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NATIONAL ADVISCRY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

" PORPOISING
A COMPARISON OF THEORY WITH EXPERIMENT

By Kenneth S. M. Davidson
) with
F, W. 8, Looke, Jr,, and Anthony Suarex

SUMMARY

This report makes a direct comparison between the observed
and the oaloulated longitudinal dynamio stability of a partioular
dynamic model of a flying boat moving on the water,

Good agreement was obtained between experiment and theory
(using Glauert's statement of the theory) for trim angles in the
vicilnity of the lower limlt, at one speed a 1littlo above the
hump, The agreement is shown in the following tabulation, which
gives the experimental and theoretical values of the aerodynamio
component of the pitch-damping derivative required for
stability at various trim angles, at the speéd in question,

Required Aerodynamlo ¥ for Btabllity at Various
Steady-Motion Trim Angles at One Speed

Steady-motion Requirced aerodynamlo Hq
trim angle
(deg) Experiment Theory
6.8 =21.1 ~21,5
6.4 -17.6 -16-2
7.1 =-12,0 -11.3
8.5 -5.8 -5.3
11.0 -.5 -2.0
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Data are given in an appendix from which similar trials
of the correspondence between experiment and theory might be
made for trim angles in the vicinity of the upper 1limit at the
same speed, and for & higher speed. The ocalculations have not
been oompleted for these cases, however, because 1t became
apparont that the ocalculated stability ocould not be expeotod
to be as reliable for upper-limit trim angles as for lover-
limit trim angles, and because the theory had not particularly
recommended itself in the initial trial.

The theoreticael msthod in its present form is laborious;
it depends for its application upon experimentel constants
which are not more easily determined than a direct experimental
dotermination of stability, and it has not yet shown itself
ocanable of pointing out design trends tonding to roduce in-
stability to any greater oxtent than the direct experimental
m.ethOdo

INTRODUCT ION

Provious attempts to determine the reliability of the
classical method of calculating the longitudinal dymemic
stability of flying boets moving on the water by comparing
observed and caloulatod stabilities in specific cases have
generally suffered fram a laock of adequate data. This is
particularly true of the work desoribed in reference 1 and 2,
where neither tho obsorved stability nor the test information
roquired for the stability calculation was known to better
than a first approximation for the casos in question. It is
much less true of the work descoribed in reforonce 3, but an
exaot quantitative comparison was not attcmpted in that
instance.

The study hero consldered wms restricted to a particular
dynamio model for whioh all throe of the necessary components,
namely,

the cobserved stability,

the baslo hydrodynemic dorivativos needed for
the calculation, and

thce basic aorodymamic dorivetives nocded for
the calculation,

ocould be determined with sufficiont exnectness to insure a
roliable comporison betwoen exporiment and theory. This



rostriotion eliminates all questions regarding the relatiomship
between flying boat and model in respect to form and particulers,
the ocorrespondenco of speed, applied moment, or pure socale effeots.
It reduces the problem to comparing two results (observed and
‘cdloulatod),” both of which are based upon acourate detorminations
for proolsely the same combinations of modsl, forces, and moments.

Tho study was further restrioted to one spood - both because
of the labor involved in the aoctunl testing and computations
neocossary to deduce the caloulated stability, and boocause the
study was intended primarily to bo oxploratory.

The model selocted ropresents an actual flying boat in its
original experimental form. Porpolsing had boen experienced in
the full-pize flying boat over a range of specods intormodiate
botwoen tho hump and the got-awmy. In particular, tho following
approximato Information was supplied in advance by the manufac-
‘turors:

{mph)

Planing 36
Porpoising 43-62
Take-off 78

The speed sclocted for tho comparison was about 48 miles pcr
hour. (Soce p. 4.)

Tho tosts for obscrved stebility were mado by the mothod
developod at this Tank for experimontal invcstigations of por-
poising, in vhich predcterminod aorodynamic forces and moments,
and thelr dorivativos, aro applied mochanically to a dynamio
model of the hull alomo. This mothod iz doseribod in referonce
4, Stoady-motion tests to provido the nocossary data for com-
puting tho hydrodynamic derivatives were made by ordinary
towing-tank mothods, .

Tho particulars end specifiocations usod aro glven on pages
11 and 12, which show also the aorodynamic characteristics of
the hydrofoll which was substlitubod for tho wing in the porpois-
ing tosts,

This iInvostigation, conduoted at Stovens Institute of
Tochnology, was sponsorcd by and conducted with financial asgsist-
ance from the National Advisory Committee for Aoronautios.




TESTS

Porpolising tests wore first mede to detormine tho stability
limits for the ontire rango of spcods between tho hump and tho
got-awoy. The results of theso tosts aro shown in figure 1, from
whioh it will bo soon that the rango of specds within which tho
lower limit lies abovo the freo-to~trim track is in genorally
good agroement with the approximate renge within which the
buildor reported porpvoising in tho actunl flying boat; it may
thereforoe be inforred that tho actual porpoising wns of the
lower~limit typo. The spced seloctod for the comparison of
obsorved and calculated stabilitios - 15.89 fect por second
(corresponding to Cr = 4,30, or about 48 miles por hour in

full sizo) - lios within this rango,

Tho next step wns to oxtond tho porpolsing tosts at the
solectod speed to provido a broodor basis of observed stability
for comparison with the celculated stability. Tho principal ro-
quiremcnt in this respeect was a widor range of values of the
aorodynomic pltch-domping dorivative Mq. Tho rosults, covoring

valuos of from O to ~20,0 (the lattor value rcsulting in
stability at tho lowost steady-motion trim cmgle considored,
5,8°), are shown in figure 2, Tho voluos givon oorrespond to
the aorodynemio Mq applied by tho tail only. The total Mq

prosont was groater by tho amount contributcd by the model hull
itsolf. A soparato moasuromcnt of tho lattur, in air, gavo -0.55,

