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TWi 1'1OW CFI TRII OF 
OO1i13I IAl 2OW)]RF 
QjtLLYSTS. TUÁ)Y II 

OBJGTIVI 

¶Ce unciwnnt1 aim of the ork cesribed Pere was 

to refine the OÇUij)flleflt described by J. F. Frflfliflg ( 1) 

and to add to te inormat1on presented by Min. The 

spooi:flo problem 1nvestigato we te study of t!'e 

pressure drop duo to fluid friction in a flow system coni. 

taming a powdered solid of the "fluid catalyst" type nd 

te correlation ot tic preiure drop w1t! the otr 

variables generally associated with frictional pressure 

drop: namely, te ir1ocity and densitr of te material 

flowing, the tize of the connxit t!iroug} whioh the 

pressure trop is measured, and the nature of the material. 

A further conictcration was the appli3ability of 

the flow equation suggest ed by J. a. Walton and ). F. 

Rynning (2) foflowin the pubitoation of Rynning's 

original work and based on that work. 

- - :- jîur 

(1) elroy Finlay Rynning, T1ti FLOW C1!ARAOTRISTIC8 OF 
OOÎãiROIAl £OWEPL) QLY3, LS. Thesis, Oregon 
stato College, Qorvaflis, Oregon, 1947. 

( 2) Jesse 3eburn Walton and Deiroy Finlay R.yming, 
,FIOWIJi[G G R4TiPIBTIQS O1' COL CLI POWA)ER1D 
GAlY$T3, ireeented to Amtrioan Chemical ooiety, 
Regional Meeting, Pullman, Washington, May 1947. 
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LaBtly, it w&s desiret that theBe inveatigations 

aou1d provide rriore data and fundanental information on 

the behavior of flidized solida for future investigators, 

the data of ynning (3) being all that is ourrentl 

available. 

(3) . P. Rynning, loo. oit. 
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IN O U(TION 

"Fluid catalyst" is a term that s corne into general 

use wit reference to an aereated powder of a catalytic 
materias wiii& is circulated troug' procos equipment In 

te manner of a true fluid. It differs from a gaseous 

suspension in that te density of to material fl;ing is 
uìuoh nearer tat of t1s packed solid than that of the gas 

whic is being used to move it. 
Fluid catalyst technique has become of major im- 

portance in petroleum refining and is e:pected to find 

more widespread use in other ooxnIoal industries bot! for 

catalysis and as a niet'bod of treating finoly ground solids. 

Thus it may be seen that It is desirable that information 

on the be'avior of iluidized solids be available as a 

basis for design calculations. The vork wio as been 

done in the petroleum industries as been entirely commer- 

cial and the resulta are not generally available. 
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.1.2AILTUa 

sscmtialiy, the se equipment was used in t9.a 
work as that described by ynning (4) iit a variation of 

flow tube diuzneter and with the addition of a return 

Tstem to make the apparatus semi-continuous. 

Basically the equipment consisted of a standpipe 

which served to provide a pressure head for the powdered 

catalyst, a glass flow tube thiough which the catalyst 

flow could be measured while the attendant pressure drop 

was measured, and a line to provide for the return of the 

catalyst by compressed air to the standpipe. The appar- 

atus is shown schematically in iigure 1. 

The standpipe was a five fOOt section of standard 

three-inch pipe mounted vertically, with u conical sheet 

metal oppor at the top. The hoper tzpored from two feet 

in diameter and was two feet deep. The lower end of the 

standplpe was reduced by standard fittin to a cne-inch 

pipe from which a connection was made to the flow tube by 

rubber tubing. A 1/4-inch compressed air line was pro- 

vided at the bottom of the standpipe just above the 

fittings. 

low tubes were ¡nade of glass tubing with pressure 

(4) Ibid., p. . 



tapa near oao end. These pressure tapa were of amsilir 

diameter glass tubing wiio' maintained te inside contour 

of te flow tube as far as possible. The powder was pre- 

vented from entering the manometer by glass wool filter 

plugs in te side outlets. 110w tubes aving te follow- 

ing &iaraotcristios were used. 

?ube Inside )istanoe Overall Volume 
Number i)iaìnotor Between Lent 

e 

I 1.024 41 in 53 in 718 oc 
2 1.024 32 1/4 in 53 in 718 00 
3 1.024 26 1/4 in 53 in 718 cc 
4 0.997 41 in 53 in 690 co 

iie lengths and volumes tabulated here take into con.. 

sideration the short length o eoiineotin hose extending 

beyond the ei1d of the tub es. 

