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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ADVANCE RESTRICTED REPORT 

' PORPOISING 

A COMPARISON OF THEORY WITH EZPER DJENT 

By Kenneth S. M. Davidson 
with 

F. W. S. Looks, Jr., and Anthony Suares 

SUMMART 

ThiB report make a a direot 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 
vicinity of the lower limit, at one speed a littlo above the 
hump. The agreement is shown in the following tabulation, whioh 
gives the experimental and theoretical values of the aerodynamic 
component of the pitoh-damptag derivative M_ required for 
stability at various trim angles, at the speed in question. 

Required Aerodynamio Mq for Stability at Various 

Steady-Motion Trim Angles at One Speed 

Steady-motion 
trim angle 

(deg) 

Required aerodynamio    MQ 

Experiment Theory 

5.8 -21.1 -21.5 

6.4 -17.6 -16.2 

7.1 -12.0 -11.3 

8.5 -5.8 -5.S 

11.0 -.6 -2.0 



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 limit at the 
same speed, and for a higher speed. The calculations have not 
been oampleted for these oases, however, beoause it became 
apparont that the oaloulated stability could not be expeotod 
to be as reliable for upper-limit trim angles as for lower- 
limit trim angles, and beoause the theory had not particularly 
reoommonded itself in the initial trial* 

The theoretioal method in its present form is laborious; 
it depends for its application upon experimental constants 
which are not more easily determined than a direct experimental 
determination of stability, and it has not yet shown itself 
oapable of pointing out design trends tending to roduoe in- 
stability to any greater extent than the direot experimental 
method. 

INTRODUCTION 

Previous attempts to determine the reliability of the 
olassioal method of calculating the longitudinal dynamio 
stability of flying boats moving on the water by comparing 
observed and oaloulatod stabilities in specific cases have 
generally suffered from a lack of adequato data. This is 
particularly true of the work desoribed in reference 1 and 2, 
whero neither the obsorvod stability nor the test information 
roquired for the stability calculation was known to better 
than a first approximation for the oasos in question. It is 
much less true of the work dosoribod in reforonce 3, but an 
exaot quantitative comparison was not attempted in that 
instance. 

The study hero considered uas restricted to a particular 
dynamio model for whioh all throe of the neoossary components, 
namely, 

the observed stability, 
the basio hydrodynamio dorivativo3 needed for 

the oaloulation, and 
tho basio aorodynamio dorivatives necdod for 

the oaloulation, 

could be determined with suffioiont exactness to insure a 
reliable comparison between exporimont and theory. This 



roBtrlotion eliminates all questions regarding the relationship 
between flying boat and model in respect to form and particulars, 
the oorrespondenoo of speed, applied moment, or pure Boale effeotB, 
It reduces the problem to oomparing tiro results (observed and 
öaloülatod) / both' of whidh"~aro based upon aoourate determinations 
for prooiBely the same combinations of model, foroos, and moments* 

The study TOB further restricted to one spood - both because 
of the labor involved in the aotual testing and computations 
neoosBary to deduce tho calculated stability, and booause the 
study was intended primarily to bo oxploratory. 

The model selooted ropresents an aotual flying boat in its 
original experimental form. Porpoising had boon experienced In 
the full-size flying boat over a range of spoods intermediate 
botwoon tho hump and tho get-away. In particular, tho following 
approxLmato information was supplied in advance by the manufao- 
.turorBt 

Planing 35 
Porpoising      43-62 
Take-off 78 

The speed solooted for tho comparison was about 48 miles per 
hour.  (See p. 4.) 

Tho tosts for observed stability wore mado by tho method 
dovelopod at this Tank for experimental investigations of por- 
poising, in -which predetermined aerodynamic foroos and moments, 
and thoir dorivativos, aro applied moohanioally to a dynamio 
model of the hull alono. ThiB method is dosoribod in roforonoo 
4S Stoady-motion tests to provido the nocossary data for com- 
puting tho hydrodynamlo derivatives were mado by ordinary 
towing-tank methods. 

