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AERONAUTICAL SYMBOLS

£, JUNDAMENTAL AND - DERIVEI) UN"‘B

SRRV e

g Metrio hnglislx 1
b Byl A
Unit Symbul Unit Bviabiot
i meter.,-.;-w e m foot (or mile)...... ...} it (or miy
i leesond. ... ... .. A second {or hour)... ..... sec. (ox hrj
. ® welght of ene kilogram . . kg weight of onepound._..} 1b,
| Power P Wmls,-- U SO horsepower. . . .cc..x- hp
T Ykmfh. ... T e p i b e m. p.
fpoed b im/-- T e | 16800 s et f. . .

<o e

% GENERAL S!MBOLS. EYC.

i, Weight = my
o, Standerd accolerstion of gravity <= 9.80665
mfut = 52,1740 ft./spo?

PRI { Teges ‘V
’ g

o Density (nass per unit volume).

Standurd density of dry air, 0.12497 (kg-m™
s at 15° C. and 760 ymmn~0.002378
(bt see ).

specific weight of “standard’ air, 1.2255

kggfm® <~ 6.07651 1b./ft.5.

mk*, Moment of inertie (indicate axis of the
radius of gyration %, by proper sub-

seript).
lg, Area.
Se, Wing area, otc.
¢, Gap.
b, Span.
¢, Chord.

b .
G Aspect ratio.

u. Coeflicient of viscosity.

. 3. AERODYNAMICAL SYMBOLS

i, True aiv aeed,

¢ Dynuniic (or impact) pressum»-% pV’
b, Life, ubsolute coefficient C:,-'i%
. ., D
13, Dragz, ubsolite eoplﬁclent C =8
3,, Profite drag, absolute coeflicient (}p“%
1, !mdix("ed én\.g, absolute coefficient (1’0,-%,

i3, Payasite drug, absolute cuefficient Cp""%
. Cross-wind  force, ubsolute coefficient

&
(’0 fand és

R, Resultant fom

,, Angle of setting of wipgs (relative to
thrust line),

in Angle of stabiliver setting cmume to
thnut”ﬁno).

¢, Resaltant moment.
1, Resultant anguler velocity.

p‘“'l- Reynolds Number, wherc  is « lincar

dimension.

e. £., for a model airfoil 3 n. .lmrd 100
mi./hr. normal pressure, at 15° C., the
eorresponding number ic 234,000

or for & model of 10 em. chord 40 m/s,
the corresponding number is 274,000.

¢,, Center of pressure coefficient (mtm of
distance of ¢. p. from leading cdge to
chord length).

a, Angleof attack.

¢, Angle of downwash. ,

a,, Angls of attack, infinite aspect rutio.

a, Anglsiof Mha‘k, induced.

Ancllmf attack, absolute.

(Measiired from zero Jifi position.)
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THE DRAG OF TWO STREAMLINE BODIES AS AFFECTED
BY PROTUBERANCES AND APPENDAGES

By Ira H. ABsorT

SUMMARY

Two airship models were tested in the N. A. C. A.
rariable-density wind tunnel to determine the drag co-
éfficients at zero piteh, and the effect of fins and cars and
of flat and streandine protuberances located at various
positions a@long the hull.  During the investigation the
stern of one model was rounded off to produce a blunter
shape. The ertreme range of the Reynolds Number
bused on the orer-all length of the models was from
1,300,000 to 33,000,000.

At large values of the Reynolds Number the streamline
protuberance uffected the drag very little, and the addi-
tional drag caused by the flat protuberance was less than
the calculated drag of the protuberance alone. The fins
and cars together increased the bare-hull drag about 20
per cent.

INTRODUCTION

The National Advisory Committee for Aeronautics
is conducting in the variable-density wind tunnel an
extensive investigation of aerodynamic interference.
The investigation deals in part with the effects of pro-
tuberances from the surfaces of otherwise streamline
bodies. Tests have been made (reference 1) to study
the effects on the characteristics of wings and airfoil
sections of protuberances from the surface of an airfoil.
The part of the investigation dealt with in this report
is the study of the interference of protuberances from
the surfaces of streamline bodies of revolution,

The desirability of making such interference tests in
the variable-density wind tunnel where large values of
the Reynolds Number may be obtained is apparent

from consideration of the boundary-layer theory. .

