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ABSTRACT 

A test ~ld employing a spiral now channel ie described which 
can bo u:ied satisfactorily for measuring the fluidity ( Ca.:J tabili ty) of 
et.eel in the .furnace prior to tapping or in the ladle on the ?Ouring floor. 

Advantages resulting from the u:Je of this test for measuring the 
fluidity of the steel made in the three-phase electric arc fur'1D.ce at the 
Naval Research Lnboratory are described. The results of experi.mente.l tests 
made at the Washington nnd Norfolk Navy Yards are inclooed. 

It is poesible to follow changes in the castabili ty of steel 
brought about by d&oxidizers am &lloying elements or by variations in 
tanperature or in furnace practice. The techni~ue for obtaining such in­
formation is described. 



A U'liOR IZA TION 

l. 'lhe studies of steel castings were -originally authorized by 
the Bureau of Engineering letter QP/castlngs (6-19-Ds) of 13 July 1928. 

INTRODOC TION 

2. In order to obtain the best possible steel casting, the quality 
of the molten metal must be considered. Not only oust co~osition be held 
to riGid specifications but fluidity (variously termed "castability, 11 "life," 
"fluid life." 0 runnabili ty" or "shankabili ty") l'ilUS t be such that the molds 
will be readily and satisfactorily filled. :Jorous and incompletely run 
castings, lapped surfaces and unfaithful mold reproduction can often be 
laid directly to the sluggishness of the steel used for pouring. Badly 
skulled ladles with their corresponding inconveniences are not an urx:ommon 
problei:i. It has been sugeested from time to ti~ that the efficiency -0f 
risers. center line weakness, resistance to hot tearing and the like may be 
influenced by the fluidity of the casting metal. 

STATEhENT OF n-IE ?ROBLEll 

3. 
sisted of: 

'lhe problem umertaken at the Naval Research Laboratory con-
~ 

( a) Develoµn.ent of a oold am technique of testing suitable 
for measuring t.he flowing quality of steel in the .furnace 
in order to dcte:nnine the rroper tappine tine; and 

(b) A modification of this test to enable the foumryman to 
determine the fluidity of the steel in the ladle at any 
particular tine. 

4. The experimental test "Diece develored at the Naval Research 
Laboratory proved so satisfactory that it wan modified to fulfill both re­
quirements. 

Kro:frl FACT§ BEAfUNG Oll 'lHF. ?RODLll; 

5. '!he final choice of test ,,iece for Uuidi ty measurenents was 
influenced by the following requirements: 

(a) The test piece should ho capable of mea:rurin~ accurately 
small variatione 1n fluidity ard yet faithfully evaluate 
mwd.mwu and ~ values llhich result from e;:treme 
conditio118 of tezlq)erature am cori;:,osi ti.on. 

(b) The mold muBt be simple, inexpensive am convenient to 
prepare. eas-y to manipulate a.rrl direct reading. Accurate 
leveling should not be neceosary am provision should be 
made tor maintenance of a constant now head or at least 
one which varies w:l thin narrow lir.d ts. 

(c) Results from the teet piece should be reproducible. 
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Ulr m FACTS AHD 'nlIDBE'l'ICAL CO!'JSIDERATIONS 

6. The spiral type of test piece for measuring the Duidi ty of 
cast metals was proposed as early as 1919 but it remained for Sae:;er and 
Kr;ynitsky., working at the National Bureau o! Standards, to adapt it fo:r 
use with cast iron and non-ferrous metals. '!he work was publis.~ed in 
19.36 and later this test becaioo an A.S.T.i ;. starxlard for ceasuring the 
fiuidi ty qf these metals. 

?. Several atte::ipts have been recorded llhere a spiral flcm channel 
h&S been tried with cast steel but little success reported. Some time 
prior to 1936 Ruff fow'Xi the spiral not Mly satisfactory and concluded 
that dynamic 1a.ws applied more directly ,1hen strai'.rht flow channels 1-:-ere 
employed. Accordingly., he developed a test for use in measuring the flu­
idity of cast steel which involved a strai~t cylindrical flow channel 
J/16-inch diaaeter fed through a simple conical runner. Plate 1 shows the 
mold recommended by him for e:merilm3ntal arrl shop use. In all tests dis­
cussed the fio,r channel was made in sand l!IOlds of either the green or air 
dried tY!)e. 'lhe st.raight now channel has been used extensively in Englarrl 
for both research and plant :testing and to some extent in America. C;->inion 
varies Widely on the effectiveness of this cethod of testing for r.:Ntine 
foumry practice. 

