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AERONAUJTICAL SYMBOLS

. P"UNDAMENTAL AND DZUVERD UNITU

Motrlo Iigtqilhh

I Unit *1 AJ

1•ro• n meter .... ... ..... - ait foot (or mile)......... t. o .
Ti[•eond.............. a eeoond (or hour) . . (or hr.,"k. weiht ofkiogram .... kg wight (ore poundt.. lb.

P V. ',r ------- - - --------- horsepower ------- lip,, o , { ~ lmfh . ........... . p.. - p h.- MI./hr .. . .. . .. . . 1).p .

.. ." ... ,,, ,. .. ---- f ,.

•. GENERAL SYMBOIA ETC.
•t•, %'•it,•n•tape, M,&ment of inertia (indicate axis of the

stt dul acceelratihn of gravity -9.80665 radius of gyration k, by proper sub-

3ti'L -32.1740 ft. dec.
2  script).

W 8, Area.
.1,7 Wing area, otc.

,, Dengity (mam6 per unit volume). GI, Gap.
Standart density of dry air, 0.12497 (kg-m"n b, Span.

H) at Ig C. anl 760 mm-0.002378 c, Chord.

:q•iii weight of "standard" air, 1.2215 5 ' Aspect ratio.

kg/in- 0.07651 lb./ft.l. C. (oefficient of viscosity.

3. AERODYNAM•AICAL SYMBOLS

•I .)• (, Resttltant angtlar veity.

Dy.i)Vjltitic, (or iftipact) preasure- IPl'J. it Reuan gorvlcty
). l$y1bot cor int p V, IReynolds Number, whcrtu I i: j litucurAotewliet t L A;

dimension.
,e De. g., for a model airfoil 3 in. ,.hrd, 1o

), Drag, absoht6 Coefficient vo-& mi./hr. normal pressure, at 150 C., the
u d , t D, corresponding number is 234,000;

P dor for a model of 10 cro ,hord 40 m/s,
r b of Dthe corresponding number h; 274,000.

Ir, qS• (1 Center of pressure coefficient (ratio d

/ Paiasicc drag, absolitte, coefficient, C D distance of e. p. from leading edge to
9A ehord length).

0T, Crows-wind fortce, ubsolute coefieent a, Angl of attack.
V C , Aqge of downwash.

ft, Rftultot fox". t, A iottUk, infinite tspect ratio."04 .Am i~of 0"•l, blduee~t.

AnuAlO Of .ttIg Or wjn (relative to 0, An&o of attl co, abw.ute.
thrust I(R.. bLs~' flouR zero Hift position.)

i,,Ang *E..ib~l~ss h~ing(a~~atveto - 1 t~g.

tlmmtln.)
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THE DRAG OF TWO STREAMLINE BODIES AS AFFECTED
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By IR.A H. ABBOTT

SUMMARY protuberance is attached to a imiiel tcstci itn thii

Two airsh ip models were tested in the N. A. C. A. range of Reynolds N unbhers, the atilitiomnil til hemt,,
rariable-den,,itg wrind tannel to) determine the drag co- created by the protuberance inav 'aise thei line ttaw,-
ih'iclents at zero pitch, and the fifect of fin. and cars and sitioni hctweeii the lanliliar and iiiribuht Ieii bmindai v
? flat and streandine protabera wces located at rarious layers to niove iipstrean with i ueuli ii r,, iti
po.yitibns along the hull. 1luringj the imnestigation the the drag coefficient. The nattire( of the inteirften l,
,'ren of one model was rounded off to produce a blunter between the body aId the litiberance in thi,
.4hape. The extreme range of the Reynolds Number is obviously diflerent than hat whichiin occurs wN%,n Iif
based on the or'er-all length of the Ymodels was froin boundary layer is almost contpletely tutultlent. The
1,300,000 to 33,000,000. data obtained at large va-lues iif the RIynkhs Nuntbvii

At large ralues of the Reynolds Number the streamline in this investigation are aciirdingly exv)ecteid ti be,
protuberance aitfected the dray 'ery little, and the addi- more al)plicable that those p)rey ioiisly olitaiiid "tt

tihoil drag (axused by the flat protuberance was less than mall values of the Reyuhls Ntillie t- h, hitiin
the calculated drag of the protuberance alone. The i of design problefns, such as the itttiiniisttiim of the
,ind cars together increased the bare-hull drag about 20 drag of fittings, radiators, water-recovery a l)I)aatiis.
per cent, and other objects projecting from fuselages waid airship

INTRODUCTION hulls.

