend (:: on adtH'!U&te ~100 tt~ai,dy f lt')'.w ot .tuol 

to t-he bolle~. ln pOll:$1' pl ants that tit1l1te coal 4$ the p:r1n-

e.1:plt tutl , an 11.lhtquate reeol!'d ha.a. to b~ kept or the ~u .nti ty 

ot the fl.ow o:t tod. Thi e has to be dt,n~ to in~ure eom1,lete 

IU'f.tel'lsl ecnt~l . To do this, tbe coal ha.a to be weighed. 

The ubJ,ect of this the 1$ dealm with th1ti one 1 tem !.n the 



problem ot ooal bandl1ng 1n t h~ modePn J:>O"w&I' J>1 ,~.nt. oo.al 
ooalng in.to the power pl ant 1s Gtte.n we1s-b.ed aa 1 t 1e unlea4e4 

t .. oa the eoat OM'a. l'.n 1ou p1""nte the eoa.1 1a aga:ln wttpe4 

on a eonv&:,el' belt op by a lte1gh lany, At the ptt@e<1at. t1ae, 

no method bt us•d u,, the power· plant tc indloate tM tlcw of 

coal. Md ai.r and. 1ndltuitEJ the a1:r--tuel r a t l o aft1r the eoa1 

.h•• been pu1Yett-1zed and 1@ be1 ng carp1ed to the bu.~n••• 

sueh a d••1oe 1• the obJect of the 1rtY•s t1giatlon that tb11 

tbea1~ ls i-eport1.ng. f b:te dev1oe ta a ooal-a1~ tll!>wmeter 

that oou.14 be pl&eed 1n ~aelt line carrying pu1vttP11ed, eoal 

rm4 p P1rtu.u-y a.11' tor Euie.h bumer. The opeP~tor o::,uld know 

what the a1P.taG'1 ratlo and ·the ao&l• a:tr fl.ow t o eaoh burner 

'Wa, at all tb\tn:1. The au t hot-e t eel the ,ievelo;pment ot mich a 

~eter will rt:taul t 1n a tn0!'$ e'.Vlct oon.1tttol OY&l" eotllbust1on at a 

t1m• wh•n t.n. steam gmiol"'ati,tt d.e ,11i;n. oont-rol ta a n-eoes-allJ 

i-ather than a convtn1enee. ThoJ:'e a .. many ot her- applloa t 1ona 

&t the rn,eter>• suen as the m•am.ii-e.m~in t ot t:tmtl:, 41v1ded aol1df 

tlowlng 1n gas 1t:i-erun1 auch as tho e t c)und 1n atnut oatu7t:l0 

craold.ng p1l"OC81.UUt&. 

The authol!'a in un,.htPtUing th1s 1nveat1gF.a't1.ttn an pl'"1ma-

r11Y 1nttreott4 1n the oontnl. ot tlow 1.n pu'.lvett1••4• eo&l • 

bu.1"1\1ng e<'iU1pmerat in the pot,el"' 1na1uit:,,7. 



H;i§TQilY, 

ltl!'JPS\B .ot ,W;•~ght!ll Coal, .An tw•r .ll~ss 
'fher• &t'e man1 di:tterent va,ve ot weighine; Qoal in the 

power plant. Of these, 11:x a:re th• r.rH,s-t Qemillonlr used today• 

!htJ moet oo-.on mfJthod et vid.fh1ng ot>a.l 1n pl.ants having 

stoJtoi- t1rel rtwnae~s 1a by the ve1gh laM,7. The weigh la.tty 

is~ traveling hopper that l'.lloYes on ttn ov&rh$ad t!'aek back and 
forth in :fl"Ont of the .:'l1fte~ent boil.et-9 in the p1 .o,nt. The aver-,. 

ag• velgh. l~ry bas a oapselty ot ~bCTut 2000 lbs . The hnppeP 

is e0Mt1oted to a ba.la-nc~ lU'm bf a 11.nkagt such that !iny 

t,; e1gh.t up to the hopper os.peo.t ty oan bl!; obaflll!'Vedi by balanetng 

the arm. Tb• h.opp~r t(:)NS the ill~ ftu1et1on a• the p'l.a.tt orm 

on a a1.m:p1e platfot11 s tH11JH'l. A motel' 1$ 1i1nwally used to moYe 

the lal!'ry. O~al efln be telten trom. any papt ot 9.tt overhead 

bunker, ve1ghe4, And ti-!¾.nste:M"ed te arty boiler 1n t be plant 

along tht bunktr l1ru,. Thia type of V\:\lighing devlee is U6e4 

pr1no1:p1y 1n pl ants haTtn; &tok<, P tirt,d bo11~r turn9.ons. 

Anc0th@P method Of ttnd1ng the fl(}'W Qf coal thaii Gar\ be 

ut111z~ in oo&l o,huttHJ;, 1• tho Ba11 1e11 coal itetei, ( 2 ) . The 

prUl~1 elen:urmt or th• meteJJt i.s a secttoa et a hellx mount.e,d on 

tht o~nter line of a ohute and gear-et to et i-evolution counte3". 
After eal1'brat1ngt th.e :rotat101n ot the helix wi.11 me~.sUI"& the 

weight ot coal flowing through tht ehute. tr th.e e•te 

should f>~ty D.S when 'tlla ooal bangs up a.bovt th~ nuit,1J;r, the 

hel1.x rill eont1nue to tp1n. The readings are va11d only to1i' 

.a tonti.n:uing flow . 'fh& ehute mu st be within t0° or the 
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vert1o&l pos.i t1on .imd the ooal must be t1z~a. 

A third type, ot 11e1ghing d.evtoe is thj!I} Batoh tJlH) w-td.ghe:r • 

It l;;$nerii.11y oon~1ets tJt a eounteti--wetgh.tad hoP!'ier tad by a 

ehot"t belt te•d.•I'• When the wt'ble;h't ot <:mal 1n the boppe?" 

b alrulets to t.bo a4Jtutted value, the hoppel' d~p• B11ghtly, 

stopping the teed and opening th.$ hoppe''r disoha,rge ~1a1e. 

When t.be hopper- ta 8lPtr., the gate olctet eJ\id the Ofolt Pe• 

peats 1tse1t. Eaoh drop 1t reoo.11'ded ol\ a eounte•• Th~ stt\n• 
dl!U"d 111,ei rang:e r.rom Mpper o.~a.01 't1f.u., ot . 200 to 1000 lbm. , 

and the maoiune ~r~te& wt thlrt o., pep «:Hint a@ottra.01 under 

avenge tondS. t1o·na.. If' th~ ~oal flow enottld be 'bl&eke41 the 

ieyole 1to1>$ unt11 the roece1ving hoppor 1,- cleax-. fhe e:oale 

optu•ates on1y a t a. r a te called. tor by tht eonsi11aption. Ia 

raany pulvar-ltt! ;pl lf~nta, th1~ t1}H:) ot Wf)lgb~ is ueea to 

weigh the ec>al JU$t before lt entere th~ pul.vett:tng ll11ls. 

A fourth method ot v e1gh1ng eoal is 'th& pol d():taeter. the 

ope?"at1on ot th.le 1net:rittaent depfl?nda ~.it. th• mov0m.tnt ot a 

eonst&nt volumt rt..bboJ\ ot mattr1&1.. A gl\on belt w.ppoJtted 

it.t the exaot oentci,:r er 11l$ leng·th1 bf a ,ca.le 'btuu11, wbieh a$ 

1 t l1tt, or :tallt· lover,t and ,.-@.itea a fte% te enl\tNlltng . thtl 

t"lov t:ro·• the te-4 hepper, \htui leveling the s.tNM oa the 
l>el t to a deJ;>th o:r ve1sht pell" fE:')ot ot 'b$l t as d_etem11raed by 

GEttttng ot ,a~ scale. It the belt shou.ld haag tlp, the btl t 

wtll •~t<)ffl$tioal17 1tsp, ~nd reatax-ta au:totaa.tieal 11 whtn flow 

tteaWies. The metett :r•eord.B th8 nu-et'ber ot t••t tl'ilVeled b7 

the l<>Aded 'belt and th1t mult1p11e~. bt the. ve1ght at l1h1oh 



the seale 't>oQ has be·en set regtstep$ th• pound.s at eoal 

deli venet. 

Ai\othex- tullu we1gh1ng devlce .ls the teede:21 \iielgbel'. 

!h1s lnatrumtnt also 1tofts oa the pr-1ne1ple ot a oonsta.nt• 

amc,unt ot .aater1a1 vav·el.1ng o.n a btllt. A GhoJlft ptvoted belt 

t&lt•a the, mat~~1&1 Dont a hopptl" at a rate oontt-01134 by a 

we.1ght$A 1ev,iw, which open.a o.i- olotes 1he l\opptt:r gate depend-

ing on th• load. on th•· 'bel ti, Th• pa.ta of teed is a4Ju11table 

elthtl! by a4Just.1ng tht oou.nter weight <tr ·bf· Tt1J111ab1e ~e•4 

4r1ve. ~rn,, btlt mta.1ntatns a oonst.ant rs.te ot d:ia~rg• b7 

Ytt11ht ud a H"folutlon c0Utttiu~ raGords. the belt travel .. 

A sixth 1111ghing 1ntt~emt tM.t .1.t u,e.d in the p01a&1- plant 

is tho weightora1t,e-t-., 'fh1a tJpe 0:t weigh~ ls alao used tn oon-

Juett.an with a belt tee:a, Q't."itG. An 1nteg:raded. d1tk hlu 

orown$4. rollers ~nd the p&r1phe17 and it ,..ee to tilt under 

the pull ot the 'b~lattee" beam ot the wal;h:ei-. A rua~ belt 

that ·e.nelrcl•• the disk 1• bl•en or tnG ooal oe.JJ~.U,g belt. 

lhe me0han1 • is adJuated 9" t.ha t w-l\t,n the ootw·eyel" it undel' 

, 
antrle :wtth t,lut direottonc tf ~avel of the tmall ba1t. An:¥ , 

laad on the oonve7el"' bel, tilt~ tbe ¢1$k: and it rota·tes 

slowly, dop$.n.4lng on the depee of t1l t, whieh 1n tum de-

pends ofll the 1o$4 on th• eonvere~. !he rotation ot the clisk 

1• a me,a.sui--e 01 the wf:J1ght of material p.us1n, ovev the ans• 
penled llieot1on ot the oonve7er belt . The: 1-otatlng d1slt reg. 

iste~t tblJ total wEt1ght oortveyed. 



:li-tost mote~ po\\fel' pl~nta use ott& of th• above methods to 

\t'elgh coal.. fbe. tn,n t,n Station of the 4ppale.¢h1M U'!leetP1o 

OompatlJ' and. tht +r1M Plant ot the Ohio Powez- 00t9pa.l\J l)<>th ll,$& 

batoh typ.e weighet-s :p1aoe4 1n the eoe;l handling s:,stem Ju.st 

betore t.he o<nt-1 ent~n th~ p\dvenilng mills (3) , The 0~.P-

lotte Sta;tioia ot the Duke Pow~r OompaftJ ut.il1ie,e we1.gn.tonut1;e:Ps. 

One veightomete.r le used wi 'I!\ #)ti.oh bunker and pulvar,111.ng m1ll,. 