Finnlly, tho model was tostod In steady motion, at tho samo
spoeod by the ordinary towlng tank proocdurc, to dotermino tho re-
laotionships in stoady motion botwoon watcr-hornc load, momont,
hecave, and trim, as a basis for doducing tho hydrodynamic doriva-

tivos noodod in the stobility ocalculations. The rcsults, covoring
fairly wide ranges of tho varinblos, aro shown in the form of a

grid in figuro 3.
CALCULATIONS

Thot which is horo reforrod to as tho "classical™ method
of ocaloulating tho longitudinal dynamic stability of a flying
boat moving on tho wator was first proposod by Perring cnd
Glauert (roforence l).* This method oy be said to involvo two
*Horoaltor roforrod to as Glaucrt,




ossentially separable parts: 1) tho purely theorotical equations
of motion leading to the conditions for stability, and 2) tho
ovaluntion of tho roguired derivativos. The first part is straight-
forward rigid dynamios (which was appliod somo yeairs ago to .the
parallel problom of the stability of an airplane in flight) with
somo rooonsideration of the rolativo importance of the varlous
derivatives, The second part is inhorontly less simple than for
tho airplane in flight becauso the roguired dorivatives represent
tho sumetion of aerodynamic and hydrodynamlc components and,
although the aorodynamio oomponents follow the load of tho older
mothod, the hydrodynomic compononts aro more troublosoms,

The oight hydrodynnmic derivotivea which havo to bo con-
sidorod my groupod undor two headings:

Displacemcnt dorlvatives

Z roto changeof A with rospoct te H, T oomstent,
por wmit mass

Zg rato change of A with respeot to T, H oonstant,
per unit mass

M, rato change of M with rospect to H, T constant,
per unit moment of lnertia

He rato ohange of M with rospect to T, H oconstant,
por unit moment of inertia

Veloclty derivatives

Z_ rato chango of A with rospoct to q, por uwmit mess
Z__ rate change of A with rospect to w, per unit moss
Mq rote change of M wilth rcspeot to gq, per unit mass
M, roto change of M ﬁth rospect to w, per umit mass

Glauert dorived tontativo 9.1 obraio reggiong for all of
thoso, with empirical constents, f om stoagﬁm'gf. oa‘g d.a%a. on

ploaning surfacose

Later, Klomin, Piorson, and Storer (roforence 2)* and
othors (in unpublighod reports) noted: 1) that the displacemont

sHoreafter roferred to as Klemin,



derivativos could be doducod dirooctly from a "gonoral"™ tank
tost of tho hull, and 2) that in Glauort's exprossions tho
volooity derivativos woro dopondont on the displacemont
dorivativos. They thoroforo substitutod tho oxporimontally
dotorminod displacomont dorivativus - rotaining, in prineciple,
Glauort?!s transforrmations to tho wvoloclty dorivativos.

8inco tho ocalculotions oonsidorod in this roport wero
basod on displacemont dorivativos dotorminod from a "gonoral”
tost, tho dctailod stops wore first oarried through in acoord-
onoo with Klomin's analysis (rofcronco 2). Subsoquontly, in
ocorparing Klomin's and Glauwort!s analyscs, o difforonce wms
notod in tho oxprossions for Z_ whioh, upon cxamination,
wnes found to rosult from a diffurcnco in tho dofinitions of Z 7
ond Mq. (Soo p. 14,) B8inco this difforcmoe ovidontly might
affoct thoe rosults materially, all nocossary stops in tho
calculations wero ropoctod using Glaucrt?’s analysis (reforence 1).
Both Bots of rcsults aro includod horo.

Conslidoring tho calculations in dotnil:

l., Fivo stoady-motion trim angles.wore coverod, ombracing
a rango from woll below the lowor limit of stability to woll
obovo it. Figure 4 is a ohart of all tho stoady-motion condi-
tions, which aru spotted also on othor portinont charts. Tho
fivo trim anglos corrospondcd to substantially oqual difforoncos
of applicd moment.

2, The first stcp in carrying out thc calculntions was to
dotermine tho hydrodynamic displacomont dcrivatives from tho
stoady-motion tost data. Thuso wero read from various oross
plots of tho data shown in tho goavral grid in figuro 3. Tho
dorivativos aro shown in figuro 5 oand in tho tabuletion on

pago 15,

3. Tho hydrodynamic voloclity dorivatives wero thon come
putod, tho corodynamic dorlvativos doduced in tho ordinary woy
and, finally, tho rosultant valuos of all dorivativos addod up
and tobulatod for rcady rcforonco in oomputing Routh's dis-
oriminants.

