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This investigation was oonduoted w1 th the objective ot finding the et-

tect of' varying the tlow rate. the tin spacing. and the tube spacing upon 

the pressure drop or a fluid 1n croasf'low across a reotangular bar finned-

tube app&ratus. Air was uaed a.a the .fluid and the flaw rates were varied 

10 that Reynolds Num.bera ot 3.000 and 35.000 ,rere obtained. These Reynolds 

Nuabera were baaed on the finned section without tubes. 

The specific type ot apparatus 1mder study was a rectangular plate tin 

two inches long and twelTe inches wide with a row ot one inch diameter tubes 

ot T&rying length and spacing located across the flow o.f air. The preaaure 

drop data across the apparatus was di Tided into three portiona which oorr ... 

sponded to three separate aeotiona or the apparatus. The first section waa 

that pa.rt or the finned apaee between the leading edge of the fin and the 

plane of th-e front of the tube row. The aeoond section was the apace frCJlll 

the front plane of the tube row to the plane of the rear edge of the tube 

row. The third aeotion waa the portion of the finned space behind the tube 

row. 

The etteet ot the operating variables upon the indiTidual pressure 

loaaes across the sections are approximated by the following tormulaet 

0.8:f> X 10-T a.2•1 
6P1 • k 1.92 O. S8 

1 • 

6.91 X 10-f Jle1•9 
.6.Pz = kzi.sa .2..2 



When 

Re ia the Reynold• Imber or the fluid tlowing through the 

trant tin section. 

kl• q. q are the ratio• ot the tin spacing to the tlow 

diatanee through the indi Ti.dual aections ot the apparatue. 

• is the ratio ot the tube center-to-cent•r epaoing to the 

tube diameter. 

The pressure drop• oaaputed by the three equation• ditter 

on the &Terage ot 2.9. 1.3,. and 6.1% respeotiwly tor the three 

section• involved.. 
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DITRODUCTI OJI 

The tlow ot fluids through nrious types ot heat exchanger• is an 

integral part ot the tunctioning ot many proceaaes. The major portion ot 

the predoua i-esearch over hea.t exchangers has been deToted to the older 

types. oonaiatizlg ot bare tube• a1'rosa or along the tlow path. The appli

cation of extended surtaoea for more e.tticient heat transter in exchange 

equipaent has beoom.e important more reoently. Aa yet the data an.ilable to 

oornlate pres~ losses in these type• of equipment are very meager. 

LITERATURE suaVKY. Preaaure ditterenoea aoroaa ban tubes and bwcllea haTe 

bean ocmaolidated in a reoent paper b;y D. r. Bouoher and a. E. I.apple (t). 

Ua.1ng data of other inTeatigatora they ha'ft presented a great deal ot in1°or

aat1on aa to the results ot the predoua work. !hey state that more data 

are needed to determine the etfeot ot a variation in tube apaoing upon the 

preaaure di"op and also state that the pre"doua •ork on tinned.,..tubea is too 

meager tor incluaion in their paper. .A.. E. Bierman and B. PiDkel ( ~) pre

Hil.t data for heat tranater eoetticienta traa a tinned metal cylinder at 

right angle• to an air stream. A paper by R. 11. Armstrong (1) giTea prn

aure drop data and heat transter coetti.cienta aero.a small oamaercial 

tinned-tube heat exohangera. c. s. Sage (9) preaents a paper ot merit 

wherein 1• outlined the Tal.ue ot extended aurtaee tor :more ettioient heat 

tnnater. D. L. Kata. K. o. hatty. and. A. s. Faust (7) present heat trana

fer data obtained with tubea haTing integral spiral tins. A. Y. Gun.te:r 

and w • .A.. Shaw ( 5) present a general correlation of friction taoton tor 

va.rioua typee 0£ surfaces in oroaatlow. E. A. Sohryber (10) • G. B. Tate 

and J. Cartenhour (11). R.R. Norris ancl w. A. Spottord (a). ands. L. 
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J•eaon (6) present paper• OODtaining hea.t tranater and preaaure drop data. 

tor different typea ot tinned-tube apparatua. 

'the objection• to those d&ta. available in the literature at the pre

aent time are twotoldt (1) preasure drop data are lacking since the cphuia 

ot nearly all ot the paper• ia on the im.prowd heat tranat"er etticienoy of 

extended aurtaoeJ (Z) thoae data that are available in the literature give 

an insutticient preaenta.tion. of the operating variable•. 

OBJIG!lUS or THIS won. Due to the laoJc ot previous data tor tile preaaure ---
drop aoroaa timled.-tubea the reaeareh nece••&r'J' u a buia tor this paper 

was initiated. An exhaustive atu<tr ot all of the operating variable• p~ 

aent in the probl• would present an extensive long range solution and for 

thia reaaou the etteot of only a tn ot the important variable• was chosen 

as the object ot thia inve.tigat101l. 

The object ot the work waa to find the effect of the tlow rate ot the 

tluid• tin spacing. and tube apaoing on the preaaure drop through the appa

ratus. It wu deaired. to present those data in a manner that might be used 

in turther work Oil the probl• and in predicting preaaure loa .. a in similar 

oamaercial timled....tube heat exohangera. 

TBEOIE!ICAL 00.RSIDBllnows. An atten.pt WU made to apply the fanning 

equation for turbulent flow through ducts of oona'tant oroaa section and 

the Poiaeuill• equation tor ltuainar tlow to tb.e probl• of varying cro•• 

section considered in a tinned,..tube apparatus. For the ••otion oooupied 

b;y the tube banlca differential equations were obtained which were a;. 

trem.el;r tedioua and clif'tioult to integrate. It is very- probable that be-

cauae ot this mathematical dittioulty the pressure drop data which have 

been correlated in the literature are preaented aa empirical relations. 
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They are presented u a flmotion of the masa Telooity ot the fluid tloring 

through the apparatus or aa a hnoticm or the Reynolda Ifmber. The data 

u.ed in this preaent work are correlated as a tuncticm ot the Reynold.8 

Jhaber of the fluid flowing through the tront tinned section approachiDg 

the tube row. The reaaona tor this type ot preaentation are twofoldt 

(1) it waa diaeoTered in trying to correlate the preHure drop with the 

mua nlocity ot the fluid that the relationship of the ma.aa nlocity and 

the preHure drop changed when there was a change in the dinumliona or the 

aya'tem.J (Z) the relation of the pr•••ure drop to Reynolda l'Ulllber remained 

•••entially oonstant for ohangea in apparatus di:raenaiona and the absolute 

aise or the apparatus ..... incorporated in the relationship. It 11ppeand u 

the equi T&l.ent diueter ot the flew channel. The nriation ot the fin 

spacing and tube spacing are e.xpreaaed aa dimeMionleaa ratioa ot tube 

di...ter and length ot flow path in the direction ot flow. 

PJlOP08BD COIRJT,ATI(I(. In thia work it is propoHd that the data be corre

lated in the following :nwmert 

Where 

LlP1 • A :a.r q• at 

LlPg • . J ]qU kzT .... 

LlPa • 0 lex kr a• 

(1) 

(2) 

( 3) 

LlP1_.LlPa,LlP3 are the preHure dropa ot th• f'luid in puaing 
tran the atmoaphere to the -tube row. aoroaa the tube raw. and 
acrosa a aeetion or the rear tin. 

Re is the Jleynolda llumber of the tluid acroaa the tront f'ina 
approaching the tube row. 

ki• k2. k3 are the ratio• tomd by dividing 'the tin apaeiag 
by' the length ot the tin prnioua to the tube row. the tube dimeter 
and the inoNment ot rear tin length tor which the preaaure drop 
waa obtained. 

A. B• Care eonatanta to be determined by oa.lcula.tiona trs 
a:perimental data. 
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DISC&IPn<.W or J.ff'AU.!tJS 

'ft. ~ --..iat.l ot thne pdaar7 pol'tlon•• tu pGIMI" portlc.J 

tu .. 1.e11».g ponlaDJ and tile .at ponlcm. 

Tu pGllW porttm ooualatea or a Sp...- ~nUOI' with a raw. 
O\ttpl$ ot 100 ou1d.o fNt Pff llinut. at 12 omon per aq. 1n. ot pnaaun.. 

Thtl n. rate ... ooatrollM by' a hlmcl Npla-4 lM*1-t'lT Ylll.w • the 

-s. t aide ot the ltlallv. 