Tho particulars and specifications usod aro given on pages 
11 and 12, which show also tho aorodynomlo characteristics of 
the hydrofoil which was substituted for tho wing In the porpois- 
ing tosts» 

This investigation, oonduoted at Stovons Institute of 
Technology, was sponsored by and conducted with finanolal assist- 
ance from the National Advisory Committee for Aoronautios. 
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TESTS 

Porpoising tests wore first mado to detormino tho stability 
limits for the ontire rango of speeds botneon tho hump and tho 
get-away. The results of these tosts aro shown in figure 1, fron 
which it will bo soon that the range of speeds within which tho 
lower limit lies abovo the freo-to-trim track is in gonorally 
good agroement with tho approximate range -nithin -nhioh tho 
buildor reportod porpoising in tho actual flying boat; it may 
thoroforo bo inforred that tho actual porpoising was of tho 
lower-limit typo. The spsod selootod for tho comparison of 
obeorvod and oaloulatcd stabilities - 16„89 feet por second 
(corresponding to C  - 4.30, or about 48 miles por hour in 

full sizo) - lios within this rango« 

Tho next step was to oxtond tho porpoising toots at the 
soleotod speed to provido a broador basis of observed stability 
for comparison with the calculated stability. Tho prinoipal re- 
quirement in this respoot was a widor range of values of tho 
aorodynomio pitch-damping dorivativo 1L, Tho results, oovoring 

values of M_ from 0 to -20o0 (the latter value resulting in 
stability at tho lowest steady-motion trim angle oonsidored, 
5.8°), are shown in figure 2. Tho values givon correspond to 
tho aorodynamio M_ applied by tho tail only. Tho total M 

prosont was greater by tho amount contributed by the model hull 
itself. A soparato measurement of tho lattor, in air, gavo -0*55, 

Finally, tho model i/as tostod in steady motion, at tho same 
speod by the ordinary towing tank proooduro, to dotormino tho re- 
lationships in stoady mobion botwoon watcr-borno load, moment, 
heave, and trim, as a basis for doduoing tho hydrodynamio deriva- 
tives noodod in the stability calculations. The results, covering 
fairly rride ranges of tho variablos, aro shown in tho form of a 
grid in figuro 3. 

CALCULATIONS 

That which is hero reforrod to as tho "olassioal" method 
of calculating tho longitudinal dynamio stability of a flying 
boat moving on tho wator was first proposod by Perring and 
Glauort (roforenoe 1).* This method laxy be said to involvo two 
•Horoaftor roforrod to as dauert. 



ossontially separable ports:  1) tho purely theorotioal equations 
of motion loading to the conditions for stability, and 2) tho 
ovaluation of tho required derivatives« The first part is straight, 
forward rigid dynamios (•which was applied somcTyears ago to the 
parallel problem of the stability of an airplane in flight) with 
some reconsideration of the rolativo importance of the various 
derivatives. The second port is inhorontly less simple than for 
tho airplane in flight beoauso the roquired dorivativos represent 
tho summation of aerodynamic and hydrodynamio components and, 
although the aorodynamio components follow tho load of tho older 
method, the hydrodynamio compononts are more troublesome. 

The eight hydrodynamio derivatives which havo to bo con- 
sidorod may Be groupod undor two headings: 

Displaoomcnt dorivatlves 

Z  rate change-of A with rospoot to H, T  oonstant, 
z   por unit mass 

ZQ ratq change of A with rospoot to T, H oonstant, 
per unit mass 

llg rate change of M with rospoot to H,  T oonstant, 
por unit moment of Inertia 

Mo rato change of If with rospeot to T, H oonstant, 
per unit moment of inertia 

Velocity derivatives 

Z  rato ohango of A with rospoot to q, por unit mass 

Z_ rate change of A with rospoot to w, per unit mass 

M  rate change of II with respect to q, per unit mass 

M^. rato ohange of H with rospeot to w, per unit mass 

fpr.ajl of 
Leal constants, from stoady-motion t< 

planing surfaoös« 

Glauert dorived tentativo algobraio expressions for all 
thoso, with empirical constants, from stoady-motion tost data on 

Later, Klamin, Piorson, and Storor (roforenoo 2)* and 
othors (in unpubllshod reports) noted»  1) that tho displacement 