B. Kron and Lorig, worldng at Battelle i-:emorial Institute, oub-
11.shed the resul:ts of 1"0rk on the subject in 1940. 'lhey used -:itraight now 
channels, ?/.)2-inch diameter. and their oold was an i~.,ro~nt over that 
of Ruff because of t:he inclusion in the desi.fl,11 of a carefully contro!.led 
ferrostatic head which governed the entry of metal into the nor, channel. 

9. From a careful study of the results obtained by the various 
investigators usine the straight now channel it was apparent that this 
type offered llt.t.le promise as a foumry tool. Test values were not depend­
able and lengths of now were very ehort. However, several tests were made 
at the Naval 'Research Laboratory before this type was discarded in favor of 
the spiral type. · 

10. The results of preliminary tests indicated the following: 

(a) The Ruf.t' mold. unless provided w1 th means ror controlling. 
ferrostatic head and regulating the now of net.al., did 
not give conBistently reproducible results and exoeri1~ntal 
points were badly seat tered. 

(b} 'Jhe J/16-ineh diarieter fi0'7 cha.nnel failed to five 
significant lengths of now in steels ,mich T.'8re still 
nu1d enough to fill a mold. The maximum lengths of now 
for steel of average analysitJ at normal pouring ter:1")era­
ture were never greater than 12 inches. It was impossil:>le, 
in this size channel, to accurately cearure small veria­
tiOM in fi uidi ty • 

( c) The mold employing a straight flow channel rec;uired 
careful leveling before pouring. 
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11. Because of the success reported when Saer,,r and Krynitslcy 
used the spiral mold for meaDUri~ the nuidity of cast iron. thie cyne 
offered core promise a.s a test for cast steel. kccordingly this ty,:>e wae 
next tried, and after the modi fl catione necessary to adapt 1 t to steel, a 
satisfactory test was developed. 'Ille details of the 1'1nal design are given 
in Pl.ates 2. ). ard 4, and ,,hotographs of actual molds are given in Plate 5. 

u. In order to standardize the method, however, it was necessary to 
deten.d.:ne the influence of variables, in particular to deterr.dne the effect 
of sam grain size, of green; dl7, and cement sand, pouring height, and in 
the case of tests at the arc i'urnace~ to dete:nnine the effect of time of 
holding the sample in the spoon before .?curing and to detennine the amount 
o~ aluminum to be added to the spoon sample. The results of such tests as 
-re !owd necessary to evaluate thef:e variables are ::UXIDarized belcm. A 

1!10re detailed treatment is given 1n Naval Research Laboratory Report No. 
i.i-165? ltlere results of irxlividual e~eriments are biven in detail. 

lJ. ~arly all of the development work was done using a m-pound 
induction fumace, as melti~ mi s~ling were 0reatly sin1_:>lified arrl 
results were 1."ully as applicable as though all tests had been made on spoon 
samples taken from the arc furnace. From the results of this work the fol­
lowing conclusions may be drawn: 

(a) '!be spiral test piece, as finally adopted, is satisfactory 
for evaluating the . fluidity of cast steel. Results are 
reproducible, and the• mold is slll;)le and convenient to 
prepare. Reference marks on the cope surface of the cast­
ing make it direct reading. 

(b) Variations in sarxi grain size fron AFA fineness number 53 
to 123 shcwred no selective infl.uerx:e on casting length. 
llolds ma.de fro::i bentoni te bonded green and dried sand, 
arrl cement sarxi. when poured under identical conditions, 
i;ave equal S!)iral lengths. Thus the test is not sensitive 
to any norm.al differences in the various molding ryractices 
am. results fro□ all fourrlries would be connarable. 

(c) \1ithin reasonable limits (variations from 2 to 10 inches 
above the-:,Ouring basin) ~)ouring height did not a.f.fect 
the reproducihili ty of the test. 

(d) Varying the amount of aluminum added to 10-pound spoon 
sacpl.es taken from the arc furnace irxl.icated that 0.4 ounce 
( strip J/l611 x 1/16" x 1211 long) was the proper amount · 
for average heats of plain carbon (0.15 to 0.30~ C.) 
steel in the unkilled condition. 

(e) In testing at the arc furnace the ti.~ nonn.ally required 
to pour the fluidity test casting from the instant or 
dipping is about 4 secorxls. To deteruine llhat variation 
night ext.st as the speed of the operator varied from plant 
to plant, tests were made which proved that it was possible 
to hold the metal in a well sla&;ed spoon as long as 
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15 Gecords (ample t.i.r.i£> for thE" very slc,,reat operator) 
Yd.thoat. invalidating the results of the t.est. 