A study of the effects of p)rottuberances was 1tva, inid
The National Advisory Committee for Aeronautics to be made during a previous investigation of thle aero-

is conducting in the variable-density wind tunnel an dynamic characteristics of airship inodels. (Refer••nce
extensive investigation of aerodynamic interference. 4.) The drag of the models, however, was found to
Tlue investigation deals in part with the effects of pro- vary with the surface roughness which, wit h the Nvo(iiien
tuberances from the surfaces of otherwise streatline models used in the investigation, coull nut be ittain-
bodies. Tests have been made (reference 1) to study tained constant under the conditions of t'mnl)Zeat Ire(
the effects on the characteristics of wings and airfoil and pressure in the variable-density wind 01tun1el.
sections of l)rotuberances from the surface of an airfoil. An attempt to measure the relatively siiall dillifr-
The part of the investigation dealt with in this report ences in drag due to l)rotuberances was accordingly
is the study of the interference of protuberances front considered inadvisable. To obviate the difliculty the
the surfaces of streamline bodies of revolution. Goodyear-Zeppelin Corporation furnished a simplified

The desirability of making such interference tests in tmetal model of the U. S. airship Akron. The tests on
ithe variable-density wind tunnel where large values of this model were delayed by extensive alterations iof the

the Reynolds Number may be obtained is apparent variable-density wind tunnel. Meanwhile the Ui. S.
from consideration of the boundary-layer theory. Army Air Corps requested tests of a model of a pr-
(Reference 2.) If wind-tunnel tests of airship models posed metal-cla d airship. The two models oaere teste
are made in the usual range of relatively small Rey- in January, 1931. The drag coeflicients at zero pitch.
nolds Numbers where neither the laminar nor the and the additional drag due to fiat and stieatnline
turbulent condition of the boundary layer is predom- protuberances, and to fins and cars were determined.
inant, the type of flow existing in the boundary layer The extreme range of Reynolds Numbers obtained in
over a large portion of the surface is dependent upon these tests was from about 1,300,000 to 33,000,000.
the turbulence of the air stream. The drag coeffi-
cients thus obtained have no simple relation to the full- APPARATUS AND METHOD
scale coefficients; in fact, those obtained for the same The two airship nodels of aluminum alloy used in
model at the same Reynolds Number but in different this investigation are designated models A and M,
wind tunnels vary greatly. (References 2 to 6.) If a respectively.
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Model A wassit sialplitie'd ilcnle'I of the' 1). S. Airship lDuring, thle etlurse oft the' irrve'stignr iiol the'ý orfc'
Akno/1 with Iieci-rulari eriss secttionis. Thet Ieegth iifi this this iieuee'l wais polished hor lc distleile* 401' 4 iclcho' aft

rinoeeel vwas 37.39 jincitiec and tihe fineneess ratio was 5.9. of the bouw, anid late'! %%Its polished cill me~r. T[his
Thle tireasture or(linliatts are given ini Tadle I. Thle miodele was equiippied with onle co()litrol and foiur Iruotor,
surface of tilhs model was very smonoth No fins and ears' anid with two sets oif fail sulrfaces,, onle set hevn
carlls were furnished. During the ijn-est igat ion thle si' an-h te eight fril.. Thelit'crrritgeiiierlt, If h

-,tern of this niodel wats altered to at blunrter shape, i he fills andl( cars ore shown in Figuries; 2a arnd 21h.