The flow tubes in the pressure taps closest 

together were made so that the intervals between the tupa 

were at the lower end of the tubes in order to provide 

short calming seotions between the regulating clamp aM 

the section across which the pressure rop was to be 

¡neasured. 

This apparatus was mounted vertically in the labora- 

tory with the hopper extending above the seoonci floor 

level and. the standpipe suspended from that floor. The 

flow tube was mounted Independently by suitable clampa 



bnd allowed to disobare into a collecting irum. Use of a 

rubber connecting tube allowed regulation of the catalyst 

flow by means of a small clamp. 

The use of a vertical flow tube mte it necessary 

to correct the manometer reading for the diUerenoo in 

static head of catalyst between the pressure taps. 

The return line from the collecting drum was a 

standard one-Inch pipo which dis&arged into a small 

cyclone set above the hopper. ends necessary in the 

return line were of approximately three-foot radius to 

prevent the powder from p?Aoking. 
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Three fluid outalysta were used in tM project. 

¶AThe first, io1d untier tie name of i1tro1, la t refuted 

form oì . xaturi1i ocourrin substzxtee. The eeooad, 

wanufaotured aa Gata1st 3, is u synthetic 3ubatì.noe 

used in p3tro1eurn refining; and the third, ayntetio 

catalyst produced aerooat, Is also ueed in petroleum 

re:finin;. All are idrated aiùiinum silicates whioì 

Ntvo been finely ground. ll three will pase about 90 

p ero exit throug 100 ze& ; iltro i and Oataly8t are 

about Z percent smaller t1ut 20 miorona autd 4eraoat i 

about 50 percent sxallr theut 20 mierona. a more comp lete 

Investigation o te :ane oi partiale ics in t'eje 

three powdered catalîsts is currently being made in teie 

laboratori os. 

Sinos same discusìon o tb effect of p"y$ioal 1a_ 

acteristioc will be undertaken liter, it is udvi,able to 

decoribe 3ome of the more obvious differeztues between the 

three otalysts t this time. J?lltrol and Qatalyst 3 

tend to agglomerato to some extent when not in an areated 

state w'i10 aeracat does not appear to agglomerate to the 

srno deroo. 1-j observation I borne out by mioroeooi4o 

examination, owe'ver, the moisture content of the powders 

mq be epscted to affect tieir tendency to agglomerate. 



The particles of '1ltrol and Z appear under te inioroscope 

as irregularly shaped, somewhat translucent particles. 

erocat, offered by ita prothicers a a oataly3t made p of 

spheroidal particles, appears as a sxiiooth opaque powder. 



IISJ 

T1CPNI UE 

Flow measurements were made with the hopper initially 
full of oataly8t. For any one run, the ohan:e in head. was 

negligible, and while tie catalyst head was not the sanie 

for all runs, no error was incurred because the pressure 
difference was measured onli across the flow tube. 

.t the beginning of a run, the clamp on the connect.- 

Ing hOe was opened and a si.;all amount ol ' air was adiitted 
to start the powder flowing. The flow rate was adjisted 
with' the clamp and the density of the material flowing was 

varied by the amount of air allowed to flow. The degree 

of regulation provided In this manner did not permit fixing 
the flow condition to a desired point, but did provide for 
obtaining a range of flow variation over whio' data could 

be taken. 

;hen a flow condition was establis'ed, the manometer 

reading was taken and the catalyst f1owIn ior a measured 

time Interval was collected and \;eighied, Immediately 

afterward the flow tube was closed off on both ends as 

nearly simultaneously as possible and the quantity of 
material trapped was collected and weighed. This informa- 
tion then provided the data for one run. Vthen the collect- 
ing drum became full, the catalyst was returned to the 
hopper. The use of three oatalyets and two different tube 



I' 

diameters allowed Or tie observation o the effeot of 

teee factors on the flow. 



rY9'T Yr Tt 1 î:, jv 

u velocity 

û.? pressure difference 

f i'anning friction factor 

V volume 

R density 

L length 

D diameter 

g acceleration due to gravity 

m viscosity 

mass velocity 
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R1JLT 

In order to correlate te data taken, lt wa.ø 

necessary t)'at lt be ooteA to the vxiub1e under 

oonaideration. The iparent densit' of the mteri1 Liow.. 

