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NATIOlliAL ADVI SORY COMiH TTEE FOR AERONAUTI CS 

TECHNICAL ME ~ORANDUM NO. 830 

METHOD OF CURVED MO DELS AND I TS APPLICATION TO 

THE STUD Y OF CURVILI IEAR FLI GHT OF AIRSHIPS* 

By G. A . Gourjie nko 

pAR T II 

For c a rr ying out the first e xperiments according to 
t he method of curved models, we found it most convenient 
to constru ct and te st a model of the nonrigid V-2 airship 
IfS molny ll ( capacity 5,000 cubic meters). The selection of 
this airship was motiva ted, in the first place, by the 
fact t hat we h ad at our disposal a large amount of mate
rial r e lating to aerodynamic test s of the noncurved model 
( t o t~e scale of 1/64 . 64 of the fu l l-scale size), includ
ing a l s o detailed tests on rotary derivatives, carried 
out by the aid of t h e me thod of dampecl oscillations and, 
i n the second place , by t ne fact that at the present time 
we have tho results of flight t osts of this atrship, which 
were made f or t he purpose of d e termining the radius of 
t u rn . In this manner, we are a b l e to compare the results, 
obtained by the ai d of the method of curved models, with 
the results of tests made b y the aid of the method of 
damped oscillatio n s, and with fl ight tests. Consequently, 
wo s hall be ab le to judge whi ch method of testing in the 
tunne l produce s results that are in closer agreement with 
fli ght test results. 

At the outset we proposed that the method of curved 
models be used only as a verifying method, since, accord
i ng to the above, in order to us c this method as an inde
pendent met h od, it is necessa ry to construct a very large 
number of models of v a rious degrees of curvature. However, 
we have found la te ly tha t we can use our model with a very 
hi gh degree of accuracy, f or carrying out that number of 
exp eriments which will make it possible to use the method 
of curved models a s an independent method, that is to say, 
which will gi ve t he relation s of the rotary derivatives 

*Report No. 182, of the Cen tral Aero-Hydrodynamical Insti
tute, Moscow, 1 934 . 
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of the forces and the moment in terms of ~o or in terms 
of 0 a nd in the fina l result , the nomogram 

1 

Ho 

Thus, the ultimate object of this work is to con
struct this nomogram, c ompare it with the results of pre
vious test s and with f l ight test results. 

We shall show be l o w the considerations on the basis 
of which it ma y be permissib l e to use one model for ob
taining an exhausti v e number of results. 

1 . MODEL 

For constructing the curved axis we have taken the 
values of Ho a nd A which are obtained from the nomo-

1'-'0 ' " 

gram 1 by turning t h e dirigib l~ with the " 
H 

minimum r adius (fig . 1 6 ). 

When 0 = 30 0 , these values are : 

Ho = 2.325 m 

~ o = 8 0 51' 

Thus, the equat i on o f the curved axis according to 
formula (7 ) wi l l be : 

Z I = 2 . 3 {(ch 2- - 1) 
2.3 

In accordance with the simplified method of construc
tion described above, the cr o ss sections were assumed plane. 

For the distance of the ori gi n of the coordinates 
(point B) from the n o se of the model, according to formu
la (30), we obtained : 

Xl = 0. 050 5 m 
B 

... 
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The relation of the abscissa x 
curved axis is obtained from formula 

to the length of the 
(8) : 

x = 2.3 Ar S ll 32-
2.3 

Figure 17 represents a diagram of the curved V-2 model, 
const ructed by the aid of the formulas indicated. 

Th e coordinates x and Zl of the curved axis, as 
well as the length of the arc of tho axis xl and the or
dinates Yl of the contour, laid off on the normals away 
from the axis, are g iven i n Tabl e I as a function of the 
reading along the arc of the curve d axis (Xl), read off 
from the nose of the mod el. 

The tail surfaces of the model were deformed according 
to the rule indicated on page 26 of Part I (Technical Memo
randum No. 829). The g ondola of the airship remained un
curved since curving it would have involved unnecessary ad
d itional difficulties. But the effect of the curvature of 
the gondola (due to the fact that it is located at a very 
short distance away from the cen ter of displacement) on the 
results of the experiment must be very small and must be 
definitely within the li mits of experimental error. The 
gondola was installed on the model along the tangent to the 
curved axis at the point of installation. 

The hull of t" e model, the gondola, and the tail sur
faces were constructed at the ~orkshops of the Experimental 
Aerodynamic Department of the Ce ntral Acro-Hydrodynamic In
stitute . The hull was hollow in the interior (with a wall 
thickness of 15 mm) , and was tur ned of ~eech. 

2. POSSIBILITY OF USING ONE CURVED MODEL 

FOR CONDUCTI NG A}T EXHAUSTIVE NUMBER OF EXPERI HENTS 

- It was shown above t hat, for an exhaustive use of the 
method, it is necessary, for a given series of values of 
Ro and ~o' to construct as many models as there nro pos
sible combinations of Ro and ~o' 

To begin with, let us leave out of consideration the 
angle ~o and let us assume tha t we have prepared a series 
of mode ls with Po = const, and Ro = variable. 
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In t e s t ing suc h a s e ries i n t h e tunnel, by chang ing 
Ro ' we cha n g e t he a n g u lar v o loci ty of turning along t he 

c ircl e 
Uo 

(
w = -- '\ 

y Roi 

But~ accord i n g t o t he s eries o f i n vesti gations abroad, 
the rotary derivative of th e momen t do es not dep end on the 
angular v e l ocity, t h at i s .t o s a y, th e ter ms of the hi gher 
orde rs ( beg inn ing with th e second o r der) of t h e series 
(r on ula (3 4» beco mes zero * . 

Th e rbtar y derivati v es of t h e f orces to so me e x tent 
depend on t h e angul~r veloc i ty . 

Howev e r, t h e s e de ri va t i ves too may b e considered with 
a suff i c i ent l y l a r ge de g re e of accur a c y as indep endent of 

W y ' 

Admi t t ing t h e as sump t i on t hat t h e rotar y derivatives 
are ind ep e n de n t of th e a ngular velocity, we ough t to admit, 
as a c o n sequence , t ha t t h ese deriv a tives , determi n ed by 
t he for mulas ( 38 ) for t h e en tire s er ies i n d icated (whe n 
~ o = co nstan t), s h ou l d b e i ndividu all y e qual. 

But , we h av e no ri ght t o c hango t he angular volocity 

by r ea s on of t ho c hang e i n v (w = ~Q ) 
o '- y Ro I 

since the r o-

ta r y de ri v ativ e s and t 4c aer odyn ami c factors o f the for 
mu l as (38 ) " (~n tho r i gh ~ si do s) as sume a f or m t ha t is not 
de DO nde"l t on tho l ine a r v o l ocity vo** ' 

Thus, by testing o ne mode l at the g iv en an g l e ~ o' 

we obtain t h e v a l ue s of t h e rot a r y derivatives dur i ng 
f l igh t with v ar i ous r ad ii, but wi th ~ o = co n stan t . 

Now , l e t u s Gxami ne t h e s eri es of mode ls, cons t ructed 

* Th i s is c onf ir med by t h e f a ct t hat , dur ing" all the t est s 
on r o ta r y d eriv a tive s of t~l e moment , th e lo garit hmic damp 
ing d e c r ement a nd the o s c i l la tio n pe rio d d o n ot dep e nd on 
t i me a nd , co ns equ entl y , do no t depend on angular velocity. 