Th& nett .Ph111p Spo.m ltat1on now Uftde.~ ()Ol'!lttru<1rt1on that will 

be a Jolnt at a t1o n ot tho Appfi.laoh1an. El~ot!l'ie Pew-er Oompany 

t.n.d th~ Ohio f .ower O~panr doe1 net haif~ a~ method to weith 

coal go1.ng to ea.ob bo.lle.r C lt h ~s, planti whaa t1n1ahed, ,,111 . 
!lAV.e a geneJt~.ttng ee.i,aQlty ot 250;000 KW. !ha ooal 11 weighed 

, .: : ._' ~n a belt ente~1ng the pt.s.nt. ,No d1r1u,t me:thoct. 1s ,uaet top 4t• 
, _ _ ~..- '' 

, , . . · t&:rmin1ng tht eoa.1 tlo,11 t<> 4:).a,eti bo11$r-. Ea.oh boiler 11111. have 
I JI • • # .. • • I .. . .. 

I • 

' ' Ohl.ca.go haa a b ~.tch typ-e we1gher b.-ttol"& each pulv rt :rliU,rag m1l1 . 
( .5 ). la<L>t bo11Gr Ml e1ght ~ll'-$ €!'lll)pl1«1. by f'<>~r pttl'Ver-

i zing mills. 

As t ar as known, no method ls in use todq tor m.eaauring 

the tlffl>I ot ooal 1n t.h~ powt1r plant after pu.lvexr-1aa.t1oJ\. In 

moat pla,ntr., the ooa'l. is; we1ghod the las t time Jtuits b ~fore 

entering; t he pulver1au1g mills . Eaoh pulverit1ng mill mq 

s:upply ooal trom two to six Mtf'erent l'nlrn.era on a sin.gl ~ 

boiler, lfh.e a.alul'llptlon 1s a1wa,s mad• by power pl$.nt en-

g1nttrs th.:at the t10,1 of eo ilil a-J\d air to ea.ob bUrner it equal. 

f h~ need tor a mete:P that would .. ind.1of.\ te the rtow of eoa.1., the 



tlow ot .alr, ru,d the atr-fuol · r atio tn each burnor p l pe 11.n,e. 

o ;.an be fully t.1pp;r,e;c1a t e .• ~uoh a meter would. give bette.r con-

1trol ovnr oo:nbusti.on 1n the rurruio:e . rrhe boilor opel'a tor. 

oouJ.d kn<)w the a ir f uel r a tio r:u1d t he flO"'N of eo.1c11 going tQ 

e ach hu:rmJl"' &t e.ll t1rr,e s . Soine l>o11crG th~t ul;111ze pul ver1 :ted 

0oal ffl $..Y h~ve a~ 11.tat:17 as 20 burnerg., It l e not un:reasonoable 

to a tt sumQ tha t th~ 1'}1r-fuGl r atio 1n e <"t.eh burrrnr p1p0 line 

will not be e qu ,~1. It 1F- fea.1.;ible t h~:t a. burner- loo,'),ted around, 

tht, boiler from th.G pulver1!81ni mills w11.l reoeivt le,tJs coal 

than a bur ne.,_ 1oc,~ttld close to the mill ., 

mxJ.21u1._ l!l"fhl,~il&f~tJ,o,na ot. ,, ,.!2&...~~-•AM tigw:mt!~t 
severa l deviees .h.J\\1'$ been tr1ed f or m&aettr1ng the :flow or 

eo11d pa:rt1o1 e~ b61ng €M.:rr.1ed 1n r;,n (., ir (; treh.'.,'tl , A swinging 

r ana susperH1ing from a hor1aont!.ll b .t:r h &.s berm ttt1ed~ It 1a re-

p oPt~d that seV8r!\l suGh devtees h,ave lHH't,n used 1n the W1 t -

ws.tersr.o.nd t~old ntines in 801;,tth Africa. ( 6) • During the eon?LtHl'I 

or re.eet:>.roh on thla pr<-Jh1 em 17 .. t B;.;;.t t elle ::f.emot-1al :rnati tut$ 1n 

Ooln.mbtt$ 1, Oh.to, 1 t w:\-1 pr opoaed th&. t t wo ew1ng1ng v,~nee be 

p l.aoed in the ooilll air (lH.rry1ng 11ne , one betore th0 1nti'to-

duet1on of ths ooal ;;m d one 3,ft cr t he Ct) a1 hr.0.n been foroEtd into 

t h e a1r fbtre a.tn . 1!'ht tU f terf!lnce 1n t he cm5,ile of l nclin m.ti on of 

t he WO Vrines vou.l d 1nd1 on t~ the r-1011 or OOtll . Th$ eff$Ot Of 

the toal on the second tn'i'irtg1ng Vi<,!le ooul~ not be measured by 

a changt in tangl e or awing. 

A photo eleetr1c met er waG being i rrve3tige, ted. a t th1s t111Hi, 

al 30 &t BtAt tel le ( 6 ). Thle meteP e~tployed ~. 'notu:le tn r-.t 



oonvti-ged the a1r ,md eo a,1 stJ>tuui aueh tl·tat a llgh.t beam could 

be d1reeted. aeroirn th:1.11£ itre~. "i*h-a TAet•u~ Ya$ to operate on 

the pr1netr le th&t ooal paas1ng 1n tho at'~oe.m would Vf.U"'Y the 

light 1ntenEJ1t1 or the ber.un tii 111ng on the :phot,oelectJ.'il.o ~ell. 

The nozxl e we.s te rntasure t.."le tlov1 ot riir. During th:1~ i.nV'ee,-

t1g&A t1on it WiiB tound. tw,. t the pre~intl"e diffo:renti eJ. '9.0l"OS$ the 

nozzle wa.s e.trect~ by the presence or eof'il in the air str,,eam: . 

A convt'¾nt1onal or1t1ce was alao tried ruio 1. t was round th.4t the 

pr~S8UXte d1tferiiutti~~l -was only 811.ghtly 11ffeot~'d by th0 1ntpo .... 

duotion of e<> r,,"-l dust 1n thflt ~,ir stream. t1t111z111g s no1tzle t:l.nd 

R, a. mngdfml of the Battellt M&inori+l,l lnet1tute ~ilt a labo-

r &toi-;r model of' th@ eo;;i1- a1r :tlovm•te:r, Th@Y reported the1r-

t1nd1rt1s 1n °' papt~r 0nt1 tled., & l~!t,€lr to3: Xf•;t.ow,1n.1JU:x,ttt'e,~ ·2' 
A!£ ... ~ltd., l!ll.f!sr1,.i;e4 . Qo.Q, lJl.ppearing 1n th~ F@b'f'uary • 19t;8 Trans-

ae tions of the A~Mt. 

Me$sra . os-~~1$'on, rr-az10r , and in~ds.hl eould not e..dv&.nee a. 

ootnplete and satl.sf,!ll.Oto~y th~o:ry tor \ho o.otlon of the metel"• 

"\coordtng to thmn, t .M ei mpltst theory ie that the p.ra.rtlolts a.o 

not havo t1ae to acoelerat6 1n the abrupt eontraetion ot the 

orltiee, henGe the pnt1rnage 1~ not 1ndJ.e1.1tfd, by the or1t1ae 

dltf erentla.1 . An or-1t1e.o me,!utnres tuio~1 e~a t1. cin alone. !hey. 

th.eretors, contend tl:i.at a1noe a nozzle will meaaure -a ooai,l•a1r 

rn1xture, the part1.el.ea d.o have time to a.oeele:l"'ate ln a gr~u.al 

ocnetriot1on au.oh te~a 1,g @h~.raoter1.st1e of a no :1.ile. 



-1.:;. 

A& another line ot th.ought, they bl"'lng oo.t the deduction 

ot Stodola mi th.e lag ot suaperuled partlolea ot w·et JJteam 

that ton.i a t the tbrt)at ot a no:utle and. lag 'bt:,hind. the main 

etrea ot steam beea,1$0 ot the-1:r iru1~t1a. ltt'rkle'Ye:r, this well 

known etteJot did no1; 1ndJ.eate tho 41:t'tel"anoe beti ... e:en the aotion 

or an or1t10e and. a nozzle. 
An additional et:rect t,tdvruu,$4 by lt+Je-s~t . Oarleon, l?'Pll.z1er, 

and Sngdab.l, 1s that the lag r>t particles 1n the aq,oel~ratJtng 
t1t:re:aw mq d11.1Jort tb.e no,, patt0m thl:tott~ tl• orifice. The 

ttow pattern 1s no~ally establ1sh$d bf the or1t1ee f .aoe and 
ls ma1nt~tned. by the fo:roo ot th.e mo'f1ng stl!'eam. On the other 

hand a nogzlt he.a wa.11.s that def'1n1 tel7 tom th.t · tlow p•ttern. 

Jn the eastt ot an oP1f1oe, the dust p.a~tiole• m~f tom a Ot'Ut• 

oentra11on ~1r:ound the face, distort the flow pattern, &n<'l ah1ft 

the ,,n.a- contrac,t..$i, 'fhit ()QUld e1 th.er lnore1.1e8 or deertJaee 

the 1nd!oatea. r10~: rate. 
Mr. J • M. Cunntngham ot tb.t Gulf' Reeea•eb and nevtle>piMnt 

~mpanr, Pt ttsbul"gh1 PtHl:ne1lvi.m1a, wrote tn the cl1B-~uss10n or 

the paper wJ:!11 tten bJ Mt!lllt~th Oai-leon, Jl.,,,..z1er1 ~nd E~~l 

that a cU • .tferenc~ ln the accelerat1on of t.he c-0al pat1eltt 

and. that ot the a.1,it a t the entrance et th$ oti,t1e" would 

p~etuee a c,s:mocenl•&.tlon and tnue an aoottmu1at1on: of coal a.t 

the a..'Ytlth or the ortf1o<it. Rt 'therefore, oonoludta t!utt the 

ol'1,t1ea nad1ng~ should g1ve QI1 1n41oe,t1on of the coal flow, 

n th$r than tht rH,2.alt whioh 1.s oont.ttr..r,- to ae~ta.l expe.n-

mtnta1 reaul ta 11 



MJt,. Cunn1nghu advances the tne,ory that the nor.ale- pressure 

41tterent1al 1e .m.fte<rte,d bf the pi-~sen0:e of eoa1 ~c.an,gf o-r tht 

r ... 1,t1on and v1aoosi ty e:t!'tH.itllJ ot the m1.x:ture t1ow1n,. A.ia 

'MJ.!'. OU1it1lngha.tn Y'lN,tt, "W'h11e tri1e:U.on and v1se>oa1 t)' erreota al't 

cona!d&l'i'&<i ind1:reotly 1n the tiow ooert10.1ents ot th.e mett:r 

1lem$nte.1 tha tr1otion ttfeets will be mort pl'Qn-0uno:ed 1n a 

nozzle where the flti1<l oompletely till.a 1tt boundltit,uJ, whereas 

tbe fluid tn th.a now through an ol'1t1ce ma.kt$ eontarot only $.t 

the En'ltl'lf.!'U)6 • ll 

Mes•rs. w. i ~ Young, J . T. f 'flfI'l'f, and A. E, H&l"abef ot the 

Re3earo-h Lab0ra:tov1.es ot tll@ west1n~hm.J$~ lleot~1o Oorpol•at1on 

ha.Ye a.110 built a o-0al flGWttHtt•~ tn conneet1on w1th thtlr 1n-

V«JJt11at1on.s ot fe&dtng a,nd burning pul'Ver1zscd eHHll . Theil' 

n\etex- was bu11 t 1n a thl:-te•qttarter 1neh p1J)t} lint!« thef ex• 

pei-le-need trouble tn ktep1ng the nozile and or1t1ee ft-ee ot 

coal aootamulation, Me~trtll Young. Ft:.t-ry, tUtd H4rshay oontena 

that tht?t& 1.a no 41stoi-t1on ct the tlow lines through ftn orl• 
t1.ee as Met$rs. Culgon, Fi,tat1fr, a.nd Engd.~l havt ad:ranced. a3 
a poa.a1ble theon. Aceo:rd!ng te photova:Phs et path line& 

ar:rp"aoht.»1 and pa•s1ntt thl"o'tt.gh or1t1e0s and nt<u,zl'•a, th1' d1ff• 

er-enee in the ah.ape ot the J)lltth line;; a:Pe r ,elai1'fel7 a.mall to:, 

the two 1!11.fte:t'ent eleme'nts ( 7 ). 