(Reference 2.) If wind-tunnel tests of airship models
are made in the usual range of relatively small Rey-
nolds Numbers where neither the laminar nor the
turbulent condition of the boundary layer is predom-
inant, the type of flow existing in the boundary layer
over a large portion of the surface is dependent upon
the turbulence of the air stream. The drag coeffi-
cients thus obtained have no simple relation to the full-
scale coeflicients; in fact, those obtained for the same
model at the same Reynolds Number but in different
wind tunnels vary greatly. (References 2 to 6.) If a

protuberance is attached to a model tested in this
range of Revnolds Numibers, the additional turbulence
created by the protuberanee may cause the line tran-
sition between the laminar and twrbulent bhoundary
layers to move upstream with a resulting inerease in
the drag coefficient. The nature of the interference
between the body and the protuberance in this case
is obviously different than that which occurs when the
boundary layver is almost completely turbulent.  The
data obtained at large values of the Revnolds Number
in this investigation are accordingly expected to be
more applicable than those previonsly obtained at
small values of the Revnolds Number to the solution
of design problems, such as the determination of the
drag of fittings, radiators, water-recovery apparatus,
and other objects projecting from fuselages and airship
hulls.

A study of the effects of protuberaneces was planned
to be made during a previous investigation of the aero-
dynamic characteristics of airship models.  (Reference
4.) The drag of the models, however, was found to
vary with the surface roughness which, with the wooden
models used in the investigation, could not be main-
tained constant under the conditions of temperature
and pressure in the variable-density wind tunnel.

An attempt to measure the relatively small differ-
ences in drag due to protuberances was accordingly
considered inadvisable. To obviate the difliculty the
Goodyear-Zeppelin Corporation furnished a simplitied
metal mode!l of the U. 8. airship slkron. The tests on
this model were delayed by extensive alterations of the
variable-density wind tunnel. Meanwhile the U. .
Army Air Corps requested tests of a model of a pro-
posed metal-clad airship. The two models were tested
in January, 1931. 'The drag coeflicients at zero pitch,
and the additional drag due to flat and streamline
protuberances, and to tins and cars were determined.
The extreme range of Reynolds Numbers obtained in
these tests was from about 1,300,000 to 33,000,000.

APPARATUS AND METHOD

The two airship models of aluminum alloy used in
this investigation are designated models A and M,
respectively.

ce
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Maodel A was a sinplitied model of the UL S, airship
Akron with eireular evoss sections, The length of this
model was 37.39 inches and the fineness ratio was 5.9.
The mensured ordinates are given in Tuble I. The
surface of this model was very smooth.  No (ins and
cars were furnished. During the investigation the
stern of this model was altered to a blunter shape, the

NATIONAL ADVISORY COMMITTER

FOR AERONAUTIUS

During the course of the investication the surface of
this model was polished for o dizstunce of 6 inches afl
of the bow, and later was polished all over. This
model was equipped with one control and four motor
cars, and with two sets of tail surfaces, one set having
six and the other cight fins.  The arrangements of the
fins and cars are shown in Figures 2a and 2b.
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FIGURE 1.- -Outlines of model A with original and alteredd sterns showing typical fat and streamline protuberinees

ordinates of which are given in Table I.  Figure 1 is
an outline drawing of the model showing the two sterns.

Model A was tested with a flat-plate protuberance
having a width of 11.8 per cent and extending 3.9 per
cent of the maximum diameter of the model from the
surface. This protuberance was successively attached
to the model perpendicular to the surface ut 8.02, 17 .4,

30.7, 43.6 (near maximum ordinate), 63.5, and 82.2 per
cent of the length of the model aft of the bow.  Further

tests were made with the {lat protuberance faired to
- 0T

v XA
P
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Fisvres 2n and b

form a streamline protuberance located suceessively at
8.02, 30.7, and 63.5 per cent of the length aft of the
bow. The outlines of the protuberances in typical
positions on the hull are shown in Figure 1.