t~.-sern~

- L/.13 5ý per C",- f",'r 1, 7ft I f z:o,

Fi; ultF: r . outhrice f riciAi .A witi original :md ci t ernl ~i li -o inge tivicixi flt! and stemineioui iv i,titiiirtm

ordinlates, of whitch arert given ill Table 1. F'igurre 1 is 'lT'e tests werte irade irr tile N-rilihle'-eolestv wired
1111 ouiitlinie' drowing, cf t he mlode' showing the t we stetrnis. t it nriel, whie il is detstcri beed inl re'fer e'nie. 7 . "'hw b' eelint -

Modeiel A wreis te'stedc with a flat-plrite' lrueiiralle'ie'e irig of the' niiieie' on thi louxililir cl% bilnheir
hnrI]g widthi oef JI M pe'r cent ?1i1el e'xtendinig 3.) pe'r sireilarll teo that dle'scribede in refe'n'rice' 3, e'xce'pt thlat

(irt cit the' f eniiuiee11I1111 ilueleireter cef tire' rIreeel freirn the' fouer inertly shieldedee nucetrl wiie's Xe're' ursei1( Stie ippiert
Solltfi~ceu. Ili.s prtlleiuhtrrtrcet was sucecessielvI a1t taehede the' trodel' iinsteadi cit thrnee strelirreilree wiv's, andeelat ln
tee thre' riloele puerpiendiicuilar toi tie the etufac rt S.t02, 17.4, it 45' linkage' wits [rselel inisteard of, 11 he'll iraruk tee trairs-
:10.7, 431.6 ne'rrrl nen2xrrrruriei oirdinte)t', 63.5, aned S2.2 pe'r nult the tore'e eif it couenrterwe'ighut. Figulre' : Is ii Illiciti-

c'c'it of thelt' -hrgi cut th lee riuloel lift cut' the' bow. F'uertltr grraphi ot rIiuoelt' NI tiiiiriit'edli tihe' tunet l. Thet dis-
te'sts we're' linrdt with the' fliat p)roturberancet fairede tio trinlets freitri the elcwristr'aio edge' ciltill le'nuttrarnce'

form a streamiline prouettrgraurce located sirccessi veix' at ('(lie teo the bows oif mrodels A arnd M\ whenr monrcrnIe'
8.02, 30.7, and 6:3.5 perl cent of the' le'ngth aft oef t he' for tests werte 12 fintd 10 inc'hes', 'es-pe('tively.
bo1w. The' outetlintes of tht' protub~erane'ts in typic'al The resuelts were correceted ftir the drag of the suplport
pocsitionls oili the hull are shown in Figure I. wires, the e'ffect of thie st'atic p)ressure' gradient along

Modeel MI was a mrodel of a p~ropo~setd metal-clad air- the' axis of the tunnel, and the effect of the tunnel walls.
si. The length of this model was 45.44 inches anti The. wire drag was computed (reference 8), and was

the fineness ratio was 4.5. The ordinates are given in checked by testing model A successively with two
Table 11. This nmodel had a mac'hinedl suirface showing sizes of wires. The interference between the rear
very small circumferential tool or finishing miarks. support wires and the fins of model N1 was found to be
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negligible by testing this miode'l with the rear' suppolart aire betlieNC d t)I be; Ia' vi' JP i~ t) ithllf~i I po41 ce111 of (II
wires in two position,,. Thei staict press~ure gradient" nset lotte-h i i uzg
were measured ait aill tank pressuires (reference 7) fort

the determuination of the horizontal bijovanev vorrec- RESULTS AND DISCUSSION

tion, which was computed for eachi pressure by at pro- Teresul ts art'' prescil cd lit tilt, forl (it' d ra, coili -
cess of graphical integration. As this co;rrection , I*1
showed smiall inconsistent, variations with tank pres- I eteuts whichi Itre lefilllcl C1- , mv 414 44

sure, an average correction wats used for all pressuires.
The tunnel-wall correction was computed front the
formulas given in reference 9.

T-t edit tit4..i VT A~ ii, I, .7' t r f It t k.. ' nt .. li 1-r 1T.r,

p~lottedl its mrictifow-44 (of Re *vul4l(l Nijiniilai IHII

Fis RE3 .--i'hni~gJ'4pi1 of aindel Mwth 1414tn~s and cars r~avflitet R leynolds1 Ni41111 erS aire b ii~4d ((il t11) Ic rfig III (I hei
flir test in the variable-density windi turijuel Mode(lsd.