:tn relf4t1<m to Mr . (lunnlngn~• s friction theo17, Mr. iJng ... 

dahl wt-eta later that notzlr;& with etraight tl:1roat length.a of 

t1V$ to ten d.i.att!eters \jttJPe use4 in the mete:.r. No t\1tferenoe 1n 

meteJ:i' pet'to:rman.o& omild bt not1oed between the tu.Hi of the long 



and ahot-t thl-<:M.ted no~zles.. Ml'-. En-gdahl bollevem that 1.f t •rio-

t1on t'iftt~$ an lmpo!'ts.n.t f .s.otcri,. there would. h..~ve been a marltEtd 

d1tte~noe ln met~r perfo~an<:.e wh11Et i11d.ng tt-10 different 

1tngth noizlea. 

S.•.~g\ttL gt, . '.i;t'.V~.1! ~.~de at Jh.,~.ttlle 
Mesarsi . Carl'14Qn., Fro.11tr, Md Engdshl (llonstPtlotM ooa.1-~1r 

tl.owmel•ra 1.n. 3/1+ 1noh, l 1/2 1nen, 2 1noh, and 4 inch nominal 

pipe die.met~~ pip• ltnet . ?boy found. th~, t p1rie site in the 

above r" f?.J!\IO .had flo ett•ct on the per:tonn,,~o• of ·the m&t f.'9 r . 

They did not make a enmplete study of the et:fe·ot of d.1t:f'erent 

noszle. to p1pe tiirun:eter ~s.t1tJ a . The :rt1ng~ or ratios they 

usa.d irt teats ,d.th the or.ttio• was o. 6 to o. 75, . '!"etrt~ wert1 

run on the metex- using difterc:.:nt oo .;;1 fineness. As f1ner 00 &1..1 

was p!l. ;•~d through the ·meter, the tlov 1.nd1(,w.t1on bet.la.nut 

ama'l.ler then the, aetua1 flow. The op1,,os1te w11s t:l"'ll~ fl'):zt l a~e• 

p&l'"t1ole s.1t.e ooa1 .. It1ghty-t1ve pe~ eont through 200 mesh gave 

read1nge that o1()eely a.;p~ro,-,J,mated. the s.ctu~ co al flcv. The 

11axtmu:m eent &!'!·or· tor ditt'erant parttole s1-ze was not t")Yei" 

7 pe~ cent t or a rmge of part1olf't s1 i e ot from 7S per eent to 
92 per oent th:-rough 20:0 m:ef!h. 

'!'ht· test Ii of th.e :m&te~ h S!:Ve given a.ct.1ttrQt& .resul ts -w-1 tb.tn 

plua or lll1RU.$ .5 per cent ove1" n range of air tuel r a tios of J/4 

to l to 2 to l , 

.Sonie t?'-Ottbl& was t,}f.perl«noed. by tbe a.coumula t1..on ot eoal 

on the c,dge ot the o:r.itlee . Tb1s problem V$;B o'feroom$ bJ 

b ending a layer ot rubh~r on the 1" 11ot ot the orlt1ee. 



/ 

The teet meters vere built in lines operating a t 100 piS1 

and line! opent1ng at 15 ps1. Exo~pt to'!! m~nometer line 
l~Hm~e:, th.e me:teJt pret"orm&noe w&S: good. The leak i 1n the mano .... 

meter lines 0 11tttiiHad. coal to be drawn into the l1ntB and clogging 

th.em .• 

The meter wi~s tound: t o York «tqtvJ.lly well in a vert1e al 

line, lits in a. h.or1;!.ont ,,.1 p1J;>e line •. 

rurthe:r 111V$s t1.g~t1ort of the meter- a t BtrttGll~ w,'1$ e.om• 

p1etely stopped in Feb:ru. etr,y. 1948 ( 8 ). As far am krtown, no fttr'• 

ther wor k h as be•n done on the d&velopmen.t of the· meter up to 

th1.f-t t1me . 

The noz zle in the meter r~t Bat tel 1 e tttil1zed. thro _;;_i. t t J;ps . 

:Met l:ire . OQ?tleon , Frazier and t n;ds.ui'.l. sts.tod t hat t hey b E"~ liaYed 

piJ,e 1Vps 'tll'ould give the ewne resu1trn. 

T!'(J; Ji'f:';;t~;a :e;g.UJU'• ON, 

tho ~,,,uthol's feel tha t the compltte der1v,1t1on ot the meter 

$QU.at11".'m ~bould ~pp&~!? 1n thlt the$11 .. The~e.:foi-e; the meter , 

e quation. 1.s de:rived 'below 11'¼~ t aken di~eetly tt-Om the paper b:, 

Atte:r 1 t ~,~, obaervect th~,t the o:r-if10$ cl.1ft(l;:r-
,nt1s.l w¾,ll._e n.o t gre.litl)' atfeotat1 by tho pr&senee or 
ooal p.o.rt1e1i,s p11aF,1ing 1n the line , where-a$ t.he n.oi-
r.1.e ditfe.i,ent1a1 w1..M! aff+iH3t0d, the t ~ro eleraent:s were 
r,,·1 aoed. in B&1"1Gll! to n-10a s1.xrt both the flow <'f ~J.r and 
eoe,1 a t any po1nt 1.n ~. ooal-~1:r line. 'fhls nHrthod ot 
m&asurtng :1lo11t'ls 1.n an air or ias st1teM1 was bol1&VtMt 
tc be new- , &.nd a p.atent ar.pp11ot: tion h~a bean t11ed . 
Further e.l gebr.a.1t ttl man1pul ~.t1ons e:h m1ed that 'b7 
u~1ng the OP-loul. t:1 ttona. of b nth of th.e~e elements. 



toget.beP wi \h • minor sa;,11t;r1ng a.ru"1mptloa, 1 t wae 
po.t j t.:t>l.e to obtatn a tim.pl• matluuaat·lc:uil tor,m;ala vhl.ch 
enable, the d1net o&loulatS.on ot the •ount ot coal 
t1ovl.ng vi t.hout knowln, the 4en111t1 ot the ll1xture 
tlow1ng, AIJ would b1 re~u.1"4 lt the n,osile alone were 
U$e4. The, !tit1vatlon o'f this t orala tol:to••• rne t qua:U.on tor gr l\Y1metr1t!l :tlow ~ugh & o,,n .. 
st.i-1etton l• 

where 

'rl :: OAt tfiijJi • • • • • 
1f = welght . ~?t'to ot tl.- ot the nut.~. lb, per hour 
e .: t1u.td teru,1 tr, lb per ou tt 
C -= eoet:f1<d.en\ ot d1 sehapge 
A = uea. ot CQtls'lr1ot1on; sq tt 
t ::. Yeloe1 tJ ot approach t aotor 
g = a.cca'le,i-atlon ot fP'$.Vl t J, t pa 
h = 41tt •P•rtt1.~.l heatl 1n. tturt or t1u1d 

It we now atsunie the. m1,i:tuJ"e ot ooal. a.nd al:r 
nowtag th~GlJlh th• con,tr1et1on to lte a bo'!logeneoue 
tlu1d, aaa ••••• that g, the ooett1o1ent ot 41e-
eharge, PNltuns C<'H'lttaat tor t1ul.de Of 41ttllNHl'I 
denei t:te1, only tbe t aotlcr 1n tllt, e,qu a.t1on will ob.tange 
Ill oo~l. i t add•d., hOWtV'el' 

where 
dh=tt~ 

1 = pt-t1mui-e ltrop aoi-o1u oons1irlot1cn 1.n 1nebes 
ot manomet•• tlu.1d 

w =- dene1 ,, at mMol!leter f1u1 <l u i ed 1rt me.a.suring 
prte ainre t1tt,~rent1el , l b pel' en tt 

The t ormula then 

w~e a1-.t~ •• 

Now f or a ooe.l•a1r a 'l x.ture pas t1ng thl'Ough tht 
ccnst:r1ot1on 

e -= Ota . ¥1.> a • • • • • • • • • • • • ( 4) 
~· a 



vhere e ==- 4ens1 ty ot fl11Xture , lb per cu tt 
ea = denai. ty ot a1r, lb per eu ft 
wa = weight X'El te ot e.1r flow , lb ptr hr 
wo = weight rate ot ooal flow, lb per hr 

It 1t 1a assumed ror the 4enalty ot the mixture 
herein considered th.at the ooal oooup1ea no apace, 
an assumption that makes less than 0. 2.5 per cent 
e:-ror in the ealoulat1ons , J!'lquat1ons 3 and 4 ean be 
oomb1ned. to give 

W 1 '1 _ O_M · / 2g1vefi_ i/)f& t We 
a,- l C - . N 12 N Wa. ••••• (5) 

which 1n turn equal, 
_ ~ .A£a 1 Wo. W a /. Wo = ('-6 OAt ,+' 1Tec. if W'i • ' . • .( 6) 

or 

Thus the ooal rate is 
I £'-)2 

• ..,n _ __ lPaOAt_~ tr _ u .. _ •• - (?) 
• ~ . ~a • ·• • • • • • . 

W'a 
'?ht •xpreatU.on .in parentheses 1n Equation 7 ls a 

f1ot1t1oue "Mixture flow," where 1 1g the pressure 
di-op toP the noazlt passing air plus oo&l, but the 
densit7 used in the expression ls not that or the m1x• 
tu.re, but of the air alone .. It 1s computed from the 
measurements aa though atr- a1one weN tlow1ng. If 
th1e. express1on 1s l"eplaoed b7 wan . Equation 7 becomes 

w2a.n .... ,.:.. -< a > WO ::: Wa. ...... • • • • • • • • • • • •· • 

. ~a 1a obtained ver7 nearly by using an or1t1oe 
w1 th the usual tlow formula in the m1:x:ed tlaw line. 
Thus tbe- wetgh:t rate ot coal tlo'W' may be oa.loulated 
'by using the tlow equation for both or1t1oe and 
noszle as th(;)Ugh td.~ alone were tlow1ng, and tub-
st1 tu ting these two ealoulated. re.tee 1n Equation 8. 



the ObJtQ't 
'fhe obJttet ot th1.s theels 1e to design, bu11d, and oal.1• 

brs.te a ooal•a.1r rlowmeter to opera te ln a pipe 1.1ne through 

wh1oh a m1xtur• ot powdered coal and ail' &N btt1ng blown; and 

to 1nvest.1gate the aoourac7 ot the meter whtle ope:1'a t1.ng at 

ditterent alr-tuel r ~t1os. 