* * Be s id e s , a v a ri at ion i n t he l ine a r v e locit y does not 
chan g e the d i s t ribu t ion of the l o c a l an g l e s of attack 
a lo ng th e model a x is, i , o ., it doe s not chan ge t he p hys i 
ca l phG nomo non . 

• 
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' with Ro = const. and ~o = var. Le t us turn to figur e 
18. Here the curve A - A repre s e nts the curved axis of 
our model ' in the position in whic h the tangent to it, 
drawn at the center of volume, fo rms with the axis of the 
tunnel the ang le ~o = 8 0 . 51 1 • Let us assume that, by 
placing our mod e l on the pole of the moment instrument 
(p assing throug h the center bf vo l u me ), we turn it about 
the axis y until our tangent co incides with the tunnel 
a x is, that is to say, ~o becom~s zer o . This position of 
t h o curved axis is expressed in t h e f or m of the curve 
B - ' B. The curve C - C with se v e r al p oints, indicated 
by circles, represents the axis b f that curved model of 
the series Ro = const., ~o = var . , which is constructed 
wi th Ro = 2.325 m and ~o = o. 

As will be seen, this axis d iffer s very little from 
t h e B - B curve. Only at t h e s t e rn i s there a small 
divergence; t h e nose parts of the a xis merge . It is ob
vious that all the other axes of the se ries of models 
Ro = const. = 2.325 m and ~ o = var. should differ stil l 
less from the axis of our model, s i nce ~o = 0 and ~o = 
8 0 51 1 embrace the entire range of a ngles of attack with 
which we are concerned . 

All this naturally suggests that our one curved model 
c a n be tested with complete satis facti o n at the angles of 
a t tack , like any straight mo d el, ob t ai ning in addition the 
relations of the rotary derivativ es t o the angles of at
tack. Below, in the division "Wo rking up of the test data 
and corrections thereto," we shal l sh ow how we , have made 
the attempt to introduce a correc t i on t o the experimental 
results for this difference in th e c u r vature of the stern. 

3. METHOD OF PRODUCING A VELOCITY GRADI ENT ACROSS THE TUNNEL 

The problem of creating a ve locity gradient across 
t h e tunnel can be solved by installing in front of the 
model in the tunnel a special d e v ice wh ich d i stributes the 
flow in accordance with the requi site r ule. In our opin
ion, such a device ma y b e e ither a n o z z le, d i vided into 
cells, the area of the sections of wh i ch varies along the 
diameter of the tunnel, or i t may be a netting of variabl e 
mesh. 

For working out the problem we h av e taken the latter 
device (t h e variable mesh netti n g ) . In our opinion, it 
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has more advantages as compared to the first device, since 
the netting is casier to prepare, gives a smoother distri
bution of velocity and offers less obstruction in the ki 
netic section of the tunnel. 

The first netting was constructed in accordance with 
the fo llo wing considerations. 

Let us turn to figure 19 . The upper half of the dia 
gram represents a section of the working section of the 
t unn e l, i n wh i ch a netting of constant mesh T i s in
stall ed (T is the number of threads per meter in the net) 
Then, considering the velo city i n the tunne l as constant 
and e qua l to v o ' we may write that the reduction in the 
p ressures P

1 
- Pa resultin~ from the netting resist-

o 0 
ance is e qua l to the los ses due to the netting resistance: 

a L 
( 39) 

Her e Cx is th e coefficient of drag of one wire of 
the netting , P is the density of the air, n is the 
number of a ll the wires , S and a are t he mids hip sec
tion a nd t h e length of one wi re, t is the width of the 
netting . 

S 
It is obvious that = d n (diameter of the wi r e) , 

a 

and 
n 

forraula (39) is = T . Then transformed as follows : . 
t 

P1 Pa = CxP d n 
2 T (40) - Vo 0 0 

Considering that all the wires are of equal length 
a , we find that the resistance of the part of the netting 
bounded by tho sections, which are at a distance of ±z 
from the tunne l axis, is equa l to: 

Z 
/, 

Fo I (P1 

.j 0 

-z 

a dz 

Z 
fl 

= a. / CxP d n 

-z 

V 8 T dz o 

Here z is the variable ordinate, read off cross 
wise to the ri ght and to the left of the tunnel axis . 

Sinc e T = const ., we obtain f rom t h e preceding equa-
tio n : 

• 
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(41 ) 

Now, let us look at t he low or half of figure 18, 
where we have transp osed our wires along tho ordinate z 
in such a way that we obta ined a netting with variable 
mesh t. T·ll e number of all the wires n remained un
changed, and their distance ap n rt on the tunnel axis re 
mained equal to T. 

~hen, analo g ously to formula (40) for the section, 
wh ich is at a distance z from the axis , we find that 
the loc a l reduction in pressure P1 - P2 will be: 

Fl - P2 = Ox P d n \)2 t 

Here v is the local veloci ty in section z (since 
t > T, th e n \) < \)0) ' The total resistance of the part 
of t ho variable mosn notting, si milar to the part de
scribed aoove , will bo : * 

z z 

F = 1 (P 1 - P2) a dz = a Ox P dni \)2 t dz (42) 
z -z 

Here v and t are variables and are functions of z. 

Si n ce the number of wires i n case I and case II (fig, 
18) remain unchan g ed, it is evid ent tl a t the resistance 
of the part of t h e netti ng wi t h constant mesh, which we 
have examined, will be equal to tho resistance of the part 
o f tho vari ab le me sh notting, t hat is to say, 

and 

t hat is to say , 

Tz Ox P a 

z 

= Iv2 t dz 
- z 

2 
V t dz 

Differentiating bot~ sides of the equation obtained, 
we find : 

v 
o 

----.- -----.---

2 8 
T = v t 

*The mutual influence of the ele ments of the netting are 
not taken into account here, the reby involving a certain 
erro , which will be corrected lat er on. 
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hence we find that 
t 

T 
(43) 

th~t is to say, the squares of the velocities, obtained 
as a result of installing the netting with variable mesh , 
are inversely proportional to the local distances apart 
of the wi res of the nettin g . 

Thus, any distribution of velocity can be easily ob
tain~d behind the netting, by constructing it in accord
ance with the law, obtained from formula (43 ): 

( 44 ) 

The necessary linear law of velocity distribution, 
expressed according to formula (33) as 

z 
= 1 + 

can be obtained, conse quentl y , by constructing the netting 
in accordanc e with the law 

t = 
T 

(45 ) 

(1 + ~ )8 
Ro 

obtained by substituting 
v 

= 1 + 
1'0 

z 
in formula ( 44). 

Ro 
Such a netting was constructed by us from two-milli

metor paraffined cord. The distance between the wires of 
the netting ~long the tunnel axis was selected T = 

threads 
150 

1 m 

the cords 1 

T 

which corresponds to the distance between 

= 6.67 mm . It is clear that the netting was 

variable only across the tunnel ~lon~ the horizontal. But 

-. I 

I 
I 

J 
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along the vertical, for eac h 100 millimet ers, the indiv id
ual cords of the netting were int ertwined with thin 
threads. These threads extinguis ed the cord vibrations 
that mi g ht have occurred in tho flow. 

