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Length ______ _ 
Tiroe ________ _ 
Force _______ _ 

Symbol 

l 
t 
F 

AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric 

Unit 

meter _________________ _ 
second ________________ _ 
weight of one kilogram __ _ 

Symbol 

m 
s 

kg 

English 

Unit 

foot (or mile) ________ _ 
second (or hour) _____ _ _ 
weight of one pound __ _ 

Powec_______ P kg/ro/s ________________ ___________ horsepoweL _________ _ 
Speed {km/h___________________ k. p. h . mi./hr. ______________ _ 

-------- ---------- m/s_______ _____________ m. p. s. ft./sec. ______________ _ 

2. GENERAL SYMBOLS, ETC. 

Symbol 

ft. (or mi.) 
sec. (or hr.) 
lb. 

hp 
m. p. h. 
f. p. s. 

W, Weight=mg mk2, Moment of 
radius of 
script) . 

inertia (indicate axis of the 
gyration k, by proper sub-g, Standard acceleration of gravity = 9.80665 

m/s2 =32.1740 ft./sec. 2 

m, Mass = W 
g 

p, D ensity (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-4 

S2) at 15° C. and 750 mm = 0.002378 C, 

(lb.-ft.-4 sec. 2) . b2 

Specific weight of "standard" air, 1.2255 S' 
kg/m3=0.07651lb./ft.a. 

Area. 
Wing area, etc. 
Gap. 
Span. 
Chord. 

Aspect ratio. 

Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

v, True air speed. 

,q, Dynamic (or impact) pressme= ~pVZ. 

L, Lift, absolute coefficient GL = q~ 

Q, Resultant moment. 
n, Resultant angular velocity. 

Vl 
p- ,Reynolds Number, where l is a linear 

J1. 
dimension. 

D, Drag, absolute coefficient GD = ~ e. g., for a model airfoil 3 ' in. chord, 100 
mi./hr. normal pressme, at 15° C., the 
corresponding number is 234,000; 

.0, 

R, 

Profile drag, absolute coefficient GDo = ~S 

Induced drag, absolute coefficient GDt=~S 

Parasite drag, absolute coefficient GDp = ~S 
Cross-wind force, absolute coefficient 

G ~ 
GC=qS 

Resultant force. 
Angle of setting of wrngs (relative to (Xt, 

thrust line) . 
Angle of stabilizer setting (relative to 

thrust line). 'Y, . 

or for a model of 10 cm chord 40 mis, 
the corresponding number is 274,000. 

Center of pressme coefficient (ratio of 
distance of c. p. from leading edge to 
chord length). 

Angle of attack. 
Angle of downwash. 
Angle of attack, infinite aspect ratio. 
Angle of attack, induced. 
Angle of attack, absolute. 

(Measmed from zero lift position.) 
Flight path angle. 
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AIRSHIP MODEL TESTS IN THE VARIABLE DENSITY WIND TUNNEL 
By IRA H. ABBOTT 

SUMMAR Y 

An investigation oj the aerodynamic characteri tic oj 
airship models was made in the variable density wind 
tunnel oj the National Advisory Committee jor Aero
nautics. Eight Goodyear-Zeppelin airship model , 
supplied by the Bureau oj Aeronautics oj the avy 
Department, were te ted in the original closed-throat 
tunnel. Ajter the t'unnel was rebuilt with an open 
throat a new model was tested, and one oj the Goodyear
Zeppelin models was rete ted. The e test were made at 
tank preSSU1'es varying jrom 1 to 20 atmospheres, and the 
extreme range oj Reynold Number wa about 1,000,000 
to 4.0,000,000. The lift, drag, and moment coefficients 
oj the models were determined, and the effect upon the e 
coefficients oj pitch, fineness ratio, scale, sUljace texture, 
initial degree oj ail'- tream turbulence, and the effects 
oj the addition oj fins and cars were inve tigated. The 
resulting curves are included. 

The results show that the addition oj fins and car to 
the bare hull oj a model cau es an increa, e in lVt at 
po itive angles oj pitch and cau e an additional drag 
which increases with the pitch. Little change in drag 
coefficient was jound between a finene s ratio oj about 
five and even. The effect oj uljace roughne s on drag 
was jound to be z'ery large. The drag coefficient and the 
apparent effect oj scale depend upon the initial degree oj 
ail'-stream turbulence. The re uZts indicate that much 
may be done to determine the drag oj air hip jrom evalu
ations oj the pre ure and kin-jrictional drag on model 
tested at large Reynold 1'1 umbers. 

I NTROD TION 

Wind-tunnel te t of air hip models have 1'e ulted 
in many useful data on the ae1'odynami characteri tic 
of airship hulls, and on the eft'ect of finenes ratio, fin 
and control surfaces, and protuberance. The e data 
have been useful in air hip design, but their useful
ne s has been limited greatly by the fact that the 
Reynold umbers of the te t are very mall a 
compared to those obtaincd in flight. This limitation 
is e pecially evident from a con ideration of the irag 
coefficient which how a more pronounced variation 
with Reynold Number than do the other character
istics, 

ot only does the drag coefficient obtained from a 
model apparently have little relation to the J\LlI- cale 
coefficient, but also the draO' coefficient of the ame 
model as obtained in dilferent tunnels at the same 
value of the Reynolds umber varies greatly. Con
seqnently, the result of wind-tunnel te ts on airship 
models have been generally eli credited, and airship 
design has been hamperE:'d by the impos ibility of 
predicting the dra.g of propo ed airships from mod I 
te ts . Work done in the past few years has indicated 
the po sibility of clarifying the problem by the appli
cation of Prandtl' bouudary-layer theory, but so few 
test have been made over a large range of Reynold 

umbers that little experimental data have been 
available to how that the application of thi theory 
is po sible to a rea onable extent. 

