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Chapttr V 

lntroduotlon 

TQ: 

---....... ,.. 
·-

The brittlc-coatina mctbod ot cxpcrimcntal """' 
anaJysk cons11n or 9JJP1rlnl a brittle coatina on the 
t11dace of the part to be tested. Crckl in the coatlns that 
_..,,.. ... .,.___._"""~-"'"'· ..,_.. __ for 
direction and mapltudc of the 111decc straina. NonQ!ly, 
.a.he mssms c h, ... ,.. r 111hs to directions or tie 
mnhrum ,,,11. air1. The coatln11 Clll be c:&libraled 'o 
oblllll quantitative atrain 111011Ul'C1DCDt1. 

Brittle coatlnt lw a number of advanta1eou1 
eh&t9clerilUCt. 111 effective Pit lcnath approacna icro; 
It &Iva an owrllll plcturt or t11t aualn lliarlbution aJld 
hlahliahu areas or stress eo11ce111r1tlons; 11\d It is appli
cable 10 any mechaniul part of the: 1m1~ure, rqardless 
or material, lhape, or mode of loadlns. 

Commm:lali)I uallable brittle eoattnss are used ror the 
followlna purpota: · 

l. Loc:atlnl small area or hip atreaes •. 
i. Dacrmllllllf dlrectlOllS of prllldpal IU"met. 
S. Meuurills tlic a~c mqnltudc1 or t.uion· 

and compnssion-11rcu concet1U&Llona 1111.dcr atatte leads. 
'· Me11urlna te1Ulon-11r1111 com:cnu.tlonl imCcr 

dynamic and lmpKt k>ada. 
s. lndlcatlni l«aliied plutlc ylddlna. 

. Thi prtnclpal uea of briulc ccmlnp aT11 to Qw~kly 
"-" utd CY11l111te the blaJHlreu pa(nu In 1 dnlsn. 11114 
to obtain prindpal-strcu dlrer;tkln.t _ for subsequent 
plffmlall of ~IWICCI ltraill PICS· 

Tbcn are two prlnc:lpal l>'PCI of brittle coallnp 
avallablt. Ona It a a.tries of anln·lellllllve coallnp .mllde 
from rains diuolved In 10IYcnt1 so they may be rpra,.ed 
cm the pan, to be stud.ied. Pladiclufs are added In 
~ amounu duriq the fot11111latln& pr- to !l'fOduce 
c:oatlnp with dlffcring fallur~ clwactetlstics. The coatirlp 
aR air dried and dcsisned 10 et11ck 11 araln levels oo &he 

~l.~b-lt<l.W.~~IWYYllri:. 
llYJOOU. 

This chnpter, f iftli in o Jcri~-1 of ei!At, 
u roprinleti from tlie Tl&ird Edilion of 
ihc SESA's Mmwal Oil £:11pcrimerual Strt11 
Analy•il. The remaining ch.apier1 
will appear iti f laUTe issues of E/M 

Brlttle Coatings 
by Ferd/ B. Stem 

onia' of '® to 700 microlirah1. Stra1na or 1500 ,iin./in. 
and ab<M or dOWll to 100 ,.tn.lin. lftd below, can bt 
indioaltd bJ propc: manlpgla1kin of the coatiqt. TClllJIC'o 
1ure bu a llsnll'lcani efter:t on the sensitivity or the 
cottlllll. Humldlry hu I lam dfa:t. 

ne -.-lllldill are enmlc CllllQI 'ldlldl an lnlCnlllM 
to tempm1atare c11utp up to )OO•C and arc 1vallallle ror 
- Oft iteel ud similar matcria!S. 11le ccatint In Ill 
llqueikd fon11 eooliatt of c:a-amlc p0wdcr wlllch Is 
auip:Ddcd In 1 carrier. nlf. -tin a. lfw beinl al19iied 
to 1he llnldUrll component, mllll be clued by firins 1t 
approldnlttety sJO• c ln order to form • CIOlltinuous 
brittle COlliof. 

lrtttlHoatln; lfff\nlqu11 
I. &Dfott J'rwplWlloll-OU. anue or ID)I matllrlal 

which mlaht alfe1 the 1>oadln1 of Ille roain -tines. 
m1111 be remo\ted. Orlndlnl roush Mild castlnu In the 
.,... of ..,.. con=umtom Jmpnm:s the visibility of 
c:Mkod pUtCU. s.M or pit bl&nlns b normalb rcq11ircd 
for llUI- pNPll'lttOD prior to ccrmnlc c:oatllll. 