The .. ter.l.llg ponlc oooa1 ailed ot an ort.n.o. laetalletl la 2 1neh 

atandarcl pipe 111 tb autftoiu.t lmgilla both upatl'w md. dam• ..... ot t.be 

Ol'lti-. ho or1t1 ......... d.r1114Ml 1D a rotabJA or1t1N plate to pl'O'Yld9 

tlle -wring ot' th4J air tbrollp fh.- .--. Pipe -,. looaW upa .... 

md clallD.atnllll& ot th• orlftoe ....,. M!MOW to tlle orUJ.• ..,,,...,... 

n. Jlllt.r1ng portion. .. ocameotN to the ~ ala ot the l>l._. i,,- a 

4uot u la ahOlll1 1n Figure 1. J.lao TWble Sn the plw~. _.. ti» 

~. l"O~ od..t.lN plate •. pnuun t1tp. OfflD .. tlona. --' 

--,. •• at1d the NU" ot .. UlliCIIMW board. Th. ····-~ ... 
8.UW of a l"Olr ot natl• pumn twlea oomwo1*l to a OOIIIGD ftut.4 l'Nlll'-

ftir 0w ., ... , .._ atau. pnaw a1ang 1.he n. path 1a tb• tea\ 

,on1-. ......._,.. tor nedfng tlle ata'blo pnannt ••••• ot tile orl

n• ad tor fteelSng the pl'URl'a . .., ..-oa .. orU1oe ...... alMo 

II01ll1Jeclcmth9~ 

The .n port.ta oou1fte4 ot t.o ateel plataa 'lfhloh repr1a1at.d 1:ilae 

ftnl ot a t1nna6. t1l'be MOU.. Tu plat.a ._.. ..,..... .. 1IJ° 4laoa 'Ihle 

wn r.,...._.u. ... or tbe tu... !be uaadl1*1 ml'\ w bolW -c.•'1Mlr 
t:b.ro1lgh bolee 1n tbit p1&1iea an4 41-. The t1n .,..Sng oodd be ahugecl 

bJ' ftl'1iac tt. a.._. ot •- NWND 1:be pl&tea. To pnd.• 41.tfWmt 
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Figure I. Rear view of apparatus . 

• 
• 

Pressure Tap Lead1 

\.-
• 

Spacers 

-I.;·~-~ 
... ...,,,,. .. .-

Bottom 

Figure 2. Test section. 



tube 1paoing1 three different sets ot plate, were made. The platea were 

drilled 'With 3/64 inch dineter hole• tor preaaure tapa along the tlaw 

path of the fluid. 

Working drainga ot the apparatua with their dimenaiana and tol•r

anoe1 are in Seotian 1 ot the Appendix. 

8 
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llPERDIDTAL PROCEDURE 

Th.e procedure followed. in eaoh aerie• ot run.a with the teat apparatus 

followed a oonaistent atepwiae routine in order that oonaistent reaulta 

would 'be attained with a m1 ntana ot errora. The tirat atep in each oue 

was to aaaem.ble the d.eaired teat seoti.on with the proper nlnber of end and 

diao spacers. The plate aeparation wu oheoked with a feeler gauge atter 

the ua811lbl.y- bolt• had been tightened lDlitoaly.. The uaembled teat 

aeoticm. 11U the ol•pecl to the duct faoe plate and inspected e&retulq 

tor un.obatruoted flow puaag....,-. A gaalcet waa inatalled °Htwem the test 

aeoticm and the taoe plate to eliminate leakage. 

Th• JUDaaeter panel waa then le'Y9led by means ot adjustable loolc 

bolt• on eaoh leg ot the mancaeter table. 

The rubber lead.a from the u,..tu'bea were connected to the pressure tape 

&n.d the blower •tart.d.. Sutti.oient time waa allowed tor equilibri• to be 

attained.. At the beginning of the llwua up" period the apparatua waa 

oheokecl tor leakage. 'the flow rate waa then adjusted. to the m•x1am and 

held. oonatat un.til the temperature of the air 1.t the exit aide of the 

metering seotion reached a oonatant Talue. Thia uaually reqw.red trca 

titteen to thirty minute• upending on the flaw rate. During thia period 

the baraaetrl.c preHure waa read tl'Olll a merouey barometer and recorded in 

laboratory notebook. 

In eaoh aerie• ot rm• the maxia1111 tlow ratea were used first. and the 

tlaw n.tea were aade aucouai..,..17 am.aller 1mtil the reading• ot either the 

oritioe aancmeter or ot the atatio pr.aaure u-tubea were no longer aignit1-

oant. 

The rea4inga reeorud in the labor&tory notebook were the ten u,.tube 
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readings and the orifice m.anoraeter readings. The tem.perature ot the air 

anc:l the barOl.lletrio preaeure were reeorded for ea.eh ••ri•• ot runs. Alao 

recorded were the fin spacing and the tu.be spacing in the teat section a't 

the tiae of the nm. Ooiaplete exp.rimeutal data are tabulated 1n Section 4 

ot the Appencli.x .• 
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RESULTS AND DISCUSSICll 

The aethod used in detenn.ining the effect of the variable• and oorre-

lating the data was the Hme for the indindual sections of' the apparatus. 

In the Introduction 1 t waa proposed that the pressure drop data be 

correlated in the following mannert 

lib.ere 

8P1: A Iler q 8 at 

8P2 : B Reu 'qT m.• 
8Pa • 0 Rex kr m• 

8Pl• 8P2.- 8Pa are the preasure drops ot the fluid bl pa•aing 
traa the atmosphere to the tube row. aero•• the tube row. and 
acroas a section ot the rear tin. 

Re is the Reynolds lhmber of the fluid aoroas the front tins 
approaching the tube row. 

k1• k2. kg a.re the ratio• to\llld by di vi ding the fin spacing 
by the length of the f'in preTious to the tube row. the tube di
ameter. and the incraent or rear fin legth tor 11hioh the preasure 
drop was obtained. 

A., B. C are constants to be determined by calculation• f'raa 
experimental data. 

The following range of variables were investigated in this work. The 

Reynolcla N\lllber wa.s "nlried f'!'(D. 1.000 to ao.ooo. The tin •pacing waa 

nried tr<D 0.04 inches to 0.4 inohea. Three tube apaoinga of 2 inch.ea. 

S inchea and 4 inohea were used. 

The Reynold• N\IJl.ber waa calculated uaing the average velooity aoroaa 

the front fin•• the average air density across the tins and the equivalen-t 

dieaeter of the tront tin section. baaed upon 4 timea the hydraulic radiws 

of the a.otian. 

In this particular correlation the pressure drop 'Will be expreaaed in 

.rt. lb./lb. Arter converting the preaaure drops to reet ot tluid head and 
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caloulating the Reynolda 1haber of the fluid flowing through the tron.t tin 

aeotion in each run., the exponents., r., u., and x were obtained. They were 

obtained by plotting 8P1., &z.,. and 8Pa versus the Reynolds blm.ber on 

logarithmic coordinate paper at constant tin and tube spacing. These 

plots appear 1n Figures 2a., 38.., 4a., 7a., Sa., 12a., lk., 14&., in Section 2 

ot the Appendix. The slope of the lines th.rough the points ot constant fin 

and tube spacing was detennined and from the slope the values of the ex-

ponents on the Reynolds Numbers determined. It was found that the valuea 

ot r., u., and :x were independent or the fin and tube spacing and were de-

term.ined to be 2.1., 1.9., end 2.4 respectively. 

The ef'f'eot of the f'in spacing was obtained by plotting the value• ot 

head loss divided by the Reynolds Nunbers to the power determined for the 

particular section versue "le•., the ratio or the fin spacing to the length 

of the section parallel in the direction of flow. This was done for each 

aeries of rtms for eonatant tube spacing. A line wa1 dr&11n through the 

points for constant values ot tube spacing. These plots appear in Figure• 

Sa. lOa., and 15a. in the Appendix. The elope or the lines were deterained 

and the exponents o£ kJ.• leg. lc3 were f'owd to be -1.95. -l.84. and -1.9. 

The etf'ect 0£ a change in the tube spacing wa.a found by plotting the 

anrage values obtained by dividing the pressure drop by the Reynold.a 

Number and k to their respective powera versus "m" the ratio of' the tube 

center-to-center spaoing to the tube diameter. The values ot t. ••ands 

were .t'otm.d to be -0.38. -2.2. and o.6. 