The netting was stretched on a wo oden frame 800 by 
800 millimeters, which was suspended in the tunnel. The 
frame was provided at the sides witn streamlined fairings 
made of stiff lac quered p ap er . 

Since it is extremely difficult t o use the formula 
(4 5) directlY,in stretching the netting we made use of the 
relation betwe en the distance of any cord from the tunnel 
axis and t h e mesh which is suppose d to be on this distance. 
This relation may be obtained in the f ol lowing manner. 

Let us find a certain curve x = f(z) (fig. 20), 
which has the characteristic t hat the constant increment 
of the function ~x g ives t he variable increment of the 
argument z, equal to AB, that is t o say, to the dis
tance betwe e n two adjacent cords of tho netting, the first 
of which is coordinated wi th th o magnitude z. 

'It is clear that th~ distanc e AE = I 
t 

20 we see that 

whence 

s ub stituti ng, 
formula (45), 

(:, x 

1 
t 

= tan a = 
dx 

dz 

.x ~J6 xt d. 

in the obtained int egral 
we find that 

+ C 

t ~ 

From figure 

according to 

Int egrating and ' disc a rding , C as a quantity which 
'has an 'i 'n 'fluence only on the altitudinal position of the 
curve x = f(z) and, consequen tly, does not change the 
characteristic of the curve, with which we are concerned, 
we find that 
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x 
T Ro 6. x 

z 
1+-

Ro 

This wi ll g ive us the desired distance of any co r d 
fro m the tunnel axi s : 

z ( 4 6 ) 

In t h i n formu l a it is necessary to consider x as 
c h an g ing in pro g ressi on, that is to say, 

x = X l + 6. x ; x = X l + 2 6. x ; x Xl + 3 6. x etc . 

wh er e X l = constant . 
o n el s discreti on. 

The mag nitude 6.x c an be found at 

Th e netting , co n struc t ed b y t he aid of the methods 
described above, was stretch ed in t~e wor k ing section of 
the tunne l T- 3 (D = 1. 5 m) by t h e a i d of t we l ve wires 
with tenders . ( The nettin~ and its installation are 
clearly s h o wn i n fi g s. 2 4 a nd 25). Th en, b e hind the net 
ting , at a ve lo city o f fro m 34 t o 35 meters pe r second, 
t ho f i e l d of v e lociti e s was care f ully o xplored b y the aid 
of P r a ndtl ls tub e . Th o fi ol d was exp lored in t wo sections 
(1 50 mm an d 800 mm fro m t he nettin g ) a lo n g t h e horizonta l 
l ine s paralle l to the netting and lying in the plane pass
ing t h roug h the t u nnel a xis . 

In t he first sec ti o n reading s were tak en f or every 
2 0 milli mete rs of t he c oo rdinate z, in t h e second sec
tion readi n g s were t ak en f or eve ry 10 millimeters. 

T~ e t e st was made b y t~8 a id o f t ~ o illicro ~anO illo t e rs 

accordi ng to t he method of inst an taneous roadin g s; ono 
of th o micro manomot e r s was connectod to the movable 
Prandt l tube and tho oth e r was c onnec te d to th e tunno l 
spe e d contro l device . Suc h a p l a n of testing allowed 
us, when exp loring the field,to take into account the 
p Ulsation of the flow according to th e velocity, since, 
before exploring the f iel d, the movab l e s p e e d device wa s 
a djus t ed to the s p eeds in accorda n ce with the reading s 
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on the speed control device. Dur ing t h is adjustment the 
movable speed indicator was on t he t unn el axis (z = 0). 
In this manner, knowing during each in s tantaneous reading 
( making use of the adjust ment ind icated) the velocity 
along the tunnel axis, it was pos sible to find the rela
tion of the velocity at any point along the straight line 
i nvestigated to the velocity along the tunnel axis. 

This relation was calculated acco r ding to the obvious 
c orrelation 

wh ere h is the reading on the movab l e spe e d indicator, 
a nd ho is t h e reading on t h e speed indicator on the 
tunnel axis, determined accordi ng to the adjustment in
li i cated above. 

In fi gure 21 there are p lotted the results of these 

iests as a f u nction ~~ z. The v alues 
l) 

in 

sec t ion ar e indicated by crosses; 
Vo 

the values 

second section are indicat e d by points . 

the first 

in the 

Besides, on the same grap h there a re plotted: (1) 
t h e n e cessary distribution of v e l ocity , according to for-

mula (33} when Ro = 2.325 m (designated by r ~ l ). 
L voJtheor. I 

(2) the distanco apart of tho wir es 
f (z·) I obtained according to for mu la 
tthe or.) . 

of the notting t = 
(4 5 ) (designatod by 

As will be seen, nearly all the experimental points 

lay h e lo w t he straight line r~J Thus , judging 
Lvo theor. 

from the first tests, the netting did n ot come up to ex
p ectation. ' This was du e to the f act that, in construct
i ng the n e tting , we disr e gar d ed tho mutual influence of 
t h e cords, for which r e a s on t he support (loss of velocity) 
camo . out ever y whero g reator than calcul ated . 

Th erefore, in ' order to croat e tho necessary velocity 
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distri bution, it was decide d to correct the netting by 
"shifting " its mesh. A mean curve was drawn through the 
exp~~iment al points of section II (designated by 

r v I 

~ , ) * v ' • 
L 0 J 0 xp e rim e n tal . 

The mesh was "s hifted" in the following manner. The 
mesh, corresponding to point A of the curve 
tth t' 1 = f(z), produced a velocity relation eore lca 

r~J 
1) 0 ' l expe rimental 

determined by point B on the curve 

r~l- = fez) 
"v J' L 0 experimenta l 

when z 0 .275. Such a ve-

locity relation is necessary to have (according to the 

:JL l 
' 1) 

L oJthoor. 
strai gh t li r,e not for z = 0.275 but for 

z = 0.175 (p"oint C). For this purpose we have to "shift" 
the mesh at p oint A paralle l to the straight line BC 
by the magnitude z = 0.275 - 0.175 = 0.1 m. In this 
manner we obtain point E. 

Proc e eding thus with every point on the curve 
t a new arrangement of the netting mesh was theoretica l' 

obtained; it was designated by tcorrected' The netting 

was stretched again according to the new arrangement of 
the mesh and tested by the aid of methods that are entire
ly analo g ous to tho method described above. As will be 
seen from figure 22, the velocity distribution both in 
section I as well as in section II coincides very well 
with the re qui site rectilinear distribution, that is to 
say, the divergences in section II nowhere (within the 
limits of the necessary zone where the gradient is pro
duced ) exceed 2 to 3 percent. 

Thus, the prob lem concerning the velocity gradient 
was solved by us satisfactori ly in principle. 

*The advantage of the second section over the first con
sists in the fact that in the region of the second section 
there are supposed to be installed the tail surfaces of the 
model ; these tail surfaces are supposed to have the great
est influence on the ma g nitudes of the rotary derivatives. 

.. 
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4. EXPERI MENTS 

The curved model was tested in the closed working 
part of the T-3 tunnel. The selec ti on of this tunnel for 
carrying out the experiments was motiva t ed ~y the follow
ing facts: . 