4, All computations aro givon in dotail on pages 156-27,
from whioch 1t will bo soon that throo vnluos of the acrodynomic
Mﬁ woro comsidorod, for both Klomin's und Glauwortt's avalysos,

Thoce woro, rospcotivoly, O, =4,39 (tho normel value acoord-
ing to tho tnblo of particulars), and =-20.0 (tho amount
dotcrmined oxporimontally as noccssary to cause stability at
T= 5,89),



6. A summary of all Routh'!s disoriminonts is given on
pago 28.

COMPARISON OF OBSERVED AND CALCULATED STABILITY

A. TFollowing is o comparison of tho limiting trim anglos

for stability at fixed values of Mq as detormincd

1) from tho limit curvoe in figure 2 in tho caso of
the observed,*

2) by intorpolation from the summory of Routh's dis=-
oriminants on pago 28 in tho caso of tho calculatod,

Limiting Trim Angles for Stability at Fixod Damping

Total aerodynamio M, Limliting trim angle
Obsorvod+x gg._l_c_qla-l'_nd

Klenin, .i. lGlauort

0 ¢=——— Indotorminate -T:'"‘?-W
4,39 8.8 9.1 g 8.7
~20,0 6.0 ; 7.4 | 8,0

Apart from tho indcterminatc (and inoonsoquential) rosult for
Mg = 0, this comparison shows

. .1) a roasonably sutisf..ctory pcnoral agrocricnt
boetwoon thoory and oxperimont,

2) a decided proforonco for Glauort's analysis
ovor that of Klomin,

*The limit ourve on this figure is for o sweop of 0° in trim
anglo for tho porpoising oycle, as opposod to tho swoop
of 22 proviously usod on figuro 1,

*%xCorrected for contribution of modol hull to total acro-
dynamic M. :



B. Anothor, and somowhat more adequate, procoduroe is to
compare tho limiting valuss of for stobility ot given
valuos of trim instoad of tho 1 ing trim angles for stabil-
ity at fixod valuos of Mq.

Roquired Damping for Stability at Givon Trim Anglos

'Stoudy-motion i Roquired aorodynamlc M—!T
trim angle - —— ———- - - ~ -
( do'g§ Observods | Calculated
Klonin Glauo_r—b-— 1
----- ) 5.8 -21,1 + (1) =21,6
6e4 -17.6 + (1) -16.2
7.1 -12,0 + (1) 11,3
8,3 6.8 =T7.b ~5.3
11,0 -eb 2.0 -240

In this form tho ocomporison omphosizos much moro strongly
tho good agroemont botwoon thoory and oxporimont, provided that
Glouort!s annlysis is omployod, It omphasizos also tho apparont
inpdoquacy of Klomin's analysls; for tho throo lowor trim
anglos (806 p. 28) tho rcsults by Klomin's analysis indicato in-
croasing Instablility as tho damping is incroascd, so that posi-

tivo l.Iq would apporontly bo nccossary to cause stabllity,

DISCUSSION

The difforcnco betwoon Klomin'!s and Glauert?!s annlysos
arising, as notod on poge 6, through a diffcronco in the
dofinitions of Z; and Mq, brings out cloarly an ossontial
difficulty with tho mothod of calculntion as it now stands.
Thoro is nothing in Klomin's account to indicato that ho pur-
posoly doportod from Glauwort's analysis. Whethor tho doparture
wos intontional or accidontal is of smnll momont becnuse, in
fact, Glauvortts dofinitions of Z; and M ; cannot oasily bo
shown to bo fundamontally moro corrcet than Kluomint!s; both
»Corrootod for ocontribution of modol hull to total corodynmmic

M.




aro approximtions opon to some quostion. Henco, tho faot
that Glauortt!s definitions woro moro sucocesaful in the prosont
limitod instanco camnot be givon too much woight.

NOTATION

Tho followlng symbols aro useds
A static dispio.ocmnh, pounds
Z, A 1load on tho wator, pounds

0, T +trim anglo, anglo botwoon forobody keel and undisturbod
wator surfaco

H hoavo of contor of grovity, roforrod to static displaco-
mont and goro trim, foot !

% hoight of ocontor of gravity above froc wntor surfnco, foot

M appliod moment, pound-foot

m mass in vertionl osoillation, slugs (corrosponding to

statie displacomont)

pitching moment of inortia about contor of gravity,
slug=feot aquaro

v forward volocity of modol, fout por socond

w vortiocal volooity of modol, foot por socond

q angular velooity of modol, radians por second

P hoight of ocontor of gravity abovo koel at main stop, feot
r distanoo of contor of gravity forward of main stop, foot
L droft of koel at main stop bolow froo wmtor surfaco, fcot
R, roslstanco in stoady motion, pounds

Soo also figuro 6,

Stovens Institute of Toohnmology,
Hobokon, N. J., August 1941,
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PARTICULARS
The following particulars were used:
Drawing « . . o« o o o = s o o o » o o o »

Btevens Model No. . .'. e ¢ o o s o a =

soale L] [ [ ] - a L) L] L L Ld . . L] - [ ) L 1

Model

11

(S8ee fig. 7)

294-9
1/20

7.6

Dimensions

Beam at maln atep, In. ... . . . . . 102
Angle between forebody keel '

and base line, deg . « v . . .« . . 0
Angle between afterbody keel

and bage line, deg . . «. . « . . « 7.B
Heolight of main stop at keel,

in, e s s s e a e e . - 4.00
Center of gravity forward of

main step, in. . . . . . . . . . T71.1
Conter of gravity above dasge

line, in,. s s s s 4 e e e e e 112
Gross weight, Ao, 1 . . . . . 40,000

(sea water)

Load coefficient, Cp(sea water) 1.02

0.20

3.56

5.62
5.00
(fresh water)