After the exponents were obtained values of A.,. B., and C were oaa-

puted by din.ding the pr•••ure drop by the variable• to their respective 

powera. The average 'Y&lue of' A was 0.830 x 10·7., B was 6.91 x 10-7., and 

-7 C waa O.OOU9 x 10 • 



The average peroentage deTiation ot the anrage value• ccaputed tor 

the preHure drop aoroaa the tront fin section waa tound to be 2.94%. 

lS 

1'bis ae-.a to be a good correlation and the peroeat deTiation can be at

tributed to the liait• ot aoouraoy 1n the experimental method. '?heap

proach edge wu abrupt and no attm.pt waa made to 111100th the tlow entrance. 

It waa cnnaidered that the oondi tiona under which an actll&l apparatua 

operat•• would be ot a aimiliar nature. The lower Telocities of the fluid 

were &lao approximately' thoae reoOllllllenud by aanutacturera ot tinned-tube 

heat a:ohangen. Yet to be cleterminN is the applicability ot the relation.a 

round tor f'ina of' ditf'erea.t widtha and the etf'eot et the nl.111ber and thiolc

nesa of the tins. Future determination• should alao include the et.feet ot 

the types of tins. 

The average dfl"iaticm. of' the preaaure drop aoroaa the tube rowwu 

tomd to be 1.1% which ia as uourate aa the experimental method would 

probably wa.rrent. Kore work on this part of' the problem 1• n .. ded to tind 

the etteot of the tube di•eter. 

The average deviation of' the pressure drop• whioh could be correlated 

across the ·rear tin. aeotion was 5.1%t It was fowid. that at the narrow 

tube apaoing and at .tin apaoinga of' leas than 0.2 inohea tor the oue where 

• • S there wu no oorrelatioa poaaible. Thia would indicate that the 

preaaure diatribution behind the tubea change quite raclioall.;y at the n.a.rr-c,w 

tube cd fin apaoing1. The aolution ot the pro bl• would be au experi

aental extension of the probl• to find the pressure cliatri'bution 1n the 

apparatua. 

Thia work is a part or a large probl•. The results ot the experi

ment indicate that the relation.a tound oould be uaed in turther work ot a 
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aimiliar nature and could be applied to the flow apparatus or canparative 

dimensions. The def'inite nature of the plots indicate that extrapolated 

nluea could be used. Aa ha.a been pointed out more work ia needed to 

completely solTe the problem. 

'!'he e.f'rect of the T&riablel!I would indicate th.at the pressure drop 

Taries as the square of the Beynolde lh111ber and the -1.9 power of the fin 

apacing. no detinite over-all correlation between the tube spacing and 

the pressure drop we.a indicated. 
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CONCLUSIClfS 

l. The experimental results indicate that the preHure drop ia proportional 

to a.pproximately the square ot the Reynold• lhn.ber. the relatica ia 

aimillar to the Ji'anning and equations for contraotion and other loaaea 

with turbulent now. 
2. The experimental results indicate that the pressure drop ia proportional 

to the -2 power ot the .fin epaoing. Thia 1• contrary to the Fanning 

equation where the di11meter appears as the .a power indicating that the 

type ot flow preaent depends upon the eroaa section ot the f'low pueage. 

3. llo definite correlation waa obtained tor the oTer-all e1'teot ot the 

tube spacing. 



16 

UCODEIOATIONS 

It ia recC11111Lended that the following inveatigationa be initiated in future 

work on the problea. 

1. Extend. this type of experiment to apparatus ot the ••• design 

bwt of other aise. 

2. Study the etteot ot a change in the phyaioal propertiea ot 

the tluid. 

I. 8~ the ettect ot more than one tube row upon the preaaure 

drep. 

4. Stuq the ett'eot ot the aurtaoe arrang•ent upon the pressure 

drop. 

5. InTe.tigate in a more detailed manner the preHure diatribution 

mcler "f'V'Y"ing tlow. 



A. B. C : Constanta. 

D : Diamet.r. 1n •• or rt. 

De= Equinlent diameter • .rt. 

Ht= Venturi reading. rt. ot water. 

P = Average atatio preaaure aero•• aeotiona. -.. ot meroury. 

Pa• hran.etric pressure .... ot meroUJ7. 

flP : Preaaure drop. rt. lb./lb. 

Jl1. Ra. ll3 •••• ll10 • U..tube atatio preaaure reading•• in. HzO. 

lie: Reynold• Bt111ber ot air aoroaa tront tin aeotion. 

S • Fin apa.oing. in. 

T : Temperature. 0a. 

tJ : ATerage velooit;y aoroaa aectiona. rt./•••• 

W •Weight rate ot tlow ot air. lb./aeo. 

k • Ratio ot tin. spacing to flow path length. 

• : Ratio of tube oenter-to-oenter •pacing. 

Pl • Upatret111 .-tatio preHure ditternoe of orifice. -· Hg. 

py : Dc:nmatre• atatio preaaure ditterenoe ot venturi• in. HzO. 

p • Dennt;y. lb./ou. rt. 

µ : Viacoait;y. Bngliah unita. 

Subaoripta 

1 retera to front tin aeotian. 

2 reten to tube row aeotian. 

3 retera to rear fin aection. 

o retera to oritioe. 

Tretera to venturi. 

17 
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APPENDIX 1 

Table Ia is a tabulated list of dimensions which appear in Drawings 

lo. 1-s. 

TABLE Ia 

DIMENSI<JIS TO AOCCll1ANT DBAWDIG WO. 4 

Diaenaion l,aber Ptaenaion 
Sy,abol Hane of Apparatua Part ltequ1"4 Talue Toleranoe 

.1 Top & Botta& Plate Io. l 2 1.50 inchfl o.oos inchea 
B " • • • 2.00 .. o.oos " e " • " " o.so • - ...... 
D " " 1t " 14.00 • -. --
E • • • " 1.00 " 0.002 inchea ., • • • " 0.50 • 0.002 • 
G • • .. • 2.00 • 0.002 " 
1t • " • • 0.25 • 
A Top & Bottca. Plate No. 2 2 2.00 inohea 0.005 inohea 
B • • • • 3.00 • 0.006 • 
0 • • • • 0.50 • ... - .... 
D • • • • 14.00 " -.. -.. 
B • " • • 1.00 " 0.002 • 
F ti " " • 0.50 • 0.002 • 
G " " " • 2.00 • 0.002 • 
H • " • • 0.25 • 
A Top & Bottaa Plate No. 3 2 2.50 inohea 0.005 inohea 
B • • • • 4.00 • o.oos • 
C • " • " o.so • --.... 
D • • • • 14.00 • --- .. 
B " " " • 1.00 • 0.002 " p • • " .. o.so " 0.002 • 
G " " • " 2.00 • 0.002 • 
H • 11 .. • 0.25 • 
J Spacer 20 o.fiO inohea 0.001 inohea 
I: • o.so • 0.002 • 
G • 2.00 .. 0.002 " 
L Diao 1.00 inch•• 0.001 inohea 
.II. • 0.26 • + 0.001 • 

• Pressure tap lead 4.0 inohea - .. --
0 • • • 1.0 • 

- - .. tilt 
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!ABLE I& { CONTIIUED) 

Diaeneion Imber Diatmeion 
S71abol liwae ot .Apparatus P~ llequired Talu Tolennoe 

I Pree•ure tap lead 3 1.5 inoh .. .. -- .. 
0 .. • • 1.0 • .. - ~ .. 
I Preaau.re tap lead 1.0 inches ........ 
0 • • • 1.0 • ----
lJ Pressure tap lead 5 2.5 inches --- .. -
0 ti • ti 1.0 • ----
I Pressure tap lead 6 2.0 inohe• ----
0 • II • 1.0 • -· .... -
I Pressure tap lead 6 1.5 inches ----
0 • • • 1.0 II 

-........ 
H Pressure tap lead 1.0 inches -... ... -
0 • • • 1.0 • -· .. - .. 

!lot Aaaembly bolts 10 
:Dnam diUleter 0.2.s inch•• • 0.001 inollee 

lcgth 1.50 inch•• -- - .. .. 
length ot thread 1.00 inches ----



,. 