1 . The section of this tunne l and its other dimensions 
closely correspond to the section and dimensions of the 
NK-l t~nnel, where we have previously c onducted the ex
periments on the rotary derivative s. I n this manner, the 
result·s may be compared with great er reliability. 

2. The two-component scale of this tunnel, on which 
the model is installed by the aid of holders, allows us 
to work up the record sheets hluc h more s imply than in the 
case of other syste ms of securing the model. 

3. The velocit y in this tun nel may be very high, 
which permits us to attain, behind the netting, from 35 
to 40 meters per second, in spite of the very great total 
resistance of the notting. 

In ordor to ascertain tho i nfluence of the velocity 
gradient on the results of the curved model tests, the 
tests were carried out with and wi thout the netting in 
position; the velocity along the tunnel axis behind the 
netting was taken equal to the vel ocity of the free flow. 

In both cases, in order t o ob tain results with a 
maximum possible degree of reliabi lity and to ascertain 
tho relation of tho rotary derivat ives b oth to tho anglo 
of attack and to the rudder angle of deviation 0, a 
great many tests were made, that i s to say, with every 
one of the selected rudder angle s of deviation 0 = 0; 5; 
10; 15; 20; 25; 30; 35; 40; 45 degrees, tests were made 
at the following angles of at tac k 

~o = 0; 2; 4; 5: 6; 7; 8; 9; 10; 11; 12; 13; 14 degrees. 

Such angles of ·rudder devia tion 0, as 40 degrees 
and 45 degrees , which would s eem to bo too largo, were 
taken for the purpose of a scertain ing at what point the 
rudder stops being effective when the ship tUrns. 

The angles ~Q were taken only on one side, because, 
during circular fllght, the ship1s nose is never outside 
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the trajector y . The lar g e distance apart of the an g les 
~ o (1° apart) was selected due to our desire to investi
g ate completely thos e p eculiar be nds in the curve. 

[
1 OMy 1--- --- - f(~o)' which we found in the case of the old 

1'0 CXJJ y-
t es ts . 

In accordance with the preceding notation, t ho angle 
f ormed b y tho tunne l axis and tho tangent to the curv e d 
a xis of tho model at the center of volume was · taken as 
t he a n g l e of attack ~ o' 

Figure 2 3 shows a diag ram of the installation of the 
model in t h e tunn el (on the mo ment appara tus) and i ndi 
cates t he direction of the an~ le s ~o and S ( wh ich 
c orrespond to c ircular turning ) . The photographs (fi g s . 
24 and 25) sho w this inst a ll a tion. 

Besid es t esting the curved model with tail surfaces, 
there were als o tested a t the same an g les ~ o a b a re 
curved hull an d a hull wit h a g o nd ol a ( wh ic h ~ nab l ~ d u s 
to find .v e ry inter es t ing r e l a tion s of , the ro ta.ry de.riva
tives o£ the ba r e hull to the an g l ~ of attack) , 

Simultane ousl y with the curved mod el, tests were car
ried out i n an analo g ous manner (without the netting) with 
the strai ght V-2 model, which had n e var yet b een tested 
in detai,1' in the given tun'ne l. 

The aerodynamic moment was measured on the conven
t i .onal moment apparatus. Th e results of all the tests 

; on the momen t are g iven in the form of co eff icients o f R 
in fi g u re 26 . Here (for a comparison of the c hange in all 
c o eff icients acco~ding to the a ng l es of attack ~o ) all 
the curves are giv en to the same scale : RZM is the co-
efficient of t he curved ~ mode l moment , Rm is tho coef-

y 
ficient of the strai ght mode l moment . As will be seen, 
th e comple t e curved model, in most cases, produced a mo
me nt of the oppoa ite . si g n from t h at pr oduced by the 
s trai ght . mode l. ' This is explained by the fact that the 
rotary effect wa s greater than t h e l inear effe ct. The 
results o f the experiments withou t a netting ( f or the com
p le t e model) are not gi ve n on t e grap h in a co mplet e 
for m, sinc e they woul d only ob scu re t h e d i a g ram. However, 
i t is readil y se en that the curv e s R,\,l'l = f( r< ) for the L.,rl IJ o 

tests without a netting slope sli ght l y more than the ana l
o g ous c urves of the tests with a netting, and th e values 

'. 
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at large angles of attack 

lar g er in absolute magnitude than the analogous 
of ~M for the tests with a netting, 

15 

val-

We are not considering the v elocity gradient as the 
sole cause of this very insignifi cant deviation. We must 
bear in mind the fact that , in t he pres e nce of the nett ing, 
the flow behind it becomes turbul ent* to a much greater 
degree t h an it is when the netting is absent. Moreover , 
we must assume that in the flow obtained there are prob
ably present local turbulence , vo rticos, etc., which no 
doubt must chang e to some ext e nt tho character of the 
streamlined flow , Next year we propose to carryon more 
detailed investigations of t he e ffect of the gradient and 
the netting on the results of curve d model rests.** 

Therefore, avoiding criticism and qualitative compar
ison of the results of tests wit h a netting and without a 
netting, we worked up the results of each variant inde
p endently to the end, 

The results of tho tests on the lateral forco are giv
en in fi gur e 27 in t h e form of coe fficients of R (~ is 

ZJ. 
the curved mod el ; R z ' the straight model). These coef-
ficient~ are determin~d by the co efficients of the lifting - . -...-..-.-

*The effect o f t he turbulent f lo w is shown very charac
teristically in the result of curv ed model tests on drag 
(see b e low) . 

* *At first we wanted to exclud e the inf lue nce of turbu
lence and nonaxial flows by carr y i ng out the tests with 
a netting of c onstant mesh T, in order to compare the 
ob t ained results with tests made without a netting, But, 
owing to t h e lack of time, Vi e were obliged to give up 
t hese t e sts. From tho results of tests with a netting of 
co ns tant mes h , it would h ave boen possi b le, with a suffi
ci e nt de gr ee of probability, to fi nd th e values R~M and 

R~Z l that are free from the i uf lu~nce of turbulence and 

nonaxial flows, making u s e of the following obvious cor
re la tions: 

R .... , 
.~~ 

(R~M)t 
(R~h) 0 

(R~M)T 

wher e t he sub s crip t 0 r ef er s to the test in free flow, 
a nd the subscripts t and T ref er to tho tests with a 
no t ting of v a r iable an d const a nt mesh. 
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for~e RZ and the dr a g Rx by means of the we ll-known 

expression: 

sin R 
1-'0 

(47) 

The first thing immediately noticeable in figure 27 
is the fact that, in a lar ge majorit y of the cases, the 
tests with the netting gave larger v alues of RI: Z than 
the tests . ~ ithout the netting . 1 

The ~esults of test~ on drag, which, in this work, 
are of entirely secondary importance, wi ll b c discussed 
below. 

It should be mentioned tha t, in c a lculating the co
e ffi~ients of . R , the aerodynamic forces a nd moments re
f erred to the square of the veloci ty Vo on the tunnel 

axis . In the t e sts with the netting , the velocity wa s 
determined in ac cordanc e with t h e readi n g s ~n the spe e d 
c on t rol device, maki ng u se of those adjust ~ents with 
whi ch we dea l t while investi gati ng the field behind t he 
notting. 