An inve tigation of the aerodynamic characteristic_ 
of airship models was conducted over a large range of 
R eynolds umbE:'r in the variable density wind 
tunnel of the National Advisory Committee for 
Aeronautic. ome of the te t were made in the 
original cIo ed-throat tllnnel, and the remainder were 
made in the tunnel a rebuilt with an open throat. 
This arrangement made it po ible to compare the 
re u] t of te ts made oyer a large range of Reynold~ 

umber in two tunnels. 
The te t included the determination of lift, draO', 

and moment coefficient of eight Goodyear-Zeppelin 
air hip model, and of a model of the ZR -4 air hip. 
Each model wa te t d with and without appenda.ge , 
and one model wa te ted with three d gree of surface 
roughne s. The model were upplied by the Bureau 
of Aeronautic of the avy Department. 

The drag of thE:' m del were mea ured at zero 
pitch with tb mod 1 mounted on two type of us
pen ion to allow the correction made for uppor 
drag and interference to be checked. Correction 
were made for the efl'ect of air- tream convergence on 
the drag, and they were checked by testing one model 
in tunnel po i tion COI'l'E:' pondino- to different La tic 
pres ure gradient . 

ur e of lift, draO', and moment coefficients are given 
for nin model. Other curves 'how theelTect of pitch 
fineness ratio, appendage, surface texture, and scale. 

3 
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APPARATUS 

Eight Goodyear-Zeppelin airship models and one 
model of the ZR -4 ail' hip were te ted in this investi
gation. All the models were made of mahogany with 

were multiples of the diameter. All the Goodyear
Zeppelin models had the same generating curve, the 
ordinates of which are given in T able I. The ordi
nates of the ZRS- 4 model are given in Table II. The 

F IGURE I.- Good year-Zeppelin airsh ip models 

metal nose and tail caps, and the cross sections were 
24-sided polygons, fairing to circles at the nose and 
to 16-sided polygons at the tail . The fineness ratio 
of the ZRS-4 model was 5.9. The Goodyear-Zeppelin 
series consisted of four basic models with fineness 
ratios of 3.6, 4.8, 6.0, and 7.2, having the same maxi-

F IGU R E 2.- Good year-Zeppelin airship models. Wood V flns. 'rile brass 
flns are made of brass plate. They are of the same general plan form 
as tbe wood V fill S and are ~2 inch tbick 

mum diameter, bu t varying in length . Four addi
tional models with finene s ratios of 5.3, 5.6, 5. , and 
6.8 were obtained by inserting parallel nuddle bodie 
in the two smalle t basic models. Figure 1 illustrates 
the models and the means used to lengthen the smaller 
ones. The middle bodies had a constant diameter 
equal to the maximum of the models, and their length 

center of buoyancy posltlOns and volumes for all 
models are given in T able III. The models were 
equipped with removable fins and cars . Brass fins 
were fitted to the GZ-3.6 and the GZ- 7.2 models, and 
wooden fins to all others. (Fig. 2. ) 

All models had rubbed varnish finishes . One model 
was also tested with a highly polished surface, and 
with a surface coated with No . 1 0 carborundum 
(grains ranging from about 0.003 to 0.007 inch in 
maximum dimension). The granular carborundum 
was sprayed over the freshly varnished surface by 
means of a small air jet to obtain a uniform distri
bution. 

A description of the original close-throat variable 
density wind tunnel and a discusEion of the principles 
of its operation are given in reference l. Aside from 
the change to an open throat, the rebuilt tunnel wa 
much like the original, the chief differences being in 
the shape of the air passages and in the balance details. 
(Fig. 3.) phere drag tests (reference 2) showed that 
the open-throat tunnel had less air-stream turbulence 
than the old closed-throat tunnel. 

Figures 4 and 5 show the method of mounting the 
models on the main balance in the original tunnel. 
Special supports were used with the ou tel' ends fastened 

I 
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FIGURE 3,-OpeD-throat variable density wind tuonel 

FIGURE 4,-Ooodyear- Zeppelio airship model mounted at zero pitch on tbe main balance of the closed-throat tunnel 
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to the balance ring, and the others extended in to a 
bra s bu hing in the model. This bushing :formed the 
bearing around which the model pivoted with chang
ing pitch. A treamline wire attached to the shielded, 
angle-oI-pitch bar supported the tail of the model. 
Streamlined shields covered the supports . 

The model were mounted on the main balance in 
the open-throat tunnel as shown in Figure 6. The 
main upports were :fa toned to the balance cradle at 
the bottom of the te t rhamber and were partly 
shielded. The exposed portion were tl'eamlined . 
The models, which were mounted on a horizonLal 

METHOD 

The tests were made in the usual manner in the 
variable density wind tunnel. (Reference 1. ) The 
resultant force on the balance included the following: 

1. The desired aerodynamic forces on the model. 
2. Forces on the model due to air-stream con

vergencp . 

3. Forces on uppor t of model. 
4. Force due to mutual interference of model 

and uppor ts. 
5. Force due to windage on parts of the balance 

located outside the air stream. 

FIG RE 5.-Goodycar-Zeppelin airship model mountcd at 20° pitch on the main balance 01 the closed·throat tunnel 

t1'eamlined rod between the upports, contained bra s 
bushings to form the bearing on which they pivoted 
with changing pitch . A partly shielded, treamline 
wire fa tened to the angle-of-pitch bar formed the tail 
support. 

..,\. photograph of a modcl mounted on the auxiliary 
balance in the old , closed-throat tunnel is shown in 
Figure 7. This balance and mounting are fully 
described in reference 3. The mounting in the open
throat tunnel wa th ame, except that f ur round 
unshielded wires were u ed to upport the model 
instead of three partly shielded treamline wires, and 
that a 45° linkage wa u ed instead of a bell crank to 
transmit the force of a co unterweight. (Fig. .) 

The effects of the la t foul' item had Lo be evaluated 
in order to determine the desired forces on the model. 