Ing was readily available and from it t1e flow rate, lIn- 
ear velocity, und mase velocity were oalculated. Values 

:oz' t1e pressure drop due to riotion wore computed by 

correcting the manometer reading for the sttio head 

exerted by to flowing oatalyat between te points 
aoro$9 wtc tiPis pressure drop was rnourod. Theoretical- 
ly, t1ls cor:ectlon would be lge enougi to ohange the 

1lrect1ofl of the lndioated pressure difference, but In 

many cases this condition did not obtain and tbe dis- 
orepailoy was originally attrIbuted to a onge o 

equilibrium conditions within to system during the run. 

It was xound, however, that the provision of a calming 

section between the regultlng o1mp and the upper mano- 

meter tap overcame t)is difficulty to a considerable 

extent and under stable coiltions the corrections wore 

reoouable. typical conversion is siown by sample 

calculation In the Appendix. 

T!ia foregoing pressure correction was estab1ised 
by the application of the Bernoulli theorem to the flow 

system. Fowever, applyIng thi theorem roquL'ed the uso 
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of some assumptions. The flowing catalyst could not he 

assumed to be a perfect gs since the solid particles 
con3tituted such a large percentage of the material; nor 

could the material be assumed incompressible. However, 

since the heat cspacity of the solid does not differ 

widely from that of air, ths onth1py (E pv) of the 

system may e considered constant, and the use of 

3ernoulli' s theorem will involve little error, 

Correlation wee then made in the manner suggested 

by Walton and £ynnin (e). The friction factor was ca1 

culatcd by the Fanning equation end plotted against the 

mass veiocty. The Fanning equation for steady iso 

thermal flow of fluids in circular conduits (6) is 
AP = 2fLu2 , the units being consistent. For true 

gD 

fluids, the friction factor has been dterrn1ned to be a 

function o the dimensionless group PG/rn which is 

designated as the Feynolds number, The terms in the 

numeretor of i;hia xpression were readily available, but 

(5) 3. S. Wa1to and D. F. Rynning, loe. cit. 

(6) Complete discussions of fluid flow calculations may 
be found in J. H. Perry, CHICAL ENGINiER'3 HAND- 
ßOOK, 2nd edItion, New York, McGraw-Hill i3ook Co., 
1941, pp. 788-833, or in any general chemical 
engineering text. 
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th e y soo s i ty w as no t known. Pow ev er , t e o u]. ou 1 t i 0U8 
may be rcvered anti au "apparent vioos1ty' computed from 

this data. It wa pointed out by W1ton and Rynniní t1at 

t'er were indications thut tio 1tapparent visoosity' did 

not 'vary appreciably with te density of te mtorii]. 
flhix)g and experiments currently being conducted in 

those 1tboratories indicate t'at te "apparent visoosity" 

of tee areated ota1yst powdora does not Yary to a 

great extant with denBity. It is to be expected, 

ever, t1t bettor correlations of flow oaraoteritios 
will become evident won vieoo8ity vt1ue3 are available. 

The resulta of tie friction factor-mase velocity 

correlation are svn in ligures 2 troug' 4 und Ji'igure 

5 &lowa a comparison of te t!ree outalysts. The dotted 

line in to latter figure indicates tie curve preeentod 

by a1ton and Rynning for )?iltrol. The curve set fort' 
here for Uatalyst 3 le substsntially the saine aS that 

presented by them. 

The data as sown in igurea 2, 5, und 4 are not as 

consistent as may be desired, but about 7O. of the points 

fall into a relatively narrow band with the balanos at 

some variance. Towover, those widely divergent duta may 

be accounted for possibly by the proxinity of the trans- 

ition range in which the flow characteristics chango from 
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streamline flow to turbulent flow, nd some dlvereuoo may 

al,o be attributed to elutriation of te catalyst due to 

repeated handllng, but before t'is li.tter asswaLtion oan 

be made with any degree of certainty, more specific 

Investigations must be made into the effect of particle 

elze on the flow characteristics of ;owdered solids. 
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Theee poeib1e explanations do not1 owovor, preclude 

variation due to experimental toohnique. 

The discrepancy between t'e two 'iltrol lines will 
need some explanation. Walton and Ryiming (7) point out 

tiat diffencee in tube diameter appear to iave little 
or no effect on t!e correlation as made and this appears 

to be borne out to some extent by te Oatalyst 3A data. 