PRECISION I Bare-hull drags.- - The1'io ine-hiull drugs ofl i114tlc A
anti M atre pre'senIted in lFinizuii 4 iand 5. Tile' fiit-ei.

Tile variation in check points indicates the atcidt'i- show t hat thet turlVes of, dr agr coefficient s lilt tleivarI
tal error of the gross force measurements to be about trilt'll~ht linies when Idol let (it]ll h-arit 1111114 scalesý

I per rent o~f the( net lbare-hull drag. The error oIf
the balance calbbration maty be as, large ats ±~ 2 ptr vett'
att thle smnall Rey~no4 lds Numonbetrs andl -! I per cot' lt ill...
the large onets,

Thle dirag ctoellicients of model A as, tdetermiined 610o1i -

successive tests with support wires (1.ou1155 and (0.0240(.1..
inch in diameter were the samte within the acculrmacv (if. .

the tests. The p~recision tof the tare-tirag corrtectionlis1 .. .

accordingly believed to he within t:: per ctent (of the
net bare-hull drag. No reliable estimate of the errori ,

in the horizontal buoyancv correction t'an be miadte,I
but thte result tof this error is believed Ito be smiall..
because this correction was only about 5 and 10( per~ ....

cent, respectively, of the net hare-hull drags of moitdels
A and M. The tunnel-wall correction wats verv small 'i a . )

aind the error in this correction is believted to be i F'tiI'414h 5. lDragv ficien~it4if' if-4 M~iliN

negligible. 'Tested hi tha' NA. A, . A. varjaiiie-lensai~t wS ml tuml,4. iBare hl~l. Volum~ie-

Disregarding the error in the horizontal buoyancy 1.291 cu. at. (l. 1 
= 1,.i1tsq. ft. teligml -. v, it it. summat~r wires =0).024t) in izt.

Riesutstt eirrevieti for wire drag, hotriz.ontalt iuiiyntiy, aml Imuixte! wall effert.

correction, the possible error in the results is ± 6 per I
cent. As the inaccuracies of corrections do nott affect against. the Reynolds Nuimtber. It will be seen front
the precision of the values obtained for the additional Figure 5 that the tirag ctefficient of model M is the
drags of protuberances and appendages, these valties same, within the accuracy of the tests, ait a given value
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of the Rleynoldis Ntiiiiber irrespective ofi tilie iolibiihiii- The appfarent tiaicoefficieit'it of t lie protliiheiritie as
tioll ofi air speedl and1 densitY tisei to give that Rev- located ill thev ' arjiolis positionls hil\.e heeti calculfatedi
iiilds N umbier. comparisoni of the resul11ts obtitiintd lisillg the iaeariiire afIditional drags4 tilt' to the pro-
for mnodel A1 with tholse' obtaitied Tilt- iiifforewi modei'l I l~ibeaiiei, ititi fbe I 1eIJ(gR lvIiaaije11 psi"Ilres (if thle
of the samne airship inl differenit tt unnels Is, giv en iii ;iii streitiiis. ill wkInch thel plot liberaiilv wa, placed.
reference I 0. The~se' average t.Ylaiicit pli-'st ilt-, wivre determinijed

.030 ____________________-7-7______________ giiti.lP;I~ lY frotoi p~lvý; 1-i-dist Iilhtiti(i al ii a lld ol~l fld1-Y

03C ~ la~tr data ohtailii'tilit I IRlvlloldls Nuimbeir oif 1.s,ol)tt-
:.B~h . . 100. (Refvielice 12. TIhe Cal~culatedi drag coeftirielits

05of the piotitieiiiiite are tahulatedf Ill Table Ill. Ask.
.. iXexpected, thlese cealeiilateul voeffijijint. ,ho\\ les varia-

O' Y'ne ~rtioli k~itii thei positionl Of thei prllt liltrilltive tban thet
of~ ofrose 'ec C ~,f ci/e,7gtr~) I iiieasiirel aditit onla (I tiag. li ililitei11g