Model M was a model of a proposed metal-clad air-
ship. The length of this model was 45.44 inches and
the fineness ratio was 4.5. The ordinates are given in
Table II. This model had a machined surface showing
very small circumferential tool or finishing marks.

The tests were made in the variable-density wind
tunnel, which is deseribed in reference 7. The mount-
ing of the model on the wuxilinry drag balanee was
similar to that deseribed in reference 3, except that
four partly shielded round wires were used to support
the model instead of three streamline wires, and that
a 45° linkage was used instead of 1 bell erank to trans-
mit the foree of a connterweight.  Figure 3 is a photo-
wgraph of model M mounted in the tunnel.  The dis-
tances from the downstream edge of the entrance

Outline of model M showing arrangement of fins and cars (1) 8 fins (b) 6 fins

cone to the bows of models A and M when mounted
for tests were 12 and 10 inches, respectively.

The results were corrected for the drag of the support
wires, the effect of the static pressure gradient along
the axis of the tunnel, and the effect of the tunnel walls,
The wire drag was computed (reference 8), and was
checked by testing model A successively with two
sizes of wires. The interference between the rear
support wires and the fins of model M was found to be
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negligible by testing this model with the rear support
wires in two positions.  The static pressure gradients
were measured at all tank pressures (reference 7) for
the determination of the horizontal buoyvaney corree-
tion, which was computed for each pressure by a pro-
cess of graphical integration. As this correction
showed small inconsistent variations with tank pres-
sure, an average correction was used for all pressures.
The tunnel-wall correction was computed from the
formulas given in reference 9.

Fioure 3.--Photographi of model M with finxy aad ears mounted
for test in the variable-density wind tunnel

PRECISION

The variation in check points indicates the acciden-
tal error of the gross force measurements to be about
+1 per cent of the net bare-hull drag. The error of
the balance ealibration may be as large as £ 2 per cent
at the small Revnolds Numbers and 1 per cent at
the large ones,

The drag coeflicients of model A as determined from
successive tests with support wires 0.0155 and 0.0240
inch in diameter were the same within the accuracy of
the tests. The precision of the tare-drag correction is
accordingly believed to be within 3 per cent of the
net bare-hull drag. No reliable estimate of the error
in the horizontal buoyaney correction can be made,
but the result of this error is believed to be small
because this correction was only about 5 and 10 per
cent, respectively, of the net bare-hull drags of models
A and M. The tunnel-wall correction was very small
and the error in this correction is believed to be
negligible.

Disregarding the error in the horizontal buoyancy
correction, the possible error in the resuits is +6 per
cent. As the inaccuracies of corrections do not affect
the precision of the values obtained for the additional
drags of protuberances and appendages, these values

are believed to be precise to ahout - 1 per cent of the

net bare-hull drues.

RESULTS AND DISCUSSION
The results are presented in the form of drag coetli-
: )
qiVol.)

cients which are detined as €7, and  are

=
T
;
b ) ;’ -
I
|
Frovie 10 Drge coetlictents of model A
Pested in the No A Co A variable-densio wored anned Valigone 5472 vul 11
Vol f =t ag i Lenth 3T 30 in Bere hallwib angincband dtered <terns

Drag costlicient and Reynolds Natnber of altered gnodel baeed onearamat volume
anted length,  Results corrected for wire drog, hoprontal baoyanes, sl tunnel
wall etfect.

plotted as tunctions of Revnolds Number. The
Revnolds Numbers are based on the lengths of the
models.