The additional drag on the model due to ai1'- tream 
onvergence was calculated from the :formula :for an 

ellipsoid with a volume and finene ratio qual to 
that of the model placed in a stream converging in 
such a manner as to have a linear tatic pressure 
gradient. (References 4 and 5.) The formula for 
thi correction is given in the Appendix, and i imilar 
to that for the more conventional horizontal buoyanc 
correction. However, the actual tatic pressure gradi
ent of the tunnels were not linear. (T able IV and 
fig . 9.) The location of the models in the tunnels 
are given in Table V. For the open-throat tunnel 
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FIGURE 6.-ZRS--4 airship model mounted in pitch on the main balance of the open·throat tunnel 
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tests, a proce s of graphical integration was used to 
arri,e at this correction. For the clo ed-throat tunnel 
tests the model were divided into three sections and 
an average linear static pressure gradient was used for 
each part. These gradients were close approximations 
to the existing gradients for the sections. Thes 
methods have little theoretical justification, but the 
results justify their 1..1 e. It is thought that they give 
closer approximations to the correct results than the 
usual horizontal buoyancy correction. A check was 

instead of the dummy model. The main balance 
windage was included in the balance readings. 

The discrepancy between the re ults on the main and 
auxiliary balance in the closed-throat tunnel tests 
indicates that the corrections for the interference of 
the main balance model supports on the model w re 
inaccurate . Therefore, in the open-throat tunnel 
tests, this interference effect was determined by 
measuring the drag of the model mounted on the 
auxiliary balance with the main balance model sup-

FIOU RE 7.-Goodycar·Zeppelio airship model mounted 00 the auxil iary drag balance in the closed· throat tunnel 

made by te ting one model in the open-throat tunnel 
in two po ition having greatly different static pressure 
gradient. The gradient in the closed-throat tunnel 
caused much maller corrections than those in the open
throat tunnel. The effects of stream convergence on 
lift and the effects of cross-tunnel static pres ure 
gradient were con idered negligible. 

The force due to the main balance model supports, 
and the interference of the model on the supports were 
determined in the losed-throat tunnel tests by placing 
dummy model in the model position so that they did 
not touch the supports. This force was then mea ured 
directly on the balance. The same general procedure 
was used in the open-throat tunnel tests, except that 
the model mounted on the auxiliary balance wa used 

ports in place but not touching the model , and \ ith 
them removed. 

The drag of the auxiliary balance model upport 
wire wa calculated in the cIo ed-throat tunnel tests. 
(Reference 6.) The interferences were mall becau e of 
the location of the wires, and they were neglected. In 
the open-throat tunnel test, an attempt was made to 
determine the wire drag and interferences by measuring 
the drag of the model mounted on the main balance 
with and without the auxiliary balance model support 
wires in place. It was found, however, that this 
method was subject to con iderable error becau e of 
the small magnitude of the correction. Consequently, 
this correction was cal ulated as in the previous te ts. 

----- -------_ . . _--- -----------~ 

1 
l 



AIR HIP MODEL TESTS II THE VARIABLE DENSITY WIND TUN EL 9 

The formulas llsed in the calcula tion of the results 
are given in the Appendix. It will be noted that the 
coefficients are based on (vOI)l, and that the Reynold 
Numbers are ba ed on the lenO'ths of the models. 

TESTS 

The models were tested under the following C011-

ditions: bare hull, hull with fin " and hull with fins and 
car. Bras and wooden V- haped fms wero attached 
to the diITerent model as reque ted by the ay:v 

moment near zero pitch, which are probably less 
accurate: 

Lift, ± 3 per ent. 
Moment, ± 5 per cent. 
Draa on main balance, ± 3 per cent. 
Drag on auxiliary balance, ± 2 per cent. 

The large magnitude of these po sible errors was due 
mainly to an unsteady air tream and to vibrations of 
the tunnel structure to which the balances were 
a ttached. Changes in surface texture between run 

F IGU RE S.-Good year-ZeppeJi n ai rship model moun Led 00 auxil iary drag balance in the open-throat tunnel 

Department. Two izes of cars were attach d for the 
tests on hull with fins and car, a mall car beinO' u ed 
on the small models and a large one on the large models. 
The tests were made at tank pre sure of 1, 2.5, 5, 10, 
and 20 atmospheres for the bare-hull condition, and at 
preSSllres of 1, 10, and 20 atmo phere for the other 
condition . A tabulation of the te t gIVen m 
Table VI. 

PRECISIO 

The accuracy of the measured gross forces is believed 
to be within the following limits except for the lift and 

5 997-31--2 

cau ed additional error, which may be of about the 
ame magnitude a tho e listed abo,e. The measured 

correction were obtain d from the difference of 
mea ur d gro force mea ur ment , and they contain 
all the above errors. 

The ac uracy of the calculation of the \vir drag for 
models on the auxiliary balance i believed to be a 
great a that of the mea ured correction . There i an 
additional error due to the neglected mutual inter
ference of wire and model, but thi error probably is 
small because of the location of the wires. The dra.g 
correction for air-stream convergence is thought. to be 
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more nearly accurate than the conventional horizontal 
buoyancy correction. 

o correction has been applied to the lift for the 
effect of air- tream convergence, and no corrections 
have been made for the influence of cross-stream 
static pre ure grftdients or for wall effects. The 
errors due to these effects are believed to be less than 
1 per cent. The same correction for the effect of air
stream convergence on drag has been applied at all 
angles of pitch, and this additional drag has been 
assumed to act at the center of buoyancy of the models 
for the purpose of moment calculations . The model 
support and balance windage corrections for anyone 