Connecting Duct 
Co l ming Section Calming Sect ion 

I\. r-,.. Orifice 

- ... 

Manometer Boord a Support Tobie 

Bl ower 

DRAWING NO. I EQUIPMENT SET-UP 

~ 
Support Duet 

Union 

SIDE VIEW 

,r 
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Test 
TOP VIEW sect ion 

OCP- 12- 22-49 N 
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1200 
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APPEIIDU 2 

SAMPLE CALCULA.TI <JI 

Experimental Dat&t 

lt\m. ••••••••• 
Barcnetric Pre.aaun. 
T•perature ••••• 

U-Tube Reading• 

85 
• • • • • • • • • • 
• • • • aaor •• • • 

'141. l ... Hg. 
~o:a • 

25 

1t1 • • • • • • ·• • • • • • • • • • • 
•s •................ 
lg ••••••••••••••••• 

• • 
• • 

2.15 a1a. leg. in. Hz() 
T.12 in. llzO. 

• • 10.22 in. B2<). 
».10 • • • • • • • • • • • • • • • • • • • 11.IO in. BzO. 

Orifice llan•et.r &ea.dings 
Pl • • • • • • • • • • • • 
Ito ••••••••••••. 

• • • • • 
• • • • • 

• • 
• • 

24 -· aerour,r 
4'16 -· water 

Oaloul&ticm.at 

( a) Preaaur• drop aoroaa &pparatua aeotiona. 

1 • .loroaa tront tin aeotion. 
~Pl• &5 - •1• inohN ot water 

• 1.12 - 2.15 
a a. 61 inches of water 

2. Aero•• tube row. 
~ Pz • It - i~ inches ot water 

: 10.22 - 1.12 
• 2. ~ inmea of water 

a. Aero•• rear tin aeotion. 
~ f s • :110 - Rg • inohe• or water 

• 11.m - 10.22 
: 1.os in-ohea ot water 

(b) ATer&ge atatio prea8Ul"e ot tluid aoroaa apparatu. aeotiona. 

1.869 -· Hg : l inch ot water 

1. Aoroaa tront tin aeotion. ll 
Pi = B&raaetrio preaaun - 1.see(Rs - 1) = '143.l - 4.82 2 

: '188.3 -· Jig. 



2. Across tube row. "D.... a 
P2 • Barcaetric pressure - 1.869(-i:, - 5) 

: 1,1.1 - 12.05 2 
: 711.0-. Hg. 

3. Acroas rear tin aeoticm.. 
Pa • Barometrio pressure - 1.869(1110- Is) 

= 1,s.1 - 1s.12 z 
: '728.0 ... Jig. 

( c) Average density ot fluid through apparatus sections. 

p 29 lb •. b..aol. 
at s.c. 

: 0.08076 lb./ou.tt. at s.c. 
( P (492, • o.oso1 s 76,,) T' 

: 0.05225 ! 
f 

l. Aorosa tront tin aeotion. 

P1 : O.OS225 f1 
: 0.05225 (738.3} 

MS 

: 0.0704 lb.Jou.rt. 

2. urosa tube row. 

Pa : 0.0&22& i2 
: 0.05225 (711.0) 

54.8 

• o.0696 lb./ou.tt. 

3. Aoroaa rear tin aeotion. 

Pa : o.05226 ~ 
: 0.012%5 (728.0) 

548 

: 0.0693 lb./cu.tt. 

(cl) Pre .. ure drop 1n teet ot fluid head across the &ppar&'tsua 
section•. ( P water) 

P • tr-tube reading difference ( ) 
I p air 

: ~R (62.4 lb. _tt 
12 inohea 

: ~:a (5.2) 
air 

26 



1. Aoroaa fr(lllt tin aeotion • 
.6.P1 • 5.2( 5.5'1)/0.0704 

: 412 feet of fluid 

2. Across tube row • 
.6.Pz • s.2( 2. a>)/0.0696 

: 186.9 teet ot fluid 

3. Aoross rear f'in section • 
.6.Ps • s.2(1.os)/o.oe93 = 81.2 feet or fluid 

( e) Weight rate ot tluid. flowing acroas the o.ppar•tua 

Oritioe upstream static preaaure 

P0 = Baraaetrie pr•••ur• - Pl 
: 141.l - 2-i 
= 119.l ... Hg 

Oritioe up•treaa denaity'. 

P0 : o.05225 to 
= 0.06225 ( 719 •1~ 548 

: 0.0685 lb./cu.tt. 

Reading X Density: •?6(0.0685) 
: U.6 

fraa the oritioe oal.ibration oh.art 
(Pigure la) 

W • 0.210 lb./aeo. 

(t) Velocity ot fluid uroaa trant tin section. 

(W, lb./aec.~ 
U1 = ( Pi lb./cu.tt. (Area. aq.tt.) 

___ co ..... _21_0 __ ) __ 

- (0.0704:)(0.02666) 

: 111. T tt./ aeo. 

27 



( g) Reynold• lhnber ot the tluid acroaa the front tin aeotion.. 

Viacoaity- ot a.tr at asO,. = 0.018 cp. 

Re = (D1•·•1,,tt.)(u.tt./aec.)( P1.ll:>./ou.tt.) 
rtaoosity. Bnglillh uni.ta) 

( 0.02666~( )( ) 
• f X 2.0513 J 111.7 0.070. 

- (0.018 X 0.00067Z) 

= M.aoo 

SAIIPLE CALCULATIONS FOR nGUBS 

• • I 
LlP1 : il.2 
APz • 186.9 

LlP3 • 81.2 

Re• M.000 

s 

_ 0.12 --o.a:> 

: o.a, 
8 

ki = fiow path Imgth g 

0.32 --- 1.00 

: 0.32 

8 
k3 = ?iow pa.th icgth 3 

0.12 --- 4.$7 

: 0.731 



Aorou tront fin ••ction 

1. Pren Figure Sa .. alope = 2.1 

Re2.l • ( M,000)2.l 

: $28.2 X 10'1 

Talue to be &Teraged tor Figure 6& 

A Pi _ 412 

Jle2el - 128.2 X 10'1 

: 1.254 X 10-T 

2. Fran. Figure a... slope • -1.92 

k -1.92 • (0 64)-1.92 l • 

• 2.35 

s. Fra1. Figure 6a. alop• : -o. 53 

.-o. sa = ( s)-o. aa 

: 0.&86 

Value to be anrag4td tor oonatant A 

A P1 o ass 10-7 
2 l l 92 i§ a • X Re • k- • .-o. 

Caleulated value tor A P1 traa f'oraula 

A Pi ( oalc.) : o.so2 x 10-7 a.2.1 ~l.92 .-o.38 

: (0.802 X lo-7)(328 X 107)(2.35)(0.595) 

: 368 

29 



~pl ( obs.) • 412 

% ditf'erenoe 
412 - 368 

: 36S X 100 

: 11.9% 

Aero•• tube row 

1. Fran Figure aa. slope : 1.9 

llel.9 = C s,.ooo)l.9 

: 40.12 X 101 

Value to be averaged tor Figure lOa 

LiP2 - 186.9 
a.l.9 • 

2. Fraa Figur• 10a. slope : -1.83 

lci-1.81 : (o.a2rl.8S 

Valwt to be &Teraged tor Pigure lla 

LiPg _ . -7 
l n l s.r - 0e56l X 10 le •• k- • . ~ 

a. Proa Figure Ua. slope : 2.2 

: 0.0892 

Value to be &'ffraged tor oon9tant B 

Li Pz -7 
Ket.§ k.1.a1.2.2 • 6.29 x io 

Oaloulated nl.ue for Li 12 tr• torm.ula 

LiP2 (oalc.) = (G.91 x 10-7){40.n :x 101){s.20)(0.oa92) 