:. (J,._1-A~ 111;...°!'"'' dllml Ilia$ 
Miis u 1 ~'!Mel coak;A 'Yillblltty or the 
crack pattcU. No undacc81 11 ·UIOd wttb the eenmlc: 
coatlnp. ). °"""" Sfl«1la11-Rsl11.twc coatlnt1 ar• atlectcd 
Ot1 the bail or tm1pcl'1tu111 11111'1 bWllldlty exptC:tCd at the 
dme of tat. Ccramk COltinsS ere seltcted on the bula or 
• c:octtlcialt or p;penslon of the material under cat. 
· •. C:O.t/ni Appllco1loll-Prcmire c:ana or t.11-rpray 

pm• are uMd to apply both n:dll·baiie and ceramic 
001tinp. Color It the normal pp of cosiina &hk:ltnas 
with Ille resi11 ..... ttnp. 

5 • .Dr,-Normal dryillJ time for rain coatlnat 11 on 
- lhc order of 24 h to permit auffklcnt lime fer IO!mit 

rdcuc from 1bc c;oetlnaa an4 dewlopment or co11in1 
brlttlcncu. The ceramic coat!Jlp are ready ror we after 
they have moled from 1hc fuin11cmpcr1tun:. 

6. ClrNbllrUon-Calibntion bari which have been 

Reprinted tor Magnaflux Corporation, Reprint #ST-37 
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BARBER- PRESALE R 0119002 
R2519990 



.1 • 

• 

• 

, 

• 

QARBER- PRESALE R 0119003 

FROM:CALSCNIC 

Fl;. 0-1-canbr.iwr ane •train•'*• 

1'10. w-1rttt1e.oo111no er.cu entianaed by 
aleelrottatic:. clllrge ganlct" 

TO: 

l!WaY'd and dried ~ wllh the tat pant are loaded as 
canilleYcr bcull whh a known dl!Clecdon In 1 calibr&Wl& 
ftlcturc. SUaiu -= are 1tlCD IJIC4 10 m-llJ'e \he stniJI 
• ~ Ille «*lnJ hfsim 10 cnclt. (fl&. S.1) 1be Cllllbr1Wlm 
t~ mud be utel! If quantlt1tivc sulio mcuurcman 
Is rtqllired. TlK calibration devi-~ abo valuabk when 

OCT 1. 1991 2:2SPM #813 ?.05 

one u leamlna \he 1pray 1ecblll11ves. Calibruion or !ht 
COllilll allo prcclicU how the COIUnJ on & Jl&R wDJ 
bchl\IC dlUina & cat. h u welUI to oblaln \bis tnformailoo 
before tatilla 1 111:t and lcamtns that !he ~ 
coall111 ii UICI 10ft &nd requires eiteali"e IUain to lniti&le 
cradr: p&ttemJ. Semhlzina and coloria& uehJllquea ~ 
ailo nplclty cval11&ud by gllbntlon, . 

TABLE &-1-MEASIJRING TENSION &'TRAINS 

<Rtturn to ZefO.IOld Tee~) 

~renl &frets 
Teet I.Md l'llttem Lootllon M1Croa1r1ln (MN/1111 ) 

IKG) (By Area) 11 ~ Load 11 21X»KO LOIO 

1000 None 
0 

12&0 A. 1280" ~.8t 
0 

1MO /\growa 10SO 213.t 
0 

1950 No aoctillonml 
petltrnJ 

0 
2e4D Aorowt BU 136.9 

·~ 0 
3050 A.grgws 525 IOU 

a orowe 

NOTES ; TllN to reeotl bid '"an oaut .. •S •• 
Cllltiration lier lcedtd In 45 s. 
Tnrttllald atrai~OO mieroau11n. 
L.oc:ll '11'9111& ere aA\111181% prgpor11one1 to Jotda. 
MoOutua Of llatiellY • 20e.89 7 "4Nlm' 