Moment of inertila in piteh,
slug-ft . 1,813x10°
1b in.® .. 8.40x108® 262
Wing epan, ft . . e e e . . . ] 5.90
Wing area, §, aq £t . . o 1405 3.51
Mean merodynamic chord (M.A G-).
in, . . e . & & 154 7.70
Agpect ratlo (geometric) . e e . . 9.91 9.91
Horlzontal tall area, €gq ft, . <« « o 216 0.641
Blevator area, 8q £t . . . . . . . 63.6 0.159
Distance, center of gravity to
35 percent M.A.C. horigontal
tall (tail length), £t . . , . . 43.8 2.19
Thrust line, above base line at
maln step, 1in. “ s s = . . . 172.8 8.64
Thrust line, inclined upwerd to
bage line, d6g . . . . ¢ <« . o . 1.0 1.0
Note -~ No allowances made for difference between fresh and

seoa water densities.
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Zatios, foll-size

of gpeed, 7\1/3 .
of linear dimension, A
of area, 2 ...
of volums, A®
of moment, At

of moment of inertia, 7\5

derodynamic characteristice

O, at T = 5° (relative to
L at T= 50 " 6 » & v @ o
doL/dT [ ] L] [ ] [ ) e ©® & @ & a

an/a r (az/ae), 1b/deg

base line).

aL/aw (az/aw), 1b sec/st (== @, -)

Ly, o /0.1, = d°uc,g_/5-7

Mgy, o /8T (2/dB), 1b £t/deg (av.)

dM/dq,1b ft sec/rad . . .
dM/dw, 1b sec (av.)

aN/dq + (aM/dw) £t/rad

dM/dq + (dM/dw)/tail length,

Bydrofoll characteristics

Area, 8q ft ¢ ¢« o o ¢ o o
Aspect ratio (circular plan
a0y, /da (av.)
aL/da ,

do/aT

(av.) .

1/red

form) « o .

1bfdeg (av., fresh water)

aL/ar (4z/a8) (= aL/da x da/dT), 1b/deg

dL/dw (4Z/dw), 1b sec/ft (=

aL

e o NP2
et e v 20
« . U0O
e« s .. 8,000
e o 160,000
- « 3,200,000
Full size Model
1.337 1.337
2235 v  5.59 x 10 Sv,®
0.0975 0.0975
04163 vg®  0.MO7 x 10 v ®
0.163 v, 0.407 x 10 3w,
0.0229 0.0229
0.U91 vg®  0.614 x 10 *v,2
2500 vg 1.562 x 10 2w,
26.7 v, 0.333 x 10 2v,
93.6 4.69
2.1% 2.14
e e e e o 0,00942
e v e e 127
c e e oo e 0,0350
0.320 x 10 3,8
1.27
0.406 x 10 Syya
0.406 x 10 v,

x L4 a;ppa.ratua)
v
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FORMAL STATEMENT OF CALCULATIONS

1. Yor stability, Routh's discriminant end A, B, O, D, and B must be pos~

itive.

L T T T -

where

R = Routh's discriminant

2. Derivatives in basic form

Aerodynamic

R=B0D-AD"-3"3

A=1

= (Zy + Mg)
0=~ (Zy + Mg = Z Mg + Zghy)
D=Z,J(q-qu(,+2.l(9—zeuy
B = ZMg - ZgMy

Bydrodynanic

Displacement derivatives

ZB predetermined

Mg predetermined

Yelocity derivatives
aoe
Zy = 2§ 3o

Zql negligidble

M, negligible

Hq predetermined

Note - T and @ are the same angle.
complete derivative.
the trim angle in degrees;

Z

Zyg from test datad

M; from test data

Mg from test data

ar
Ty = It oo
Z ...%E.p%-d—w
Q" dudq Jwdg
ar
M, =¥r 3
N Hdn OMav
4 3dudq dwdg

g from test data

% -a- + %% 35 dt (reference 1)

Z.,- d.B + % —% (veference 2)

rM-,- gg + Mg g‘% (reference 1)

11&-,— 75+ Xt a—é (reference 2)

T 318 used here to indicate a less
In the ocalculations (pe. 15) T ig used for
8 for the same angle in radians.
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2. Derivatives Reduced for Computation
]

Aerodynamic Hydrodynamio

Displagement derivatives

Zg; from test data

Zg predetermined 2g from test date
My from test data
Mg predetermined Ng from test data
Velocity derivatives )
1 %Ze-zz(-pe+r—§) Ref. (1)
= 3% "y
S Zge2, (~po+r) Ref. (2)

Zg=2lo (p-Ts-rle) -2z (po+[s-r])

" %lle-li(-po‘i-r-%) Ref, (1)
-:1'- Mg =M, (-po+r) Ref. (2)
M, predetermined Hq-i.;!n(l’-[l-ﬂe)-z.(p9+\‘_s-r])

4, Difference between Zy and My in Referemces (1) and (2)
L __§ - 4

Reference (1) Reference (2)
(Glauert) ' (Klemin)
>~ [ iy ~~ ~ l’ ‘

2
Zy = @) oconst.

M M
My = (g?)t=00nst. My = ST)S =Const
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BASIC DISPLACEMENT DERIVATIVES FOR ALL CALCULATIONS (Ses fig. 39)
e

Model No, 294-9
Vp ™ 15,89 foDeBe

8,00 - o _]_. - 322 -
mw m 001554 n ——5.00 6.“
282 . 1 52.2 x 144 _
ke = 55 =TT = 0+0566 il T e 17.68
J dege 5.8 84 7.1 8.3 11.0
M, 1b.ft. +0,512 +0,271 +0.Q31 =0,202 «0.412

zZ, = (3o = 12 x 6,44 = (3%), o = 77028

Zy =305,0  =320.0  =346,0  -406,0  ~B14.0
24 Y
Zg = (35 e = 5703 x 6,08 = (&) x 360
2, -254,0  -221.0  -208,0  -190,0  =-162,0
M, = (3o * 17468
My +532 +430 +316 +144 ~149

M 1 N
Mg = (W)H-k X 75 X 573 x 17.68 = 84.4 x T:—)H-k
Mg =729 =65,0 =59.9 «59.9 -166

CALCULATION OF VELOCITY DERIVATIVES ACCORDING 10 KLEMIN, REFEREWCE szz
Model No. 204-9
Vi = 15.89 fopo'.