¶Owever, there is te poeibility that this effect will 
Vari to some extent with the nature 0± t substance 

under investigation. It must be pointed out also tt 
there is not as yet sufioient infortion to ivalce any 

definite conclusions along this line because correlations 

attptix» to te into account the variance in diameters 

of te flow tubes appeared to be w1satisaotory. There 

is the possibility, owever, since the th.ta compiled bere 

for Filtro i are not so profuse as that accumulated by the 

foroing investigators, that a greater aoflt of data 

would 1ave more nearly tended to coincide wjt tl,e 

previous vork 

The curves as drawn may be described by tl,o fol1ow. 

ing equations: 

(7) J. 3. L.lton and £. I. Rynning, loo. oit. 



Invest igator 

Piltrol Rynnirig 

1i1tro1 Author 

botb 

erooat Author 

quation 

f = (2.5}(105)/G334 

f : (5.4)(1O4)/3.48 

f 
f = (4.6)(1O6)/G4 
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The fact must be r000gnized t'at since tbe thìta f11 Into 

somew1at of a band, te lines ohoen to represent them are 

not UXui(1Ue and the euatIone a offered are 3ubj.ot to 

'30mo inotijijoation. ÀeeumIng tat t)o differences in the 

&'araoteri2tios of the ctuves are valid as presonte.i, it 
io not 'rnreasonable to oonneot these U1ffernees with the 

nature of the powdered material being handled.. In this 

respect, it is pertinent to point out that pressure drops 

of the sane tiiagnitude are not to be expected for different 

materials of the sanie density f1ìing t1rou the etrne 

tube it identical veloolties; and this difference is 
appai'ently due to the pyIcal oiaraotor1stios of the 

materials. The characteristics pointed out in the desorip 

tion of the catalyst used probably all contribute to this 
variation. 

The moisture content of the materia]. introuoed to 

the system Is probabl7 a ig1ly contributing factor to ita 
flow charaoteritios und it would no doubt be de$jrable to 

conduct further studios with materials of a constant 



degree of dryness. 

T'e kffeot of the oysO1 a}uracteristios of pow 

dared solida on t1eir flow behavior is baeioally import 

ant and t'is information mast be accumulated for many 

substances of a widely varying nature before general 

calculations can be i de applicable to aU systems of 

powdered solids in a flow system. 
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C ONU LUS IONS 

The orego1ng re8vltB may be summrizod wits ì 

general couo1u8ione 

Olio. The resulta o t!e tudie to thte 0x1 

fluidized 5011dB iudioate tt tey zna1r be treited mucíh 

In tie se mariner as true fluids and. the flow variables 

involved may be oorrelted with but lit variation on 
the classioal treatment of these variables. The viscosity 

factor necessary for the uial treatment of the variables 

could. not be prealoted front the data compiled, but it is 

expected that this term, when made available, will modify 

the correlation as presented only slightly. 

Two. It is shown that for small diameter glass 

flow tubes the tube dimeter uOes not enter into the 

correlations as a major variable as may be expooted from 

inspection of the classica], treatment of the variables 

invoiv ed. 
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AP1BL)IX 
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1XPL1 UALUULATIOS 

3ot No. 6. Run No. 210 

»at a 

anomet er reading 6 orn 

Wlow rate gr/eec 

Weigt ort cata3.71t trsppe in tube 253 gr 

ube volume 690 cc 

Overall lengt (including connection) 53 in 

)1stnoe between tape 41 in 

Apparent peoifio Gravity 

0.367 

Corrected A2 

Velocity 

(0.?67)(41)(2.54) - 26 * 12.2 om2O 

(264(53) 4.61 rtt/seo 
(253J(12) 

Mwrs velocity 

(O.367)(62.3)(4.61) a 105.5 lb 
f taó 

£h'iotion factor 

(12.2ì(2.2)(Q.997) 0.01981 
(0.36?) (2.54) (12) (2) (4.6l)(41) 
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E(P1RIMRNTAL TA ON TFE PLOW OP 'LULÛ OET4LY$T8 

Run L'ano- Plow 
No meter Rate 

Quant Appar- P due 
in ont to 
Tabo Sp Gr Plow 

ciriof gr 
sec 

omof 

Velo.. 
city 
u 

ft 
sec 

Set No. i. Piltrol in Tube No. i 

Mues Priotlon 
Velo- Pautor 
city f 
G 
lb/ft2 
seo 

i 6.5 32.5 run Incomplete 
2 1Z 53.6 71.3 0.0993 - 2.69 
z 12 07.1 3.04 1448 3.05 3.69 33.2 0.0205 
4 ii *76.8 226 315 21.8 1.50 29.5 408 
5 13 84.9 72.4 1009 - 2.52 
6 17 102.9 251 349 19.3 1.81 39.3 223 
IP, 38 155.4 3.36 1891 -18.31 
8 40 86.4 81.3 1132 -28.22 
9 23 124.2 97.4 1358 - 8.9 