5 . CORRECTIONS TO TH~ EXPERIMENTS 

Tho basic correction, introduced wh en the experi
ments were worked up, uas the correc t ion for the differ
enc e in t he model curvature which must occur while pass
ing fro m o ne ang le of attack to another and which we dis
cussed in detail on page 5 . This correction was made in 
the re sults of the tests on the moment and force accord
ing to different methods , for which reason we shall ex
amine ' each case separately. 

a) Correcti o n to the Moments 

We have already seen, in fi gure 18, that the curved 
axis of the model , constructed with Ro = 2 .325 m and 
~ o = 0 0 , when the model is ins talled in t h e tunnel at 
the a ng le of attack ~ o = 0, has a so me what lar go r degreo 
o f curvature than t he axis of our mode l (Ro = 2.325 m, 
~o = 8 0 , 511). This is especially noticeable in the stern 
of the model, whe r e t h e tail surfaces are locate d . The 
n ose p arts of both axes merge . 

" 

__ J 



" 
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Consequently, the stern of our model, provided with 
tail surfaces, when ~o = 0 0 , fo rms a so mewhat smaller 
local mean angle of attack with the flow than would have 
been formed by a model constructed according to Ro = 
2.325 m an d ~o = 0 0 . When the model is installed at 
~o = 0 0 , the difference bet ween these angles is 6~0 = 
0.258 0 (0 0 15.5 1). 

Consequently, the true angle of attack of the stern 
may be obtained b y turning our mod el counter-clockwise 
(according to fi g . 18) at tho posit iv~ a ngle 6~0 = 0.258°. 

Naturally, at the other angles of attack, the correc
t ion. will decrease and, with ~o (set), it will be equal 
to zero. Thus, the t rue mean angle of attack of the stern 
will be: 

~true ~o set - 6~0 

However, since the maximum magnitude of 
small, we considered it entirel y possible to 
change of 6po from ~oset = 0 to ~ o set = 
higher (until R = 1 4 0 ) as rectilinear. I-'Oset 
is shown in figure 28 . 

( 48) 

6 ~o is very 
regard the 
8 0 51 1 , and 

This change 

Now, let us turn to figure 26. We see that at 1 0 

angles of attack, the moment of the hull with gondola 
almost everywh ere h as the opposite sign from that of the 
moment of the hull with tail surfaces, and that in most 
cases it i s larger than the latte r in absolute value. 

Thus, it becomes clear that the negative moment of 
the hull with tail surfaces is due mainly to the effect 
of the tail surfaces, the moment of which must be con
siderably larger in absolute magnitude than the moment of 
the bare hull. 

Therefore, it was decided to introduce the correction 
for 6~o (forumla 48 ) only in the value of the tail sur
face moment of the curved ' model. But there is no basis 
for assuming that the above-examin ed difference in the 
curvature of the stern of the models, constructed with 
Ro = 2.325 and ~o = var., will exert a perceptible in
fluence on the moment of the bare hull, since the moment 
of the latte r is produced, p rincipally, by the nose (tip-
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ping moment)*. But, according to figure 18, the nose parts 
of ·all the models, constructed ·with Ro = 2.325 and ~ o = 
var., merg;e. 

The correction was introduced in the following manner: 
the magnitude of the coefficient of the tail surface moment 
was calculated as tho differonco in the coo.fficionts of tho 
moment of the hull with tail surfaces and of the bare hull; 
the correctidn to t~e set ang le of the tail surfaces was 
introduced according to formula (48), and the results ob
tained were a gain combined with the co~fficients of the 
bare-hull momeni, which remain unchanged. 

b) Correction t~ the Lateral Forces 

The fact that, according to figure 27, the lateral
force values for the bare hull are of the same sign as the 
lateral forces of the hull with tail surfaces, enables us 
to assume that both the stern of the curved hull and the 
tail surfaces exerted an equal influence on the magnitude 
and sign of the lateral forces. This made it possible arid 
correct to introduce the corrections according to formula 
( 48) tot h 0 v a l u e s 0 f t h ceo e f fie ion t s 0 f R2: Z 1 0 f tho 

complete model, without s eparating it into hUll ' and tail 
surfaces, as was dono in tho caso of tho moments, 

c) Other Corroctions . 

In working up the tests on RZl of the straight 
model, it was found (as is almost always the case) that 
the cur ve RZl = f(~ o ) does not g o through zero when 

o = 0; this is caused by the nonaxi a l flow whieh is pro
duced by the support and the streamlined fairing of the 
cross member , This circumstance was discounted by the 
fact that the scale of ~o was displaced in such a way 
that, when ~o = 0 and 0 = 0, RZl = O. The scale of 
~o was also disp laced in this manner when the tests on 
R~Z l and R2: x of the curved model were worked up, since 

the support and the streamlined fairing we re the same . 

*This conclusion is also corroborated by the 6ircumstance 
that the moment of ~he bare curved hull changes the sign 
at .. small. angles ~o' i , e .' , at. ··the '· point ' where · the ·Iocal 
angle of attack of the nose becomes negative. 
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All the other very small corre ctions did not diffGr 
in any respect from tho usual corr ections introduced in 
the case of standard e xperiments (coefficient of the 
field , influence of t~e gradient of static pressure, re
sistance of the support, etc.). Therefore, we arc not 
discussing them he re. 

The curves in figures 26 and 27 contain all the cor
rectipns indicat ed . 

6 . CALCULATION OF THE ROTARY DERIVATIVES 

The rot ary derivatives of t he moment, lateral force 
and drag wer e calculated according to the formulas (38), 
derived .on pag e 32 of Part I (Technical Memorandum No. 
8 29), in 'iVhich formulas Ro was assumed t o be equal to 
2.325 m. 

Figure 29 shows the ·rotary derivatives of the moment 

1_
_ ly i l oivI J 

as a functi on of the angle of attack 
LV 0 oWy 

~o for 

the different rudder angles of dev iation 0 and for the 
bare hull with g ondola and without gond ola. As should 
have been expected, the rotary derivatives obtainod for 
t he bare hull wore much s maller than thos e ·obtained for 
the hull with tail su rfaces . The peculiar bend upward of 

the curve r_'l_ oMy 1 
L Vo awy -, 

of the hull without car was due to 

the ~udden bend downward of the curve R~M = f(~o) of the 
hull without car (fi g . 26). 

i 1 aMy 1 
Th e curves 1- -- I = f(~o) for the hull with tail 

L Vo Ow y J 

surfaces (fig. 29) flow in such a tangled and, at the 
first glance, irregular bundl e* that, according to it, 

*T~is circumstance 

ure 29 the curves 

made it i mp ossi ble to construct in fig
r 1 o j. y 1 
1-- _. -.- ! = f(~) for all the rudder 
L 1) 0 olJ..!Y.J 0 

angles of deviation; it woul d have confused the diagram 
still more. 
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exc ept for the increase, in general, of ~ 
oM l 

-~ I 
(I oWy J 

'Uith 

the angle of attack , it is very difficult to make other 
quantitative conclusions . However, if we construct the 

[ 
lor -

values -. - --.~ J!as a function of the rudder angle of 
v ow 

f) y-

deviation and on a considerably magnified scale (fi g . 32), 
imme diately we notice s ome regulari ty ; this is especially 
clearly evident at small ang les ~ and is confirmed both 
by exp erimen t s with t he netting asowell as without the net
ting . To be gin with, this regul arity consists in the pres
e nce of two sufficiently pronounced ma x ima* on the majority 
of the curves, and secondl y , in the large decrease of the 
rotary derivative with large angles o. It seems to us 
that the r eas on for such sinuosity of these curves should 
be sought i n the somehow regularly varying mutual influence 
of the rudder, the compensator and the stabilizer . 