Bare-hull drags.-- The bare-hull drags of models A
and M are presented in Figures 4 and 5. The figures
show that the curves of drag coeflicients ave nearly
straight lines when plotted on logarithmie  scales

B o e
FIGURE S, -Drag coeflicients of Gusdel M

Tested in the N. A. (. A. variable-density wind tunnel. Bare hull. Volume=
1201 en. 11, (Vol.)' 3= 1,180 sq. ft.  Length— 5.4 in.  Support wires =0.0240 in. dia,
Results corrected for wire drag, horizontal buoyancey, and tunnel-wall effect.

against the Reynolds Number. 1t will be seen from
Figure 5 that the drag coefficient of model M ix the
same, within the accuracy of the tests, at a given value
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of the Revnolds Number irrespective of the combina-
tion ol air speed and density used to give that Rey-
nolds Number. .\ comparison of the results obtained
for model A with those obtained for ditferent models
of the same airship in different tunnels is eiven in
reference 10,
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Fiovrk oo The increase of drag coeflivient of model A resulting from u flal protuber
ance located in varions positions atong the hull

Effect of blunt stern.-—The drag coefficients of model
A with the altered stern, which was considerably
blunter than the original one (fig. 1), are presented in
Figure 4. At the highest values of the Revnolds Num-
ber the drag is about 5 per cent higher with the altered
stern than with the original one. It will be noticed
that the rate of deecrease of the drag coefficient with
increasing values of the Reynolds Number is less for
the model with the altered stern than for the original
model.

Effect of flat protuberances.—The additional drag
coefficients due to a flat protuberance located at vari-
ous positions along the hull of model A are plotted
against the Revnolds Number in Figure 6. A\t the
highest values of the Reynolds Number the additional
drag due to the protuberance in any position is less
than the drag of the protuberance alone as caleulated
from flat-plate data. (Reference 11.) This fact indi-
cates that at large values of the Reynolds Number any
increase of drag resulting from the effect of the pro-
tuberance on the flow over the hull need not be con-
sidered.

Figure 6 shows a fairly consistent decrease in the
additional drag due to the protuberauce as its position
vuries from bow to stern. This variation is in the diree-
tion that would be expected, sinee the protuberance
when located near the stern may be in a region of lower
velocity than when located near the bow. It is inter-
esting to note how well this effect can be predicted
from boundary-layer and pressure-distribution data.

COMMITTEE FOR AERONAUTICS

The apparent drag coeflicients of the protuberance as
located in the various positions have been ealeulated
using the measoured additional drags due to the pro-
tuberance, and the average dynamic pressures of the
alr streams in which the protuberance was placed,
These average dyvnamic pressures were  determined
erapidceally from pressure-distribution amnd boundary-
layer data obtained at a Revoolds Number of 18,000,-
000,  (Reference 12,0 The caleulated deag coeflicients
of the protuberance are tabulated i Table 1L, As
expected, these ealeulated coeflicients show less varia-
tion with the position of the protuberance than the
measured  additional drags.  The ecaleulated  drag
coefticients of the protuberance are much lower than
the usuul {lat-plate coeflicients (reference 113, indicat-
g the presence of favorable additional interference
that was not
The values of the caleulated drag cootlicients of the
protuberance upply diveetly only to Hat-plate pro-
tuberances in contact with the hull. and may be con-
siderably diflerent from coethictents similarly obtained
for flat plates near, but not in contact with, the hull,

Effect of streamline protuberances.--The additional
drag coeflicients Jue to streamline protuberanees are
plotted against the Reynold Number in Figure 7 for
three posttions along the hall of model A, 1t will be
noted that the additional drag due to these protuber-

constdered in the above caleulations.

R A LI o Y SRR VPN P YR
. N R T A T N 20
Y2 s Number,

cosed ot e 2 sengrth of the moce)

Froune 7. -The increase of drag coctficient of model A resulting from a streamline
protitberanee ocated in varioas positions alons the huall

ances is very small at the high values of the Reynolds
Number.

Effect of fins and cars. -The additional drag coef-
fictents for each group of fins and of fins and cars on
model M are plotted against the Reynolds Number in
Figure 8. The increase of drag coefficients due to the
six and eight fin groups i1s about 8 and 11 per cent,
respectively, of the bare-hull drag. The low drag of
the six-fin group was originally thought to be due to
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interference between the fins and the rear support
wires, which were located nearly in the planes of two
of the fins. The tests were therefore repeated with the
rear support wires moved, but the results checked those
previously obtained.