10 15 89.5 64.b 0898 - 5.66 
11 9 46.0 45.7 0636 - 2.49 
12 11 76.5 34.2 0476 - 6.06 
13 13 '79.7 65.7 0915 - 3.49 
14 49 197.0 185.5 258 4632 
15 13 50.1 32.4 0451 8.31 
16 ii 53.'F 37.2 050? .. 5.T3 
1'l 6 42.3 26.2 0365 - 2.20 
18 6 44.1 22.5 0314 - 2.73 
19 28 139.0 115.5 161 -11.28 
20 17 99.6 203 283 12.4 2.17 38.3 1228 
21 10 61.6 35.7 0497 - 4.83 
22 11 65.3 50.0 0696 - 3.76 
23 17 81.0 58.5 0815 - 8.63 
24 15 84.2 82.0 1141 - 3.19 
25 13 81.5 82.5 1149 - 1.07 
26 17 154.9 13.3 1571 - 0.65 
27 23 142.8 100 1391 - 8.61 
28 ii 61.3 37 0516 - 5.64 
29 7 48,1 20 0279 - 4.10 
30 10 48.2 47 0655 - 4.19 
32. 14 3.30 51 0710 - 6.62 
32 14 60.5 32 0446 .. 9.36 
33 12 57.'! 3]. 0432 - 7.50 
34 24 97.8 100 1393. - 9.51 
35 20 93.8 42 0585 -13.93 
36 17 70.8 158 220 5.9 1.98 27.1 0901 



Run Mai Flow Quent 

ï. LM*U1 
ppar.. Te3Da, Maas liDio tion 

J.o meter Rate in ant etty Yelo.. Factor 
Tube 3p r P1 t city 

orn off r gr orn of lbJft2 
P20 sea seo seo 

37 11 62.6 30 0.0418 6.65 
38 19 828 57 0783 .10.86 
39 21 103.0 302 1421 6.2 
40 14 62.4 50 0696 6.76 
43. 16 75.6 24 0339 .12.48 
42 17 106.2 112 1561 0.78 
43 17 85.1 58 0809 8.60 
44 23 939 

3.38 19l 3.0 
45 23 3.26.0 98 3.365 8.81 
46 19 94.6 46 0641 .12.34 
47 10 59.4 26 0362 6.24 
48 2 133.5 73 1018 .42.42 
49 21 114.1 85 1182 - 8.70 
50 27 103.9 65 0906 45.57 
51 15 91.0 66 0948 5.15 
52 1? 97.1 65 0906 7.5? 

Set ib. 2. Piltrol in Tube No. 4 

53 41 118.9 196 0.284. .41.5 
54 2? 138.8 185 268 0.9 3.32 55.5 0.00291 
55 30 236 215 313 2.6 4.86 94.8 00448 
56 19 125 150 218 3.7 3.69 50.1 01593 
5? 32 156.8 90 1015 21.45 
58 1 187.0 136 1975 8.55 
69 20 149.1 67 0972 9.90 
60 38 3.58,2 15'? 228 44.3 
61 23. 152.8 89 1290 7.60 
62 24 146.1 106 3.538 - 8.0 
68 28 164.3 190 275 0.6 3.83 65.5 001890 
64 50 397 301 436 4.6 
65 27 328 179 260 0 
66 17 3.53.6 32 0646 -12.17 
67 11 115.4 54 0784 - 2.85 
68 27 189.0 95 1378 - 2.69 
69 22 152.2 130 1881 2.42 
70 40 289 235 34]. 4.5 
71 26 236 158 229 2.2 
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J?aotor 

72 

- 

30 

-S1L 

195 13 0.1780 

- 

.11.5 

'/3 27 2 164 238 2.3 
'74 3)7 245 200 290 6.9 

75 16 155.4 '78 1130 4,25 
76 40 252 242 341 4.5 
717 E? 288 208 301 .' 