: 204 

30 



flP2 (obs.) • 186.9 

ts1 204 - 186.9 ~difference: 204 

: 8.3% 

.A.ero•• rear tin aeetial'l 

1. From Figure 13&. slope: 2.4 

:a.2.4 = c u.ooo}2.4 

: 7508 X 107 

Value to be averaged for Pigure 16a 

flP3 -· 81.2 
a.Z•4 • Ti08 x 107 

- 1 1 - 7 • 0.0 08 X 0 

2. FrCD Figure 15&. slope : -1.9 

x1- 1•9 : (0.7Sl}•1•9 

: 1.815 

Value to be &veraged tor Figure 16a 

. LlP1 -7 
2 • l g C 0.00600 X 10 

Re • le- • 

s. Fran. Figure 16&,. slope• o.6 
m.0.6 = ( 1)0.6 

: 1.912 

Value to be &Teraged. tor constant C 

LlP 1 11 o.oon x 10-1 
a.2., lc-1.9 .o.a 

31 

X 100 



-

Ca.lculated value ot A P1 traa tomul& 

APa (ca.lo.) : (0.00149 x 10-1)(1508 x 107)(1.815)(1.912) 

: 91.9 

AP1 (ob•.) • 81.Z 

~diff - 91.9 - 8le2 X 100 te . erence - 91•9 
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Figure 2a 
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Figure 4a 
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Figure 50 
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Figure 7a 
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Figure 9a 
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Figure IOa 
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Figure I la 
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Figure 13a 
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Figure 14a 
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Figure 15a 
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APPENDIX 3 

ORIFICE CALIBRATION 

The two orifioee were calibrated by connecting the metering section to 

a flow systsn containing a venturi meter. the venturi meter being used as a 

primary standard. The orifice calibration chart. Figure la. is a plot ot 

the calculated weight rates of tlow versus orifice oaloulationa made frcm 

the reading• of the ori.tiee ma.ncneters. At the low rates ot tlow the acou-

rat:ty or the plot is naturally lessened due to the inability to read the 

•all Tenturi manometer ditf'erenoes and a straight line extrapolation ia 

made to permit the uae of' the chart at low .flow rates. 

The direction of tlow was the same in the calibrations as in the ex ... 

perimental nms. The calming sections were i nstalled in both cases to 

insure consistent results. 

The method used in calculating the weight rates or flow from t he 

venturi standard was as follows. Fran Badger and McCabe ( 2) • page 48. 

the f'undamental equation 

(1) 

(2) 

Substituting and rearranging. 

( 3) 

(4) 

( 5) 



llhere 

CT: Venturi Coettieient: 0.98 

DJ : Dcnm.atna diam.eter or Tenturi = 1. 5 inch•• 

DA a Upatl'ella diaaeter of Tenturi • S..O inohea 

Ai : Area ot downatrea aide ot venturi 

BJ.. • Preaaure drop MrO•• Tentun. teet ot water 
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TABLE Ila 

OID'IOE C.Al.I BIW'ION DAU 

Bi, Pv Pa t-,. op. Pl lo J). 
0 

l t:J.1815 26.5 74:2.1 91.0° 4:5 78'1 1 in. 
l 0.1614 21.s 1-&2.a 98.00 42 121 l in. 
a o.1soo 19.9 742.1 98.8° S6 642 1 in. 

' o.11&0 18.6 '7.U.J 99.2° ,, 5"11 1 in. 
6 0.11a 16.56 '142.1 J.000 27 488 1 in. 
6 o.0942 12.60 74:2.3 lOOo 23 18'1 1 in. 
T 0.0909 9.90 742.1 101° 18 S,3 1 in. 
8 0.056T '7.36 '1.U.3 101° 14 224: 1 in. 
9 0.0408 4.90 '742.3 101° 10 lS'.> l in. 

10 o.020sa 2.40 1.u., 100° 5 '72 1 in. 
11 o.oosn o.60 TU •. $ 990 l 8 l in. 
12 0.1115 21.78 741.0 90° 40.T TU l in. 
11 O.lil.O zo.ss 745.0 90.5° 38.8 439 l in. 
14: 0.1249 16.88 .,,1.0 91.0° a:>.9 521 1 in. 
15 o.osfl 10.94 745.0 91.T° 18.8 ffl l in. 
16 0.0-&sa 5.85 746.0 91.00 9.6 1'12 l in. 
lT O.OS68 4.21 ,u.o 91.0° 1.0 128 1 in. 
18 0.0211 2.01 '14i.O 90.00 1.3 19 1 in. 
19 0.012, 0.69 '74:5.9 90.00 1.1 19 l in. 
20 0.00416 0.2& 745.0 90.0°. o., 7 1 in. 
21 1.26T 29.26 T.U.O 96.00 29 401 in. 
22 1.025 21.25 7.fti.O 97.0° 21 312 in. 
21 o.aa 18.79 745.0 91.0° 18 154 in. 
24 o.su 14.50 145.0 9a.o0 14 191 in. 
25 0.492 10.97 7"5.0 98.00 10 1"4 in. 
!6 0.,16 10.76 74:5.0 89.00 10 1"4- in. 
27 0.2415 5.M 14r.S.O · 98.00 5 69 in. 
28 0.2214: 5.13 1.ts.o as.oo 6 66 in. 
29 0.100 2.11 745.o 9'1.00 2 29 in. 
:so o.o«2 1.02 746.0 s1.0° % 14 in. 
11 o.oiso 0.19 746.0 95.o0 1 5 in. 
12 0.0175 0.2s 146.0 80.00 l 2 in. 
IS l.2M 28.40 14.l.l 111.0° 30 ma in. 
M 1.1.u 26.80 742.l 111.0° 26 626 in. 
16 1.0%3 22.10 1a.1 111.0° as '62 in. 
36 o.a68 19.60 74r2.l lll.o0 20 !81 in. 
1'1 o.678 15.10 T42.l 111.00 16 302 in. 
38 o • .azs 10.70 1,2.1 111.00 12 211 in. 
19 o.u1 1.10 74r2.l 111.00 10 149 in. 
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T.&.BLI Ila ( COITIIUED) 

Rm Pv PB T•P• or. Pl Ro Do 

40 o.2s2s 5.74 '742.1 111.0° ., 111 in • 
41 0.201 ,.ts 142.l 110.0° 5 8$ in. 
42 0.1481 1.12 '742.l 110.0° s 62 in. 
,a 0.11&0 2.64 '742.l 110.0° 4 4:1 1n. 

" o.os58 1.79 7"2.l 109.0° 4: 39 in. 
.s o.oaos 1.ao 74:Z.l 109.0° 2 22 in. 
46 o.o4m. 0.93 142.l 108.00 2 14 in. 
4:'1 o.issa 3.« '742.l 1oa.oo 4 64 l;a in. 
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APPEIDll 4: 

TABLE lIIa - EJPERDmfTAL DATA 

PilT l. APPARATUS AND FLOW DATA 

The following table ia a tabulated list of all o£ the experimental 

data taken during the course or the izl:vestigaticm. 

Rm s ll Ko Pl !-.p.°F. P:s Do 

1 0.04 in. 2 42 l'T 81.6 742 1 in • 
2 • • 31 15 83.S • • 
I " • 21 15 83.6 • • 
4 o.oa in. 2 206 19 82.0 TM l in. 
5 " • 144 15 82.0 • • 
6 • • 108 11 82.0 " • 
'1 " • 61 6 82.0 " • 
8 " " 44 5 82.0 • • 
9 • • 22 4 82.0 " • 

10 0.12 in. 2 466 19 82.0 134 1 in • 
11 • • 161 15 82.0 " " 
12 " • 228 11 82.0 • .. 
11 • " 124 6 82.0 • • 
14 • .. 52 5 82.0 " " 
15 • " 26 2 81.8 • " 
16 0.1s in. 2 735 16 80.0 'TU 1 in. 
17 • • 431 13 80.0 • • 
18 • ,. 