(f) Composition has a Ilnrl:ed influence on nuidi ty, the 
magnitude varying -with the nature am amount of the 
alloying elmoont. The state of oxidation of the bath 
is a oajor factor governing fluidity. Res-.uts indicated 
'that a critical a.m.:,unt of deoxidation was essential ~o 
maxi.rm.lo now. Variations above or below this value 
resulted in shorter s,iral lengths for e.ny ~ven tem_1erature. 

( s) The temperature of t.re steel was found to have a pre­
dominant influence on casting length. The relationship 
for ordinary analyses is not a linear function . as the 
temperature increases from 1500°c (2?)2°F) to l?00°C 
(J092°F). The increase in test castinc lengths resulting 
from an increoont of tem::,erature change decreases at the 
higher te:iperatures. 

Jl;SQRIWQH OF 'l]JE SP;IRAL Fl.J}IDITI TE.ST -~D ITS A:"PLICATION 'ro ff•UTINF. 
FOUNDRY i-... RACTICE 

1.4. Pl.ates 2, J, and 4 shc,n the detailed dinensions of the spiral. 
fluidity tc3t piece finally adopted and Plate 5 is a ~hotograryh of the 
steps in preparing the mold. Ordinary molding technique is used and rolds 
may be either green or dried sand. If dry or cement sand is em;:>loyed. it 
is necessary to dry the ioolds assembled to prevent fins which would other­
wise lead to poor results. figure 4 of Plate 5 shOll'S a mold cla~ed and 
ready for use except for the addition of the xunner cuide. In mald.ng tests 
with this mold (Plate 4), the steel is !)OUred inw the runner 5-uide {c), 
builds up to the lorrer overnc:m level, runs into a pouring button (d) and 
hence into the spiral. (F) is a secorn overflow trough. 1/4 inch hicher 
than the 11rst, which empties into a catch basin (a). This aITangcr:1ent 
prevents th! .rerrostatic head from changing more than about 1/4 inch and 
provides a smooth no,, of :cetal into the spiral. A completely filled 
casting weighs 12 pounis when the overnow basin is .filled. The usual 
test weight., hc,,rever. is 8 pounds as it is not desirable to com:iletely fill 
the overflow. 

15. The testing technique finally adopted as standard ,-.ractice for 
use "ITi th the l.a~ratory 1/2. ton, )-phase arc .furnace has proved very satis­
.factory and is shOffll by action :Jhowgraphs in Plate 6. 1be mold described 
above is placed in posi. ti.on near the Jurnace door as shown in Figure 1. 
The sampling spoon shown holds about 10 pounds of steel and is v:clded to a 
J/4 inch diameter rod 8 feet long. A coil of alur:unum ( J/16 11 :r. l/1.611 x 12" 
long wound on the em of a sna1.1. rod) can just barely be seen lying on the 
front of the mold. These are all the essential requirements for the test. 
"iihenever a test is desired the operator ,,arms the ~on and sla3s it care­
fully. lhe sample is taken at ·a ~;oint as near the center of the bath as 
possible and q111.ckly drm-m !'ro:n the furnace. As the spoon crosses the door 
sill a secom.. operator vigorously stirs in the small spiral of aluminUT.1 for 
deoxidiaation. He does this Tlhil.e the can handling the spoon is moving it 
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into pouring posi ti.on and does not interfere with the test. The spoon is 
then dumped without loss of time (but only conveniently fast) into the 
runner guide. It has not been found necessary to slag the sample in the 
spoon but this may- be done if desired. '!he spiral inmediately solidifies 
and can be shaken out of the mold and its length observed. Figures 2, J 
and 4 of Plate 6 show the above operations clearly. 'l'he reference marks 
on the cope surface of the spiral are .2 inches apart and facilitate reading 
the 1 ength of flow which is taken as the index of n uidi ty. The aluminum 
only needs to be used for tests prior to final addition or when necessary 
to insure a killed sample, but as long as a standard practice is observed 
it will be satisfactory to use it at all times. 

OPERATING TF.S'IS AT 'mE ARC FURNACE 

16. . FJ"'CX:1 rou t:1ne use of this test on- all heats made in the Laboratory 
arc furnace definite advantages in better steel and cleaner ladles have re­
sul ted. Not only ha3 it been possible to follow the progress of the heat to 
detennine the proper tapping til!V3. but it has been possible to determine the 
effects of ·changes in slag or charging practice, alloying oleroonts, and type, 
amount, ti~. and order of adding deoxidizers. Rapid changes in fluidity as 
a re:ml t of su:ldenly increased or decreased p017er input can be readily 
detected. 