30 r-r-r-
I I II I I 

Symbol. Tonk pressure (Atm.) - r-
x--- 1.0 
\7- - - 2.5 ... 0----- 50 

.cO 
"\ 6-- '-- _10.0 

"I!-,. 0-- co.O P/ q 

~~~ 
~#~ ''';:; ~ 

.10 
I I ~ , ~~- ..... t::::: 
!Q -jl-rr' ~ f::: 0:::- :0-
K] b-p.. 'f 

t::lj ---;; f:~ ~ ( I \. I ~ x ._ -"'r-. -< _ 
Loeht/on ~f nose.i of model 

x· _ XI - XI - x a 
I , 

a 10 20 3D 40. 50. 
Distance Tram entrance cone, inc hes 

FIGURE 9.-Ratio of static to dynamic p,.e~sure on the center line of the 
open-throat tunnel. Static pressure referred to plessure of still air in 
test chamber as zero 

model have been assumed to be the same for all 
angles of pi tch . These a sumptions may have 
caused appreciable consistent errors. 

Figure 10 shows tha t the agreement between 
drag coefficient for th e GZ-4.~ model as te ted CD 

in t.wo positions in the open-throat tunnel wi th 
greatly different tatic pre sure gradients and 

The results of the drag tests on the bare-hull model 
without parallel middle bodies at ~ero pitch on the 
auxiliary balance are given in Figure 17 (A). The 
curve of drag coefficient are plotted against Reynolds 
N11mber on logarithmic scales. imilar curves are 
given for t.he bare-hull models with parallel middle 
bodies in Figure 17 (B), and for t he model tested 
with and without appendage in Figure 1. Curves 
for the GZ- 4.S and ZRS- 4 bare-hull models as tested 
at zero pitch on the auxiliary balance in the open-throat 
t.unnel arc given in Figure 1 g. The re ults of the clo e
throat tunnel test on the GZ- 4.S mod el are also given 
for comparison. 

The re ults of the te ts on effect of surface texture 
on drag are given in Figure 20. Curve of drag coeffi
cients at zero pitch for the G2-4 .S bare-hull model 
with three degrees of urface roughness are plotted on 
logarithmic scales again t R eynolds umber. The 
curves show greatly increased drag resulting from 
increased surface roughness. 

DISCUSSION 

Pitch.- The effect of pitch on the aerodynamic char
ac teristics of the models is shown in Figures 11 to 16, 
inclusive. The lift and moment at zero pitch are not 
exactly zero because of air flow and model eccentricity. 
The lift coefficient increases to values of ~bout 0.1 0 to 
0.12 for the bare-hull models at 15° positive pitch, and 

06 
I I I I I I 

X Closed throat tunnel tes t I 
6 - - - Open-throat tunnel test I a ---- " .. .. .. with 

I model 8 " downstream from 

" I normal position 

.04 

x '-
x 

i>- - - - 1- - x 
V .02 

o 4 8 12 16 24 26xlD6 
Re vnolds Number 

in the closed throat tunnel is within ± S per 
cent, except a t the lowest Reynolds urn bel'S 
where air-stream turbulence effects arc appreci
able. This agreement may be taken as a general 
indication of the accuracy of the tests. 

~F IGURE 1O.- Drag coeOkienls of the Ooodyear-Zeppelia airship model. 
4. ; zero pitch; bare hull 

Fineness ratio t 

RESULTS 

The results of the test in pitch of the bare-hull 
Goodyear-Zeppelin airship models without parallel 
middle bodies are given in Figure 11 . The curve of 
lift, drag, and moment coefficients at five values of 
Reynolds umber are plotted against the angle of 
pitch for the GZ- 3.6, G2-4.S, GZ-6.0, and the GZ- 7.2 
models. Similar curves for the bare-hull models with 
parallel middle bodies, namely, the GZ- 5.3, G2-5.6, 
GZ-5.S, and the G2-6.S models, are given in Figure 
12, and for the models tested with appendages in 
Figures 13, 14, and 15. Figure 16 shows similar curve 
for the G2-4 . and the ZRS- 4 models, both with and 
without appendages, as tested in the open-throat 
tunnel. 

to values of about 0.25 to 0.35 for the models at the 
same atti tude with fins and cars. 

The moment coefficients for the bare-hull model 
increase from appro~-imately zero at zero pitch to a 
value of about 0.06 to O.OS at 15° positive pitch. The 
theoretical moment coefficien ts have been calculated 
from the values of K 2 - K J (reference 7) given in Figure 
21, and Figure 22 shows the ratio of the actual to the 
theoretical moment coefficients plotted again tangle 
of pitch. This r atio is about 0.70 at the larger angle 
where the erros due to eccentricity are unimportant. 
This value is the one usually found for this ratio. 
(Reference 7.) The moment coefficients for the model 
with fin and cars, and with fins only, increase with 
increasing pitch to a maximum at an angle of roughly 
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go, above which the slope of the moment curve be- I 

comes negative. 
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The drag coefficients are least at zero pitch. The 
rate of increase with pitch is small at small angles of 
pitch, but it becomes greater as the pitch increases. 
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at that attitude. FIGURE 24.-ilIoment due to fins or fins and car. Goodyear·Zeppelin airshi p model. 

T ests on the GZ-6.0 model (figs. 15 and 24 with Fineness ratio, 6.0; Reynolds Numher 33XIO' 

fins and car, and with fins only, show that the 
car has no effect on lift and moment within the 
accuracy of the tests, and only a slight effect on 
drag. 

coefficient is too mall to be appreciable. That part 
of the drag coefficient due to skin friction is increased 
as the fineness ratio is increased, because the ratio of 