1

Zy ~ 2 (Zg-2, [-po+r])
5.62 _ L 5.66 _
P==yz 0.468 r 1% 0296
6 = 3/57,3 +0,101 +0,112 +0.124 +0,145 +0,182
-p @ -0,047 -0,052 -0,058 ~0,088 -0,080
l-po+r] +0.249 +0,244 +0,.238 +0,228 +0.208
-234. -221,0 -208.0 -180.0 ° ~162.0
25 [-p 8+ 2] 2389 78,1 -82.3 -92.8  =126.5
Mffo - [} - [ ] - [ - L] e

2' -9-95 -8099 -7.91 -8.13 -2.28
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(Continued)
’ d’s. 5.8 6.4 7.1 ..3
gy = g (Mg -u(-po+r])
"e -72.9 -6500 -59.9 -59.9
¥, {-po+r] +132,0 +105.0 +78,2 +32.8
D{ffo :25175 :TVUTU -ISBOI -5!.'
M, =12,89 =10,70 =8,50 -5.85

Calculation of Center of Pressure Position

¥, ==-Z2,(po+[a-r]) +Ry(p=-[8s=r]e6)

SR B L B

Bloy g.04
(p = [s -~ r}0)
(-z—zﬁae.ﬁ)(p - s - rle)

Ty
* -r])
Lo

Zq

{s =} = (a)/(b)

zZg=2o(p-fs-r] 6) -2 (po+[s-r])

‘ = ZO. lb'. -3.51 -3.45 : -3.37 -3.25
Ro, lbs, «0.57 ~0¢506 =0 .54 =0,53
M, +0,612 +0,271 +0,031 -0,202
(2o p @) -0,165 =0,179 =0,195 =0,221
° +00092 ] =e
(R, P) =0,267 =0,257 ~0,253 -0,248
[ ] [ ] ® =V
- 2, +3.51 +3,46 +3,37 +3.25
- (Ry 8) +0,058 +0,062 +0,067 +0,077
+0. +de +go‘37 +3.327
+0,172 +0,0994  +0.0269  -0,0528

-2,845
+0,451

‘1.283
-9.95

40,219
+2.179

+0.,896

=2.T97
+0.457

-1 .218
-8,99

+0.151
+1.357

+0,079

-£.732
+0.465

~1,270
=7.91

+0,084
+0,664

=0,606

-2,654
10,476

-1.254
=6413

+0,018
+0,092

-1.162

11.0

-166
=30.7

=8,61

=2,97
=0.60

-0.412
=0.267
=Ve

=0,281

+2,97
+041156
+3,085

«0,1287

—————

‘2.407
+0,495

-1,187
-2.23

=-0,039
=-0,087

=-1.274
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T deg. 508 6."" 7.1 8.3 11.0
My = 22 (p = [a~710) - My (6 + [s = 50)
o X 17.68
- Te +1,139 +0.603 40,069 -0.149 0,917
(%"- X 17.68) (p - [8 = r] e) #5514 £.276 +.032 =214 S 452
N, ~12.89 10,70 ~8.50 ~5.83 «~7.89
- uw (P 9 + cB - r]) +2.823 "‘1.616 "'071)"' -0087 -.308
M, +3.337 410892 4+.746 -.301 -,760

Aerodynamic Derivatives

Zg = % X 57.3 x Gollt ~37.92
Mg = T& X 57.3 x 17.68 ~15.71
g, = = % ~2.386
M, = Hxai7.68 -, 388




™~ N
o

()]
-]

.a': i‘ o‘ u:

J dege.

Aero
0.0
~37.92
=2 .386
0.0

0.0
=15,71
0.0

4,388

5.8

Hydro g =
=306 =306
-234 =271.9
=8.,98 -~12.34
+0.,896 +0,896
+532 +532
=72.9 -88,.,6
-12,89 -12,89

+3,337 =1,051

=320
=221
-8,99
+0,079
+430
=85,0
=10.70

+1,892

SUMMARY OF DERIVATIVES

6.4
p 4
«320
-268,.9
=11,38
+0,079
+430
=-80.7
=10.70

-2,496

(KLEMIN)

Hydro
=346
«208
=T.91
+0,606
+316
=59,9
~8,60

+0,746

761

=246,.9
=10.30
-0,606
+316
-7546
=8,50

=3 ,642

Bydro
-406
=190
=8.13
-1.162
+144
=5939
=5.83

=0,301

~406
=227.9
=8,516
-1.162
+144
=75.6
~6.83

-4,689

-614
=162
=2428

=1.274

-166
=7.89

=0.760

8T

11,0

-614
=199,9
~4.618
=1.274

-149
~181.7

=789
-5.148



Zg Mg
~Zq Mg
+Zy Mg
~3g My

2z Ng
-7g ¥z

R (10° x)