It 1a the authors 1ntent1on to test the coal•a1r tlaw-• meter 1n a. pipe 11ne 1n wh1oh oond1 t i ons ext.st that closelr 

elmulate aetual conditions that exist 1n pawor plants buttn1ng 
··-

pu.lv.1.zed ooal. The t1ow eb.~i,a.oter1st1os or the met.er w1ll, 

as near as possible, be the iuie a.a maf be tound 1.n. a t1J)1ou 

1nd.1u,trlal appl1eat1on.- For th1$ l"eason, a l~e size plpe 

11ne will be uee4 and the a1r pressure in the p1pe 11ne will 

be relat1vely low. 

It 1s bel1evea that a ooa1- a1:r tlowmete:r na.e not be.tore 

this time been 1nvest1gl'.lted 1n a large pipe and ut111a1ng 

Deoa.use ot conditions over which the .e.u.thore had no oon-
tPOl t tlya.sh had to be 11ubst1tuted tor Qoal tor the test1ng or 

the eoal-a1r t1owmeter. The authors are ma1nlr 1nteNeted 1n 

the met:Lsttrement ot the flow -of! coal and therefore have roterred 

to the meter as a ooal tlowmete>: thl-oughout thla ihes11. The 

.authors believe the uee ot tl7ash as the teat med.lum wlll 

demonstrate the uaetulness ot the meter to measure the tlew 



ot an.7 typ• ot t 1nsl1 divided p~iol.e be1n:g caJ:1>r1•4 bf an 
Air stream,,. 

b•ltm.--.•.r .lifJ. ~•~~Ak.llNst.Jmt 
A quest1on-naire lras mailed to tbs Glyn Lyn and Logan 

Station of' the Ji\ppalaeh1an t:le•~ tl/"10 PoweF (l0$J>an1 and. the 

Charlotte Statton f>f the D'tlkt, '.P(»J@.r Oomp~lt The tt'>llow1ng 

qu~sttone w~re asked. or nu.per-1nte.n.de:n·tt ot ea.eh ot the 

abov•. sta.t1ons t 

1. 'lb.:$ app-rol!tmat& eoal p,&rt1olt size after l&a-Y1ng ptt1• 

YeJi1t.1ng tn1llsj 

Anm:1er:t t'$Ge1ved tPOm: Gl7n LY'nt Logan and Du.lte 

we.r., so.90 per. oertt thi'oup 200 m-eth s0Ptu1n; 

79 per otnt ttu-ough 200 mesh sor e•n, and 18 •. 6 pep. 

cent thPOugh 200 meah screen. 

2. Tht SlfUt Of the 11ne 011PP111ng pr1.ma.ry ~-1:r fdld pulVQ~izad 

eo&l to •a.oh buttno::r; 
Anmtet'~ l'GCe1Y$d !Poll G1tn t.rn, LOgtU\, and Duk• 

were, ·10 t .neh l1ntt1. 

:h The prea11ve 1il th.e a.'bo•~ l1rte; 

Attawers ::re,ee!.ved tr"Olll Glp LJ1l, Logan• a11<l Dttk• 

were, 2 1nohta ot -wat&i--, 6. 7 inohcu!l ot wate ... and 

) incbes ot wate1r. 

4. The alr-h.el :ra t1o in the ab!>1'e 11nt; 

Anw~s .reoetved trom Glyn Lyn. Lotan, e.nd Duke 

were, not ltnawn, eartnot be d:eterm1ned, a.nd 

appPO:d.m&tely l . S lb a1r/1b coal . 



5. The approximate eoal fl ow 1n lb1/hl" 1n the above line; 

Antnre:r& rece1 ved t:roa G1:;n L,yn., Logan and Duke 

we~ 6,250 lbs/hr, 5200 lbs/hr and :,ooo lbs/hr 

to &a.eh burner. 

6. The method (1t an11S: used) tox- ttndlng the now ot 
coal going to each burne:r; 

AnwerfJ reoe1ved troa Glyn Lyn., Logan. and DUlte 
. . . . . · .. . · . . . q;g tat, ot . 1'lll were all thi-ee an,nered numbe,r ot burne:re 

Ua1ng '1ie appl"OXimate a1:r- tuel ratio ot 1. 5 given l>y the DUke 
Power Company, the veloo1ty ot the eoa1 .. a1r mlxtue 1n a 

burner p1pe 11ne ma, be oalcu.lated. 

The ooal tlow given by the Duke i>ower 00mpan1 ·te JOOO lb 

per hou:r per burner. That w11l be l..,SjfogOQO or l . 2!) lb of air 

i,e:r second per b11rner. That 1n turn 11 eqQal to J:~~5 or 
16. 68 ots ot air tlow1ng. 'l'he area of a t&n 1neh pipe 11ne 

1s 0. 546 square teet. Theretore , the veloc1ty w111 be 

J.6 ,6§ 6 or JO . j t!, 13et 1a9gqnd. 0. 54 r nr .. , 

It u a1:r-tuel ratio ot 1. 5 1a a9sumed tor tho Glyn Lyn 

a.nd Logan atat1ons,. the approximate veloo1ty may SJ.l.so be cal• 

cu.lated. tt' th1s be done, the veloo1 ties tor t-h.e two plante 

v11l be 49 teet p4)P seeond and 6J feet per seoond: • 

. Jrrom curves on th,e v~looi ty ot tlamt pi"op.agatlon w1 th 

powdered. eoal, 1. t ean be seen that the high«urt value tor the 

coal plotted l a 44 teet per second (9.) . Th• au,thors obese an 

avs:rage of 50 teet pel' t1econd as the design veloet.ty tor- te1t 



Beo••e 1t was de1Ji.N4 ·to te,.st the meter in l~ett p1pe 

siae tnan b.&1 been a.ll'e&d.7 don•, an eiiJht 1.noh pipe S1$e waa 

ohoa•n• 
Inaido cU.Uttt~~ o.f ia et!ffldi\Pd eight 1neh J?1t>t la 8. 08 1:n. 

rrtl ":l 11 (& oe ,z . •.· A:rM of p1pe , .. r: • ""'• .. ~. 'ft 'Jl."t ,z.'f! ::: o. :;56 ttq f't~ 

Volume ot now Q = Axv 
When A =- A:t-ea ot tlourt 1q tt. 

v -= Velooi ty in p1pe, rt pe:r seo,. 
Q .so :<t: o.,:,,& = 11.a cm tt per sec. 

fl'Om PV -= WJtT, the Yolume pe~ lb can be oaln1ated,. 

~N w = 1 lb. 

R = 5'.3,1 to~ a1:r. 
't = 460 I, 70 :: .,,o 0 R. 

F -== 28 1n. ot MeJtetn7 lt o.491 •. 
1!peeit1o V01Wle = ~lxa2~~ o.ffi' - 14. 3 W tt pel' lb. 

P~ .. 1. :y,.•.¢-- , ··"l 
·• ,,I 

the now ot u, wa, l'b p~l" &Q.t :;;- Q. P 

-= 17.8 0,<)10 

wa -= 1. 25 lb per a••• 
1.25 x J606 == 4,500 lb p•tr hP. 

For a min1J\1:Wl.\ p~tsattre d:rol) a.n or1tlee-to-p1pe di,a:aeteP M'l1o 
ot o. 7·0 wat 1110•.on. 'this gt.ves q or1t1ce dloet.•P ot a,08 x o.·1 
ot- S • 656 !nchea., 

!he tbOat diam.et~i- lo x,1pe. d1.euntl)'tHtt :rat1o- top the nosi'.1.e 



wae ohoeen aa 0. 65. Thia .g1ves the nozzle throat dtameter a.a 

0. 6S x 8 .. 08 or 5 •. 2.5 1nohea. 

Calculation at the Reynolds nWflber to'IJ these cond1t1ona 
g1.Tee the f'ollow1ngt 

ro:r the ox-1ft.oe, Ro = · 

Wh•r• w = flow; 1. 25 l'b per sec. 

Do= d1ameter ot o:r1t1o,, , . 649 1nebea. 

u = abaolute v1e"e1tY • 12. 75 J: 10- 6, lb/tt/aeo 
tNJI t1gu.re 14, page 25 (10 ). 

tto= 1 . · .· 48.1 I :t•&i • .· '. -6 
) . 14 X ,S. 649 lt 12, 2!) X 10 

Ro = 276, 000 
48 X W 

Rn=. ·nnu n 

tihere Dn = D1.ameter Of the tbi-oat, 5. 2.5 1n4bee 
Rn= " . 11;8 .a l •. as I . . . . . - b 

J . 14 X $. 2, Z 12. 2$ X 10 

Rn -= 294, 000 

From. tlgure 31, page 44 ( 10 ) 1 t ea.n be aeen tbeee Re7nold.j 

n11mbetta tor tlow 9.re nutt1c1ently high to give eoneta.nt tlow 
ooett1o1tmta. from. page S4 ( 10) the flow coett1c1ents K. to1" 

the orltlc• 1s tGUnd. to be 0 . 7025. :rr-om page 44 (10) the 

nozile coett1e1e·nt• 111 tound to be 1. oas. Bot~ these oo-

ett1c1ents inolude the veloo1ty of approach tactor. 
Tbe p:vaot.1ca.1 to:tmila wh1eh 1s det-1Ved from the n.tndamental 

t1ow toau.la gives tlu1d tlow on the we1ght basis as tollowai 

w = 41) . :,ll)~-



X = flow ooett101en1. 
W = flow, lb per, bl'. 

l = iJ.tt•l"'entl.a1 a.ope•• tl&me.nt, 1noh•• ot water. 
f = tenipepatll:re ot nuid tlow1ng, 0 It. aba . 

P = tl1ameter ot the oons tJJ1et:1.on <>t the element. 1n. 

The.refoi-e tlow for the e:r11"1ee, W0 = 41:3 • . '.3 x Q. 7025 x .s. 6492~ 

w O = 9 z.so,.IJf T 

1'1 dtu11gn tla = W0 = 4500 lb per b:1', ltinoe Q =1. 25 lb per seo. 

Theref ore 4,500 = 92!>0~ 

1 =- 4 .• .5 1nches ot watei- driop aeross the or1t1ce. 

fol" the nozzle 1t 1a tl:rst neeetu,ary to solve to• Wan . 

Fox- an alr.tuel r st1o ot one to 01u1. the eoal now wlll be 

4500 lb pe:r hr• _ 

(W. )2 
w. -= • ·11. • - w ... .., Wa ""' 



i = s.10 1nch•• ot wa t•• 4ltter-ent1a1 aoN«H the 
trut l\OZ11t. 

fh• c¥•tta1l :p:resturt drop tru:-ou«-b the m&tar w11l now b-t 

determinet. Th• Pl'•ru1uPe los1 thr-ough noz1:les iu'td oi-1t1ees 

•an be approx1:me.te1f be t~und Jrom the exP••••1on, 
l - Jt { nu JU ,, . · ·· 

AP' = A P11 1 "1, ! ( Di] bj~ :Page l?, p~aph 56 (10) • 

WheN A p• pftjl!Jtt•• 'less 1n 1noltes ot vat,e:r. 