On the basis of figure 32, we may say that the condi
tion, ~hic h , in the previous papers on curvilinear flig~t, 
assumes tha t the moment rotary derivatives are independent 
of the rud Qer angle of deviation, must be admitted as be
ing correc t in the first a pp roximation, since the maximum 
devia t ions of the values of tho rotary derivative at the 
different 0 (from 0 to from 25 0 to 30 0 ) from its value 
when 0 = 0 do not exceed, in the majority of cases, from 
5 to 6 percent . However, when we examine the variation, 
with the angle of attack of the bare hull rotary derivative, 
p e find that the condition, which assumes that the hull ro
tary derivative is independent of the anglo of attack, must 
be regarded as entirely unsatisfactor y, since the differ-

ence in the values of [~ dMy ' , when ~ t 0 and when 
Vo OWy _ h~ll 

P 0, amounts to - 60 percent. 

Figure 31 sho ws the variation, with reference to the 
angle of attack ~o ' o f the lat e ral force rotary deriva
t ivos both for the hull with tail surfaces as well as for 
the bare hul l. 

It is interesti ng to note that the condition assumed 
by the En g lish , namely , t hat t he hull rotary derivative is 

*The second maximum is lar g e r t h an t h e first. 

-. 
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constant with reference to the ang l e of attack, and that 
t h e hul~ rotary derivative is equa l t o 0.1 m, where m 
is the mass of air displaced by t he mo d el, is not ful
~ i lled (the difference amounts to 1 00 percent) . 

This will be scen from a comparis on of the curves 

with tho straight line 

plotted on the sarno diag ram. 

f..:.-OZ1l =O.lm , 
L Vo aWy -.1 

null 

The curves representing the variat i on of the lateral 
force rotar y der~vative of the hul l with tail surfaces, 
similarly to the c u rves of f i gure 29, a r e shown in the 
form of a so me what tangled, although mo r e regular, bundle. 

r- 1 aZ 1 l The fundamental re gularity of the change of 1-----
L DO awy J 

app ears sufficiently clearly in f igure 33, where 

[ ~o a: J 
y 

arc given (analo gousl y to fig. 32) as a function 

o f the rudder ang le of doviation o. This regularity is 
app arent from the fact that, whe n the angle 0 is in
creased, the rotary derivatives t end to decrease at small 
a n gles of attack; and tend to incr ease at large angles of 
a t tack . It s h ould be mentioned, in particular, that, in 
all the c ases, tho lateral force r o tary derivatives were 
larger durin G tests with a netti ng than during tests with
out a netting . Th is difference s ometime s amounts to 12 
perce n t. 

Now, let us co mpare the values of the rotary deriva
tives obtai ned b y the method of curved models and by the os 
cillation method . This comp a r iso n is shown in figure 30. 

As will be seen, the values o f the moment rotary de
rivative, obtained by the met h od o f curv ed models, were 
everywhere s maller t h a n the v a lues of tho rotary derivative 
determined by the oscillation me t h od. Besides, the peculiar 
bend in th o curve, obtained by t ho osci l lation method, did 
not a pp ear in tho curv e , cons t ructed by the aid of the 
curved model method. 

The reason for these divergences, amounting to 10 per
cent, must be sought in the follo wing: 
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1) The rotary derivatives were determined br- the os
cillation method in the NK-I tunnel, in which, 
as a rule, the tests sometimes differ consider
ably from those carried out in the T-3 tunnel. 

2) The mode l tested in the NK-l tunnel had a some
what greater relati ve elong ation than tho curved 
model, tho elongation of which was exactly simi
lar to tho full - size ship. 

3) Tho theory underlying the determination of the 
rotary derivative contains, according to the 
damped oscillation records, many merely approx
i mately correct assumptions and, moreover, the 
experimental results are considerably distorted, 
due to the imperfection of the equip ment used 
for recording the damp in g * (it is true that re
ce n tly we have greatly improvod th o method of 
recording damped oscillations and of working 
u p the data) . 

4) The origin of the enigmatical bend on the curve 

r I o ldy l. 
1-
L V o awy I 

obtai ned by the oscillation method, 

is explained, in our opinion, by the influence 
on the tail surfaces of vortices that get de
tached from some parts of t he a pparatus located 
in the f lo w. The tail surfaces immediately be
come blanketed with t h es e parts at the model 
angles of attack of from 5 to 8 degr e es , that 
is t o say, exactl y at those angles at which the 
indicated bond occurs. 

It is self - eviden~ tha t the close coincidence of t~e 
lateral force rotary derivatives. , obtained in fi gure 30, 
is purely accidental since, in the case of the damped 
oscillation method, the l ateral force rotar y derivative 
was calculat e d according to the rotary derivative of the 
moment (for which no coincidence was obtained) by the aid 
of various assumptions of e x tre mel y low probability (for 

::, I - Z 
' 1 ~;[ -I ;- C' 1 l 

e xamp Ie , -- ::, = c o,n st .; i - ::' .. ' =: O. 1 m) 
I. 1) 0 o Wy I 1) u.u J 

hull L o Y- hull 

*Concerning t h ese imperfections, see our work on radii of 
turn. 
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the incorrectness of wh i ch has alr eady b een ascertained . 

7 . RESULTS OF THE EXPERIMENTS 

BASED ON THE DETERMINATION OF THE DRAG 

In testing the curved mod e l on drag, we first of all 
discovered a very great difference betwe en the results of 
tests with a netting and without a nett i ng. During tests 
with a netting, the coefficients of drag were found every
where to be from 35 to 70 percen t small e r than the corr e
sponding coefficients obtained in the tests without a net
ting . ApparentlY, this difference is t o be attributed, in 
the first pl a ce, to the artif i cial turbu lence of the flow 
due to the netting, which gives the boundary layer of the 
model a structure more c l osely res emb l i n g the structure 
obtained with hi gh Reynolds Numb e r s and, in the second 
place, the difference is to b e at tributed to the possible 
considerable d rop in the statical pressure along the tun
nel behind t h e netting. 

The ver ~ interesting proble m conce r ning the possibil
it y of obtai n ing, by the aid of a rtificial turbulence in 
the flo w, a n arti f icial increase i n the Reynolds number, 
can a nd ought to be the subject o f special earnest inves
ti gation . 

fi gure 3 4 shows the relations to ~o of the coeffi
cients of d~ ag of the curved and s traight models. These 
curves are gi ven only for the rud d er ang le of deviation 
o = O. The remaining wind tunnel tests , although they 
have been carried out and work ed up, a r e horo of much less 
interest in p rinciple and, t he r ef ore, a r c not shown. 

Figure 3 4 also sho ws the rela tion to ~o of the ro-

tary derivativ e of the drag 
r l oX 1 
1---
LVo oWyJ 

calculated by us 

according to tho first formula o f the s ystem (38) (page 
32 of Part I, Technical Memorandum No . 829). also for 
o = O. Th is derivative was calcu l ated only according to 
tho wind tunnel tests withou t a netting , since we did not 
havo any tests of tho straight mod e l in a flow with the 
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same d~gre e of turbulence as was created by the netting 
with variable mesh* . 