• (TyplG&I C.ICNlallOI\) (800) ~ "' 1280 

't (T~I Ca~lall0n)(t%llO>C 10'4)x(20e,Wl "' 
264.& 
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- - : FROM: CR.50-l IC ro: 

Fig. U-!a<"9rlmental atre111naly1l1 ol a truck eq11al1Ztr 
Mddlt by brittle e~11nga 

Flo. ~7-8rttt1e.c:aat1no pauema on • oun Pf'OlluclCI 
during flr1ng 

7. Test-Tim~ required to l'llilCh load ia a prin>c 
eoaaideratton In use or tbe resin coatilliS- The coaunas 
~ rapidly 50 loadina lime ahould be as ahon u 
poalble. Tcmf>UAture chuaea durin1 ·1esu illould M 
minimilcd as this also affects coadn1 Jt11Sltivi17. Oil 
&hould be kept off the put u Ir will atW:k the resin 

····~···- ·······-----

OCT lo 1991 2:2SPM li813 P,06 

Fig, 5-5-Brltlle-coatrno patterns on 1 
JawbonOI 

1:01lin&. These limltadonJ do not apply to th= ccnmlc 
c:oad1115. 

8. Dettt:r Gnd Record Cn1cl; Pattrm.s-Crack pmern1 
in the min c:oatinas are viewed with oblique llshtins (fiJ. 
S.I}. Spread of lhe ~ems .nth~ in IOMI incrcmcal.s 
may be marked 011 the coatlna and phoio1rapned at 
oondl.lalon or lbe ~ u ahown In f(s. 5-2. These boundary 
marhn are c:alled 'isoenu11lcs' alld represent approitimatc 
con11ant·1trtin curv~. The Claekl ma>- be colored with a 
red d,e or they may be bro111h& 0111 by we of an dmro-
1111~hll'led·partlele technique (Fi1. 5-J), The char1cd 
~ nu111 be ued &o lhow crKkl lo the: ceramic 
cio.dnp. 

9. Poll Clfllll-Tlle resin eoalitlp may be removed by 
scrapina, wire bn111lin1. V&!Klf desrwe or solvet1t5. The 
ccmnic ~ are ben rcmovcct by 111\d or 1rit blutlna. 

10. Computt1r/0111....,.Crad:s !ram the i:alibration bar are 
compami 10 thOJe on the pan wllm Qll1ntltaliw data arc 
required (Fis. 5-4). /\ lypicaJ data sheet and c:omp11tations 
are 1tlown !n Table ,.1. 

U &lie muimum prlnelpal 1tnu is sub11111tlally larger 
than the minimum prinelpal nnu. and If tlle coa1lna i1 
Cl!lbrarcd Oil tho - -terial u used in tbe muctutc, 
then th1: •ppucnl·Al'l:N ~alculltions or T•blc 5·1 arc 
sumcienlly accurate. 

More dctlill of brittlo-coatl111 teclmique Ind safely 
prcc1u&lon1 can bo found hi tht -ul•i:turc:a' opcrat~ 
in1tru.c:fion1. 

Typical Appl/cations of Brltlle Coatings 
Brittle ooatlnp hive been uMCI on plMl.lcs, wood, 

paper. rubber. alw. bolle (Pis. $.~). as well as metw. 
Tau haYc been cond..:&al ulin1 1wic loada (Fi1. 5~). 

imp&t'l load.s (Fla. J..7), and d)'llUllc loads (Fla. J.&). 
Cel'llllic coatlncs have been !lied to 1wdy tcni.llc 

11nue1 due 10 thmlW kllda. 
Brilll• co.liilp ba... been lllOd to te.t pans In the 

labolatory u wdl u out-or4oora under field condltion1. 

Interpretation of Brlttle-coaUnp Cfack Patterns 
AD operatOr quickly bocomct famlliat with paucms In 

the coatillas thst can occur durinc dryi111 of the c:oatina 
and prior to load application. •0ryiu1 cracks' are ai'lapc:d 
like a valley and aenmUy ocew in thick sections of very 

BARBER- PRESALE R 0119004 
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f;"RCJN: O::LSCNI C 

Flo. 5.S-Pattern; orOtlucad in a ceramic 
brlt119 coaling on a turtilne dick spun at 
NQlllpHOC 

ro: 

brinle coatinp, 'Cramli cracks' have a random oricntatlDll 
and are caused by exposure af the coatinJ to low 
umperatures. 

bolalcd PllllCl'ns o«urrins at low loads In mild-steel 
1iruc:iures can be caused by yieldin& when locked-up 
1trenc1 from weldln& relieve r.he!mdva. 