No data are available to permit the computation of
the average dynamic pressure of the flow over the fins;
therefore the drag coeflicients of the fins have been
computed using the measured additiona! drag due to
them, the dynamie pressure of the stream with no
nmodel present, and the fin arcas. These drag coefli-
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Fiiure S.— FThe increase of drag eneflicient of model M resulting from fins and vars

clents were found to be 0.0073 and 0.0088 for the six
and eight fin groups, respeetively, at the highest value
of the Revnolds Number obtained.  These values are
approximately the same ax the minimum drag coelli-
clients of thin symmetrieal airfoils. (Reference 135
The fin sections, however, were not of good <treamline
torm, and hence 1t 18 probable that there was a favor-
able interference effect.

The additional drag due to the cars with either set
of fins at the highest values of the Revnolds Number
was equal to about 10 per cent of the bare-hull drag.
The drag coeflicieat of the cass based on the sum of
their maximum eross-sectional areas and the dyvnamie
pressure of the air stream with no model present has
been computed from the measured additional drag
due to the cars. This drag coeflicient was about 0.12
at the largest values of the Revnolds Number obtained
which were about 1,200,000 and 5,600,000 for the
motor and control cars, respeetively. Thix drag coefli-
cient is about 50 per cent larger than that for good
streamline bodies at the same Reynolds Numbers.
(Reference 4.) Part of this difference may be due to
interference between the hull and cars, but it is prob-
able that the relatively poor streamline forms of the

cars as compared with the airship models of reference
4 accounts for most of the ditfference. It will be noted
that there is an apparent ervor in the test at the lowest
value of the Revnolds Number ig. because the
results of this test show an appreciable ditference in
the additional drag due to the ears with the ditferent
sets of fins.

Effect of surface roughness. The drag coetlicients
chtained for model N with its wriginal sarfuce. with
the =urface polished for a distance of 6 inches aft of the
how, and with the surface polished all over are plorted
in Figure 5. The drag coeflicients agree within the
accuraey of the tests. The previous tests which
showed large effects of surface ronghness on the drag
coeflicient were made with models whose surfaces were
much rougher than thosze of the present tests. Refer-
enee 40

CONCLUSIONS

The rexults reported i this paper are signiticant in
showing that the addition to a streamlbine body of
revolution of flat and streamlbine protuberanees of the
size (ested does not result in adverse interferenes
effects at large values of the Revnolds Number.
Accordingly, no large adverse interference  cofferts
would be expected to rvesult from variations of the
shape of the protuberance. It ix probable, however,
that the removal of the protuberance from the hall 1o
form 2 hody or plate separvated from the hull by «
small gap would modify the interference to an appre-
ciable extent.

Laxcrey Mesourian Aerovavrtiean Lasorartony,
NATIONAL ADVvIsOrY CoMMITTEE FOR AERONAUTICS,
LavaLey Fienn, V., September 26,1032,

REFERENCES

1. Jacobs, Lastman N.: Airfoil Section Characteristies
Affected by Protuberanene T. R No, 146, N. AL
1932,

2. Dryden, 1. L., and Kuethe, A, M.: Effect of Turbulenee
in Wind Tunnel Meusurements. 1. R, No. 342, N AL
C. AL 1930.

3. Higgins, George J.: Tests of the No P Lo Adrship Models in
the Variable Density Wind Tunuel. T, N. Noo 2614,
NoALCoAL 1027,

4. Abbott, Ira H.: Airship  Model Texts in the  Variable
Density Wind Tunnel. T, R. No. 394, N. AL C AL 1931

5. Millikan, Clark B.: The Boundary Layer and Skin Friction
for a Figure of Revolution. Trans. A. 5. M. E,
Jan. 30, 1932, pp. 29-43.