OALOULATIOR OF ROUTH DISORIMINANT
(KLBMIX)

Design Aerodynamic M, = -1, 388

5.8

- 19

6.4 T.l 8.3 11.0

+1 +1 +1 +1 +1
~12.34 -11.38 ~10.30 -8.516 4,616
-1.051 -2.1.{96 ~3.642 ~4,689 ~5.148
+13.391 +13.876 +13.942 +13.205 +9.764

~305 ~320 -346 106 ~61Y4
~88.6 ~80.T ~75.6 =756 ~181l.7
«11.5 ~0.8 +5.2 +6.8 +10.1
~13.0 28,14 ~37.5 ~39.9 - ~23.8
+H8.1 +429.9 3.9 51,7 +809.5
+320 +799 +1260 +1904% +3161
477 ~3Y4 +191 +167 -190
+1093 4918 +779 +64l +839
~3505 ~2770 -2090 ~1329 -1577
~2569 ~1087 +140 +1386 42233
+27,020 425,820 426,160 +30,690 +111,560
+144 650 +111,330 +77,700 +32,820 -29,790
+171,670 +137,150 +103,860 +63,510 +&1,770
-14,383,000 6,484,000 +885,960  +9,424,000 +57+,61+E,ooo
—6.599,8“) "‘1'1823000 "190600 —1.92.,000 098 ,000
-30,784%,000 -~26,407,000 -20,188,000 -11,074,000 7,796,000
=577 ~34.07 -19.32 ~3.57 +14.87




CALCULATION OF ROUTH DISCRIMINANT

(XLEMIN)
Asrodynamioc Hq_ =0
3 deg. 5.8 8.4 7.1 8,3 11.0
A +1 +1 +1 +1 +1
2y «12,34 -11,58 ~10,30 -8,516 4,618
g + 3,337 + 1,892 +0,746 - 0,301 -0,760
3 + 9,00 + 9,488 + 9,564 +8,817 +5,376
Zg ~306 =320 ~346 -408 «614
¥p ~ BB8.8 - 80,7 - 75,8 - 75.6 =181,7
Zo M w - 11,6 - 0,8 + 5,2 + 6,8 + 10,1
'2"! + 41,2 + 21,53 + 7.683 “ 2,663 - 3.6
+365,9 +579,97  +408,72 +4.77 .36 +789,1
Zp Vg -1018 ~805 -258 +122 +466.6
=% XN - 47 - 34 +191 +167 =190
* 2y Wy +1093 +918 +779 +644 +839
=Zg -3505 -£770 -2090 -1329 -1577
D =3907 -2491 -13578 - 396 =461 .4
Zy Mg +27020 +25820 +26160 +30690 +111660
~Zg Mg  +144850 +111330  +77700 +32820 - 29790
B +171670 +137160  +103860 +63510 + 81770
BCD -12,796,000 =8,980,000 5,381,000 <-1,867,000 -1,964,000
-AD? -15,265,000 =8,205,000 -1,899,000 =- 167,000 - 223,000
-B2E -13,905,000 -12,347,000 -9,480,000 -_ 494,000 - 509,000
R (108 x) ~41,97 «27 .53 -16,76 -2,32 -2,69
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CALCULATION OF ROUTH DISCRIMIRANT

(KLEwm)
Aerodynamic Mg = =20,0

3 deg. 5.8 8ot 7.1 8.5 11,0
A +1 +1 +1 +1 +1
z' -12 .3‘ -11 088 -10.50 -8.516 -4 .616
N ~16,66 «18,11 =19 .25 «20,301 «20,76
B +30.00 +20.49 +29 .66 +28,817 +26,378
Zg =306 ~320 -346 406 -614
Np - 88,6 - 80,7 - 75.6 - 75,6 -181.7
2q * - 11,6 - 0.8 + 542 + 6.8 + 10,1
oy Mg «205.6 ~206,1 -198.3 =172,9 - 95,8
c +810,7 +607.8 +61447 +6847,7 +861 o4
Z, My +5081 +5796 +6661 +8242 +12746
-Zq ¥y - 477 - 34 + 191 + 167 - 190
+Zy Mg +1093 + 918 + 779 + 644 + 839
“Zg My ~3505 =2770 -2090 -1329 - 1577
D +2192 +3909 +5541 +7724 +11818
Zg Mg +27020 +25820 +26160 +30890 +111660
-2 gNg +144650 +111330 +77700 +32820 - 29790
4 +171670 +137150 +103860 +83610 81770
BOD +40,160,000 +70,042,000 +100,660,000 +144,166,000 +264,326,000
~AD? - 4,805,000 -15,280,000 = 30,708,000 = 59,660,000 =139 ,665,000
«B%E ~154,503 ,000~119,274 ,000 = 80,691,000 - 52,740,000 - 52,655,000
R (20%x) ~119.15 -64,61 -20,74 +81.77 +72,01




CALCULATION OF VELOCITY DRRIVATIVES ACCORDING TO GLAUBRT, EEFERENGE (1)

Model No. 294-0
Y2 15,89 f.p.s.