The appcarani:e of the bttnle-coadns paucm alons the 
al1p planes durina a yieldins of 1 mild<1tlll cyllndc under 
cam_21"mion loadl111 ii sbown ill Fis. 5·9. · 
~ drwlns Oil* spalfiaa of the eDeflliiTi\ eomllftiiSiii • 

llld llekiaa In !Glsioll u lbowo in Fi&. ~ 
Isolated patterns tometimcs occur on the Mlle¢ of a 

l)&rt due to strai concentrations from blow holes. duinlc 
cracks, f11i1ue cracks and Oilier disco1u1nutdes. Tb• 
lhould have been dctceted by uac or nondcstn1ct"o-tcstlnJ 
~prior to tbc cxperiimntal-nreu-~1 -rlc. 

Unique patterns durin1 a brittle-coatin1 lest may be 
cau•Cl1 by I chanp in loadin& Of the itNCtWC. The 
Of191'ator should be alert for this conditlon. 

A. nndom pattern is produced from an oqllli IYO
dlmmuicma.I tension Reid. 

Orthoaonal patterns in the rcs111-b1se coatintJ 11111y be 
proclucccl by firit loadina &he pan to produc:e cneb from 
-Ile lll&ln1. IC &he load It rewned ta create ~
pc91lon stralru, and the coatina ii ICNltized bY coolina 
wbcft the pan Is under the comptCUlon load, 1 set or 
~teem• normal to the initial ones ean be produced. 

Under irnl>aci loadlna, peak tensile llrliN .,. reco!Ced 

OCT 1, 1991 2=26PM 1:1813 P.07 

by the brittle coatlnas. No time relaticlllblp1 arc pvca by Fig. 8-t-lrtttfe.coallng 11attern1 on 1 mllo-tt"I 
U\c c:ollln15, SO other 11J)CS or paes lllUlt be IJS8d to llomJJrH-4DA tpecll'lltlfl di.Iring yleldlng 
obwn time relatlonlhlps of the wave trains. The brllll~-
eoa1ln1 ?&et•ms ulist In location of the ca1u. 

Brittle eoatlnaa · wve u a rec:ordill1 strain pge. Tiie 
ac1.u.i cracks in the cot1lna. due to the wains in 1hc 
nructure, !live a scrikina. visu.1 picture or the manner In 
•hlch the part is dellecrins. 

Suggested List of Reading References 
I. 0-W- /Niu /'rue. u:sA, (llrlt"- Conf~,iJ. I (J>-3 111. 

0 f/9'1J.IP1JJ. 
J. ""'-'In o/ .II_,, Brill!. Coirnnr• .5ltno AAolt ...... ~ 

0-p., Jnl <dot- l/V71J. 
Fig. s.10-&pa111no Mid llaklno ol arn!IMIUI llf1t1l1 
coating aue ID tuoe •trams 
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An. HI PRESSURb" Ye:!SBL8; Pl/>ES 30!1 

73. Twa Vessels undet E1terna1 Pressure.-·All formulas 
given in Tablt1 X [I I for thin vessels \lnder u11ifor111 pressure are 
for internal pre!llllre. Thlly will apply cqu&lly lo casc:i or 
exlemal pressure if p is given 11 negative sign, but. the &Ll"C58cs i;o 

found 11re significa.nt only wheo the pl'1'.11Surc iH in:rufficicnL Lo 
cause failure through el~tic in""'1ilily, tM.t is, through buckling 
th&t Htarl.a aL strel!SCs within lhe proportional limit. 'l'his type 
of failure is not coll3idered here; i' is discusaed in Chap. 14, and 
formulae for the critical 11ressures or etr~ producing iL a.re 
given in Table XVI. 

A ns:iel of modc~le thickncsa rnay collapse under external 
pressure a' 11iresscs above llie ptoporiional limit but below Lhe 
yield poiot, ita beha.vior being comparable lo that of a short 
column. The problem or ascertaining lhe pre!l!IUre lha• producea 
failure of tbis kind is of llJICCial interest in coameciion wllh 
cylind.-ic.1 vessels and pipe11, aad under CMe I a formula is given 
that. is a.pplic:a.ble to this problem. In Ref. 8 chart.& are given 
that provide a solutioB to this same problem. 