8 . CONSTRUCTION OF THE NOMOGRA-iS OF THE RADI I OF TURN 

CO MPARISON ot THE NOMOGRAMS WITH FREE FLIGHT TESTS 

. AND WITH RESULTS OF PREV IO US TESTS 

After determining the relations of the rotary deriva
tives of the moments and lateral forces to ~o and 0 , it 
became possible t o construct the nomograms that are analo~ 
g ous to those · in figure 1 6 . Th e ·values ·are the reverse · of 
the radius of turn, with which ~adius there is established, 
f or the various ~o and 0, the equiribrium either of the 
fo r ces or of the moments . These values were calculated ac
cor ding to the wel l-kn o wn exp re ssions (reference 1): 

According to th e c ondition of equilibrium of forces 

I 
= 

i 1 0 Zl J 
m cos ~o - 1 -

!. V 0 CWy 

According to the conditi o n o f equil ibrium of 

1 
= 

l
r ~ or:;y- ] 

v ow o y 

( 
I 

i 
! 

moments ' 

I 

1 

( 49 ) 

*It was p ossible to work u p the results of the wind tunnel 
tests on the mome nts and the later a l force, making use of 
the tests with and without t he netti ng simultaneously 
(curved and strai ght models), due t o the fact that, accord
ing to the series of for eign investigation, the mag~itudes 
of the lifting forces a nd momen t s depend but little on the 
degree of turbulence in t he f low . Thus, on the ma gnitudes 
of the later a l forces, c alculated. . according to f<:>rmul a ( 4 7) 
the d iff ere n c e sin the val u e s . 0 f RL; X' · 0 b t a i ned in' t est s 

wi t h and without a netting , mu st · show an insignificant sf.,.. 
f ect b ecause , in the fbrmu l a · indicated RL;X is multiplied 

by the sine of the small angles . 
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These nomograms, constructed a c c or ding to the wind 
tunnel tests with and without a n e tting, ar e shown in 
figures35 and 36. : o.n- the left o f the d iagrams are given 
the hyperbolical scales, ~hich e n a b l e us to obtain the 
values, in meters, of the radii of turn Ro for the 
full - scale airship. 

As will be seen from these n omogr a ms, the points on 

the straight line ~ = f(~o' 0) in f i gure 36 are par -
- Ro 

ticularly well placed,' that is t o say , a ccording to the 
tests without a netting . Th is p a r t l y leads us to surmise 
that the y are more reliable as c ompared to the tests wi th 
the netting. Th e fact that t he straight line 

1 
~ = f(~o' 6 ) passed throug h zer o is p a rticularly valu-
Ro 
able, since this line did not go through zero before. (See 
fig. 1 6 .) The de g ree of reliabi lity of our present tests 
is thereby greatly increased. 

Some deviations of the p oi nt s f ro m the straight line 

I which occur (fi g s. 35 and 36) mainly at 
Ro 
large rudder angles of devi a tion , in our opinion, are due 
ei ther to the influence of 't h e c ompensa tor or to the loss 
of effectiveness on the part of the rudder. 

Ther o is no basis for attributing these deviations, 
in a large measure, to exp e rimen tal o rro rs, since such 
deviations, in the same direction, occur on both curves 
(fi g s . 35 and 36). Th is is shonn es~e c ially clearly in 
figu.re 37, where a comp arison is mad e of the relations o f 

1 -- = f( ~ o' o ) on the bas i s of t he resul ts of t h e present 
Ro 
tests and the results of te s ts by the a id of the damped 
oscillation method and according to fr e e-flight tests. 
As will be seen, the g eneral d i r ecti o n of the curves co
inc~des well ~nough: the deviat ions (general) seldom 
amount to 10. percent. 

At first glance, it mi gh t s eem tha t the results of 
t h e old tests by the aid of th e o sci l l a tion method are in 
better a g re e ment with the free-fl ight t ests than the r e -
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sults of the present tests. However, this phenomenon is 
pure ly accidenta l: we have to assume that, in free-fli ght 
tests, errors may occur which lie within the 10-percent 
1 i!Ili t . * 

Figure 38 sho ws a comparison of the relations of the 
radii of turn to the rudder angle of deviat ion, according 
to our various exp e ri ments . 

We cannot discuss in detail the c a uses of all the 
d iver g encies (of a qualitative and quantitative order), 
sinc e , for this purpose , it is necessary to have a con
sidera bly larger number of experiments than we have in 
this work . 

Le t us menti on one fact which we think is interest~ 
ing . In fi gure 36, who n 0 = 0, tho cu'rves ' of the equi
libri u!Il o f tho moments and f orc e s intersected at tho ori
g in of the coordinate s ( ~ o = 0, Ro = co, rectilinear 

motion) as well as at some other p oint 

Ro full scale = 700 m) . A simi l ar fact 
the old tests . (See fig . 1 6 . ) 

(~ = 0,. 0925 m- 1 

was noted also in 

This circumst an ce indicates tha t , when the rudder is 
neutral, the g iven ~irship evidentl y can fly along a cir
cle wit h a very lar ge radius . It is interesting to note 
that this fact is confirmed by several free - flight tests 
made abroad . 

By using the graph s 35 and 3 6 and also the figures 
2 6 , 27 , 29 , and 32 and the rotary derivatives of drag, not 
entered here , ' it was found p ossibl e to construct throe 
g rap hs that are of great theoretical interest (fi g s. 39, 
40 , and 41). 

Gfaphs of this kind should be very useful in the 
aerodynamic calculation of airshi p designs. 

These graphs show, as a function of 2.. of the model** 
Ro 

---------------,---~--------
*It was found that, in free - fli g ht tests, the tail surfaces 

are disp lac e d somewha t forawa rd, as compared to the original 
p os ition . This fact was not take n into account in the tests. 

**1.8 . , as a function of the magnitude, pr oportional to the 
angular velocity wy ' 
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the va l ues of the nondimensional coefficients of the to tal 
mo ments, l ateral forces , and drags (OEM' CEZ1 ' CEX) act-

ing on the airship in balanced fli ght along circles of dif
ferent radii, as well. as their co mponents, i.e" coeffi
cients of the forces and momen ts resulting from the linear 
as well as ~ he rotary displacements: 

Cm ' Cz 1 ' Cx and CIllw ' C , Cx y Z lW W 

These curves are obtained fo r the st ates of equilib-

rium of flight alo ng circles r 2.. , ~o a nd 0, correspond-
L Ro 1 

i ng to the p oints of the straight lines -- = f(~o' 5) 
~ Ro 

(figs . 35 and 36) I and their ord inates are calculated ac-.. 
cording to t he for-mulas : 

2 Rm 2 Rz 2 Rx 
Om = y. 

Oz = 1 Ox = ( 50) 
Y P U 1 

S P S P 

,aM J 1 r 1 aMy] 
2 Rm 

2w 12 2 
YLOW y Ro LVo OWy 

Crnw W 
(51) = = = 

PU aU v 2 PU , 0 

10 Z1 1 -=-r..:. a Z1 l 
2 Rz 2 1- 2 

° 
1W Wy LOWy J Ro LV 0 oWyJ 

(52) = = = 
ZlW 

P S P S Vo 
a P S 

2R~ ~y~~ll 2 
1 rIo Xl l 
;-LV OlO y I ° : = 

L y J 00 - ( 53) J<U., = = 
PS P S v 0 

a 
PS 

( 54) 

The formulas (5 0 ) are the we ll-known transformations 
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from the coefficients of R to th e nondimensional coeffi
cients of C b y expressing R in to r ms of half the den
s ity, the volume U or the mids hip section S. 