(Displacement, derivatives same as before)

Zy = % (2 =2, [-p8 + r =/6))

p = 0.468 r = 0,296

Y deg. 5.8 6ad 7.l 8.3 11,0
0 +0,101 +0,112 +0,124 +0.145 +0,192
3 +0,0858  +0,0808  +0,0747  +0,0669  +0,0545
S/e +0,850 +0,721 +0,602 +0,461 +0.284
po +0,0478  +0.,0624  +0.0580  +0,0679  +0,0899
-p6 + r - 3/8 -0,601 =04 77 -0.364 ~0.233 -0,078
Zg -234 «221 -208 -190 -162
Zg[- po + r -3/] +188.3 +162,8 +125,9 + 94,6 + 47.9

Diff, -417,3 ~375.6 -333,9 -284 .6 -209,9
v = 15,89 f.p-ﬂo
Z, -26.26 ~23.51 -21,01 ~17.91 -13,.21

1
W, =5 (Mg - 3 {-po + r - V0]

Mg 3 =72,9 -65,0 =59.9 =59 .9 -166
My [-p + r - /6] =319,7  =205.1 ~115.0 ~33.6 + 11,6

Diff. +2468,8  +140.1 + 55,1 =263 -177,6
v e 15.89 f.p.'. -
4 +15.53 +8.82 +3,47 -1.66 -11,18

2 Zp

zq * — (p- [s-r] @) - z, (p 6 + (8-r] )
f_i"_.:_“_-‘;‘!'. ~2.845  =2,797 2,732 -2.634  ~2,407
(p = [s-r] 0) +0,4506  +0.,4569  +0.4648 +0.4756  +(0.4927

44
2 z°vx 8 (p-[s-r]0)  -1,282 -1,278 <1,270 -1,253 -1,186
Z «26,26 ~23.61 -21,01 ~17.91 -13,21
(po + Ls-rl) + 0,2195 + 0,1518 + 0,0839 + 0.0153 = 0.0388
-2 (p0 +Ls-—r] ) + Bo759 4+ 3,669 + 1,763 + 0,274 - 0.513
+ 4,477  +2,291 + 0,493 = 0,979 - 1,699

Z'l Sum of Produots



a3
T deg. 5.8' 6.k 7.1 8.3 . 11,0

Hyw S22 (pw [s=718) =My (90 + [5~2] )

e
> % 17.68 +1.139 40,6030 +0.069 ~0.MU95 ~0.9167

%‘2 X 168 (p~ [a=7]0) +e513 #4276 44032 w214 -.ibsa

Ny +15.535 +8.82  +3.47 ~1,66 ~11,18
Wy (p0 + [a=1]) #3406 41,339  +.291 ~.025 —e Ui}
¥y diffs of produche -2.89 ~1,06 wel59 =, 189 -~ 882

Aarodynamic Derjvabivea

ze = %X 57«3 % 6.4 -37.92
¥ = % X 57«3 % 17.68 ~15.7%
Z, = %Ze ~2.386
My = g2 % 7.6 4. 368




3 deg.

Aero
zz 0.0
zo =37.92
z' =2,586
4 0.0
q o
I' 0.0
Ib «15,71
M 0.0
w
“I -4,388

5.8
Hydro P
=306 =305
-23¢ ~2T1.9

-26.28 =28.85
+4. 47T +4.477

+532 +532
~72,9 -88.6
+5.53 +16.63
~2.89 7,278

Hydro
=320
=221

-28.51
+2.291
+430

-65.0

+8.82

-1,06

SUMNARY OF DERIVATIVES

6.4
P

=320
-258,.9
-25,90
+2.291
+480
=80.7
+8.82
-5.,448

(GLAUERT)T.l
Hydro PR
-348 <346
-208 -245.9

-21,01 -23.40
+0,493 +0,493
+316 +316
-59,.9 ~75.6
+3.47 +3.47

-00259 4.“7

=408 408
-190 -227.9
-17.91 -20,80
=0,979 =0.,979

+144 +144

—59 09 -75.6 )

-1066 -1066
«0,1889 4,577

=166
-11,18
-0.882

11.0
=
-614
=199,9
-16.60
-1,699
=149
1817
-11.18
=5.270
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CALCULATION OF ROUTH DISCRIMINANT
(GLAUERT)
-Design Aerodynsmio lq = «4,588

3 deg. 5.8 6.4 7.1 8.3 11.0
A +1 +l +1 +1 +1
z ~28,65 «26.90 -23.40 «20.30 -16.60
u; - 7,278 - 5.448 - 4,547 4,677 - 5427
B +35.93 +31 436 +28,06 +24.88 +20,87
+2 -305 =320 -346 -408 -614
+uf - 88.8 -80.7 - 7546 - 75.8 -181,7
sz, X + 69.53 + 20.21 + 1.71 + 1,63 + 19,0
-2, u; -208.5 =141.1 -108.7 - 92,9 - 82,2
c +532.6 +521.68 +628.6 +572,.9 +858.,9
sz, M, +2219.8 +1743,3 +1607.9 +1858 o3 +3235,8
-3, M, -2381.8 - 985,1 - 156.8 + 141.0 - 263.2
+20 My +2538.¢ +2090.1 +1789.0 +1534.7 +2854 .6
-2y M +4222,6 +2285.5 + 858.5 - 578,35 -2234,9
D +6599.0 +5132.0 +4074.0 +3156.0 +3682 .2
ez Mg+ 27023 + 25824 + 26158 + 30894 +111564
-Zg M_  +144651 +111327 + TTT0L + 32818 - 29785
E +171670 +137150 +103880 + 63512 + 81780

+BCD  +126,278,000 +83,919,000 +80,408,000 +44,9856,000 +64,212,000

-a0? - 43,547,000 «26,337,000 <=16,697,000 = 9,960,000 -12,832,000

g (10% x) -138.90 -77.21 -37.91 4029 +15,78



L4
@ § O

+
™

J
N
D e

+BCD
~AD%

-B'E

R (108

CALGULIIION_QE ROUTH DISCRIMINANT

(GLAUERT)