17. For example, one test was made on relatively cold steel giving 
a spiral length of 10 inches. I. subsequent test taken 10 minutes later 
while the p01Jer had been raised sharply gave 17 inches. Tests taken before 
and after final. manganese additions gave 18 i.rehes a.rd 18-1/4 inches respec­
tively, whereas tests 3 minutes later, before and after final silicon addi­
tions, gave 18-1/2 and 26 inches respectively. Fluidity was greatly improved 
by the addition of silicon but was not changed by the manGanese. Gne series 
of tests involved neasurezoonts at the furnace as well as on the pouring 
floor. Just before adding the final additions of manganese arxl silicon the 
length of spiral was 17 arxl 16-1/2 inches on two tests. Follm·n.ng the addi­
tion the fiort ~reased to 2:) arrl 2!:J-1/4 incoos. At this point the bath was 
rabbled and tapped arxJ. optical pyro1:ieter reo.dings indicated the temperature 
as 2925°F. Using a 1/2-ton ca.paci ty teapot ladle a ioold was ooured taking 
about ~O pounds of metal. Ne,:t b'rO fluidity test pieces Yrere poured arrl 
flow had fallen to 16-1/4 and 16-1/2 inches as a result of heat loss to the 
ladle and atmosphere. the tellt!)erature irrlicated as 2?JQ°F. Two ~'!Ore large 
castings were poured am then three spirals were poured in order at 1 minute 
intervals. Only a small amount of :metal was left in the ladle and tempera­
ture was falling rapidly. The casting lengths were 15-1/4, 14, and 12 inches 
in the respective pouring order. The tenperature v,as estimated by quick 
pyrometer readi~s to be about 2600°F for the last mold. It was found pos­
sible. by associating the length of spiral obtained at the furnace before 
tapoing with the manner in which the flteel harrlled on the pouring floor and 

·with the quality of caBtings obtained. to predict the cMt.i.n'.":, behavior of 
any heat of steel. Spiral lengths of at least 2:> inches a~ required before 
the addition of final deoxidizers in the practice at the Naval Research Lab­
oratory. This usually results in a spiral lef16th of 25 to 28 inches just 
prior to tapping. 32 to 36 inches final fiuidi ty is recommended for larger 
heate where more molds must be poured. 
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RESUL'lS OF TESTS AT TIIB UASEINGTOH HAVY YI.RD 

18. FollO\Ti.ng the satisfactory ar,r:)lication of the spiral mold for 
fluidity measurements at the half ton furnace at the Naval Research Le.bora­
tory, tests were ca.de using the )-ton furnace at the Jashington Navy Yard. 
In this case re1Wval of the sample was thrught to be complicated by the more 
intense heat from the larger door opening arrl the greater distance to the 
center of· the bath. Planning for this, a larger and heavier S:)oon v.as ,relded 
to a 1-1/2 inch diameter iron bar about 4-1/.? feet long. A pbe section 
4 feet long was then welded on th..e bar to give an overall length slic;h tly 
greater than 9 feet wi thoot unnecessary weight. '.Ihe heavy iron bar was 
necessary to !)revent bending from the weight of Salll.!)le when the rod heated 
U!) near the spoon. The technique for handling this sauipling spoon is the 
same as for the s::ialler one used at the half-ton furnace except that as it 
is drawn from the .tumace two extra men are needed to support the sample arrl 
move it into position for pouring. '!his is done by means of a cross bar 
slipped umer the rod at any convenient point betMeen the sample and the 
operat.or. 

19. Several satisfact.ory tests were uade in this YTay, but it was 
later foUirl that sampling could be done w:i. th the SCJ.aller spoon which re­
quires only a single operator. In larger furnaces, however, t!:.is might be 
~ossible and the use of the larger spoon nould be necessary. The total 
time for making the complete test is -rrell urrler :2 dnutes so t,he' use of 
four r.ien ( three to hamle the spoon and one to stir in the aluminum) is not 
a disturbing facwr. 