'ft. Thick Ves.sels under Intemal or Extemal Pressure.-Jr 
lhe wall t.liickneis of a vessel is more than about oo~\enlh lhe 
radius, the meridional and hoop stresses cannot be considered uni· 
form lhroughouL the Lhickneea of \he wall. and lhe radial stress 
cannot. be con11idcred negligible. These s'resses in I.hick vessels, 
here called Ulall alrt!lf.U, mual be round by !ormula:t that. anl quite 
dilfereuL rrom Lhosc used in finding membrane Sltea;leS in Lhin 
vessels. 

It cao be 11ee11 from Lhe fonnulaa ror Cases 33 and 35 tha.t t.hc 
alress t1 at the inner surface of a thick cylinder approaches p as 
the ratio or outer to inner ndiw approaches infinity. IL ill, 
therefore, apparent. &hat. if the at.rem is Lo be limited lo some 
specified value a, the pressuremust.ne-Yerexceod p =- e, no m&lter 
how thick the wall ia made. To oTercotne Lhie timiLation, the 
material al and near the inner surface must be puL i11Lo a $tale of 
initial compression; thi:! can be dooo by 111'rinking on one or more 
jackets (1111 explained in Arl. 11 and in. the examples \idow), or by 
eubjecliog Lbe ves8E:l to a high inl.cmal pl'Ct!llllre that stresses Lhe 
inner part inlo t.hc plael.ic range 11nd, when l')lmoved, l~ve1 
residual comp~ion there and rt$1dual tension in the out.er puL. 
This procedure i:s called aulo/rd~, or eelr-booping. If many 
wcoc~ive jacl<eta arr i;uperimposed on the original tube by 
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shrinking or wrapping, &he retruHing i;truclure is called a mulli-
laver vessel. Such cons1.ruclion has certain adYa11tages, but i\. 
aoould be noted that the formulas for hoop sln!Sles ani based on 
&he allBUmption C>f an i110tropic material; io a mul&ila.yered vesge) 

lhe effective radial moduluHf clast.lcily ie less than the taogen\ial 
modulW!, and in cC>nsequen4:e the hoop stress at and near the 
outer Yt"&.11 is le58 thao the formula. vvould iadical.e. Culllle
Quently. the outer la.yer.1 or material eoatribute less '° \.he 
Gtrcnr;lb o( lhe vessel than might. be aupj)Olllld. 

The tabulated formula.a for elanlie membrane et.r~ are 
accura.lc for both thin and thick vesseb, buL the fonnulas for 
predicted yield and bunting pl'e6Sllres, especially the form~, do 
not alwaya agree closely with experimental resullll (Rds. 2l, 34, 
35, 37, 39). The ellpn88ioPS for p, gi"Vm in the tabk! arc baaed 
OD Uu: minimum otraio-e.-gy theory or efaatic failure. The 

exprc:53ic>0 for burating premue p ... 2'. (: ~ :). cornmon'ly 

known as I.lie ''mean diamcler'' fonnuJa. ia -lially empirical, 
but iii given because it •rrees reasonably ..ml with experiment. 
for both thin and thick V1:60Cl11 and is D()hVt!Dien& to uae. For 
very ihick ve611Cls tbe fonnula p. = 1. log, (6/11) it preferable. 
Great.er a.oeurac:y can be obtained by 1111iog wit.h this fonnul& • 
multiplying CM:C.or that t.kes into account the B~taio-banleuirag 
propertiea of the ma.terial (RerL 20, 37). Wit.h C.he eame objec
C.ive, Faupel (Ref. 39) proposed (with different oolat.io11) t.he 

formula P- ... '3 log.~ (2 - ~} A ni.ther extensin diKua

sion of bunting pressure is ginn in Ref. 38, 'lfbich p._te a 
labulated comparillon bti&ll'eeJ bursting praetire. u ea.Jeulated 
by a number of difl'enmt formulas 11.nil as detennined by adual 
ewperiment. 