Aerodynamic lq =0

5.8 644 7.1 8.5 11.0
+1 +1 +1 +1 +1
~28,65 <25,90 -25.40 -20.30 =15.60
- 2,89 - 1,06 -0.259 - 0,189 - 0.88
+31,54 +26496 +23.66 +20.49 +16.48
-305 ) -520 [ -346' -406 [ -614 ™y
- 88.6 - 80.7 - 75.8 - 75.6 -181.7
+ 69,55  + 20.2 + 1.7 + 1.6 + 19.0
oY - 82.8 - 275 - 5.9 - 3.8 - 13,7
'.'406 .9 +4°8 .0 st .0 +453 la +79°|4
" +881,.6 +339,.2 + 89.68 + 76,7 +540.3
M, -2381.8 ~986.1 -155.8 +141,0 =253 ,2
M,  +2538.4  +2090.1 +1769,0  +1534.7  +2834.5
M +4222,6  +2283.5 + 853,83 = 378.3  -2234.9
+5260,7  +3727.7 +2556.1  +1574.1  + 886.7
M, 427023+ 25824 + 26158  + 30694  +111564
M #4465  +111327 + TT704  + 32818 - 29785
+171870  +137150 +103860 + 63512  + 81780
+67,514,000 +40,993,000 +25,763,000 +13,622,000+11,550,000
-27,675,000 -15,896,000 - 8,534,000 - 1,888,000~ 786,000
-170, 772,000 -99 686,000 -58,140,000 =26,665,000-22,211,000

xJ  =130.93

=72,59

=38.91

=-14,93

=11,45



J deg.

oo

+2
+M
+Z

r)
€

4
o

+Z M
-z M
+Z N
M

]
e

o dq
d @own

-l-zz le
-Zg M,

+BCD

-\ADz

-323

® (20° x)

CALCULATION OF ROUTH DISCRIMINANT

(GLAUERT)
Aerodynamio l‘q = «20,0

37

5.8 8.4 7.1 843 11,0

+1 +] +1 +1 +1
=28,68 =26,90 =23,40 =20,30 =15,60
=22 ,89 =21 ,06 20,268 «20.19 =-20,.88
+5] .54 +46 .96 +43,68 +40 49 +36 .48
-305.0 -320.0 -5‘600 406.0 -614¢0
- 88,6 - 80,7 - 78,6 = 76.6 «181,7
+ 69.63 + 20,2 + 1.7 + 1,68 + 19,0
-555,.8 =546.5 -474,1 ~-409,9 =325,7
+979. 926.0 +804.0 +889.9 +1102.4
+6981,5 +67%9.2 +7010,0 +8197,1 +12620.0
-2381.8 - 985,1 - 155.8 + 141,0 - 253,2
+2538 .4 +2090.1 +1769.0 +1534,7 +2834.5
+4222.6 +2283,5 + 853,35 - 378.3 -2234,9
+11360,7 +10127.7 +9476,5 +5494 .5 +131668.,4
+ 27023 + 25824 + 26158 + 30694 + 111664
+144661 +111327 + TT704 +32818 - 29785
+171670 +137160 +108860 +83612 + 81780

4678,761,000-440,403,000+369 , 887,000

~129,066,000-102,570,000- 89,804,000
-455 ,956 ,000-302 ,449,000~197 978,000

+342,107,000 +529,495,000
- 90,146,000 -173,354,000

-10‘,124.000 -108.832.000

-11,.28

+55,38

+82,11

+147,.84

+247 .31
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SUMMARY OF ROUTHE DISCRIMINANTS

T deg. 5.8 6.)4' . 7.1 8.3 11,0
M,  (KLEMIN)
0 <41,97x10%  ~27.53x10° -16.76x10° =-2,32x10°  -2,69x10°

4,388 | ~51.767x10° ~34.073x10° -19.322x10°  ~3.486x10°  +Y4.865x10°
«20,00 | =119,15x10°F  ~64.51x10° 20.74x10°  +31.77x10° +72.01x10°

( GLAUERT)
0 -130,933%10°% -72.589x10° -38.911x10° -14.93x10° ~11.45x10°
-}4.388 | -138.895x10° ~77.212x10° ~37.908x10°  -4.290x10° 15.760x10°
-20.00 | ~11,261x10° +35.38Ux10° +82.105x10° +1L47.837x10° +247.309x10°
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APPEFDIX

This appendix presents additional steady-motion test
data for higher trim angles at the original speed and for
& higher speed.

The 4data vere obtained after the work described in
the body of the report had been completed, and with ‘the
expectation of extending the number of comparisons between
experiment and theory, particularly for trim angles in the
vicinity of the upper limit. This plan was abandoned when
it was found that the sharp curvatures in the moment curves,
occurring at trim angles in the reglion of upper-~limit por-
poising, made 1t extremely difficult to deduce accurate
values for the displacement derivatives in this region.
If the displacement derivatives were inaccurately defined,
it was obvious that the velocity derivatives depending on
them would be inaccurate also and that the final values of
Routh's dlscriminant would certainly be open to guestion.
Thus 1t appeared that reliable comparisons between experi-
ment and theory would be dAifficult to obtain. The data
are presented in toto (figs. 8 to 19), however, so that
eny one desiring to do 80 may carry through the calculations.
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