20. Results obtained from this work at the '.fashington Navy Ye.rd are 
few because the oothod has only been tried for a short ti.re. Tests taken 
before and after final deo:d.dizing addi tiona to the f\lrnace gave 26 and 
36 irches of ncm respectively on a plain carbon heat of ~!)roxi.mately 
0.20 per cent carbon. l~ nickel steel heat frora vmich a 5?iral was poured 
just before~ping gave 49 1?¥:hes fiO'l'T. 1his steel was lmown to be more 
.fluid than plain carbon steels because of the preseree of 3-1/2 per cent 
nickel. 
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LARGE FLUIDITY TEST PIECE FOR USE Oi~ nm POURING Fl,OQR 

21. The small n,:,ld previously described is satisfactory for 
1/.2-ton or sml.ler ladles but is unsatisfactory for larger bottom pouring 
ladles because of the rapid rate of flow of steel from the nozzle. At the 
request of the Norfolk Navy Yard for a methcxl of measuri~ fluidity of 
cast steel under these corrlitions. the test piece shown in Plates ?., 8 and 
9 '1"18.S designed. This is merely a large scale IX>dification of the sl11!11.ler 
nuidi ty test mold. Principles of now are identical and measurements 
made by the appropriate use of either test a.re comparable • 

• 22. 'lhe molds can be made of green sand if desired. but dry sarrl 
is p:referable when they are allowed to . stan:i unused !or more than a few 
hours. Ordinaiy molding met:.'1ods are used and the effects of variables a.re 
the same as discussed for the small ioold. lhe Norfolk Navy Yard f.18de the 
illOld of cores. thus obviating the necessi t-y for a flask, and lllOlds i-·rere made 
up and stored for use as needed. 

23. ~then making a test the ladle nozzle is centered above the pouring 
reservoir (B, Plate ?) aIXi the ruold .filled at an ordinary rate. The metal 
buil.ds up to the level of the overnow into the. pourin~ button am fills the 
spiral under conditions as free from turbulence a3 possible. The overnor. 
trough ( F) is 1/4 inch higher than the first am limits the variation in 
ferrostatic head to about this amount. As soon as the r.letal starts to now 
into the overflow reservoir (A), an observer calls "full" and :oouring is 
stoo~led as quickly as possib1e. If metal should build Ut) above the level 
of the overncm, the value of the controlled head would be lessened and it 
'WOuld be harder to shake the test casting from the mold than would be the 
case if :Jou.ring were stopped ra?idly enough to pre.vent any metal being left 
on the slanting overflow. 

24. Tests were made at the : ,ashington Navy Yard and it was fou.rxl 
necessary to place a sarrl baffle ;>late (shown as Lin ?late 7) in front of 
the overflow into the spiral to ,revent meta;). splc?.shing or spurting pre­
maturely into the now channel and interfering with nomal fl.ovr. 'lhis 
baffle also serves as a skim sate to keep slag or dross from getting into 
the test channel. A runner guide. shown in Plate 9. is_ alvrays used. 

25. - After ~viding the baffle core a series of tests -r,ere made at 
the Washington Navy Yard l1hich proved the test piece t.o be satisfactory. 
Six dey sand .molds were prepared and pl.aced in posi t,ion on the .foundry floor. 
Smal.l. casti~s rrere being poured am several openings were necessary so that 
there was a large drop in the temperablre of the steel between the beginning 
aIX1 end of pouring. A 10-ton ladle was used and after first i;>0uri11g a large 
1D0ld to heat up the nozzle. tv,o test castings were poured. These xaeasured 
26 and 25-1/.2 inches. After ap~roximately half the metal in the ladl_e had 
been poured into nine oolds, the second pcir of tests '\'18S taken. unl.y one 
spiral filled in this test as sarrl had clof,ged the flow-·ehannel but the good 
spiral measured 19 inches. After pouring nearly all the' ·r~maining- metal 
into sixteen oolds, the final nair of tests measured 8 and 7 inches in the 
order poured;, 'lhese tests as Trell as one oore series which gave equally good 

.• results established' the spiral ~ld as satisfactory for measuring the fluidity 
of cast steel on the fourxiry floor. 
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26. It is impossible to list all applications for this type of 
testing as they depen:l largely u,ryon the individual fourxiry. For example. 
a small casting producer would only be concerned m.th the fluidity test 
at the furnace while the heavy casting manufacturer 'frould also be interested 
in the condition of the t:Etal a.t the time of pouring. B'J tald.ng tests be­
fore aoo/or after pouring a large casting, it lfOuld be possible to tell the 
effect of nuidi ty on such factors as hot-tear. center-line wea.1':ness. etc. · 
If aggravated corxli tions in the cooled ·casting could be _associated '!'ri.th the 
fluidity of the steel used, many current founding problems would be e~lained. 
arrl the fbun:iryman possibly provided with a means for their solution. It 
r.dght prove practical to mark clearly on the pattern the spiral lengths of 
the metal to be used for pO\lring a particular casting. This 1T0uld facilitate 
the manufacture of castings ordered from this pattern at some later date when 
the :f'ourdry details had been forgotten. 