6. Ower, E.: Interference. Jour. R. A, S, July, 1932, pp.
531-77.




I —————————————e

8 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTIOS
7. Jacobs, Eastiman N.. and Abbott, fra o The N0 A €A TABLE 1}
\"uriahlv-l?on\'ity Wind Tunnel. T R, Noo 4165, N AL MEASURED ORDINATES OF MODEL M
C. AL 1932,
8. De Foe, George L. Resistunce of  Streamline Wires e,
T.N. N 279, NoALCo AL Tus, ';t“ .»'.ff}}' TR
9. Lock, C. N. H.: The Interference of a Wind FPannel on a B
Syvmmetrical Body., RO & M. Noo 1275, British AL R. O Tuckes frches
1929, o RLEY
2 0l
10. Freeman, Hugh B.© Foree Measurements on a1 $0-Seale om Tin
Model of the U. S Aieship Akron. T, R, Ne. 432, Temo e
- Ky a3 1Rk [
NOACoAL 19382 s ) (1
L Warner,  Edward P Adrplane Design, derody ninies, I " v
MeGraw-Hill Book Co, 1927 12 I
12, Freeman, Hugh B Mewsuretnents of Flow in the Banndars L i .
Laver of @ 1 90-Seale Model of the U0 Adeship Akron. e L
T. R. No. 830, N A C0 N 1932, ey Voo
RLTT e
13, Jacobs, Fastman N0 Test< of Sy Synonetvieal Aofolls an LT
the Variable Density. Wind Tunnel T N, No. 383, " o
NOALCL AL 193 12
EREN YY)
it ‘7’\1!
TABLE I I -
MEASURED ORDINATES OF MODEL A o .
Grdin e e .
| FABLE HH
~lon,
e W W DRAG COREFFICTENTS OF FLAT PROTUBEIANC Es
v |I\l':‘.xr"-:l ON MODEL A
- - , h R
Inlies Tueches fnehes TN
[Nl [IRE L} [0 . . R
20 1 Where g, is the average Toeal dsonaomie prossure aned S is the area
- ::| of the protuberance
_,:": Revnolds Nmnber of peilel A based oo the averaabl dength of
10 the model, 15,000,000
RLLD
N,
HURL LT Lo, ot
IENLLT] prorgler
JARLLL R BRI
22 e Lony et ‘
4O NG Teerget b ®
RUNI T3] Pt HETI IR ER]
RANS iowin RIS
RN LT
BRENT L TN
RRITD IR [ S
RS 1 Pan ~
2 s |
e 17 %
1 usn T
wn W
631 [R]
¥ Vi
W) (184
f5n T ;
21 R0 Ry
) [E b
(NN N --
w2 o

U.S. GOVERNMENT PRINTIN. OFFICE- 1932




>
Q"“"'"“/(
1
/
#

Positive directions of axe: and anglue {forees and moments) nre shown by arrows

ES QN S — — R

Axis I Moment about axie Angle Velocitivs ‘
J O ,i, [N F("m e P
| o 8 Positi Desi ) (oo
S 3yr- , - Positive igus- | Sym-| (com
Destgnation Dol | symbol | Designatior Dol | direction tion Dol !nent along | A""“!‘".
axis) »
R I
Lungitudinal. .| X X rolling. . . .. L Yo Z roll.._...1 o u oo
dnteral ... Y by pitehing. ...| M | Z—X pitch ... 6 v g
Normat.......] Z z yawing.....| N XY yaw. ... .1 ¢ w o
Absolute coefficients of mement Angle of set of control surfsce (relative tv neu-
(e L O M C.~ N tral position), 5. (Indicatc surface by proper
1 gb8 =" qeS @S subscript.)

4. PROPELLER SYMBOLS

U, Diameter. -
. Geometric pitck. P, Power, absolute coeflicient b ‘I)”

/D, Pitch ratio. . o, V"
V’, Inflow velocity. C., Speed power coeflicicut Pn‘

V,, Slipstream velocity. n, Efficiency.
. Thrust, sbeolute coofficient “__Tﬂ n, Revolutions per second, r. p. s.

, ¢, Effective helix angle - tant (21,.“)
1), Torgue, sbsolute cneflidient (Jy= ;6927 i

8. NUMERICAL RELATIONS

1 hp =76.04 kg/m/e =580 Iy /It./scc. 1 Ib. ~0,4535924277 kg
i kg/m/n=0.01315hp . 1 kg<2.2040224 Ib.
1 wri./hr, = 044704 m/s . ) mi. =1609.35 m =~ 5286 ft.

m/;-szamd./h e m-amimn