A p' ' ditttrent1al pr-eaitur• &e1'0$t element 1n 
1nohet ot water. 

D'l/ D r :Pat.to et d.lametera. 

K -= tlow ooett1o1e-n.t. 

P•r \h,e oriti,ee t . 2 
.4 pJ . = 4. 5 \ ic10!5 ,j~,1~~1,q§)2 o · 1 · 0.102.s {5 •. 5 /e.08) 

1 • o.J'+, 
Ll pf O ,. 4•5 i ; 0:)4,S 

A P' o = -4. $ x o. 487 

· A P' 0 , a. 2 1nobes or water 1oas t.~gh the oi-l.tle•• 

l'OJ"' the Mzlle: 2 
P' z 5 1 l 1, 3..~a~ .{J], a~tsllo~.> 2 
· n · • 1 ·+ 1.oas ( ; . 2,/s. oe, 



A P• n = 5.1 t ! :::;~ 
A P1 n = ,5. 1 X 0. )72 

4 P' n = 1. 9 S.nohea ot we.te:r loss ~ough the noazle. 

the total presr:mJ!'e lose t!U'ough the meteit wtll ecrcial 

appllox1.m.aie17 the awn ot the p.reaeure losses through each el•• 

or P'm =- 2. 2 ,/- 1. 9 

p • m:::; 4 . 1 1nohea ot presstu•e 101s tlu'ough 

the mttel'. 

The add1 tlonal power x-,qu1red to ov•reo~e the prtu,aUN 

losa due to the m·eter being in the line can n$W bt oe.leulated. 
W P1 H H. p - m. • - . 550 

W ::: weight ot a1.P and oeal tlw1,nr,h lb per aeo. 
11 = tee·t ot &tr &·qu1valent to one toot ot 

water pressure . 

1 • r.= ·--2.5 1 <4, AA&:l a b!t 
550 

For the purpoae ot the teat ot the abo•e ooal-&11' tlowmeter .. 
tlyasb. and atr will be blown through a pipe llne 1n wh1eh the 

meteit has been installed. th.en through a efp.attatol' tl'Oll w,hieh 

the alr will be eiu ttecll to the a tmosphe~e. Tht blower will 

be requ1:red to del1••:r about 10?.5 cub1o teet ot air pe~ m1.nute. 
As1ttm1n110 1n4h•• ot wateP pressure loss 4ll• to pipe tl.t1ot1on 

and. the ••pa.rat0r, the total pressure 10,s tbl-ough tht te,t 



a.ppa.ntua will t>e 10;. p•ra or 10 /. 4.1 wh!.eh eque.ltt 14.l inohes 
o.t water.· fheretore , tbe power requtred to d:Ptve the blower of 

the te$t apparatus Will be "1to · 
lrfh-ere w = 2. SQ lbs pe:.r seeond. 

Hi = 4.115 or say a .S hp motor. 
the nozt1e was d.es1gntJ.d aooordil'\g to the apec1fleat1ona 

ot the Internat1onal atan4a1'4a Assoc1e.t1cn as f'ouct tn the 
,Poweit Test Cad.fl~ (10). fhe or1f10e was d.ee1gned aoeoJ'tling 

to apeo1ticat1ona giffn 1n t1gure 32 ot Pov•:v Teal Oodea (11). 
Deta11 dNi-W1rtga ot the o.Ji'l1f1ce and. nozi&le. ttgure 1 and 

tlpN 2, appear on the tollov1.ng two pages. J'1gnNs 4, St 6, 

ana 7., s&ww 'the pipe le:ngtht ueed and th• pesl t1on ot th& 
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6 ~-o'! To Str~q~~er Section 

Test Pipe- 6.08 '' I. O. Cast lrc:,n 

Figure J. 

Figure 4 . Orifice Pipe Taps 

Figure s. Nozzle with Pipe Taps ., 
I Saal 

Flow 

figure 6. Nozz.le with Thr~t Taps 

+ 
4-:.o"ro Elbow 



ApJa~~• f.!ld1 ••ttrl4le Uaed 
The ooal t'lowmetal" Vfi.3 ,et up !n the pi .pe that tomed the 

apparatus that 1m illus tra.t e.d in Figure 1J. 'i'h:e illajoJt part.s ot 
the apparnttt8 a:,e as tollows. 

! • (-a) A oea tr1tu.ga.l blow•r,. i,i:tpabl e ot del1 v- @r1rt:g 2000 ouble 

'.fee.t per minut• ot air, w&t used to t cvee thtrt a1.- and 

tlyash through the met•r• 

,,..._ -----..___._.....--

F1tth '1 The 
Blower, ~~eae~, 
and F••tt•Jt OoatPt 

( ll ) · A ti •e hol1'#tr;-.ttr, i:;o volt d.1Net eunent., · t .$poun4 

trftt.d tlectl'lo UIO't.OV W&s IUUtd to 41'1 ... the bloweJ1 rotol" .. 

( t ). A $1X•1Ath GO't'.lt:X--$lle4 1'a:r1abl•e to.a .Jett•1'1&d Q0&1 

t eedtu• vaa 1:uatd. tc introduce the tlytuih 1.nto th• s.1P 

trt~eu at the dtu,1:r1!Kl :t"ate of teed. !his ttted•r we.1 
ot th• eleoti-t,c 'f'lln-atlng t .fl)e arut· op•11a.t•d oa 110 

volt AC ~re-nt. 



.,z-
( 4 ) A ra~b~ta Norat pla.tt~ sea.le ( 'P~;e 0...:120 lbc) wa, 

uatd to weigh the flyash. 

Fig. 8. Th.e 

n1cvw, Ffiede:r, 

F•~•it Control, 
and Scale 

( 1 ) A st~ wa.toh w•u~ ur,$4 to time ea.th tllst run. 

( r ) A. taoometeP was ut.ted to d.et,srr,m!na the '4swel' speed. 

{g) A 1Mtlt1p1e tube a.tr etral.ghtener was pl~ee<l 1n the line 
1mme4i&tel1 tollow1ng the bl.oveJt. 

(h.) The main pipe section or the app.ttra.tlle wag 8 1nek 

diameter ~•vt oa1t iron pip•• 

( 1 ) The oi-1t1ee and nor.ale weJ!l'e raad.e boui steel a.caording 

,o t:ho draw1.Ags and 4&e1gn that appear 1 n the PNY1otle 

seotlon or this thf!1d.e , 



t J ') 'th.t au.tie hta.4 pre1.11.U'e11 noi$1• 41tter-etttl&1 p~••n••• 
ana the o:r1t·t..oe d1tte.:re.nt1al pJ'eseu~·• weN meaeunt l,7 

th.-ee water f11ltd tf•t.ube manometers. 

Fig. 11. The 

Flon•tep SllW• 

1.tig Th:e Manom,etera 



(k) A t"l\e~o••ter (range 0 .... 120° , .) WS.1/J placed in a the:m1011-

eter well tor the purpose ot t1nd.1ng the a.1.r tlya.ab. 

mixture temi>ern. tu:re . 

( 1) A elght .... ln<)h diameter length ot tin pipe was uaed to 

ea.'"17 the m1xtu~~- tat . . ot the bu11d1ng to tht aeparato:r. 
(m) A separator w~s Uted to sepa::rate the t11a1h t~ the 

!>-1:r after the r111~tu.l"e had paesad through the !let$%". 

The teparator yfas eonstructed by cuttin.g a hol,e 1n the 

top a.nd side ot a. S5 gallon: <>11 dr'U$. The ptpe c~, ... 

1ng the fl.ya.ah air mixture to the sapara.t<n- wa1 p'.l.aoed 

in thPJ oil dr\:1$ at the e!.de hQla and at~ tangent tG> 

the e1role formed by pas.sing lif. hortaontal plane 
through th@ drttm. A 12-1neh diameter tin pipe wa.6 in-

serted through the hole 1n the top ot the drum. 'fhe 

lnor end ot thttll pipe eztandet to within one foot et 
the bottom ot the d.rum. A gs.rd.en hose ,.,,a, set 11uch 

th.at a "t!1atcttt- sp:ray was played down the •xl;1t p1pe t:rom 
the •epal!'at,or. A mtmbe:r ot ama.11 holes vere puno.b.e4 

in the 'bott~ or the oil d:Mlm. W'hen the tlyash was 
l>elng te•oed through tho apx.H1.ratu1, th.e watei-: spP&y 

rs11oved iKJis,t or th:e flya.sh rutd eur1ed 1 t to the 

b<)tt<>m of \Jle (l.r'wl, wllt1:re the -water tlya.ah mlx~ 

pa111ed out 't.he punched holee and th•n painted down th~ 

di1'a1n, 



F1g. 12. 
fhe Sepa.r '.a tor 

( n) A souret o.t d.1~eot '3l1r r•ent w t.qi obtained :f'pom the 

motor.genera.tor set 1oeatod 1n the Meeh.anical 
t aboJla tory. 

{ o} ?.he Bar omet er 1n the Mech~oal La.bor~tory was 

used t or all Barometer :rettd1.nga . 

( p ) The flyash Utied to te s t the nowmeter wag ob-

t ained f"XtotU the V1rg1n1an R.a.11V{!l.1 l)owe:r l;lant 

a t Narrotrs , V1rg'1n1a. Sieve analya1a ehowed that 

the fly m.sh u sed p H. seed an e:v&rage or 5:3 per oent 

th:r6u_gb a. 200 mesh s l eve. 

II. ( a ) P'or e1ev1ng the flyash sr:unple~ , a T1le1> f1ghi•lnch 

H.otap seNening ma.ehlne was tte&d. A 200 mesh 

11eve waa uaed. 
(b) For tho a1ave art i'S.lyd.e,, a m,o- ~.nge Toledo Scale 

waa u.sed., The t'.to ranges were 0-.50 gpame fal.1\d 

0 ... 10 Kllopa.me. 
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1i~~ho&t. Rl. fJ:.Q._9§!5\tn:e 
1'ht plan or the 1nVt'H!t1ga t1on wag to determine the Pat:e or 

-tlyash flow 1n potui.da· per hour th.1•01.tgh the p1pe l1n.e . fhe ma tor-,. 

gene~at.or 1e't wt~s ertar·ted. R..fttr- wh1.oh the blo,1er motor \tu 

atar,ted and brought u;; to epe~d.. A ole~n t?.1.r t fig t wa.s first 

run, or1f1e.$ an.d no.i&le rtrHi!d1ngs war$ tH1ken t<:> ohe<:k the d:e-

st.gn oc)eft1c1ttnt s: .e.ga.1na t tho f1.otui,:1 eoeffie1errtHs of operations. 

The coal fEu~d&x- wa.s t1lled a:ne. the w·tt ght of t he e cHJl ttledtr 

plus the welght of the t'lyaaih ltere reeor.d.ed. The fe <·H!er oon-

t:rol was set to th@ de~1.red r e.te ot teed. 