0,0 coeff. icthienit' (it' tbe frot illberafil are' iiiiach lower thlatl
436th hi. slal filit-filate ioetii'-ivllt. (referenice 11,initiait-

6a -eset 'ive of favorableai ead if lii' taltiliteilda rltiilt fetulie

* ~ ~ I 'e- . ,, tit Iull

2thatt \%aI notgiillst 1d l thite~yitt Nhlnilal il figuiio 7 fo
Effet ofblut strn.---T dag ceffciens o modl .thre poitios aong th vill' ul of1:1 iii fficiA.nts wil the

A wththealere sern wuc wa (l~lsierall plotlelal ta ile at ditiolll 'm v unly to Ilt ieepllutlhpro-

I)Iiull' tiltitilce in lii'a oritna 0the 11fig. :1),1 tire hes(h teon-

FigureY 4.frei Atii theivvltý Shig1e11t1 -llesoitetynls le-.....d

1)f1 the ;tirag isr iHatiu plte. perar edit noitie iith till'ic Nlteieheil

stern tHE l witThe the orii l Aone. ultin wil a t1)' hv Efetotiteminceoueane.ilTe ditoi
th t he r te 1)1-tdeilease of t he drait~ls3mg (thefl'il t111 witfcili. dIi to Arzn ii prtb ntie.

increasing valuest ofe thel Reynolds Ni uiiiure' is for f

tA oe with the alteredsterern thih Nan for tfit' riiably oe htteadtoa rg 11 oteepo

Eff~iet of fAt prohaletubeanies.of the Rei~iitolds drug- .

coefficients tineboto a fl percet highertwith l'the alterae-
I stern~ than11 will lth.ie' Iri 1111 ofe Ito lef,1 Abe phottcetd
tagant thelrt' ol'fl deese of fmubill iue dra Aofi t Nthli
highreastn valutes of tle Reynolds N Ill~liter ditlesst fo
drag (fiole Nvt the -it terrinc thanlill r ithetil oisless

t fancthedu of tfla prt tlhtu erunces idrie add('aonula tdrag,
cefro in ts flt-lae dtoa. (Rfltpouerence o1.) e Tifact itui- J ,, ~ IiA~ tlt6

hiates thtalrg valutes of the Reynolds Number anyddtoto
inreasde tof drag resutibrng e irn the efectiof the It,,, t;7.-h r~ss rt ~liin ttnc otli ro tecl

tuberance on the flow over the hull need not b~e coin-
sidered. ances Is vei'v siluall at the flili- valliv's of tile Rteynldots

Figure 6 shows a fairly consistent decrease inl the xNlllular.
additionlal drag (Inc to the protuiberanve its its position Effect of fins and cars. -The addifit oml drag voef-
varies fromi bow to sternl. This v ariation is inl the diret'- ficiellts foir eachli gro~up tof fins andt of fills and Cars MIl
tiolt thait would( 1be expe'ctedf, sillee the fprottillvrallci 1110110 NI an' plotitted againlst til lieynot ldls Numberil~ ill
when located nleair thle stern maliy be in at regioni of lower Figure S. The illereast. (If tirag 11)1 flicii'nts dlue tol thle
velocity than when located near the bow. It, is jinter- six 11n( ei('igit fil groups is about S and I11 per ce'nt,
esting to note how well this effect can be predictedl respectively, of the blire-litill drag. The low dragv (f

from boundary-layer and pressure-distribution data. the six-tin grou~p was originally thought to be due to
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interference between thle fins and the rear supporlllt ('al's1 as1 conipared with thle airshlip tInodels oif refiritilve
wires, which were located nearly in thle platnes of two 4 acc'ount., for most of tin' ditierernev It xý ill he ntedtii
of thle fins. The tests were tliet'efore lelpeltetI wNithl the that thlere is an apparenit error In thbe to-t lit I lie 111%% '-1
r'ear support. wir-es moved, but thle resuilts chlecked thiose vaHlue of thle Rtevilolds NXiiiiiher i fig. S., beal'taio IlIe(
previously obtained, results of, this test shiow I,, tppi'e4eiiihh' ditreftititi' in,