73 24 247 15]. 219 * 1.2 
'79 40 204 125 1812 '.21.15 

80 ZO 271 135 1954 9.? 

81 20 112.5 69 1291 - 6.56 
82 13 95.3 110 1595 3.6 3,82 38.0 0.0261 

83 14 110.5 80 1160 - 1.94 
84 16 123.8 113 1638 1.0 4.84 49.4 00333 

8 19 270 136 1971 0.5 6.78 107.8 000419 

86 27 218 149 216 - 4.5 

87 20 88 107 1550 - 2.89 
88 17 147 108 1566 - 0.72 
89 20 133.2 123 1781 - 1.49 
90 22 127.5 106 1536 - 6.02 
91 4 a4.5 30 0435 0.42 8.05 21.8 001902 

92 19 135.8 9? 1406 - 4.39 
93 27 167.2 123 1781 - 8.49 
94 44 30]. 267 387 - 3.8 
95 40 312 239 347 3.9 
96 40 382 261 378 - 0.7 
97 42 332 22? 329 - 7.8 
98 38 264 193 280 8.9 

99 40 409 256 373. 1.4 
100 42 215 317 459 4.3 
101 32 209 150 217 - 9.4 

et No. 3, Piltrol in Tube to. 2 

102 36 220 299 0.416 1,.8 

303 27 186.5 197 274 4.5 
104 31 255 232 L2? 4112 

305 15 145.8 79 1100 



C,.. 

Run Mano- tl Quant Áppr.. P thie Velo- Ma88 ir1otion 
No meter Rate in ent to olty Qelo- iaotor 

Tube 8p r Plow u city 

of g gr em o ft lb/ft 
E20 

- i .i -,. -- L. 

980 B80 

- ----- - 

106 12 105.0 90 0,1281 l.'I5 

10'? 12 114.2 110 531 O.B6 4.64 
108 15 140 140 1980 0.98 4.42 
109 25 222 166 231 - 6.1 
110 31 200 240 334 - 3.6 
111 32 224 2'?2 378 1.0 
112 32 310 184 256 11.0 
11 27 271 175 244 - 7.0 
114 37 316 391 545 7.7 3.8 
115 35 285 299 41? - 0.8 
116 33 236 301 420 1.4 3.4'? 

117 33 239 265 36 8.8 
118 36 331 336 45'? 2.4 4.35 
119 36 342 308 429 - 0.8 
120 40 296 332 239 .12.7 
121 39 587 298 409 5.5 
122 40 412 264 368 9.9 
123 30 286 190 ¿66 6.3 
124 31 242 437 609 1(3.9 2.45 
125 32 249 158 221 .13.95 
126 38 365 326 454 - 0.7 
127 37 464 281 392 - 4.9 

Set No. 4. Piltrol in Tubo No. Z 

128 33 383 33'? 0.469 - 1.7 
129 32 363 330 459 - 1.4 
130 32 418 341 475 - 0.3 
13]. 24 512 267 362 0.1 
132 35 399 500 697 11.5 
133 30 488 362 504 3.6 
134 37 84 412 575 1.3 
:125 29 338 254 354 - 5.4 
136 27 329 268 374 - 9.8 
13'? 34 434 394 549 - 8.7 
138 26 266 235 27 5.0 
139 30 483 220 30'? 10.3 
140 16 277 266 3'?O 

8 47 
3.53 
5,917 

4 12 

44.3 0.00286 
53.7 00434 

121.8 01858 

90.8 00467 

124.0 00467 

92.8 

191.2 
153 5 
187.5 
147.5 

4.61 106. 

o 871 

o .000795 
0274 
o 0412 
00274 

0203 
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341 28 131.1 325 0.453 1.1 1.782 50.3 0.01578 
142 25 338 286 399 0.6 5.22 130 001128 

]43 36 22]. 363 506 - 3.6 
144 25 301 339 472 5.3 3.92 115.2 01514 

145 24 371 278 38'? 0.8 5.90 142.1 001231 
146 34 272 306 426 - 6,7 
147 31 411 334 465 - 1.2 
148 35 280 347 483 - 2.8 

149 37 538 341 475 - 5.3 
3.50 32 346 369 500 1.4 4,26 132.5 00285 

151 34 264 365 508 - 0.]. 