•Hereafter roferred to as Klomin. 



dorivativos could bo doduood dirootly from a "gonoral" tank 
tost of tho hull, and 2) that in Glauort's oxprossions tho 
volooity dorivativos woro dopondont on tho displacement 
dorivativos. Thoy thoroforo substitutod tho oxporimontal ly 
dotormlnod dlsplacomont dorivativos - rotaining, in principle, 
Glauort's transformations to tho volooity dorivativos* 

Sinoo tho oaloulations oonsidorod in this roport wcro 
basod on displaoomont dorivativos dotorminod from a "gonoral" 
tost, tho dctailod stops woro first oarriod through in aooord- 
anoo with Klomin's ajialysis (rofcronoo 2). Subsoquontly, in 
comparing Klomin's and Glauort's analyses, a difforonco ims 
notod in tho oxprossions for Z  whioh, upon examination, 
was found to rosult from a diffurenco in tho dofinitions of Z j 
and Mj. (Soo p. 14.)  Sinoo this difforcnoo ovidontly might 
affoot tho results materially, all nooossary stops in tho 
oaloulations woro ropoatod using Glaucrt's analysis (roforonoo 1)* 
Both sots of results aro inoludod horo. 

Considering tho oaloulations in dotail: 

1. Fivo stoady-motion trim anglesivoro oovcrod, ombraoing 
a rango from wall below tho lower limit of stability to woll 
abovo it. Figure 4 is a ohart of all tho stoady-motion condi- 
tions, whioh are spotted also on othor portinont oharts. Tho 
fivo trim anglos oorrospondod to substantially oqual difforonoos 
of applied moment. 

2. Tho first step in oarrying out the oaloulations was to 
dotcrmino tho hydrodynamio displaoomont derivatives from tho 
stoady-motion tost data. Thueo wcro read from various oross 
plots of tho data shown in tho gonoral grid in figuro 3. Tho 
dorivativos aro shown in figuro 5 and in tho tabulation on 
pago 15. 

S. Tho hydrodynamio volooity derivatives woro thon com- 
putod, tho aorodynamio dorivativos doduood in tho ordinary way 
and, finally, tho resultant values of all dorivativos addod up 
and tabulatod for ready rcforonoo in oomputing Routh's dis- 
oriminants. 

4» All computations aro givon in detail on pages 15-27, 
from whioh it will bo soon that throo valuos of the aerodynamic 
M_ woro oonsidorod, for both Klomin's and Glauort's onalysos. 

Those woro, rospootivoly, 0, -4.39 (tho normal value accord- 
ing to tho tablo of particulars), and -20.0 (tho amount 
dotorminod oxporimontal ly as nooossary to cause stability at 
T= 5,8°). 



5. A summary of all Routes discriminants 1B given on 
page 28. 

COMPARISON OF OBSERVED AND CALCULATED STABILITY 

A. Following is a oomparison of tho limiting trim anglos 
for stability at fixed values of M  as determined 

1) from tho limit ourvo in figure 2 in tho oaso of 
the observed,* 

2) by interpolation from the summary of Routh's dis- 
oriminants on page 28 in tho oaso of tho oaloulatod. 

Limiting Trim Angles for Stability at Fixod Damping 

Total aorodynamio M„ 

-4.39 

-20.0 

Limiting trim   angHe 

Obsorvod** Caloulatr.d 

JKlemin.   .'.. Glauort 

t Indotorminate   1, 

8.6 

6.0 

9.1 

7.4 

8.7 

6.0 

Apart from the indotorminate (and inoonaoquential) rosult for 
Mq B 0, this oomparison shows 

.1) a reasonably satisfactory ccnoral agrocmont 
botwoon thoory and oxporimont, 

2) a decided proforonoo for Glauort's analysis 
ovor that of Klomin. 

•Tho limit ourvo on this figure is for a swoop of 0° in trim 
anglo for tho porpoising oyolo, as oppocod to tho swoop 
of 2° previously usod on figuro 1» 

••Correoted for contribution of modol hull to total aoro- 
dynamio MQ. 