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surface area to volume i increased. It follows that 
for air hip with the same generating curve, there 
will be a deBnite frneness ratio at which the drag co
efficient will b a minimum, although there may be 
litLle increa e in drag for ail' hips with Bneness ratios 
varying somewhat from the one O'iving minimum drag. 
Figure 25 (A) how that th re i actually little 
difl'erence in the drag coefficients of the models with 
finene s ratio between 4. and 7.2. The cattering 
of the points is due to the incJu ion of model with 
parallel midd le bodie, to inaccuracies of mea m ement, 
and also, very likely, to din'erent test condition causing 
diA'erence in the boundary-layer flow. 

If an air hip form is u ed fo r the fairing o[ object, 
the important drag coefficient is one ba ed on the 
maximum cross- ectional area in tead 0 [ on (vol) ~ . 
In Figure 25 (B) thi coefficient (Go.) is hown plotted 
against finene ratio for the Goodyear-Zeppelin bare
hull models at a Reynolds umber of 20,000,000. 
The resul ts indicate that CV A i a minimum for this 
generating cu rve at a fineness ratio of abo ut 4.5. 

These te t show no consisten L variati n of lift co
efficient with fineness ratio, either for the models with 
the same enerating curve I' for those with parall el mid
dle bodie. (Fig. 26.) In general, the lif t coefficients 
are higher for the models with the larger Finene ratio, 
but thi variation i small and not very systematic. 

The moment coefficient arc higher for the bare-hull 
models with the malleI' fineness ratio (fig. 27) ; bu t 
this effect is not entirely y tematic, probably because 
all the models do not have th same generating curve. 
From considerati n of the theoretical moments, the 
momen t coefficien ts of the Goodyear-Zeppelin bare
hull model would be expected to increa e a the Bne
ne s ratio is lecrea ed . The fo 11owin . tabl gi es Lhe 
theoretical and actual moment coefficien t of the e 
model expre ed a a function of the pitch . (Refer-
ence 7. ) . 

em A A F NCTION OF THE PIT H 

L"jueness ActU Al 
ratio Theoret ica l ( It rom poin t.: a= 16° 

tan k pre'sure = 20 a tmospheres) 
- - -

3. 6 O. ?~ sin 2a O. I 9 ~ in 2a 
4.8 . 237 si n 2a . 155 sin 2a 

15. 3 .230 sill 2a . 152 s in 2a 
15. .224 sin 2a .151 sin 2a 
6. 0 .215 sin 2a . 145 sin 2a 

16. .210 sin 2a .142 sin 2a 
7.2 . 197 sin 2a . 129 s in 2" 

1 J\Iodels wi t h para llel mid d le bodies 

Surface roughness .- The large increa e in drag co
efficien t for the GZ . bare-hull model due to increase 
in surface roughne s is shown in Figure 20. At the 
highe t Reynold Numbers reached, the drag oefficient 
[or the model coated with o. 1 0 earborundum i 200 
per cent of the drag coefficient for the mod 1 with a 
normal rubbed-varni h surface, and thi coefficient for 
the model with a highly poli hed urface is 93 per ent 
of that for the normal model. Although the carborun
dum surface is far rougher than anything that would 

be obtained in practice, the large magni tude of the 
effect of urface roughness makes it imperative thae 
con ideration be given to the condition o[ the urfac L 
of the model in any interpretation of ail' hip mod 1 
tests. 

Reynolds Number,-The effect of Reynold Number 
on the lift and moment coefficient i shown in Figure 
11 to 16, inclu iYe. There i no consis tent variation 
of lift coefficient with Reynolds Number, probfl,bl~' 
because the data are not ufficiently accurate to h IV 

thi efi'ect, which i small. Most of the models how an 
appreciable increase in the moment coefficiC'nt at large 
Reynold Numbers. Thi increa e i O'reater for the 
models equipped with fin and cars than [01' the bare
hull model . 

The drag coefficients for the models in pitch do not 
show any con i tent variation with Reynold Nllmber. 
This fact i probably due to the inaccuracy of the 1'e-
ults. The drag coefficient at zero pitch [or the model 

tested in the closed-throat tunnel decrea e with increa -
i.ng Reynolds Jumber (nO' . 17 and 1 ) , b1l t the de
crease i not y tematic for all models. The rat of 
decrea e i greater at mall than at large Reynolds 
Numbers, e pecially for the modrl eq 1I ipped with Bns 
and cars, and the curve o[ drag coefFicien t of the bar -
hull models plotted again t Reynold Number approxi
mate traight lines when plotted on logarithmic cales. 
The apparently high drag coefficient hown by orne 
of the model at the highe t Reynold Ilmber reached 
may have I een due to the u e of insufficient counter
weight to keep those models steady at 20 atmosphere 
tank pres ure. The drag coefficients for both models 
te ted in the open-throat tunnel at zero pi.tch increa e 
at low R ynold umber and decl'ea e at high Rey
nolds J umber. (Fig. 19 .) 

Initial degree of air-stream turbulence ,- The drag 
of air hip hull wi th good form i very largely dne to 
kin friction. Pre sure di tribution t t on airs hi [l 

and model have repeatedly hown very mali pre sure 
drag coefficient. The magnitude of the skin friction, 
and hence the magnitude of the drag coefficient for the 
ail' hip, are dependent upon the type o[ flow exi ting 
in the boundary layer. The type of flow depend not 
only upon the cale, but al 0 upon the teadines of the 