n. From the large number of tests con:lucted with the smaller nu-
idi ty mold and from the comparatively few trials made with the large type. 
several advantages can be claimed for the spiral as an ef!ective medium for 
mearuring the fluidity of cast steel. 'lhe mold is simple, convenient to 
pre!)are. economical, direct reading, and compact and results obtained from 
its use are highly reproducible. No careful leveling is necessary and the 
design of the .O.cm channel is such that differences in now lengths satis­
factorily iroicate sl.lal.l variations in the !1uidi. ty of the steel. Provision 
is made for 55 irehes of fl.arr. aoo "ffhile this length is seldot:1 reached (never 
for plain carlx>n steels at teuoeratures belO\T l ?OO°C ( ))92°F)) the difference 
in now between extremely low tenperatures and high temperatures or bebreen 
ver:, slugi;i.sh and very fluid steels is ample for testing wxier the most e.x-­
treme corxiitions nomally encountered. For a given steel analy-sis ard shop 
practice. it l'fOuld be possible to calibrate the spiral directl.y in tez:roeratm-e 
units With a probable accuracy of ±25°C. Such calibration "70uld have to be 
done using a thennocouple maintai.,ed in the steel bath arxi ::,ouring soiral.s 
at small in:rements of tanperature. To date no refractory is available which 
can be used as a sheath for ?rotecting thennocouples froo. the con-osive action 
of basic slags and temperature 100asurements in this 1ray are -e;:trenely trouble­
some. Acid slags present no unusual difficulty, however. -rmen quartz is used 
as a protecting sheath. Sioce teln!Jeramre is not always ~ true criterion of 
the casting quality o! steel, sole relia.nce on this quantity rould many times 
be misleading. The rore valuable calibration woi.•ld be in tems of results 
obtained on the ?Quring noor - convenient handling. absence of slcull. 1n the 
ladle, am good castines. 
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7. 3 - DRAG SECTION OF Ft.VIOi TY SPIRAL 
PATTekN ~JIOWl/'16 BL/NO li'ESERVOIR 

PIG. 25~ SAND MOI.O READY FOi? CLOSING , 

FIG. 24-- COPE .:SECTION 01'" PATTERN, WITH 
POI/KING BASIN PATTERN INPLACe, 

AND !SHOWING RAIScD l?EFE RENCE 
MARKS. 

1"16, 26 -AS5cMtU..ED ,4N() Ci.AMPED MOLO 
R £'A DY FOR USE. 

PLATE 5 



FIG. 1-SPIRAL MOI.D AND CP£IIAT.0!f 
flE.AOYl'OlfNIAl<IM6 A T£dT. 

l"'/G, .3-/>0URJIYQ rHI!:. ::!>AM,.L/::. /MT() 
1'HI! ~l"IRAL TlU!ST MOt.O . 

r/6. 2- .:STllfRING THC. ALUMIIVVM INTO 
THI! ~/"OCH 614/lif PLI!., 

/'Id.II- CHl'.Cl(JHG THI! Ll!HQTli ()I' /"LOW · 
A$ A /11-tr:IIIIIIJl'II! Of" THI! l'I..U/t:JITY. 

MAKING A l"t..UIIJITY Tl!~T CN .$TEEL 
OltAWN l"lfOM Al'I Al'fC J'(Jlfl'(ACE. 

PLATE 6 
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FIClJR£ f - SPACED PROPE.il'. Y f"IJ/f RAMM/Nu IN IJ/fA6 

F/6tJ!i'£ Z- /IYOIV/01/AL PAl?T5 SEPAl?ATE/J BY 6LA55 PLATE 

PATTERN FOR L/1/?0t: FLUI/J/TV 

TEST P/£C£ 

PLATE 8 



Fl{/(Jfr£ l ·MtlLfJ t/lrA.5.5£M8L£0 1761/l?f .J·MIJLfJ IP£A/JY FOi? P0///2'IIY6 

F/61./Hf l·MtlL/J ..5/ftlm'lf6 tJArFL£ PLATE 

LA/?6£ Flt/1/JITY .T£.5T PIECE 
/JET/I/LS ON PLATE 

PLATE 9 