B, Anothor, and somanhat moro adequate, proooduro is to 
oamparo tho limiting values of M_ for stability at given 
valuos of trim instoad of tho limiting trim anglos for stabil- 
ity at fixod valuos of VL. 

Roquirod Damping for Stability at Givon Trim Anglos 

Stoady-motion 
trim anglo 

(dog) 

Roquirod aorodynamio M_ 

11.0 

In this form tho comparison omphasizos muoh moro strongly 
tho good agroomont botwoon theory and oxporimont, provided that 
Glauort's analysis is onployod» It omphasizos also tho apparent 
inadoquaoy of Klomin's analysis; for tho throo lowor trim 
anglos (soo p. 28) tho results by Klomin's analysis indicato in- 
creasing instability as tho damping is inoroasod, so that posi- 
tive II  would apparently bo nooossary to oauso stability. 

DISCUSSION 

Tho difforonco botwoon Klomin's and Glaucrt's analysos 
arising, as notod on pago 6, through a diffcronoo in the 
dofinitions of ZT and Mf» brings out cloarly an ossontial 
difficulty with the mothod of calculation as it now stands. 
Thoro is nothing in Klomin's aooount to indicato that ho pur- 
posoly doportod from Glauort's analysis. Whethor tho doparturo 
vas intontional or aooidontal is of small moment booauso, in 
fact, Glauort's dofinitions of ZT and M T cannot oasily bo 
shovm to bo fundamentally moro oorrcot than Klomin's; both  
*Corrootod for contribution of modol hull to total aorodynamio 



aro approximations opon to some question. Henoo, tho faot 
that Glauort'B definitions -noro moro suooosaful in the prosont 
limitod instanoo oannot bo givon too much freight. 

NOTATION 

Tho follaning symbols aro used» 

A     static displaoomont« pounds 

Z, A  load on tho wator, pounds 

9, T  trim anglo, anglo botwoon forobody koel and undisturbod 
-nator surfaoo 

H    hoavo of cantor of gravity, roforrod to static displace- 
ment and zoro trim« foot ' 

z hoight of oontor of gravity above froo trator surfaoo« foot 

M    appliod moment, pound-foot 

m    mass in vortioal oscillation, slugs (oorrosponding to 
statio dlsplaoomont) 

Ip    pitching moment of inortia about conter of gravity, 
slug-foot squaro 

v forward volooity of modol, foot por sooond 

w vortioal volooity of nodol, foot por sooond 

q angular volooity of modol, radians por sooond 

p hoight of oontor of gravity abovo koel at main stop« foot 

r distanoo of oontor of gravity forward of main stop, foot 

I draft of kool at main stop bolow froo -nator surfaoo, foot 

RQ rosistanoo in ßtocidy motion, pounds 

Soo also figuro 6. 

Stevens Institute of Toohnology« 
Hobokon, N* J.« August 1941. 
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PASTIOULABS 

The following particulars vere used: 

'tt.ll-Dl 10 '       Model 

Drawing (See fig. 7) 

Stevens Model Ho 294-9 

Scale 1 1/20 

Dimensions 

Beam at main step, in 102 5.10 
Angle "between forebody keel 

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

and base line, deg .' 7.5 7.5 
Height of main stop at keel, 

in 4.00 0.20 
Center of gravity forward of 

main step, in 71.1 3.55 
Conter of gravity above base 

line, in.       112 5.62 
Gross weight, AQ, lb   40,000 5.00 

(sea water)   (fresh water) 
Load coefficient, 0^(eea water)      1.02 
Moment of inertia in pitch, 

slug-ft3..   1.813X105 

lb  in.a    -.      8.40X108 262 
Wing span, ft    118 5.90 
Wing area, S , sq ft    . .  1405 3.51 
Mean aerodynamic chord (M.A.C.), 

in   154 7.70 
Aspect ratio (geometric)   9.91 9.91 
Horizontal tall area, dq ft   216 0.641 
Elevator area, sq ft 63.6 0.159 
Distance« center of gravity to 