152 35 277 33 464 - 4.1 
3.53 30 285 356 496 3.1 3.54 109.2 01034 
3.64 3'F 348 387 526 -11.2 
155 28 44'? 317 441 1.4 6.24 171.5 001680 
156 36 319 379 553 0.8 3.73 128.8 00212 
157 37 287 406 566 0.7 3.12 110.0 00266 

158 36 380 403 562 1.4 4.16 1.46.0 00298 
159 37 536 389 542 0.9 
160 35 326 463 645 8.0 3.12 125.0 0261 
161 32 367 356 496 1.0 4.56 140.9 00201 
162 30 600 330 459 0.6 a.04 230 000418 
163 36 315 394 548 0.5 3.54 121.0 001514 
164 33 470 398 555 4.0 5.21 180.0 00549 
165 27 504 320 446 2.7 6.96 193.3 00257 
166 34 308 37]. 517 0.4 .67 118.0 001178 
167 30 288 341 475 1.6 %,74 110.8 00495 
168 32 321 369 514 .2 3.85 123.1 00595 

169 33 417 Z04 423 - 4.8 
3.70 31 398 53 491 1.7 4.98 152.1 00288 
171 26 350 401 559 11.3 3.86 134.2 0270 
172 30 362 298 415 - 2.3 
173 34 231 437 609 6.6 2.33 205 0414 
174 35 330 3'/8 526 0 
175 36 264 373 520 - 1.4 



Rtin Mano- flow (uant 
No meter Rate in 

Tub e 

omof gr gr 
20 8EO 

Appar.. Ai due 
ent to 

Sp Gr flow 

orn of 
F20 

Volo.. Maes 'riotion 
city Velo- J'aotor 
u city f 

G 
ft lb/ft2 
800 800 

Set No, 5. Catalyst 3A th Tube No. 3 

176 20 186.5 264 0.368 4.5 3.12 71.5 0.0260 
177 20 20'7 334 465 10.9 2.74 79.2 0646 
178 16 30 33'? 469 15.2 4.03 117.8 0414 
179 18 275 318 443 11.5 3.82 105.0 036'? 

180 18 315 243 339 4.6 5.74 121.0 00850 
181 22 210 358 498 11.1 2.60 80.5 0680 
182 18 331 326 454 12.2 4.49 127.0 0275 
183 23 300 367 436 11.0 3.61 114.9 0341 
184 18 322 302 573 10.0 4.72 123.6 0219 
185 24 395 319 455 5.6 5.48 152.0 00865 
186 24 408 313 615 5.0 5.76 156.8 00715 
187 26 386 412 539 12.1 4.14 151.8 0255 
188 27 470 32'? 499 3.3 6.35 179.8 00360 
189 25 280 441 371 15.9 2.81 107,5 0699 
190 24 525 38? 472 11.9 6.01 Dl 01260 
191 22 444 358 488 11.2 5.46 169.1 01559 
192 19 311 266 457 5.7 5.17 119.4 01180 
193 19 340 339 505 12.4 4.44 130.5 0275 
194 18 346 350 488 14.5 4.38 133.1 0318 
195 21 16 328 457 9.4 4.26 121.2 0233 
196 24 352 363 505 9.6 4.29 134.8 0213 

Bet No. 6. Catalyst 3à in Tube No. 4 

197 32 396 267 0.387 8.2 6.56 158.1 0.00625 
198 39 368 196 284 - 9.5 
199 34 347 276 400 7.6 5.56 138.2 00785 
200 34 330 298 403 '7.9 5.25 131.9 00911 
201 35 186 225 326 1.1 
202 34 257 168 244 .. 8.6 
203 30 231 171 248 4,2 
204 26 192 324 470 22.8 2.62 76.4 0901 
05 32 222 273 396 9.2 3.60 88.5 0228 
6 16 170 246 9.6 1.91 29.2 1368 

207 36 286 182 264 - 8.5 
208 24 297 226 328 10.1 5.81 118.4 01158 
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209 26 

- 

164.5 233 0.338 9.2 3.12 65.? 

-- J j 

0.0355 
210 26 264 25 367 12.2 4.61 105.5 01981 
211 31 292 227 329 3.2 5.69 U6.5 00385 
212 37 3I3 237 343 1.3 
21330 225 151 219 .7.2 
214 34 258 235 o41 1.5 4.85 102.8 O0}38 
215 36 466 221 320 - 2.V 
216 30 20'? 218 316 2.8 4.20 82.7 00643 
217 32 228 250 363 5.8 4.04 91.4 01248 
218 34 310 295 428 10.5 4.65 124.() 01449 
219 52 348 210 304 -20.4 
220 37 364 225 326 - 3.1 
221 36 386 196 284 - 6.5 
222 36 386 250 363 1.0 6.81 153.8 001359 
223 30 426 255 369 8.4 7.40 170.1 00531 
224 31 346 260 377 8.2 5.88 138.1 00800 
225 21 124.5 173 251 5.1 3.18 49.6 0255 
226 30 260 288 418 13.5 3.99 103.8 0258 
227 32 306 241 349 4.3 5.60 121.4 00501 
228 38 202 241 349 - 1.7 
229 40 274 310 449 6.7 5.34 148.9 00666 