280 8 80.0 • • 
19 • • 145 ' 80.0 • • 
20 " • 80 4 80.0 • • 
21 • • 32 s 79.6 • • 

22 o.zo ·in. 2 791 lS 81.0 'TM l in. 
25 • • 656 11 81.0 • " 
24 " .. 460 7 81.0 • • 
25 • • 314 6 · 81.0 • • 
26 " .. 173 ' 79.8 • " 
27 • • 82 2 79.6 • • 
28 0.24 in. 2 1'12 19 85.0 'TM ~ in. 
29 • • 12% 1, 85.0 • • 
a> • • 82 10 85.0 • • 
31 • • 40 6 85.0 • • 
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TABLE Illa - PART 1 (CONTIIUED) 

llm s m. Pl Ttm.p.°F. Ps J) 
0 

12 0.28 in. 2 213 19 s&.s TM li in. 
as " • 154 14: as.s • " 
14 u " 100 11 85.& • " 
36 " " 64 6 85.i • " 
16 o. 32 in. 2 265 19 ss.s 114: li in. 
r, tt • 195 16 85.6 • • 
38 It • 131 10 8$.S • • 
• " • 19 6 86.S • • 
40 " " 39 4 85.S " • 
4:1 o.ss in. 2 MO 22 TI.O .,~ Ji, 1n. 
4:2 • • 21, lT 11.0 • • 
41 • • 188 14 TS.O • • 
'" • • 111 12 73.0 • • 
45 • • 53 • TS.O • • 

" " " 36 4 11.0 • • 
41 o.o4 in. $ 82 20 84.0 7"2 l in • 
"8 • • 60 15 84.0 • • 
49 • • 46 12 84.0 • " 
60 • " 25 8 84.0 • • 
61 " • 14 6 84.0 • • 
62 o.os in. 3 386 17 81.0 742 l in. 
53 • • 264 15 81.0 " • 
M • • 161 10 aa.o " " 
55 " • 98 1 aa.o • • 
56 " " 48 I 83.0 • " 
51 " tt 28 ' 83.0 • • 
&8 0.12 in. s 798 19 81.0 742 1 in. 
fJ8 • • saa 15 ss.o • • 
60 • • 182 11 81..0 • 91 . 

61 • • 264 9 83.0 • " 
62 " • 166 6 83.0 • • 
61 • • 80 4 ss.o " • 
64 .. " 36 2 as.o • " 
66 0.16 in. s 111 17 aa.o 741 ll in. 
66 • • 18 14 86.0 • • 
61 • • 61 11 86.0 • • 
68 " • 26 s 86.0 • • 
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T.lBLE III& - PART 1 (CONTDIUEl)) 

Rm s m llo Pl Temp.or. PB Do 

68 0.20 in. 3 176 16 88.5 74:J l! 1n. 
TO • • 136 14 88.5 • • 
Tl • • 92 11 88.6 • • 
72 • • 40 8 88.5 • • 
73 • • 25 4 88.1 • • 
1, 0.24 1n. I 2M 19 89.0 743 111n. 
16 • • 201 16 89.0 • • 
16 • • 1 .. 13 89.0 • • 
TT • • as 9 89.0 • • 
78 " • 13 4 88.i • • 
19 0.28 in. I 164 21 89.1 74:3 ii in. 
80 • • 29'1 19 89.2 • • 
81 • • 2M 16 89.4 • • 
82 • • 155 13 89.0 • • 
81 .. • 81 1 89.0 • • 
84 • • 'l{1 4 89.0 • • 
86 O.S2 in. 3 476 2, 88.0 743 ii in. 
86 • • 386 21 88.0 • • 
8'1 • • .,., 18 88.0 • • 
88 • • 239 14 88.0 • • 
89 • • 171 11 88.0 • • 
90 • • 106 9 88.0 • • 
91 • .. 18 6 88.0 • " 
92 o.36 in. I 520 2, 75.0 742 11 in. 
93 • • 184 19 76.0 • • 
9, " • 212 16 T5.0 • • 
96 • • 171 10 75.0 • • 
96 • • 111 T 75.0 • • 
91 • .. 12 5 75.0 • • 
98 • • 26 2 75.0 • • 
99 0.40 in. I 521 22 76.0 7'2 1i in. 

100 • • 384 16 76.0 • • 
101 • • IOI 14 16.0 • • 
102 • • 220 10 76.0 • • 
101 • • lM ., '16.0 • " 
104 • • 71 4 16.0 • • 
105 • 26 4 '76.0 • • 
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'fABLI Illa - Pil! l (eo:wmUBD) 

i.m a ]I. le Pl T•p.°r. P1 Do 

106 0.04: in. ' 124: 18 81.0 142 1 in. 
107 • • 97 13 87.0 • .. 
108 • .. '12 11 8T.O • • 
109 " .. 4:6 ., 81.0 • " 
110 o.oa in. 4 348 17 8T.O 742 l in • 
111 • • 221 11 81.0 " • 
112 • • lQ .8 81.0 • • 
113 " • 104 $ 87.0 • " 
11, • • 60 I 87.0 " • 

116 0.12 h. 4 625 16 84.5 T4Z l in • 
116 • " ,&38 13 8-l.5 • " 
117 • • 319 9 84.5 .. .. 
118 • • 189 5 84:.6 • " 119 • • 88 a Bf. 6 " • 

120 0.16 in. 4 111 19 '14.6 '142 li in. 
121 • " 96 14 .,,. 5 • " 
122 • " M ., T-i.5 • • 
128 • " as 6 74r.6 " • 
124 0.20 in. 4 218 21 74.5 1"2 li in. 
126 • • li8 16 7f.6 " " 
126 • • 96 9 .,,.s • • 
127 " • 68 6 .,,.s " • 
128 0.24 in. " 310 24: 74:.5 742 ii- in. 
129 " " 285 19 74.5 • • 
1:0 " • 204 15 '14. 5 • " 
131. • • 139 10 '14.& • " 
182 • • 69 7 '14.5 • • 
183 • • 41 4 74.6 " • 
13' 0.28 in. 4 4rlJ 26 76.0 '142 li in. 
115 • " 386 20 76.0 • • 
116 " • 252 11 76.0 " • 
111 • • 171 11 76.0 • " 
138 " • 111 6 '16.0 " • 
lS " • as 6 76.0 • " 



!AILI III& - PilT 1 ( OCINTDTUED) 

a. 8 m Pl Temp."F. PB Do 

140 0.12 in. • 491 23 '16.0 '1'2 ti in. 
1'1 • • as• 19 76.0 • • 
1'2 • • aoo 15 76.0 • • 
U,S • • 213 12 76.0 • • 
l'-' • • 105 6 76.0 • " 
l.S • • &o 6 '16.0 • • 
1'6 o.se in. 4 SM 22 1e.o 142 li in. 
147 • • 382 16 '16.0 • • 
148 • • 306 14 '16.0 • • 
141 • • 21, 11 '16.0 • • 
llO • • 128 1 '16.0 • • 
161 • • S'I 4 T6.0 • • 
152 o.40 1n. • "8 21 76.0 74.2 ll in. 
161 • " 169 18 '16.0 • • 
lM • • 291 16 16.0 • • 
1,, • • 222 12 78.0 • • 
166 • • 156 9 76,.0 • • 
157 • • •• & 74.0 • • 
158 • • 21 4 '16.0 • • 



TABLB IIIa - IXP'DDIIBTAL DA.TA 

PUT 2. U-TUBB REA.DINOS 

Run •1 l.2 Rs l.5 a., •10 

1 3.40 a.a9 12.40 5.89 1.20 8.98 10.82 11.82 12.35 12.50 
2 f.38 4.59 11.82 e.s& T.f6 8.90 10.,s 11.12 11.78 11.93 
3 5.48 5.6. 11.16 6.89 7.75 8.84 10.00 10.70 11.10 11.25 

• 2.5' 2.86 12.55 7.2& 'T.28 9.11 11.ai 12.ss 12.73 12.72 
5 ••• 4.58 11.69 7.31 7.68 9.13 10.so 11.36 11.1, 11.15 
6 5.'1 5.M 11.19 7.61 T.92 9.o, 10.22 10.86 11.18 11.28 
1 ,.as 6.85 10.40 a.10 s.n 8.99 9.69 10.10 10.35 10.49 
8 7.18 

"· 89 
10.40 8.06 8.47 8.92 9.60 9.84 10.02 10.13 

9 8.14 8.16 9.65 8.60 8.11 8.97 9.26 9.44 9.6$ 9.&9 

10 2.67 2.94 12.'1 '1.16 7.12 9.26 11.29 12.25 12.68 12.72 
11 3.90 ,.16 11.82 T.-iS 7.62 9.16 10.,, 11.m 11.96 12.06 
12 5.63 &.81 10.94 7.90 8.04 9.06 10.11 10.69 11.00 11.10 
1a 7.06 1 .16 10.17 8.10 8.4' 9.00 9.60 9.97 10.15 10.26 
14 8.11 8.19 9.55 8.'10 8.15 9.00 9.26 9.43 9.62 9.68 
15 8.55 8.67 9.29 a.ea 8.86 9.00 9.11 9.22 9.27 9.32 

lS 1.56 a.82 11.75 T.66 T.66 9.26 10.91 11. 79 12.20 12.15 
17 $.74 5.86 10.82 8.09 8.11 9.09 10.11 10.70 11.02 11.09 
18 6.90 '1.00 10.24 8.,37 8.'1 9.04 9.T2 10.10 10.M 10.40 
19 T.'79 7.84 9.'72 8.63 8.6'1 9.02 9.4:2 9.68 9.T8 9.84 
20 a.ao 8.32 9.47 8.80 B.82 9.02 9.21 9.S 9.48 9.51 
21 8.69 8.71 9.25 8.92 8.94 9.02 9.14 9.19 9.24 9.26 