35 percent M.A.C. horizontal 
tail (tail length), ft  .... .  43.8 2.19 

Thrust Line, above base line at 
main step, in 172.8 8.64 

Thrust line, inclined upward to 
base line, deg    1.0 1.0 

Note - TSo  allowances made for difference between fresh and 
sea water densities. 
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Batios, fQll-Bl»e 

model 
of «peed,   *    a U.U72 
of linear dimension,   X        r . 20 
of area,   Xa        UOO 
of volume,   X3               8,000 
of moment, X*        160*000 
of moment of inertia, Xs 3,200,000 

Aerodynamic characteristics lull size Model 

Oj,   at T   o 50 (relative to base line).  . I.337 1»337 

L   at    T"5°  2.235 Vg8 5.59 x lCT3vB
a 

dOt/dT  O.O975 0.0975 

dL/d T (dZ/d9), lb/deg  O.I63 T," 0.1(07 x l0""5vB
8 

dL/dw (dZ/dw), lb sec/ft   (|£ x i) .  .   .   . O.163 vB °'lt07 x 10~3"»m 

dCjl        /dotb.!. » dOjf        /dT (av.)  .... 0.0229 0.0229 

dM0#g>/dT (dM/dG), lb ft/dee (av.)    .  .  .    0.1*91 v8
a 0.6l^ x lO'V^a 

dM/dq.lb ft sec/rad       2500 vB I.562 x lÖ"8-^ 

dM/dw, lb sec (av.) 26.7 v8 O.333 x 10"avm 

dM/dq + (dM/dw) ft/rad       93-6 ^.69 

dM/dq -r (dM/dv)/tail length, l/rad 2.lH 2.l4 

Hydrofoil characteristics 

Area,  sq ft O.OO9U2 

Aspect ratio (circular plan foxm)  1.2 7 

dC^/da (av.)         O.O35O 

dL/da ,    lb/deg    (av.,  fresh water) O.32O x lO-3^8 

da/dT 1.27 

dL/dT (dZ/d8)  (= dL/da x da/är), lb/de« 0.U06 x lO"3vma 

dL/dw (dZ/dw), lb sec/ft (= p. X i + apparatus^ O.ltOß x lCTV^ 
\    da     v / 
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TORMAI  STATEMENT   Of  CALCULATIOHS 

1.    Tor stability, South18 discriminant and A, B, 0, D, and X   mast 1)« pos- 
itive. 

 ,  SHBOD-AD'-B8! 
where 

B B Eouth18 discriminant 
A« 1 
S s - (UV + Xq) 
0»-(ZB + He-Z1(K<1+ ZgM,,) 
D = Z^ - Z^ + SyiQ - %K„ 
X = ZaHQ - ZgM« 

2. Derivatives in "basic form 

Aerodynamic 

Displacement derivatives 

Bydrodynamlc 

from test data 

2D predetermined    Zg from test data« 
Zr ^ + Zt H (reference l) 

*T d? + Zt f§ (reference 2) 

from test data 

Mg predetermined    Mg from test data« 

dT dt Mr fj + Mt f| (reference l) 

^ do" + M£ d6 ^refer8aace 2^ 

Velocity derivatives 

Z. negligible 

My negligible 

M. predetermined 

*V  ^ dw 

dZ du dZ dw 
Q. ~ du dq dw dq, 

dT 
** = Hf dw" 

dM du dM dw 
1  du dq. dv dq 

Sots — T and 8 are the same angle* T is used here to Indicate a less 
complete derivative. In the calculations (p. 15) T is used for 
the trim angle in degrees; 6 for the same angle in radianB. 



14 

5. Derivatives Reduced for Computation 

Aerodynamic qydrodynamlo 

Displacement derivatives 

Zs from teBt data 

1Q predetermined Zg from test data 

M£ from test data 

MQ predetermined MQ from test data 

Velooity derivatives ^m 

Zir • v z8 Z»- 
V ze - z« (- p 9 + r - 

\S  ze - 2. <- p e + r) 

Mq predetermined 

2 Z, 

Ref. (1) 

Ref. (2) 

T (p - L« - IO e) - z„ (p e + [e - r} ) 

U Me " M« (- P • + r -1)   **• (i) 
i  «e - M« (- P e + r) Ref. (2) 

Mq - 4^ (P - ta - r] 8) - Z,, (p e + L» - r] ) 

4. Difference between Zf and Mr in References (l) and (2) 

Referenoe (JL) 

(Glauert) 

Const. 

taConst. 