A 100-,,.gram s~apl<., of' the fl7aah we,?J t ;ilten bfl:ti:.n:~e eH.Ch i:-un 

w~s ~t arted for a e:1eve e.nalreis .of tht1 flfa "h"' At the be .... 

ginning of the run the eo Fi.1 feed. and. the etop vniteh -.,ert, ftat?'ted 

s1mul tan$OUsiy . Two obatn'•ver~ toot stat:1e herui . n<HH:,le d1tfe~ 

•nt1 e.1, ~cl or1.r1oe dltferent1 ,!)). l ttJ ft.nometar reaeu.ngi eont1.nttal1f 

du:r1ne: . the dura ti.on ei f the run. In this way e r. r::h ma.nom-eter 

\M.s rooo on 1Jtn e.vin•age of t on times for the one rn.1nu te PUn. 

Dur11!1g th.a run, a third:. observer ?l"eoord&d the b a.r ometel'"10 

pres ~t1re, ~nd the t ~mpertil< ture of tb,e m1xture w:l thin thee p1pe. 

A tourth per~o.n :Pacord.ed the t1e1ght ot f1y n.sh ua~d for es.oh 

run, the time f or ea ch run., rmd o;:;e:rs ted. t he :fly a eh teed.er. 

At the GOnclut1on or e ach run the l 1 ~,1gnt ot the f eed.er and tt'f• 

mainl.ng :r11a.sh we:t"e recorded... The wm. t er a})l" fi'{,Y i,n thEi ex1 t of 

the 1epi:\r 1;1.to~ W!1$ ita pt runnliig for. the (1trr ~t1on ot the t eatt, 

The ap•ed of th~ blower Wt?.S ehttteked before., <lur1ng anll attor 

e a oh run with a t s.o.hometer an.d. it r~ma1ned C(.>nst,int , Th.e 



-.:,B. 

reed i,!F..t& of the tlya.fllb was. ~~ Jtttt~d. ntt,,t" 8!i\Oh r-u.n to g1Ye a 

d.1tteJ:1ent ~1r .... ftt~l riat!o mt the ro1low1ng ro.n. 

Th.e tirat set of ttttJta otmlfli at1ng of eleYen Mm., we:r"e mlfld$ 

w1 th iP1Pe t ;,pti 1n~t-~'t1e<l on the no~zl.e minomat~r eonneot1ons. 

The next t wo t1ets or t~~ts oonsl ating of th.irtf runs wette made 

1111. th throiat tt.1tps .irut.t r:l.lt:d on the nozzle mMoriu)ter ()Onn&ot1otuh 

Tho pPooedu.~~ f (!;r the d.itf e:rent 9et.m of '6(:rn t ~ 1-N)l'e 1.dent1cr.'l. . 

Tile t i,tal numblf~ of ?"ll'Hl in th([) oomb1nad set of teGt s were 

f o~tr• one. 



Table 1 

ttet A - ffo.z 1*l e ·~-1 .1 tt1 

St attc 
Pl'GS 8ttre 

Bsir ometr1o '!~ e :f ~-J .r·· s 
Rltn T1me :Pres r: ure- 'f empe?'a tu ~e Iru~ 

?>ium'ber see. in. Hg. or i n. H20 
l 60 27. 9ti 61 s.s, 
2 Go '>? 9t' ?8 ; . 85 -'-~ . ' ..., 

3 i .. o. 6 71 94 77 5. 85 -~· . 
4 60 . 02 -; '? 91 .. 79 5. 85 l,, . • 

5 50. 8 :~?-94 79 5. s.s 
6 JO 27.94 78 5. 85 
1 ·"o "'? 94 17 5. 85 i ,( . a 27". 94 78 5,. 85 
9 AO 2'7. 94} 78 _5 O t: • V'::J 

lO 51,. 1 21.91, 78 5 .. 85 
11 60 2¥. 94 77 5. 85 
12 60 ->7 94 '"'8 , .as ,, .. ( -• 

13 60. 2 21. .• t)lt 17 ; . 85 

P1pe ~f'~pi!J 

Ststie 
Pr-es !d!UN :"lrlfie~ 

Pttrl.ng _ D1fferent1a1 
Run Aver.i, . .ge 

l.n. H2o 1n. E,o 
5. e.5 4 ,. 1# 
5. 65 60 ., . ':/ 
5. 85 J . 90 
5. 85 J-~ .5 . 85 ~, .. ; -• 
5. 85 ., 26 l' ... . -, ' 

5. 85 2. 61 
.5. 8.5 3. 78 
5. 8.5 J . 40 
5. 85 3. 25 
5,. 85 3. 65 
5. 85 3. 96 
5. 85 J . 84 

Nozzle 
Dtff.aren t1 t,1 

Avere.ge 
l n .. !120 

2. 45 ') ,,7 ~··• __; . 
2. 86 
2.11 
/ 45 d~ • , 
1. 95 
?. On 
?-.• 14 
2. 2 
2 . 2J _._ 51 -~ .. ' 

2. 55 
2. 54 

I . 
\,a) 

'° I 



Rnn 
rlumbe ?" 

'1 
2 
j 
4 
5 
ei 
1 
0 

9 
10 
11 
1 2 
13 
14 
15 
16 
17 

'l?i liil e! 
qee,. 

Bm.r ometr1 e 
Pres sure ?emparlltu.re 

1n. Hg.. 0 V 
28 ., 0B 
28.0B 
28. 08 
28. 08 
28~.08 
28 . 08 
28 . 08 
28. 08 2e.os 
28,. 08 
28. 08 
2&. 08 
20. 10 
28 .10 
28.10 
:28.10 
28.10 

Table 2 

! ~a.tic 
Pnsmtr-e 
l etoPe 

Rtm 
1n. B20 

St .a'tio 
? ~~SSUN 0P1f1ee 

During D1tfe:re-nt1&1 
Rim Ave r ag• 

1n. H2o l n . n2n 

llO~ :?.le 
D'1ff '$rent1al 

Aver.r,;,ge 
in. H2o 

l 
0 
l 



Table 3 

St a t1.e Stl, tlo 
Pres i:rure Pri!UJ1Ju:re Or1f1o~ No~zl~ 

B "-.,.,r ~met1'"la Bet0re During D if f e¥en t 1 f\.l Ditferenti ,-Rl -aun rr1me .Prte St,l:Ut"e 'f emptitn', ture ~inn Run Av.erage. Averag~ 
ftumber :1eo. 1n. Ifg .. OF 1n. R.-,0 in. HzO 1n. HzO ln . HzO ;., ...... 

49 . 2 78 ,,. 
6 .. 4. o I 1 27. 99 "· t;; •'J J . 20 t ; " ~ 

2 5'> q 27. 99 79 6 " 6. 2 3. 16 2. 94 ,' I ... , .... •· ~, ... 
3 6n 27. 99 79 6 ,.,, 6. 2 4. 1 3., 22 • "--
4 60 27 .. 99 79 6 .. 2 6. 2 3. 19 3.11 g 6,j ··1 9° 78 6. 2 6 .. 2 3. 54 3. 02 -,c . '7 

60 21 .• 99 78 6. 2 6 . ,2 3.19 2. 88 
7 60 27-9? 70 6. 2 6. 2 ,. 2-0 2. 86 1,' 

8 60 27,.97 7,l 6. 2 6. 2 J.1, ,:, 75 V , ... . : 

9 60 .. 01 21.91 78 6 •. 2 6. 2 J. Jl 2. 79 
10 60 27. 97 78 6 •'.', 6 .. 2 2.74 2. 50 .• -1.,,,, 

11 40 . 5 21. 91 78 6. 2 6. 2 . .., 16 1. 91 i,;:.,, . , . \ ·' 



Air now Indicated 
Run Before Air :ru.,1 A1r Flow 

Number Run #/ Hr Rat1o #/ Hr 
1 4470 16 4)15 
2 4)7.5 7.,46 408.S 

i 42'~? 4. J6 4270 
4275 3. 00 4110 g 4525 2.00 :;96o 
4290 l.Jl 3250 

1 4075 1.44 )440· a 4247 12 ... 65 4135 
9 4290 6.58 :;920 

10 4247 4. 41 38)0 
11 4400 5.84 4070 
12 4-J60 10.1, 4240 
l) '+408 ?.4 4210 

Corrected 
lnd1ea.ted In,""l lc~.ted 
Go al Flow Coal r'low 

#/Hr If/Hr 
20,:S -· 585 /+88 

1120 1230 
1290 16:,; 
1005 
14·60 

1975 
2690 

12:,5 2~0 - -51.5 Sl) 
840 918 
860 823 
512 ~z .590 

Actual 
C0&.l 
Flow 
I /Hr 
210 
546 
978 

1368 
1985 
2520 
2)8,S. 

32tS 
596 
868 
698 
:;94 
.566 

Pel" Cent 
Error 

--10. 95 
l,,25. 60 
,'19.50 • . ~o 

6,. 7.5 
4.4o --1:;. so .;, s.1, 

,'11.90 - l . 80 
-12. 38 

I . 
N 
I 



Table 5 

Set B ·- No& 1.le w1th 'lhi-oat 'raps 

Corrected. Aetual 
A.1!" Flow Inctio&ted Ind1.CE4 t .ed Ind1e~ted Coal 

Jmn Before Air Fuel A1r Flow Co&! Flo·w Coal Flow Flow .Per Cent 
tlumber Run l!/Hr Ratio f! / Rr fl /Br ~i/ H..,.. #/ F.r El"rGt-_._. ....... 

l 4370 23,. 00 4J40 - - 188 -2 4)70 1. :/l J980 ,520 4J.S 540 -11.60 ,, 42)0 1. ~ 3990 510 471 521 ... 19. 00 .,ii 

4 4J70 i·44 3865 793 79:3 no .,t11. 10 
5. 4075 .. oo 3875 745 70!> 646 1-. 9.:,0 0 4000 3. 86 '.'37.50 8:,; 983 911 -.; 1.24 
7 4050 4. 18 J670 970 1100 ,t25.:,o 
8 4020 3. 84 J6JO 800 941 - .40 
9 4020 2. 96 3.5:;1 504 764 1192 -J.5-90 

10 3825 2. ,54 '.3270 950 1300 !"~- ./, . 09 
11 3725 1. io 3670 - - 2)00 -12 4.$25 2.15 ,3840 lf90 1620 1780 .... 9. 00 1, 4400 J. 92 4100 760 907 1046 -13:,..28 
14 44)0 6. 74 41?0 630 558 619 - 9.a, 15 ~JO e. 12 4260 49.5 378 52, -28 . 00 
16 4430 13. 80 4365 i•05 - 319 -11 4525 J. 78 4060 150 889 1075 - 17. JO 

I 
&" I . 