22 5.09 s.20 11.20 a.01 s.01 9.15 10.37 11.01 11.33 11.66 
23 5. 71 6.BS 10.90 8.19 8.11 9.11 10.14 10.89 11.00 11.20 
24 6.64 6.73 10.40 8.19 8.S 9.0T 9.82 10.25 10.49 10.68 
21 '1.16 T.4'3 10.05 8.69 a.s 9.05 9.19 9.89 10.01 10.zs 
26 8.10 8.13 9.64 8.18 8.78 9.05 9.11 9.32 9.8S 9.74 
27 8.58 8.60 9.S6 a.93 8.91 9.06 9.20 9.30 9.35 9.39 

28 1.4'> a.n 12.00 '1.82 ., • 74: 9.S> 11.01 11.90 12.16 12.85 
29 5.01 5.10 11.26 8.14 8.10 9.22 10.43 11.10 11.48 11.87 
30 6.28 6.36 10.65 8.4.0 8.aT 9.11 10.04 10.52 10.80 11.10 
31 7.'10 7.75 9.98 s. 75 8.75 9.14 9.69 9.84 10.00 10.lt 

12 S.91 '906 11.75 7.96 '1.19 9.25 10.81 11.67 12.15 12.90 

" i.28 5.36 11.10 a.22 8.14 9.18 10.3& 11.00 11.40 11.81 
M 6.51 6.69 10.52 8.,1 s.,a 9.15 9.92 10.40 10.68 11.00 
35 7.71 1. 75 9.93 8.75 a.1, 9.14: 9.58 9.a, 10.02 10.20 



TABLE Illa - P.ilT 2 (OOHmtJED} 

B.a •1 12 ll3 ll4: Rs aa Jl7 ll10 

38 4:.12 4.18 12.05 T.96 'T .92 9.20 10.65 11.56 12.05 12.6S 
31 S.36 5.SO 11.26 8.26 8.21 9.21 10.28 10.9, 11.18 11.aa 
38 6.80 6.66 10.60 8.62 8.iO 9.16 9.90 10.39 10.'TS 11.0, 

• ,. .62 1.61 10.06 8.11 8.76 9.16 9.60 9.90 10.10 10.31 
t0 8.tO a." 9.64: 8.96 9.00 9.15 9.40 9.M 9.63 9.11 

'1 1.80 1.92 12.10 8.06 s.10 9.4:4: 11.00 11.96 12.40 12.76 
'2 <C:.95 s.oa 11.80 8.24 8.29 9.36 10.60 11.34 11.80 12.13 
41 6.21 6.26 11.06 8.53 8.66 9.30 10.20 11.73 11.07 11.16 

" '1. 52 7.66 10.2s a.a, 8.85 9.28 9.80 10.10 10.33 10.53 
46 a.u 8.36 9.82 9.04 9.05 9.28 9.M 9.14 9.84 9.94' 
46 8.97 8.99 9.48 9.20 9.22 9.29 9.38 9.44 9.60 9.52 . ., 2-.25 2.fO 12.80 6.75 s.12 9.34 10.78 11.22 12.15 12.se 
48 3.90 4.06 11.79 'T.12 8.24 9.17 10.21 10.56 11.SJ 11.68 
49 s.2, 6.41 10.98 'T.66 8.36 9.04 9.86 10.0'T 10.70 10.94 
50 6.60 6.12 10.u 'T .96 a.so 8.91 9.4S 9.S 9.91 10.17 
51 1.,1 7.55 9.65 a.20 8.60 a.as 9.17 9.28 9.61 9.65 

62 1.03 1.26 12.60 9.74 a.a a 9.84 11.06 11.40 12.28 12.60 
63 ,.62 •• 79 11.89 9.55 8.91 9.70 10.61' 10.90 11.60 ll.88 
M 6.14 6.%6 11.20 9.48 9.01 9.58 10.2& 10."4 ;io.95 11.20 
65 7.M ., .«> 10.61 9.IO 9.16 9.61 9.94 10.09 l.0.44- 10.63 
61 8.35 s.n 10.06 9.,0 9.2'1 9.4:6 9.89 9.'16 9.9. 10.05 
rn 8.75 a.11 9.82 9.SO 9.$3 9.45 9.58 9.63 9.15 9.83 

fi8 2.&o 2.80 12.50 10.TI a.as 9.80 10.95 11.12 12.20 12.63 
88 4.68 .. .,. ll.66 10.19 8.94 9.65 10.49 10.76 11.4:2 11.77 
60 5.84 6.99 11.16 9.83 9.02 9.M 10.19 10.tO 10.93 11.26 
61 6.88 6.98 10.10 9.Ee 9.10 9.41 9.93 10.10 10.49 10.76 
61 'T.72 'l .as 10.25 9.44 9.1'1 9.U 9.'14 9.85 10.10 10.29 
.61, 8.&0 8.62 9.89 e.2:1 9.28 9.40 9.58- 9.6-4 9.78 9.90 
M B.90 8.93 9.63 9.61 9.32 9. 219 9.4:9 9.S2 9.60 9.65 

66 2.IS 2.55 10.ai 9.00 'T .60 8.20 9.16 9.-46 10.26 11.00 
66 4.00 4.10 9.15 a.ss 'T .56 a.10 a.so 9.05 9.61 10.11 
61 5.25 s.az 9.25 8.27 'T.67 a.os 8.53 8.70 9.10 9.50 
Ge 6.00 6.53 8.11 8.04 1.11 a.oo 8.25 a.~ 8.68 8.81 

• 2.51 2..80 10.07 9.20 7.65 a.rr 9.05 9.34 10.01 10.90 
10 i.60 3.80 9.'TS a.as 'T .63 8.12 8.82 9.08 9.68 10.18 
71 4.90 5.03 9.28 8.46 7.66 8.04 a.ss a.Ts 9.17 9.71 
T2 5.9'1 6.04 8.86 s.20 1.13 7.98 s.u 8.46 8.76 9.ll 
TS 2.06 1.08 8.16 8.00 7.14 T.95 8.10 8.17 8.30 8.45 
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TABLE IIIa - PAiT 2 {CONTDWED) 

Jl1 •• R5 Jl7 Jl10 

"14 2.40 % .. 61 10.32 9.20 T.56 8.11 9.<M 9.3'1 10.15 10.8$ 
76 5.50 3.70 9.90 9.85 7.60 a.10 a.so 9.10 9.7, 10.21 
16 •• ,o 4.84 9.11 8.51 T.66 8.04 8.58 a.79 9.26 9.70 
1'1 6.oo s.10 8.82 8.20 7.75 s.oo s.m 8.44 8.1, 9.00 
18 T.09 1.11 8.30 1.98 7.8S 7.92 8.07 8.14 8.26 8.'41 

79 2.S'I 2.5.6 10.21 9.05 T.61 8.19 9.00 9.33 10.12 11.02 
so s.1s 3.~ 9.91 8.85 7.62 8.10 a.as 9.,14 9.82 10.61 
81 ,.10 ,.21 9.55 8.62 1. 61 8.04 8.6S 8.90 9.46 10.10 
82 5.32 S.·H 9.04 8.33 1.11 a.oo a.«> 8.68 8.96 9.44 
83 6.fSO 6.65 8.53 8.07 7.79 '1.9f 8.17 8.28 t\.SO 8.76 
84 T.23 7.26 a.20 ?.96 1.es '1.90 a.oz 8.os 8.18 a.a 
85 2.15 2.20 10.IO 8.95 'T.72 s.u, 9\.00 9.38 10.22 11.~ 
86 1.10 ~.22 9.90 8.76 1.10 8.09 13. 19 9.10 9.82 l0.T5 
81 ,.oo 4.07 9.67 8.65 7.70 8.04 8.62 a.as 9.46 10.22 
88 ,.so 4'.89 9.20 s.ss 1. 72 7.99 8.45 8.67 9.15 9.16 
89 5.-63 6.70 8.85 8.18 1. 75 7.94 8.IO 8 • .(.6 e.so 9.27 
90 6.2, 6.27 8.51 8.04 1. 78 T.91 8.14 8.25 8.46 a.1s 
91 7~31 7.M a.12 7 .93 1 .84 1.8~ Y.98 8.02 8.-12 s.22 