Referenoe (JZ) 

(Klemin) 

z-- & "Const. 

•Const. 



15 

BASIC DISPLACBffiST DERIVATIVES FOR ALL CALCULATIONS       (See fig.   39) 
B^B^MaSt^B^B^B^SSSBiaSSSSSSSB^B^EB^B^BSaSBSSSSSS 

Modal Wo. 294-9 

*b » 15.89 f.p.B. 

0.00 _ n «BCi, 1 _ 32.2 _ a *. 
* " 527? " °'1664 m " 6^o    6#44 

32.2 x 144 
1MC" " SS.& * 144" " "•""" '      3* 262 - -  xc.oo 

9 de{.                              6.8 6.4 7.1 8.3 11.0 

Ho lb.ft.                    +0.512 +0.271 +0.Q31 -0.202 -0.412 

z« -(H)3-k* 12 * ••«* -(H)i-kx T7-a 

ZB -305.0 -320.0 -346.0 -406.0 -614.0 

ze " (ffta-k * e7'3 « 6-44 -(^H-k * 369 

ZQ -234.0    -221.0    -208.0    -190.0    -162.0 

Ms +532      +430      +316      +144      -149 

«e - (yf Lk * Ä * 57-s * 17-68  "  84-4 *  (TrLk 
MQ -72.9 -65.0 -59.9 -59.9 -166 

CALCÜLAriOM OF VELOCITY DERIVATIYE8 ACCOKPIWO TO KLEMIW,  REFgRBWCB (2) 

Model Wo. 294-9 

•On - 15.89 f.p.s. 

J*   *   \   (Zfl - z« t " P • • *1± 
I 

P 

6 -   3/57.3 
- P e 

t- P 9 • r] 

z, f - p e + r) 
Diff. 

-9.95 -8.99 -7.91 -6.13 -2.28 

£}§£• - 0.468 

+0.101 
-0.047 
+0.249 

-9M 

+0.112 
-0.052 
+0.244 
-221.0 
-78.1 

3.56 
i* «  ii 

12 

+0.124 
-0.058 
+0.238 
-206.0 
-82.3 

- 0.296 

+0.145 
-0.068 
+0.228 
-190.0 
-92.6 

+0.192 
-0.090 
+0.206 
-162.0 
-126.5 

-166.1 -U2.S -125.7 -67.4 -35.5 
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(Continued) 

7   deg. 5.8 6.4 7.1 8.S 11.0 

He -72.9 -65.0 -69.9 -59.9 -166 
H_ r- o 9 + r| +132.0 +105.0 +75.2 +52.6 -50.7 L «ff.    ^ssra ~=mz5 -=TSS^ -=3OT -i3B.s 

HL, -12.69 -10.70 -8.50 -5.85 -8.51 

Calculation of Center of Pressure Position 

M,, = - Z0 (p 9 + [e - r]) + RQ (p - [ s - r] 6) 

A - Z0f lbs. -3.51 -3.45 -3.37 -3.25 -2.97 
RQ, lbs. -0.57 -0.55 -0.54 -0.53 -0.60 

MQ +0.512 +0.271 +0.051 -0.202 -0.412 
(Z„ p 6) -0.165 -0.179 -0.195 -0.221 -0.267 

° +7J7E47 TÖ^Ö92 loTIeT loTilS" :OT77 
(R„ p) -0.267 -0.257 -0.255 -0.248 -0.281 

(a) +0.614 +Ö.346 +Ö.Ö8Ö qyTFB" -Ö.SÖ7 
. Z0 +3.51 +3.45 +3.37 +3.25 +2.97 

-  (RQ 9) +0.059 +0.062 +0.067 +0.077 +0.115 
(b) +3.568 +3.512 +3.437 +3.327 +3.085 