The 
given in 
mations 

formulas (5 1), (52 ) , an d (53 ) are obvious and are 
the for m of consecutive and very si mp le transfor 
(Ro is regarded as variabl ~ . 

In fi gure 39, due to the equilibrium of the linear 
and ro tan' moments , the magni tude s Cmy and Crnw ar e 

equal in mag nitude and opposite in sign, which sti p ulates 
tha t C~ M = 0 (54) . 

~n figure 40 , the magn itud e C~Z is everywhere 

equal to a nd opp osit e in si gn to the coe ff ic ient of cen
trifuga l force, which coeff i ci ent may be calculated as 
follows : 

The coefficient of cen t rifuga l force = 
mv 2 

0 

Ro 2m * co s ~o = cos Bo 
PVo 

2 

P RoS 
( 55) 

S 
2 

whicb follows from the equilibrium of all the forces. 

Figure 4 1, can be used as initial data for calculat
in the loss of velocity in fli gh t along circles of dif
ferent radii . This can be verified very simply b y fli g ht 
tes t s . 

CO NC LUSIONS 

In summing u p all we have s aid above , we must admit 
that the method of curved mode l s, in ~d iition to its very 
great aerodynamic theoretic a l vi a ue, a lso havG vory great 
practica l value . It is superior to the oscill a tion meth
od in t h e follo wi n g poi nts: 

*cos Bo occurs due ,to the fact that the direction of the 

centrifuga l force a n d the direction of the airship's axis 
are not perpendicular . 

- -_ .. -- -.------------------~. 
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1) The accuracy of the curved mod el test lies within 
the limits of accurac y of aer odynamic tests in 
general, while the accuracy of the oscillation 
method is very lo w, This is main l y due to the 
imperfG~tion of t h e a pparatus used in the os
cillation method, and t o the considerable num
ber of "ballast ll quanti ties t hat have to be 
measured. 

2) By the aid of the · oscilla tion me thod we cannot mea
measure directly the la tera l force rotary ef
fects that can be calculated on the basis of 
assumptions, the consid e r a ble discrepancy of 
which with actual condi t i ons has a l ready been 
s h own. 

· 3) The rotary effects of drag cann o t be determined 
at all by means of the osci llation method, 

4 ) Owin g to the accurac y and simp li city of curved 
model tests, we can i n v estiga te the changes 
in the rotary derivativ es with respect to the 
rudder angle of devia t i on. I n the case of 
t h e oscillation method, the c hanges of the 
r otary derivatives abso lute l y lie within the 
limits of accuracy of t he te s t. 

5) By the aid of the met h od of c u r ve d models (when 
we prepare several mode ls with Ro = var,) we 
can investigate the c h a nge in the rotary de
r i vatives with referenc e to the angular veloc
ity . However, wit h the o sc il lation method this 
is entirely impo ssi ble , s i nc e . one of the basic 
assumptions of the latt er me thod is that the 
rotary derivatives are indep e ndent of angular 
velocity. 

6) By the aid of the met h od o f curved models we can 
study experimentally th e distribution of aero
d ynamic loads in curvil i n ear flight. 

The majority of these merits wore c or roborated by ex
p eriments . The result s of experi ments carried out accord
i ng to the met h od of curved mo d els showed that the rela-

1 
tions of -= f( ~ o' 6) are muc h more r e gular than in the 

Ro 
case of the oscillation metho d , an d tha t they are in suf-
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ficiently good agre e~ent with the results of free-flight 
tests. , . 

The possibili ty of making use of one curved model for 
studying motion along circles of different radii is espe
cially va l uable . It considerabl y simp lifies the use of 
the p resent method and reduces the cost of its app lication. 

I n addition to the errors, indicated in part I, which 
are due to the fact t h at the ro tat ion of circular motio n 
in sufficient l y conforms to p hysi ca l laws , and the er rors 
attributable to the contraction and e longation of the arc 
of the me r idional contour, the method also has the f ollow
ing faults : 

1 ) I ti s n e c e s sa r y toe mp l oy g r ad i en t d e vic e s ( par -
ticularly a netting ) in order to achieve mor e 
acc u ra te s imilarit y to curvilinear flight . 
TDese devices most l ikely distort the flow and 
introduce additiona~ difficu lties in the way 
of ob ta i ning the similarity ind icat ed . 

2) It is nec e ssary to produce a spec ial model whi ch 
is rat h er complicated in construction. 

3) It is necessary to carryon the e xperiments with 
particul ar care and accuracy, since the rotary 
derivatives are deter mined by t~e forculas (38 ) 
as differences of the results of experiments 
which arc made at d ifferent times and which 
frequently (for example, in the case of lateral 
forces) do not differ to any significant degree. 
Right now we may say with certainly that the 
accuracy of measurement, for examp le, o f the 
mo ment , on the conven tiona l moment app arntus is 
not suf f iciently h igh . 

Next year we p rop ose to en deavor to find a more exact 
and re l iable solution of the problem concerning the in
fluence of the velocit y g radient and the presence of the 
netting on the exp erimental r esults than we have give n in 
this paper . It ts very p robable t hat the influenc e of the 
velocity gradient is very ins ignificant, a nd possib l y neg
li g ibl e. 

In conclusion, we wi sh to express the hope that the 
met h od of curved mod els may find application not only in 

-. 
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ae rodynamic investigat Ion s o f airships, but also in aero 
dynamic i nvest i g~t ion B of other ai rcraft , as well as in 
hydrodynamic invest i ga tions of naval vessels and subma
rines. 

Translat io n by Translat i on Section, 
Office of N~val Int e lli gen ce, 
~avy Dep art ment, 
31uma Ka r p . 
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Figs .19,20 I 23 

Fi gur e 23 .- Ar r angement of the cur veri V- 2 model behind 
the va riab l e mesh netting during wind tunnel 

t es t s on the moment i n t he w o r~dng par t of the T-3 tunnel. 
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i '1gure 24.- Installc..tion of the curved V ... 2 model behind the netting wit h 
variftllle mesh in the T-3 tunnel. (View froDl the stern) 

1 . 

Fi gure 25. - I nsta.llation of the curved V-2 n:odel behi1:.d the ve.riflble 
mesh nettiI:.g in the T-3 tunnd. (Vhw froD. the nose 

t hrough t he netti~g). 
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a \ hull and hull wit h gondo Ie.. 
b, hull with tail surfaces ( straight model). 
c, hull wi th tail surfaces (curved model). 
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of the V-2 model as a function of the 
angle of attack f30. (Curved model tests). 
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a, of the full scal e ship( in meters). 
b, according to the equation of forces. 
C, according to the eqoation of moments. 
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( M = _1_ ful~~llcale size) .. constructed according 
64. 64 

to the curved model tests (RO=2.325 , 130-80 51' ) without a 
velocity gradient. 
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