Table 6 

Set a - Nctz .t le l>1p.e Tapa 

Corr-ect@d A'Otua.l 
Al r Il'low I niliertted Ind i e :" te-.1 Ind1c · te{1 Coal 

Run Before .Alr 1-•uel Air J"low Coal 1r-101: Coal ?low Flow :Per Gent 
Nu.m11er Run #/ Br ft. i-i t1o #/ Rr tt- f¥¥r Jt / 't' #/ Hr Er .ror tr . . /tr 

l 4400 1 Q~ lJ.2,iO /4-QQ J24. 51+0 -40. 00 • . Wl.,.J 
•·) l,i,li ~O 2. :,0 -:ip ;.. 5 Sl S 1700 1685 ·- . 90 {,.. _., .,/"••J\,.,,. . 
"l 4-50 10. 50 4 ~?.10 540 J10 401 - 7. 73 .;' ) 
tj> i • .430 7.80 413.5 .,, _G ,10 529 3. 60 Oj , -5 4270 , . 111r ZtOOO 70f) 667 697 - 4 ~o • ..r · 6 410 J 3. 07 380,) 9?0 1180 1 ::~ qe ... t} . 10 ...... :J 

1 4170 .., 8" 3805 0?5 1030 99J I- 3. $0 ) . J 
8 l.i,140 4.J8 3115 155 8"ilt 861 - 3.14 
9 Lt- ; 70 5. 68 3670 630 64"} 682 - s . 12 ,,) 

10 3780 4 . 00 3.5 :'O ~90 1022 885 ,'1.5. 50 ...... 
11 }820 1 . 32 ) 130 60 0 1850 2370 ... 20 . 7 0 

I . 

f. 
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00.QtaJ;J;\J~Ol!, l! i~d ln .J>tttm1Al n,a; il:ua.sn fle:t: 
l . Ind1oa-t ed Air t'lo1i1 1n p ound. s p &:r hour as 1nd1eated by 

ol"1f1ce . 

Wa :::: 9250~ 
wa = .9 aso,..,1,,_~,..,...48-=-5-; -,-:2,e,......, •• ~~-.g 

we. ::: 4110 poun.ds pei- hour 

We. = air flow pound a per hour, 

9250 = CH'>tl$t ani, pr eviously computed 1n this therd.a 

1 -= average ortf1ce d1t'ferent1a.l , inches ot w;;i.t e:r 

B -= Ba.rometr1o pPeaaure at point of teat , plus the upstr-,u111 

pressure in the 11.ne befor,e the element • 1nohes Hg . 

T :: Tempera.ttt~e or f lu1d.· f1ow1ng through element, 0 :1. aba . 

2. IndJ.cni. ted mixture tlow 1n pounds per hou~ a s 1nd1cs. ted by 

ne,ule. 

Wtll -= l2j10~ 
w·m = 1 231 o~-~,-.-i,.....J-5-x 3-, ..... ,-, '.-:t4-, 2 

Wm = 4425 pounds per hour 

Wm :r Mixture tlow pounds per ho·ur 

1 2310 ::- Oonats.nt previously computed 1n th1.a the sis. 

1 = A.ve'r a,ge nozzle d1ft'erent1. a.1, inches of water 

B = Ba:rometric pre s sure a t point of t iu1 t, plus the up-.. 

stream pressure 1n the line before the ele1.nent, 1n Hg. 
t, 

T TemperB;.tul"e or flu1ti tlow1ng through element. it AtuJ , 



,. ije1ght ot 1na10£'.ted t11aan tlOlf pwnds per hour. aa \lfa we -:: wa. -
We =fMf- (4110) 

We : lOOS pounds per hour 

W-o 1na1e~t•• tlJAeh fl ow pounds per bou• 
Wm Mixture tlfflil pounds per hov 

w~ Jdtt rlw pounds p•:r hour 

4. Cornctiori t aoitors, 
r or a1r-tuel rr.at1o ot 2 to l or l ess eo:rr e-ot1on taot-3ra 
t !fJ.ken trom t1i\1NI 14 and, 15 • 

.A1r-tuel ratio =- 2.00 

o,orr eotion r ~ititor fop ortt10• = -1, pe:r tent 
Cot'Jieot1on t ~etor t or nozzl• = - 2. 5 pe:tJ oent 

Ctntreeted ~1:P tlow = )960 x {\ .00...l)) 

COJ-':'GCtecl a.ti- t1mt :: )420 

Corrected m1xtu:a,e tlow = 44'25 x (1,. 00 - . 025) 

Oo"eoted m1xtul"e tlow: 4:3 2$ 
Coitreote4 tlyasl'l tlow =- 22 _ wa. 

= '5if~l2_ :,1+20 

= 1915 
Fe~ a1r-tuel i-a t1os gi,ea.t ar than 2 t o l . 

correet1on t t1.otor t aken t:rora tigure 16. 
Ur-tuel r at1o = 3. 07 

O<>M-eo.t1on .t a.etor = 22 per cent 
Cort>ecte.d 1na.1oated tlys.sh flow =- 920 4- (1.00-.22) 

oo,.·reeted 1nd1oat-ed tl7 a.sh tlow = 1180 



5. Per oent ex,ror. 

Per Oen t e~o.r = 
100 t2212!Uttd \Jld,3-S:·~Stt t,11~ !J,fllr-M!U!l &:ll&lii tlE) Aottu1 t ya.a . flow 

Per cent e:P~or = 
100 t 42Z.1~~l 1215, 

P•l!" eent er!"'Or = 

- • 6 ? •~ ~et\t 



As ha.a been ~t,ated 1n the obJeot of th.te1 theeis, it wae 

the authors intention to -closely s1mul ate s.otual eondi t1on8 

that exist in a power pl r.mt . In two :respeets ·the wthors 

f ailad to do thi s 11 F1r;st, f'lyagh WP.$ uaed 1ns t,uid of eo~.l . 

The authors JYU1.veri .zed approxtmat ely 1000 poundt or b:l tm1ntu!l 

00 &1 1.n a $11Ui.ll b:ill ttt1ll lo(P'.ted 1n the Mintng L9.bOPator, • 

.U though this op&rat1on ret,:tuired about 40 hours, tb.e re$n.l t1ng 

pulv•r11e1ed O$n.l would only pae1 eibout ::;o per oent through t;t 

200 mcuib eel'een. Al though this is not a e tine e.s the pul.l'ett1ttt4 

coal llaed 1n aotuEtl practice,. the e,uthors tleelded to us~ thl• 

coal to test the m$ter. l>ull'1ng pre11m1.nuy tests on the ineter 
·when pulverized oo~tl was betng used and vhile f&e4.1ng Q.nd blow-

ing the oeH:11 through the m.eter; the NSJttl ting rlust that was 

st1rr$d up be·camt exJ)tetd.ve , A thl.elt .ha.z,e ot eo ~1.l due-t filled 

the tn1it.re :room ln which the t(l)tte were being m,~ .th The 

author•s tel t t..tw.t this CJ"ft&ted. a ae-r1.ous &:1o."Plos1 Ve ha1ard and 

tel t tha t 1 t was 1nadv1.ss.blc to continue ,1a1n:g ooal tor th.e 

te,rta . Th9refo?"e, flyash we;s aub:5t1. tuted tor the eol!tl . The 

fl.J rtmh. was ot $. finer JHJ.1'ticl~ '11.ze tha.n the pu.l v~rit .. d eoa.1 

tha t we.s to h a.:ve been ttsan.. Steve aaa.lya1J? showed tl1£<.t the 
-1- .. ·, f • • 

, • ' I • , ~• 

mesh s1cirfth The patttiol~ size wae th~ second e.h:i,rteomtng ot th& 

a'1thor-11 intentions. From the t hret qUfH1t1on11aires aemt to the 

thr$e p.01ter plants it <:H!lfl be tecut the pe.rtl.ole size of the coal 



t11uid a, th1,a• three plants varied from 79 per eerrt to 90 J.H~i"' 

cent through a 200 mea.b !!i&V$• F1fty p;,ar e•nt ·through 200 :mesh 

1s 01:meid.e:rabl:, b elow th1e range. 

tl11 th th., exco-ption ot the above; a~tu,a1 po·wel1' plant oon-

d1 tions were a-pproxlma.t~(l ,. Th~ pi ptlJ 11nfl we.s a i-el at1 ve large 

one, The veloe1 ty ,:ll\d 1ttit1t pressure ln the :pi p~ line ta.r-e 

w1 thin the ~angg taund 1n aotual powfJ:r I>1 ant pli'ttotioe . 'rhe 

pipe line and meter oould ba a typlc9.l p i ps 11n~ 1~·,tding to a 

bur-ner in a t1p lc;1_1 bo11er f-U.r,n P-.oe. It this typ1Q,~l turn~e 

h ad et.ght btarne:rs w1 th -"\ tlowete,.. 1ngtall$d 1n e&eh ltne, the 

total power cone-umpti on ~ecrti1rf)t\ to ov.ereome- the :power loas 

througll the flo,vmete~s w•:>tt1d be 9. 080 hp, At tu11 load th1ll 

boiler would consume appro)l i.mv. t ely J6,000 po,utds ot <l'O o.l per 

hour, 'fhis would g1ve a 1'oll.er ()ap.aoity ot around :n.5 1 000 

pounds ot steam per hotu•. 

AnothH:r d1ff1oul ty th.t1, t Weu~ enoountar•d. turtng the eon-

s tr-uel1on of the aPJ)al'atu.i:t was the m,ethod ot te0d.ing the :t'lJ-

ae.b 1nto th$ ~tir s;ttte.~..m.. It waa the original lntent1on ot the 

a.uthoPs to tntrodno& the tlysuJh through a slot in tl1e top tJ.t 

the p~p,e, Whe 1t1lot was eontrooted rmth th.nt the m.1r vel.oet t1 

in thEt pl pe would Qause a .m1ction do'irln tht-ough the 8lot. The 

teede:r eon1 d · thfl1Nrtor$ be p'laeea over thii $lot 4%1ld. the f'l:,-

~sh could be tunneled dowrt through to the a l.r- atreffJn. Whtn the 

pL,e aoot1one we:re being sat up , a et~ong st101Jion Wi'ls e-vid.ent 

thJt~t13h the slot when the blower, wai operJ?.1Htd. Atte.- th$ trtto 



tlow elem,ants h ~d been planed 1n poa.1.t1on fi;nd the 1iHJpt:t;r r. t 1,;1~ 

pl a.eed ~it the ~nd ot t-h.e te,t pipe, a b <ti Glt pretu1,u•~ \'f~ bu1l t 

up 1n th.e pi pe whttn tht blO'lirnr was operat.~d. 1::h.ts QB.1.Uiled ail" 

to b~ toried ott.-t of' the alct :itn t1 mnl.ie 1 t imposs1bl~ to te~d 

tl7a.!!1h tbrourih th0 slot.. Tho authn;r1 th~n cle;(::ldtJd to .t'$~d the 

tl1a!'lh dlreetly tnte th'ii b1ow~:1"' euot1on. Th<!¾r~f<>'r"e tile to~er 
Wii$.~ ~et 1n pl aat on 4 pl attn!'ffl such tht.f.t the f'eelhir ehute :fe.d. 

the fly~.sh <i1Peetl:y tnto th~ blcrwer. 