Is - r\ - (a)/(b) +0.172 +0.0994 +0.0259 -0.0526 -0.1287 

. 2 Z 
_ _ q     v  
2 ZP x 6.44 -2.845 -2.797 -£.732 -2.634 -2.407 
v 

(p - \3 - T\0) +0.451 +0.457 +0.465 +0.476 +0.495 

(i£&x6.44)(p - L« - 1-38) -1.283 -1.278 -1.270 -1.254 -1.187 
v      Zff -9.96 -8.99 -7.91 -6.13 -2.23 
(p 9 +  Is - r]) +0.219 +0.151 +0.084 +0.015 -0.039 

- Zy (p 0 + [s - r] )        +2.179 +1.357 +0.664 +0.092 -0.087 

Zq +0.696 +0.079 -0.606 -1.162 -1.274 

za " AT* <P " I« " rl   6) - Z, (p 9 + [s - rl  ) 
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T    deg. 5.S 6.U 7.1 8.3        11.0 

H^ = ^ (p - [B - r] G) - M* (p 6 +   [a - p]6) 

2JC 
-~   x   17.685 +1.139 +0.603   -40.069   -O.V»9   -0.917 

( Y   x 17'6g) (P - C8 - r3 e) 4..51U +.276    +.032    -.21^    -.1*52 

M* -12.89 -10.70    -8.50     -5.83     -7.89 

-K„ (p 8 + [s - r]) +2.823 +I.616     +.71U     -.O87     -.3OS 

M^ +3.337 +1.892     +.7^     --3Q1     -»760 

Jlerodynamlc Derivatives 

ze - fr x 57'3 x 6#l14 **37'92 

M
9   -   ^ x 57-3 x 17.68 -15.71 

^   Ze -2.386 

dM 
"1   "   dei 

M_    =   Si x 17.68 Jk388 



GO 

SUMMARY OF DERIVATIVES 

(KLEMDJ) 

3 deg. 5.8 6.4 7.1             8.5 11.0 

Aero Hydro   T. Hydro Z. Hydro T. Hydro E. Hydro X. 

Z      0.0 -805    -305 -320 -420 -346 -346 -406 -406 -614 -614 

Ze   -37.92 -234  -271.9 -221 -258.9 -208 -245.9 -190 -227.9 -162 -199.9 

Z    -2.386 -9.96  -12.34 -8.99 -11.38 -7.91 -10.30 -6.13 -8.516 -2.23 -4.616 

Z      0.0 +0.896  +0.896 +0.079 +0.079 +0.606 -0.606 -1.162 -1.162 -1.274 -1.274 

M      0.0 +532    +532 +430 +430 +316 +316 +144 +144 -149 . -149 

Me   -15.71 -72.9   -88.6 -65.0 -80.7 -59.9 -75.6 -59;9 -75.6 -166 -181.7 

Mw     0.0 -12.89  -12.89 -10.70 -10.70 -8.50 -8.50 -5.83 -6.85 -7.B9 -7.89 

M„        -4.388 +3.337      -1.051 +1.892 -2.496 +0.746 -3.642 -0.301 -4.689 -0.760 -5.148 
4 
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CALCULATION   OF  EOUTH DISOEIMIHANT 

(KLSMII) i 

Design Aerodynamio Kg   a -4.388 

T leg                   5.8                  6.4 7.1 8.3 11.0 

1                                  +1                     +1 +1 4-1 +1 

Zy                     -12.34             -11.18 -10.30 -8.516 -4.616 
Kq                    -l.OgL            -2.M96 -3.6*42 -4.689 -5.1*48 

B                         +13.391          +13.876 +13.942 +13.205 +9.764 

Za                    -305               -320 -3*»6 -1»6 -6l4 
Kg                      -88.6             -8O.7 -75.6 -75.6 -181.7 
KM*                 -11.5                -0.8 +5.2 +6.8 +10.1 
"*w Ml               "13.0             -28.4 -37.5 -39.9 -23.8 