92 2.a, 2.95 10.06 a. 75 7.84 8.18 8.90 9.2a l0.04 11.15 
91 , 4.02 4.10 9.63 s.56 7.83 8.12 a.se 8.98 9.flf 10.~ 
94 5.lJ 5.17 9.20 8.17 T.86 8.07 8.50 a.TO 9.15 9.78 
95 6.14 6.17 8.18, a.20 1.81 8.02 8.30 8.4S 8.13 9.15 
96 6.76 6.78 8.51 B.10 7.92 a.01 8.19 8.29 8.48 8.76 
91 1.11 7.29 a.21 8.04 7.94 1.99- 8.10 a.is 8.26 8.'41 
98 1.10 1.12 8.09 a.oo T.96 7.98 8.02 a.cs 8.10 8.15 

99 s.76 Z.80 9.80 a.~ T.98 a.21 8.77 9.05 9.66 10.36 
100 4.80 4.84 9.36 6.43 7.95 s.1z 8.55 8.78 9.25 9.80 
101 5.42 5.47 9.11 s.i2 1 .9S 8.09 a.« 8.61 9.00 9.45 
102 6.08 6.12 9.06 8.23 7.93 s.os a.s1 8.,s a.1, 9.07 
lOS 6.78 6.81 a. r.o a.10 7.94 a.01 8.19 8.26 8.46 8.6i 
104 7.Z3 T.36 8.25 s.os 7.96 8.00 8.08 8.14, a.22 a.u 
105 1.10 1.12 8.07 8.oo '1.96 'T.99 8.02 8.04 8.07 8.12 

106 2.46 2.79 12.14 8.37 8.76 9.'11 10.60 11.1• 11.50 12.60 
107 4.13 4:.34 11.54 8.M 8.74 9.46 10.19 10.62 11.04 11.so 
108 5.66 6.T2 10.14 8.42 8.7s 9.30 9.81 10.15 10.49 11.00 
109 6.76 6.90 10.1'7 8.52 8.'79 9.16 9.50 9.76 9.95 10.31 
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TABLE IIIa • Pil.T I (CCliTIIUBD) 

Run ll1 Ila 114 •s l.10 

no 2.81 3.04 11.28 10.42 9.0-4 9.61 10.29 10.65 10.89 11.96 
111 4.82 4.95 10.63 9.68 9.01 9.44 9.87 10.14 10.'lff 11.08 
112 6.28 6.35 10.10 9.as 8.98 9.26 9.SS 9.76 9.93 10.41 
111 7.25 ., .a> 9.68 9.15 8.94 9.15 9.15 9.49 9.62 9.91 
114 8.05 8.07 9.40 9.04 8.96 9.01 9.lT 9.25 9.33 9.49 

115 3.55 a.74 11.36 11.42 9.47 9.94 10.42 10. 75 10.92 11.91 
116 5.48 5.6$ 10.69 10.57 9.38 9.11 10.06 10.30 10.48 11.11 
117 6.54 6.63 10.u 10.14 9.13 9.59 9.86 10.02 10.18 10.64 
118 1.18 7.83 9.92 9.70 9.Sl 9.46 9.61 9.72 9.84 10.09 
119 a.m a.m 9.63 9.47 9.Sl 9.39 9.46 9.52 9.57 9.11 

120 2.43 2.66 11.41 11.90 9.32 9.88 10.41 10.81 11.06 12.:t> 
121 4.81 4.96 10.66 10.78 9.20 9.60 10.00 10.%5 10.so 11.29 
121 6.61 6.69 10.13 10.02 9.14 9.40 9.65 9.82 10.00 10.52 
123 7.58 7.63 9.80 9.65 9.U 9.30 9.49 9.69 9.70 10 . ..02 

124. 2.36 2.56 11.14 12.lT 9.al 9.84 10.44 10.82 11.11 12.73 
125 4.27 ... 4.0 10.61 11.20 9.24 9.64 10.10 10.$8 10.64 11.62 
126 6.29 6.!8 10.12 10.25 9.lT 9.4& 9.73 9.92 10.12 10.80 
121 '1.59 7.64 9.75 9.70 9.15 9.M 9.50 9.60 9.76 10.10 

128 2.58 2.73 11.80 12.61 9.70 10.20 10.,, 11.18 11.fJO 1s.oo 
129 4.00 4.11 ll.4S 11.93 9.65 10.08 10.64 10.89 11.14 12.3$ 
1m 5.49 6.51 u.oo 11.Zf 9.59 9.93 10.29 10. 54: 10.79 ll.67 
lSl 6.62 i.91 10. 56 10.59 9.53 9.79 10.06 10.25 10.44 11.03 
112 a.is 8.11 10.14, 10.05 9.62 9.67 9.82 9.9 .. 10.os 10.36 
111 8.95 8.99 9.84 9.76 9.56 9.62 9.68 9. 15 9.'19 9.92 

134 3.00 3.11 11.90 12.42 9.'10 10.18 10.71 11.14 11.so 12.90 
115 ... 25 4.33 11.60 11.so 9.66 10.os 10.51 10.69 . 11.20 12.12 
1$6 5.92 5.98 10.96 11.0, 9.61 9.92 10.26 10.50 10.14 11.53 
lff '1.01 7 .06 10.sa 10.5'1 9.59 9.82 10.06 10.25 10.43 10.96 
138 a.is 8.16 10.19 10.11 9. 5'T 9. '15 9.88 10.00 10.10 10.42 
U'S 9.06 9.08 9.84: 9.78 9.62 9.65 9.72 9.76 9.80 9.92 

140 2.44 2.fJO 9.11 10.02 6.00 8.'2 a.so 9.20 9.56 11.13 
141 3.60 3.65 9.!9 9.52 '1.91 8.25 8.62 8.95 9.25 10.EO 
142 4.4:7 ,.12 9.12 9.18 'T .9 6 8.20 a.a> 8.75 9.00 10.00 
l,il 5.42 6.46 8.81 8.81 7.92 a.10 8.M 8.51 8.13 9.42 
144 6.66 6.68 s.za 8.14 7.93 6.01 6.14 6.25 8.35 a.10 
145 '7 .Sl 7.35 8.16 6.11 7.96 7.96 s.01 6.08 8.14 a.an 
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TABLE Illa - PART 2. (CONTDUED) 

Run :a1 &z Ra •s R10 

1-'6 1.14 S."5. 9 .... 9.60 8.09 8.26 8.68 9.00 9.27 10 .• 55 
1•1 4.52 4.54 9.09 9.1'6 a.oa 8.19 8.60 a.Ts 9.00 9.9'6 
148 5.13 5.16 8.91 8.91 s.01 8.14 8.4:l 8.60 8.82 9.60 
149 6.90 6.94 8.66 8.62 7.98 a.oa 8.30 8.43 a. rie 9.14 
150 6.13 6..15 8.31 a.s2 7.97 a.02 8.15 8.25 8.M 8.66 
151 1.56 ., .67 8.08 8.05 T.98 7 .92 8.00 8.o• 8.06 8.16 

162 4.06 4.00 9.!0 9.24 8.20 8.26 8.57 8.83 9.10 10.02 
151 4.-62 4.66 9.12 9.06 8.1? 8.20 8.60 a.12 8.95 9.15 
164: 6.%8 s.si 8.90 a.a, 8.13 8.15 8.4.0 8.68 8.18 9.40 
165 6.98 6.02 8.66 8.60 8.06 8.09 s.2s 8.42 8.51 9.03 
156 6.m 6.61 8.(6 a.as 8.03 s.os 8.17 8.27 8.38 8.68 
16' 7.18 7.19 8.26 s •. 19 8.03 a.oo a.oa 8.14 8.20 8.16 
168 1.~ 7.60 s.10 a.os 8.00 T.98 a.01 8.04 8.06 8.15 
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