$et No. 7. Aerocat In Tube No. 4 

230 40 191.0 303 0.438 5.6 
231 53 112.1 396 573 6.5 
232 42 140.8 288 418 1.5 
233 35 182.0 191 277 - 6.2 
234 37 189.2 211 306 5.2 
235 5 240 298 432 -10.1 
236 52 200 270 259]. -11.4 
237 29 109.2 150 217 - 6.3 
238 37 282 250 363 0.8 
239 254 186.2 183 265 - 6.4 
240 52 232 237 344 -16.2 
24]. 52 234 270 391 -11.3 
242 36 195.0 228 331 - 1.6 
243 44 266 288 418 - 0.5 

2.79 76.3 0.0209 
1.252 44.8 0918 
2.16 56.]. 00978 

4.98 112.7 001140 
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Run Mano- Flow quant ppr- A2 duo V1o. Mass riot ion 
No meter Rate in eut to olty Velo- JÎ'aotor 

Tube 3j Gr Flow u city 

orn of gr orn of t 

G 
lb/ft 

F20 seo 20 seo seo 

244 36 243 1'76 0.255 - 9.5 
245 56 135.9 393 5'?O 2.3 
246 38 273 199 289 - 8.0 

24? 55 184 397 576 5.0 
248 38 277 176 255 -11.5 
249 45 243 210 305 -13.3 
250 50 144.2 281 407 - 7.7 
25]. 39 123.7 226 328 - 4.9 
252 49 253 230 34 -14.3 

1.529 54.3 0.0222 

.VU fs)sU 

Set No. 8. erooat in ubo No. 3 

253 26 445 349 0.486 6.3 5.63 170.4 0.00845 
254 32 335 357 497 1.1 4.15 128.0 00264 
255 30 396 297 414 - 

256 30 484 323 450 - 0.1 
257 ZiO 370 322 448 - 0.2 
258 27 369 303 423 1.1 5,38 141.4 001838 
259 35 363 374 51 - 0.3 
260 25 326 282 393 1.2 5.11 125,1 00245 
261 32 335 367 511 2.0 4.04 128.5 00475 
262 34 277 393 548 2.5 3.12 106.2 00957 
263 28 Z72 302 421 0 

264 26 311 369 514 8.2 3.73 119.2 0235 
265 29 461 32 46> 1.8 6.14 176.8 00211 
266 37 3l7 419 584 1.8 3.35 121.5 00664 
267 29 471 359 500 4.3 5.80 180.4 00524 
268 38 297 439 612 28 3.17 120.9 00945 
269 38 400 4Z0 59 1.8 3.18 118.5 00611 
270 36 298 437 608 4.5 3.01 113.8 01680 
271 30 269 313 436 9.0 3.80 103.0 0293 
272 22 309 269 375 3.0 5.08 118.9 00611 
273 25 290 28? 400 1.6 4.47 111.3 00410 
274 28 274 325 453 2.2 3.74 105.2 0072$ 
276 25 296 273 381 0.4 4.80 113.8 000930 
276 32 422 346 482 0.1 5.40 162.0 000071 
277 20 30'? 328 457 0.4 4.14 117.5 001048 
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278 72 704 734 0.536 3.7 3.61 117.1 O.0fl4$ 
279 71 278 329 458 - 0.5 
80 35 279 416 579 3.5 2.97 106.8 01408 

$et No. 9. Âorooat In Tilbe No. 2 

281 40 372 299 0.417 5.8 
282 34 358 336 468 4.4 4.71 137.0 0.00708 
283 34 391 293 408 - 0.5 
et34 33 382 299 417 1.2 5,66 146.5 001519 
285 38 390 346 482 1.6 4.99 249.8 00223 
286 36 443 320 446 0.6 6.13 170.1 000597 
287 34 496 779 472 4.8 6.48 190.5 00404 
288 36 512 340 474 2.9 6.66 196.1 00230 
289 39 417 360 50]. 2.1 5.12 159.5 00268 
290 40 470 308 428 4.8 
291 38 450 344 479 1.7 5.79 172.1 001352 
292 40 354 398 551 5.2 3.97 136.0 01004 
¿93 32 351 327 456 5.4 4.75 134.9 00878 
294 45 291 431 600 4.2 2.98 111.2 01319 
295 40 415 368 513 2.0 4.98 158.9 00264 
296 38 365 365 508 3.7 4.42 139.5 00623 