air approaching the air hip, or, to state thi differently, 
upon the initial degree of air-stream turbulence. The 
boundary-layer flow is al 0 partly dependent upon th 
hape of the air hip. 

The following equation o[ Blasius expresses the aver
age skin-frictional drag coefficient for all laminar 
boundary-layer flow on rectangular flat plates. (Ref
er'ences 8 and 9): 

Burgers and Hansen have established thi equation 
a a good appro)"-imation to experimental value . . 
Prandtl's equation 



AIRSHIP MODEL TESTS IN THE VARIABLE DENSITY WIND T U NEL 

I-
.03 -- --- i-e-e-'--

[0 --I-e-

x xX 
a 

- x .02 

CD 

.01 o Without paralle l middle bOdt _ 
X With parallel middle bodies 

(A) Drag coeffic ient based on ( VO/.)i?/3 

a 

.06 

.04 

CD ... 

.02 o Without p aralle l middle. bodes 

(B) Drag coefficient based on maximum cross-section area-

I I I I I I I I I I I 
a 3 4 5 6 7 

Fineness ratio 

F IGCRE 25.-Effect of fineness ratio on drag coe ffi cient at zero pitch. (1oodycarZeppehn 
airship models. Rare hulls 

.28 

.24 

.2 0 

. 16 

.12 

.08 

,04 

o 

- .0 4 

-.08 V 
'? 

V 

-6 

I I I I 1 ft+ I I I I I 
Symb ol . Model. Reynolds Number x 10-6 

6 - - 3.6 20 
'\1 - - 4.8 26 
X- -- 5.3 28 
<l-- 5.6 30 
0-- 5.8 31 
[> - - 6.0 35 
0-- 6.8 37 
+ - --- 72 37 

II 

,II V 
1M ~/ 1/ 

ld V) 
ri/, '.If, 

W-r, v.w 
(7/' W 

~/ ,~ 
,/ ,~ 'k~ 

tY-7-Y' 
/ c"-: V' 

V 
t,,; 

/ k:; (.? '-0~ 
~ ;::::; 'J" 

2'''- / V V 
~ r; .... 

~ ~ . .....-: ~ 
:,. ' '" / ' x / 

/ 

I 
-3 0 3 6 9 12 

Angle of p ilch, degrees 
15 18 

LI 
'j 

I' 

FIGURE 26.-EiJect of fineness ratio on lift coeffi cient. Goodyeal-Zeppelin airship models. 
Lift coeffi cien ts lit 20 atmo pheres: bare hull ; te ted in the closed· throat tunnel 

19 



20 REPORT ATIONAL ADVISORY COMMITTEE FOR AERONAU'l' I CS 

expresses the average skin-frictional drag coefficient 
for all eddying botmdary-layer flow on rectangular flat 
plates. (Reference 10.) Curves of OF are plotted on 
logarithmic scales against Reynolds umber in 
Figure 2 . 

As explained in the above references, the laminar 
type of boundary-layer flow exists only at small 
Reynolds Numbers; and, if the Reynold umber is 
increased, the flow in the boundary layer becomes 
eddying on the surface of the downstream portion of 
the plate, and the tran ition line between the two 
types of flow proO"resses upstream. In wind tunnel 

.20 I I I I 
I I I I I I I 

Symbol. Model. Reynolds Number x 10·' 
f::,-- 3.6 20 16 
\7-- 4.8 26 
x--- 5.3 28 
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to the upstream edge of the plate. The value of the 
critical R eynolds Number is dependent upon the initial 
degree of air-stream turbulence (R eference 9 and 11 ), 
and decreases as the initial turbulence increases . The 
usual values of Rx for wind tunnel work are very 
roughly 100,000 to 3,000,000. 

The transition curve of the skin-frictional drag 
coefficient can be calculated approximately for a flat 
plate and a value of the critical Reynolds umber. 
The following assumptions give two limiting transition 
curves between which the true curve must lie. (Ref
erence 9. ) 

1. The laminar flow does not affect the ed
dying flow behind it at all. 

2 . The eddying portion over the rear of 
the plate acts as though the layer were 
eddying over the whole plate. 

v"""-

Two typical transition curves for rectangular flat 
plates have been calculated for a cri tical Rey
nolds Number of 600,000, and have been plotted 
in Figure 28 . 

18 

The total drags of some of the airship models 
have been expressed in the form of skin-frictional 
drag coefficien ts (OFD). This coefficient is ba ed 
on the surface areas of the models. The inclusion 
of the pressure drag is not very important because 
this drag is comparatively small, and probably 
varies little with the Reynolds umber. Curve 
of this coefficient are plotted again t R eynolds 

umber in Figure 2 for the GZ- 4. model a 
tes ted in the old closed-throat tunnel, and as 
tes ted in two positions with three cl.egrees of urface 
roughness in the open-throat tunn el. The curve 
for the GZ- 7.2 model is also included . 

FIGUR~ 27.-EITect of fineness ratio on moment coefficien t. Goodyear·Zeppelin airsh ip 
models. Moment coefficients at 20 atmospheres; bare hull ; tested in j,ho elosed-throat 
tnnnel 

The figure show th at the curves for t.he mod els 
tested in the open-throat t unnel resemble tran i
tion curves for rec tangular flat plates at Lhe lower 
Reynolds umbers, and closely approximate the 
curve for all eddying boundary-layer flow at the 
higher Reynold Numbers. The curves from the 
closed-throat t unnel tests lie nearly parallel with 
those for all eddying boundary-layer flow on flat 
plates. The turbulence in this tunnel was much 
greater ---than tha t in the open-throat t unnel (ref-

tes ts the R eynold umbers are such that the (low 
i neither entirely laminar nor so largely eddyincr that 
the laminar upstream portion can be neglected. nder 
these co nditions the skin-frictional dracr coefficient lies 
on a transition curve between the two curves de cribed 
above. 

The value of the Reynold umber at which the 
transition from laminar to eddying flow takes place 
in any given case is called the critical Reynolds N um