Fe!!!:dlng the tlf&td'l throu3h the SJUot1on a1fl.e ct the blower 

b:rougbt up an ttnex.pe<rtl'Jd p:rob1 am . The floi1 ot r:t1~ through the 

p.1pe 11nCl iit!J.S Mi:lowed doi1n oont1S.dftrably wh0n th:w M..Jash wtr.t~ ted 

1.nto the a.1r at.ft~ (l;m. r,;1noe 1 t wris 1mpt:>e~.1bl~ to 1n~t8'l l ·an. 

or<'l.t1ee before th~ introd:t\Gtion of f11e.1h 1nto the p1_pe line• 

t:he tt.tatbo!'s dee1ded to Ut'm the ortf1ot d.1t'ter0nti #itl ~e 1nd.1tHAte4 

to oomput~ th0 tlow of ,s.1~ 1n the 11.n,r:. The !7!.1low:tng down ot tht 

~1l" @trerott wa(l be11•Y~<l to brJ e;:;1.uaed. by the t ollo1t11n«J blook-
, ' 

1ng ot the ~uo t1on aide rrt th~ fart dua tt, th& 1nt~oduct1.on ot 
the tl.ya.sh. ~ntl the ad,a1t1.onis.l $nti!l:"gy n•edGd to oonv•r the fl7atth 

through the p l.pe 11.n~. Th• ll?1',f of the blo~t'?.r was t rikon bttf'ot•·e• 

After tuiing p1pt!l t itp9 on the nouile for the ftriat &$t ot 
teeta oons1tilt1ng ot l l l"ttl\s1 tho t~.po w1n•$ drill EH'i tor the 

pl $.:>.o1.ng ot thro irt t t&.p$ 1n th• noz zl tt . lt wa.~ n~oe~aary to 

;:,omp-nte !\ ntw ooetf1oi®nt r) f r'l ow undEJ:t- thsie n~w cond.1 t l.oru, . 



mantled a.nd the nozzl~ "" nd or t fioe we:t'e 1nsDeeted tor possible 

wear and erosi on . Around t he f aoe of the eh a,rp edge opening 

of the or1tioe a ha:rd erut1?t of f'lyash had formed and ·l'l tJlight 

ero mion h iid t rur.en pl aoe. Thi s w11 e al mo 1.nd.10::1t1ve of the cnxrve 

tiurtaee from the r xi.oe 1;0 the throat aeoti.on of the no2: zle . 

A pr oblem encountered by pr evious 1nYeti!t1g,m.tors w tu;; th.a t 

o f e oa.1 plugging the manometer- line !'! . Thl s wa.~ o :,:i:used by le~ks 

1n the line. Mo trouble or th1G type 1.11a.s experienced b y the 

a:uthora. 

•rne r4Hml t A of th.ts tHlt-1.es of tes t are not v i thin the 

aooura.cy ltm1. ts ot the tegt conducted by J[eears. Carlson , 

Fr azier, a nd Engdtll.hl on their tnv~n,tig.~l t1on. It 1e the b.,l1tf 

of the .n.uthora • t.ha t to obt&ln !.i.Ccurs.cy w1 tl1J.n their 11.mi ts 

ot plus or minus f1 va per cerit it would. be neet!Huutry to make 

longflr rttns , t.h.us getting ~. better cver s.11 ,svsrags of readings 

t . ken dur1ng the runs. s ince ~ very sl1ght er-ror oota1ned in 

the nor.zle or orifice d1tf t,rent1a1, when pl ztced. in the mater 

e qu ation m,,-gn1t"1etJ the- errQr c ona1der ~.b1.y . It 1 ~ 1,1.lrw obvi ous 

tha. t .!;'!, al i ght error 1n t he weight of tlyash introduced into the 

line ; -when mul t1p1:led by 11xty w111 1nduce v.n app:r-eoiable err•or. 

Correet1on r ~ctors 3hown 1n ft g-•J.!'e ~ ll~ 11mu 15 were ueed. to 

oorreat the 1nd1o.9.tea no z11,l e iind ori f ice flows on a1.r-fu.€l 

r ~tios of 2 t o 1 or 1.Gss . 'rh<:H-;e e:mrve~ were t r'i.k en fr-om the 

paper pr-eaented by MeeSr$ . Cr,r1son, r r ~u~ i er ,'.\nd r.ngdahl. 

The htghest e,tr- fuel r !lttio s shown on thtH!e ou.rves wC1re 2 to 1. 

so th.t ::mthorf:I plotted correction ou.rvefi of a different nature 

to be applled to the ind1c,~.ted fly fi. sh flow on .f,1r- fue1 r ;:1ttos 



above 2 to 1 .- Th.is eurve ,11a.s dra.-v:n by plotting th$ ·per oent 

error the 1nd1eated f'lyash tlo·w d:U'fitred trom the aotu~l £low 

,, r tlya~h 1n pound.s per hour -t~rtlNs the a ir-tuel :ra,tio .• 

Appi-oxi:mately .SO per eent ot the ri--esul ts obtainad t s.11 

w1 thin J)ltte or utinus 10 per cent ot th& aetut>tl tlyaah tlow, 

Ap1)roxlinately 15 pe-r c.ei.'it of the nsul t a obta.ined t all w1 thin 

plus or m1ntta 2.0 l)tr c~nt of the aotual f'1J¼1$h flow. The 

:remaining 2::; p$r oent ot the N~sul t ~ a.r~ 111 thin 40 per o•nt ot 
the aettu.i.1 flow, The l:lt'V'tr.r.ge r-esul ttt, are within plus 12. 45 

p$r eent or mlnus lo. 62 per oe·nt ot tJie e.otu.al t11a~h fl(m'. 

The resul ta, while not ~a a.ocutt-!:'.'te a.a <l.eslred, a:r.-e oon,1d$.l"ed 

good by the m,ithors ,;.ndett t he te •15 t oomii tion1 , 
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1 . .:Ptpe 1111 he.t nt> app•••ttt eft.eot on the aooura.c, ot the 
tlon• te r .• 

2. The aelaci1()Jll ot Pllltt ox- tl'U'Oat tttpa h~ th• noezle lffllAor.iett-1' 

oonnocttons has no &ttecr\ on the 1nd.1eatEKl reaul ts ot meter. 
, . The now ot p8il't1ole td .. set et the n,aeah ot SO JHH' eent thNU{th 

200 meah •1••• ·c,m bt aoeuntely measul"•d wt th th1.e meter w1 th. 

the prooptl' cwi-eotion tactol". 
... Th$ nottle atld ()~1t1oe should be niade ot a V&J7 bat'd matet"1&.l 

that 11 !fes11tanl te e~oa1on over an •x.t€indt4 pirr1oo. ct uat. 

; . '?he rewul 1u, oa.n be Jt·eproilut·ut,d trom d-, to dar ti.,1$hottt MJ 

apeel.&l oond1 t1orui p:reva.111ng. 



1 . An ad<li tioniil t'lrif1ot ~hould. be pl tMJfid. 1n the ])ipe line 

befo:Pa th0 introduction of tho flytu!h into th& pipe 11ne 

tor the ll'Hiasu.rement ,,r th~ e.1taet i;ti~ t'low, 1Th1ti would. 

requ1re 'longt;tr s&ct1on ot pip~, 

2. 4 10.re·w typ.e ;f;$~dtr ahot1l c1 be emplor•ed to ooxw·ey th.e 

flyaah from a p ref&.irm.?-ized t Fmk to t .h(!J plpe l1ni . 

3. A ciust oolleQtor sho1.ald bo obt~-.tned trom a m..11nutacrtul'9e: ot 
dust colleatoraJ so the:t the f'l.y,uih might bt t~~ed Again tor 
adcH. t1onal t1tint; . 

'-h tonger te fS t :t'>ffllA ehould -~ m.ad.l! to obta..1t\ gr:e ~.tor aooul:1'aq 

,,f x-eaultg, 
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£•11u.l~t1RJ!S, Jo, Qae2~ ,:Shi Slff.l:• 'b£f:11oa ot tlU! MetJ.,r; 

t rom the design ot the meter, 1t can be seen thA\t the two 
equations u.,ed to find the flow 01 the nozzle :;nd the or ·1f l o• a.:re 

Wn = 12'.}10~ and W0 =- 92.50+'1[ A aeries or cl,an air runs 

were made te o~lltr~te tb0 or1t1ce aga1n11t the notz.le- The 

a1.1thcrrs b el,1$V~d the no~i lt> to be the m:01t ao.GrQt-1',t ~ now element 

ot the twe. Ther&to~e, the moto:tt and blower ,re:Pe opera t ed at 

different epf.ted$ and the now or a1r wa.s oalculated. by the no~zle 
and the or1t'ice tor, each. clean f~ir run . 

f h.e flow of' the nor.ile ,md orit1oe comps.red as follows: 

NOZ 1.le w1 th l11pe ~a.pa 

1. ttozzle d1tterent1al -= 1. 51 inches ot water 

O:rt1t1ee iUtferent .1al =- 2. 1 i noh$S or ttater 

W'0 :r 9250 ~ 

¥There 1 -= d1tlerent1al aoross element , 1nehEui ot v a:ter. 

:a = Barometer pre1sure i:>lus ata t1c pre~aure 1n 

the pl p@, 1nohes or MePoury. 

T =- Absolute tempera ture . 
w - ozco .. fa,l L ~ !'l2. q- 7 .., N ' 549 

W'0 =- 34144. 62 pounds or ai l" per bi:n1r. 
W . = 12'=ll0 • 11• ~•1 !u,2D•,1.l2 n . ., If - 549 
Wn :: )4,1. 79 pound.a or air per hour 

For this l'lln the orit1oe had a /. 0. 376 per eent ewor, 



2. No1.i.le i11tfei-ent1-.l = l , 75 1nohes ot watei-, Or1t1ee 

d1t"ferent1&1 = ,.1.s 1nche,s ot Ya.tar. 

tto == 9250J J,J~ a. il2.l 
!,to = 370;. )l pound~ ot air per hC>U19 

~n ; l2J1o,,/A,ZS!f$•2l2 l 
wn = :l?lB. 6.S pound i ot a.tr per hour 

'Fo:r th.11 run the or1t1ee had a = -o. J6 per cen, e:rro~. 
) . No1c.le d.1tttrential = 2, 06 1nahea of water, Or1t1oe 

tUtttNn.tial = :; •. 6 2 1nohea or wa.tet-, 

m, = 92a::roJ J,i2sx ~ , JJ8 
' ;:I ,so 

:Jc, = :3997, 75 po-unde ot a1r per hour 
wn = 12:,10Ji•-0fj~i~, Jl§ 2 
tnn == 4004, 905 

tor this rttn th• ot-1 r 10e ha.d. a • o. l ?85 pel" cent ttitror. 
1fhe orifice error w.s:,.s eo small that 1 t w1ut decided not t .o 

-n.dJUGt the or1tice coe:t1"1c1ent , 

Th• Power TtHit CO<ie specified pi p e t nps w1 th the nozzle, 

Yhen th~oiat taps. were 1nsfpa.l1ed, the noiu~le gi!\V$ a d.ifferent 

clea.n-alt' flow 1nd1e¥1t1on as com.pa.red w1 th the o:r1.t1ee . Thereto,-.e 

the o.P1t1ce wae ohostm as a atrmd.a:.rd and the nozzle ooett1eient 

Vilt a4Justed to g1ve the s9l11e flow 1nd1ctat1on a, the ontioe. 

Wo -= 9250Jli' 
WO = 9 ,e-0- ,-,-r- ,-,..,,,....S 
Wo == 4265 pounds per boui-



Equating the flow ot air by the or1f1ee against the now 

1nd1eated by the nozzle . 

t,to = ii:n = clfij 
4 265 -: C ~-1-.~~.1~.5-j5-7 2=~e:--••• ~1a=-·. 

C := l0, 850 

0 = 41). j X K X D2 

413 . J = Conat$l.nt 
K = FlO'!;s' cen,ft'ioient 

D = Di. i.1.meter ot Throa t :S.ec't1on of No~ t l& 

JC - 10, 850 2 - 4:£) . :r X ('5. 25 )' 
K = . 956 
I< = Flov Ooetf 1oient 
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