No data are available to permilt the( compjuitationi of tilet ad~ditionail (11llig duie to tlit'. i'ars w~it iili iitit 'i'tlvitt

the average dlynamic pressure oif the flow over the( tins.; sets of' finis.
therefore the drag coefficients of the( fins have heen Effect of surface roughness. Tlie drag- voifl'ic'titý
comoiputed using the measured addl~itional! dragl due to (±tttined for model NI \% t ilts it.,Il-igrinl ~irfo.l \%Ol
them, the dviainic pressure of the streinil w~ith no the( surlface liolisiiedl foi. at (listitni'c oft6 ivllls itt offtlo'
miodel present, and thle fill aireas. These, (Irtl coefli- how, andli wit Ii tie sutiot'ac polislicil all olivir at' pitt4.0

In Figure1- .). the diag coetlniietits iw'l'i' It lou tilt,
3-

95V~rV of dw tvss2 he re"ll 11-fLM11.

(ON(LTSIONS

'~c.e ~I 1-C ., 'Iý i e-je~ showing, thlat thle maddition to a t .trei'iiilto hdq~ Id'

Acciv at 'I i-4 \ Ii'-'-, wlt.

li% ( )IItitl be expt'ctedl tot tstillt front vau'INtitri, Il t lit'
2 3 4 5 6 7 8 0. 106' '0 30 iilltith itiiii't'e Iti 1u~hil ii''.

Reynald~s ,Vi.,'dbepoubrnc.1 i rbal, w\\ ..

Yvii';ui, S.- The. nrrise ri inc rofticiern i nis''i modl_ rqu It ing !ron Pm,q awll ''irs fortm a bol1 i or plilt o'Separiatedi f'iotin 11 tillIiill b.1 a

'i('nt.s were founit tot he t0.007:3 and 0.00S8 for tile six smalbl gap wiotld. iiivteitteec i0 llt'
andl eightt fin gr'oaups, reisplectively, IIt tl he iighetst v alute
of the Roiinoilds tinitibr tobtainted. i'in'e \vliti's ait{

vieits iof thin sy Iintuetricall airfoils. (efet'rero'i' I
The fill sections. lliwevet', were not oit gooil i St tl'tltiili1 ILA'IxNiLE tiE'NI t~ONi~IA A vUOxAItTh AL I.xLi tAoRi lily
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oif fins at the highest valui's (if thtIe *evntiolds Number REFERENC'ES
was equal to ahout 10( per cent of t iit hare-hil (iirag.
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interference between the hull aind cars, butt it is 1()- 6. Owcr, E.: Interference. Jour. R. A. S., Julty, 1932, pp.
able that the relatively poor streamnline forms of the 531-77.
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Liea

Ixi direct bo taion Aingble Veloca on

gIt sal. -X ynul ral mgntion ----- iv Ledta Xyx-u Zcr~ Auguk

Lateral .-------- 1 Y pitc-ig.. cii v--* ....
Norn '. ----- Z Z jyawing_ -- N - Y"

.Aiboiutu coefficients of momenent Angle of set of control surfaet (relative to lieu-
L Al N tral poaition), a. (Indicat e surface by proper

C'C- ,r Cq~g Subscript.)

4, P1COPflUE SYMBOLS

ID, Diameter. P

,OoM~etri'C, pi& P, Power, absolute coefflicien C(.-ALP
PiD, 11 C,, Speed power coplkietit -tV', lnfoW velocity. PI

V., ffipstiream velocity. 1j, Efficiency.
~, Trus, abolue ~T n~ Revolutionsl per seconil, r. pt. 6.

Torque absolute anfbin 04, Effective helix (2gl Mw

5. NUMVXICAL I. UAIONS

I hp - 78.04ý kswe~ -8850 lb/tf~.11. -0.48924277 kg
I kgfi/it-0.40I)5 p 1 ka-2.ftf6O224 lb.
I Il lir.04?4is .1u.-10605 m -5280 ft.
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