ber . The scale at the transition line, i. e., the critical 
Reynolds Number, may be expressed by Rx in which 
the characteristic length is the distance from the line 

erence 2), and the cri tical R eynolds J umber was 
apparently so far below the test range that the curves 
show no resemblance to transit.ion curves a t the 
lower R eynold Number. 

Recommendations for future work.- The curve of 
the drags of airship models, when expressed as kin
frictional drag coefficien ts, resemble the curve for 
skin friction on flat plates. The indications are that 
much may be done to predict full-scale drag coeffi
cients of airship models from separate evaluations of 
pressure and friction drags . In order to calculate the 
friction drags it will be necessary to make experiments 
to determine the effect of pressure gradients, curva· 
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ture, and taper of a body of l'eyolution upon the 
boundary layer. This work should be undertaken in 
conjunction 'with an extensive tudy of turbulence. 
Although the determination of turbulence by plot of 
phere or streamline-body tests has been u ed fairly 

successfully, this method is ubject to error because 
the assumption i made that the turbulence is con-
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2. The drag oeffi cient for the air hip model with 
the Goodyear-Zeppelin generating curve vary little 
between fineness ratio of 4.8 and 7.2. 

3. Wind tunnel tests of airship models lllay lead to 
erroneous conclusion becau e of the eiIect of the 
initial degree of air-stream turbulence, and because of 
difrerences in surface roughnes . 

I 1111 I I I I 1111111 I I 

~J TTTT iiillTllTTTT l I I 1 
or p osition, open-throat tunnel, 

carborundum coated surface 
I" I 
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FlOURE 28.-Comparison 01 skin fri ction on airsh ip models and rectangular flat plates. Dashed lines represent theoretical curves lor skin friction on rectangular 
fiat plates. Solid lines represent test results on bare·hull airship models. Tbese curves are for tbe OZ-4. model tested in the normal position with normal sur· 
(aee in tbe open·tbroat tunnel exoept as noted 

stant, whereas it probably varie with R eynolds um
ber. The work should be combined with complete 
boundary-layer surveys, force tests, and pre ure-dis
tribution tests on an air hip model , and, if pos ible, 
on the full-sized airship. 

co CL 810 

1. The addition of fins and cars to air hip model in 
the combinations te ted increa es the drag from 15 to 
20 per cent at zero pitch. 

4. The variation of the resi tan e of air hip model 
at the large Reynolds umbers obtained in the e 
te ts i apparently a determinable function of the 
Reynold mnber. 

LANGLEY M EMORIAL AERONAUTICAL L ABORATORY, 

ATIONAL ADVI, ORY COMMITTEE FOR AERO AUTI CS, 

LA GLEY FIELD, VA., January 27,1931. 
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APPENDIX 

L 
= q(vol)i' lift coefficient. 

M ffi' ql(vol)t' moment coe Clent. 

= q(~l)i' drag coefficient. 

D drag coefficient ba ed on maXimum 
= qA' cro s-sectional area. 

F 
= qS' skin frictional drag coefficient. 

D kin frictional drag coefficient based on 
= qS' assumption total drag is skin frictional. 

R = p Vl, Reynolds Number. 
J.L 

Rx 
pVX =--, Reynolds umber at point (X). 

J.L 
(K2 - K1) (vol)! in 2a 

=- l - , theoretical moment 
coefficient abo u t 
center of buoyancy. 

(vol)/ dp 
GD ' = (v l~ x, drag coefficient due to tream con-

q 0 vergence. 

(vol)[' = (vol) + (vol)/ ' . 

(vo l)2' = (vol) + (V01)2"' 

(vol)/' 
Kl = (vol) . 

K _ (V01)2" . 
2 - (vol) 

Where 
L, lift. 
111, moment abollt center of buoyancy. 
D, drag. 
F, force due to skin friction. 
a, angle of pitch in degrees. 
l, length of model. 
A, maximum cro - ectional area of model normal 

to axi . 
S, total surface. area. 
d, distance downstream along axi of tunnel meas

ured from selected stations. 

X, distance down tream measured from up tream 
edge of plate. 

V, air speed. 
p, static pressure. 
q, dynamic pressure. 
p, mass den ity of the fluid. 
J.L, coefficient of vi co ity. 
(vol), volume of model. 
(vol)l', virtual volume of the body placed longitudi

nally in an accelerating tream 
(vol)2', virtual volume of the body placed trans

versely in an accelerating stream. 
(vol)/', apparent additional volume of the body 

placed longitudinally in an accelerating 
stream. 

(YOl )2"' apparent additional volume of the body 
placed tran versely in an accelerating 
stream. 
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TABLE I 

ORDINATES OF THE GOODYEAR-ZEPPELIN AIRSHI P 
CURVE 

Station , per 
cent length Ordinates 

Station, pcr 
cent hmgth Ordi nates 

from nose from nose 

Inches Inches 
0.000 0. 000 53. 00 3.780 
0.438 0.752 56.65 3.738 
0.63 1. 623 60.30 3.667 
5.55 2.264 63.95 3.590 
9.20 2.158 67.60 3. '170 

12. 85 3. L08 71. 25 3.315 
16.50 3.358 74.90 3.127 
20.15 3. 533 7 .55 2.902 
23.80 3.653 2.20 2.630 
27.45 3. 730 85.85 2.3 13 
31. 10 3.775 89.50 1. 937 
34.15 3.798 93. 15 1. 49 
38. 40 3.807 96. 0 0.973 
42.05 3. 08 98.99 0.529 
45.70 U~2 100.00 0.000 
49. 35 

TABLE II 
ORDI ATES OF THE ZRS- 4 MODEL 

Station Ordinates Station Ordinates 
---

Inches Inches Inches Inches 
0 0 26 3.92 
1 0.91 30 3.74 