BnmiM 
AL Uie pcrwdt:T ct.mbft, \he iiu>er radiua of a i.ta. I"" t.uLe ii l.G in.. 

I.he oukr Adi"" it lU:U loo. ll ;,, dMirM lo llllrink a ja<bl ca UU. \ah 
llO • lo prod..., • ratliat .,......... ~ IUbe ud Pde\ vi 7llOO II> • .,.. 
IQ. in. The OU!« ....in... or tlti. ;....i.- .. 3850 in_ It ii Nqllind lo~ 
mine lhe dilfereoce be\'"""' th.. •- ndiue o( CJle ll!Uet 1111d &k ouW 
....tiut1 ol the tobe ia order bl pnid.ce Che dmin..t ,.-..r, w caktllata the 
n.- ID -=II pan wba> -*'obied, ...d to ~ the..._ iD adl 

• 
~ 
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par\ when Liie P• ill lin.S, "'"'.-.Limg o. po-fer ..-re of :n.noo lh. per 
"I· in. 

SaldiOfl.-U•ing lfle fonoat.:s for C- 34, i\ l:J l11Wntl U.at (or an ut.emal 
.,,._.., of 7"10 lhe - .. al U.e CJUler BGface of the tube ii - Hl,430, 
ti... 11.rea ••at the inner wrfMlf: ii -U,OSO, and fJltl cti..ege lD outer ntlim 
116 - -0.001385. n•r-ndt~tloranla\maalpreaam:of7GCJOU...atr
•• at the i- -race vf \he jacPt is +17,6.W, &he~•• - \be .... ter 
... or ... Iii +10,050, Mid \he clta.bge in in_. radio Ad - +0.001"5. (In 
mtltinc \bele cwJciiJdiuN llMI Piner raclia Qf U.. jad'.et ill ~ to be 
2.t2S ID.) The lakW dilfcmtce bcl- the in• nodim rJf lhe .i-ke& 1...1 
GUtA:r ndi• Gt u.e LUtie must be .....i to tho--. GI the raclial .ter-i.a. 
tlM:)' oulrer, ...- 0.001385 + 0.11)1815 - O.omo. 'l'btsd°"' Uae i:DiU.I ndllP 
.,, u.e ;...-~ obooold be 1425 - 0.0030 - 2.t22 ... 

The W-~ by Uie powdw .,._ are calc:ukl.ed •\ U.e inucr 
turf- of I.be tube, D\ \lie toalmOll ,..m- of lube and ]lieta i,r • l.42$) 
and .t. tbe Oll\er a111r- af \lie iM:lr.•'- n-""-are ~ 1111perposetl 
on Ulolle fo111111 abcrft.. The aika1aUo..-...., ... lollo-• 
'Fw tho tcLe: 

. +- 000 (3.811' + t.606') +·· .... •• - .-, 3J2i - l.ll06' - . - ....... 

.. - +32.000 
Far tube u4jackd: 

(1.6051) (UIS•+ 2.~ 
'' - +ai,ooo D2ii UP - 1.iiiiii I • +i3,11GO . c··~ (3.851 

- U25'\ •• • +».ooo i.:cw I us• - uo6i J • + io..200 
JI• lhll ;.4": 

{··~ ( 3.811' + 3.36") . .. - +n,OJO ~I UP - l-005' - +tMOO 

,.._ .... tho-"-"- to the porier ~· 8apr:rtl08ing \Ire.._ 
..... \o U.. Wfalrap, - baTII •Ille -1-\.ar-
A\ ia.-lllf- al t.ba, 

., - -n.OIO +u.uo - +18.Mlltlb. fMS"'I· •· 
•• - Cl + 32,000 - +ar.oou lb. ,... ... u.. 

A\ Older wr!ue ol tullD. 
.. - -llt,430 + i:i,llOO • +401V II>. pa oq. in. 
11 - +7IOO + lo,DI • +17,800 lb..,.. .... ID. 

&\m--r..:e.r~ 

.. ~ +17,0:SO + =• -+fl,130 lb.,. oq. In. 
··- +7600 + 10.200- +17,8001b ....... llin.. 

Tl. Daic1l Formalu for CamlatioPal Pranre Vessels--Aa 
an be ll8eO fl'Olll the l!!Dlnpleof Art. n. ~ Uioont.iirWt.7 st-
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