2 1. 75 34 3.41 
4 2.60 38 2. 6 
6 3.11 40 2. 50 

3.46 42 2.06 
10 3. 69 44 1.54 
14 3.91 46 0.87 
18 3. 98 47.4 0.00 
22 3.99 

TABLE III 

CENTER OF BUOYANCY POSITION AND VOLU M}!; I 
OF MODELS 

enler of 
Length of buoyancy 

)\fodel mocl el per cent ' -olnm e 
lengt h from 

nose 

Inches Cubic inches 
OZ- 3.6 27.4 45. 860 
OZ-4.8 36.5 45.92 1, 147 
OZ--6.0 45.7 45. 8 1,435 
OZ-7.2 54.8 45.85 1, 720 
OZ- 5. 3 40.3 46.32 1,319 
O Z- 5.6 42.6 47.30 1,545 
OZ- 5. 8 44.1 46.6 1,490 
GZ-6. 51. 7 47. I 1. 33 
ZR -4 47.4 45.7 1,605 

TABLE IV 

AVERAGE STATIC PRESSURE GRADIENTS IN OLD 
CLOSED-THROAT TUN EL 

Tank 
Static pressure gradients (qtJ.~ ) 

p ressure 
(atmos- Inches from honeycomb 
pheres) 

I 25 to 31 31 to 40 40 to 7 
--- -

1 + 0. 075 +0.104 - 0.014 
2.5 -. 063 +.088 -.013 
5 -.136 +. 110 -.018 

10 -.225 + .127 - .022 
15 - ---- -- -- +. 117 -.022 
20 -.325 +. 114 -.024 

TABLE V 

LOCATION OF MODELS IN TUNNELS 

OLD CLOSED·THROAT 'rUNNEL 

Distance of 
Model nose [rom 

honeycomb 

Inches 
OZ-3. 6 38.79 
OZ-4.8 35. 13 
OZ- 5.3 3.5. 13 
OZ- 5.6 32.70 
OZ-5.8 35. 13 
OZ-6.0 31. 44 

I 
OZ- 6. 29.05 
OZ-7.2 27. 4 

OPEN-THROAT TO NEL ( ORMAL POSITIO N) 

J\lodel 

GZ-3.L ________ _ 
Do ________ _ 
D o ___ _ 
D o __ ________ _ 

OZ~1.8 __ _________ _ 
Do _________ _ 
Do __ ___ ______ _ 
D o. ' __________ _ 
D o_' ________ __ . 
D o.' ___ _______ _ 
D o. ' , __ ____ ___ _ 
D O.l 23 __ _____ _ 
D O. 1 2. ______ _ _ 

G7~6.0 ______ ____ _ _ 
D o _____ _____ _ _ 
D o ___________ _ 
D o ___________ _ 
Do __ __ _______ _ 

OZ-7.2 __ ______ ___ _ 
D o ___ _______ _ _ 
D o ___________ _ 
D o _________ _ 

GZ-5.3 __ ________ _ _ 
Do __ ___ ______ _ 

OZ-5.6 __ _________ _ 
Do ___ ________ _ 

OZ-5.8 __ _________ _ 
Do __ _________ _ 
Do __ __ ______ _ _ 

OZ 6.8 __ ________ _ _ 
Do ____ _______ _ 

ZRS 4' ___ _______ _ 
Do.' ___ _______ _ 
Do.' __ ________ _ 

Distance of 
M odel nose from 

ent.rance 
cone 

Inches 
G Z-4. 8 8.8 
ZR S-4 4.1 

I 
Pitch a ngles 

(degrees) 

o 
o 

-4- + 16 
-4-+16 

o 
-!f-+20 
-!f-+20 

- 15-+].'; 
- 15-+15 

o 
o 
o 
o 
o 
o 

-!f-+20 
-!f-+20 
-!f-+20 

o 
o 

-4-+16 
-4- + 16 

o 
-4-+16 

o 
- 4-+16 

o 
-!f-+20 
-!f-+20 

o 
-4-+16 

o 
-15-+15 
-15-+15 

TABLE VI 

TESTS 

'-r snk pressures 
(atmosphere~) Fins 

1,2)1.5, 10,1 5,20 ____________________ _ 

Car 

1, 2)1, 5,10,20 _____ _____ 3.6brqss' ___ Small. 
____ do ___ __________________________ _ 
1.10.20 _______________ 3.6 brass_____ Do. 
1,2)1. 5,10,20 __________________ ____ _ 

__ _ do ____ __________________________ _ 
1,10, 20 ________________ 4. "V"___ __ Do. 
5,10,20 ________________ _________ ____ _ 
1.20 _______________ ___ _ 4.8 "V" ____ _ 
1,2)1,5, 10,20 _______ ___ ___ _______ ___ _ 

____ _ do _____ ___ _____ ____ _____ ________ _ 
____ _ do ___ _______________ _____ _______ _ 
____ _ do _________ __ _____ __ _____ __ ___ _ 
____ _ do _____ _____________ ____ ___ ____ _ _ 
__ . __ do __ ___ ____________ 6.0 " V" __ __ Large. 
___ _ do __ ___ ________ __ ___ ____________ _ 
1,10,20 ________________ 6.0 " V" ____ _ 

___ __ do _____ _______ ______ ____ do_ ____ __ Do_ 
1,2)1,5,10,20 _________________ __ ____ _ 

____ _ do _____ _________ ___ 7.2 brass__ __ _ Do. 
___ _ do __ ___ _________ _______________ _ 
1,10,20 ________________ 7.2 brass___ __ Do. 
1,2)1,5, 10, 20 _______________________ _ 
1,10,20 _____________________________ _ 
1.2)1,5,10,20 _______________________ _ 
1,10.20 ___________ ________ __________ _ 
1,2)1,5,10,20 ____ ________________ ___ _ 

___ __ do _____ _____ _____ ____ _________ __ _ 
1,10,20 ______ _____ _____ 6 .r ltV" ___ __ Do. 
1.2)1,5, 10,20 __ _________ _________ ___ _ 

~: ~~~~: iO:2ii::: : :::::: ~ ::::::::::::: ____ _ do _____ ___________________ _____ _ 
____ _ do _____ ____________ ZR -4 ______ ZRS-4. 

, Model tested ill open-tllroat tUllnel. 
, Model tested 8 incbes downstream froUl normal position. 
, Model tested witb highly pOlished surface_ 
, Mod el tes ted with roughened surface. 
, Fin numbers are the finene3s ra tio of the model for which the fins \Vere made. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel 

Sym- to axis) ym-Designation bol symbol D esignation bol 

LongitudinaL __ X X rolling ____ _ L 
LateraL _______ Y Y pitchlug ____ M 
NormaL ______ Z Z yawing _____ N 

Absolute coefficients of moment 
L M 

0 1= qbS Om= qcS 

Linear 
Posith·e Designa- S:y-m- (compo-
direction tion bol nent along Angular 

axis) 

Y-.Z rolL _____ cf> u p 
Z-.X pitch _____ (J v q 
X--...,Y yaw _____ if- w r 

Angle of set of control surface (relati ve to neu
tral po ition), o. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

D, Diameter. 
p, Geometric pitch. P, Power, absolute coefficient OP= fTll\' 

pnlF 

plD, Pitch ratio. 
V', Inflow velocity. 0., Speed power coefficient =.v ~~:. 
V., Slipstream velocity. 1/, Efficiency. 

T, Thrust, absolute coefficient OT= pn'fDi 

Q, Torque, absolute coefficient OQ= ~nIi 
pnlF 

n, Revolutions per second, r . p. s. 

4>, Effective helix angle = tan -1 (~n) 

5. NUMERICAL RELATIONS 

1 hp =76.04 kg/m/s = 550 lb./ft./sec. 
1 kg/m/s = 0.01315 hp 
1 mi./hr. = 0.44704 m/s 
1 mls = 2.23693 mi./hr. 

• 

1 lb. = 0.4535924277 kg 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3.2808333 ft . 