0                            +418.1            +U29.9 +M53.9 +514.7 +809.4 

ZB Kg.                    +320                 +799 +1260 +1904 +3l6l 
-Zq. Ma                    -^77                    -34 +191 +I67 -190 
+X* Kg               +1093               +918 +779 +6U4 +839 
-Ze K„               -3505             -2770 -2090 -1329 -1577 

D                                  -2569                -1087 +1*40 +1386 +2233 

Zz Me                +27,020            +25,820 +26,160 +30,690 +111,560 
-Ze Mz            +1W,650          +111,330 +71,100 +32,820 -29,790 

B                            +171,670         +137.150 +103,860 +63,510 +81,770 

BCD                  -14,383,000      -6,U84,000 +885,960 +9.U24.000   +17,647,000 
*^Da                 -6,599.800     -1,182,000 -19,600 -1,921,000 -4,986,000 

-30,784,000   -26,»107,000  -20,188,000  -11,074,000    -7,796,000 

E (109 x) -51.77 -34.07 -19.32 -3.57 +4.87 
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CALCULATION OF RODTff DI6CRIMIHUCT 

(KLEMDT) 

Aarodyxamlo M^ • 0 

9 <l»g. 5.8 6.4 7.1 8.3 ii.o 

A +1 +1 +1 +1 +1 

Zw -12.84 -11.88 -10.30 -8.516 -4.616 

** + 3.337 + 1,892 +0.746 - 0.301 -0.760 

3 + 9.00 + 9.488 + 9.554 +8.817 +5.376 

Zz 
Me 

X"< 
-305 
- 88.6 
- 11.5 
+ 41.2 

+868.9 

-320 
- 80.7 
- 0.8 
+ 21,53 

+379.97 

-346 
- 75.6 
+    5.2 
+    7.683 

-406 
- 75.6 
+    6.8 
- 2.563 

•477.38 

-614 
-181.7 
+ 10.1 
-    3.5 

+408.72 +789.1 

Z.Hq 
-Zq«i 
•ZwMe 

-ze *r 

-1018 
- 477 
+1093 
-8605 

-605 
- 34 
+918 
-2770 

-258 
+191 
+779 

-2090 

+122 
+167 
+644 

-1329 

+466.6 
-190 
+839 
-1577 

D -3907 -2491 -1378 - 396 -461.4 

z, Me 
-ZeMt 

+27020 
+144660 

+25820 
+111350 

+26160 
+77700 

+30690 
+32820 

+111560 
- 29790 

E +171670 +187150 +305860 +63510 + 81770 

BCD 
-AD2 

-B2E 

-12,796,000 
-15,265,000 
-13,905,000 

-8,980,000 
-6,205,000 

-12.347,000 

-5,381,000 
-1,899,000 
-9,480,000 

-1,667,000 
- 157,000 
- 494.000 

-1,964,000 
- 223,000 
- 509,000 

R (108 x) -41.97 -27.53 -16.76 -2.32 -2,69 
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CALCULATION OF BOOTH DI3CRIMIMAHT 

(KLEMIK) 

Aerodynamic» Uq - -20.0 
• 

3 d«g. 6.8 6.4 7.1 8.5 11.0 

A +1 +1 +1 +1 +1 

*w -12.54 -11.38 -10.50 -8.516 -4.616 

* -16.66 -18.11 -19.25 -20.301 -20.76 

B +30.00 +2» .49 +29.55 +28.817 +25.576 

z. -505 -520 -546 -406 -614 
*e - 88.6 - 80.7 - 75.6 - 75.6 -181.7 
Zq^r - 11.6 -    0.8 +    5.2 +    6.8 + 10.1 

•*w*l -205.6 -206.1 -198.5 -172.9 - 95.8 

C +610.7 +607.6 +614.7 +647.7 +881.4 

Zt Hj 4-6081 +5795 +6661 +8242 +12746 
-Zq M. - 477 -    34 + 191 + 167 -    190 
•ZwMe +1095 + 918 + 779 + 644 +    859 

-ZeS. -5505 -2770 -2090 -1529 - 1577 

D +2192 +5909 +5541 +7724 +11818 

z«"e +27020 +25820 +26160 +50690 +111660 
-zeMs +144650 +111330 +77700 +52820 - 29790 

E +171670 +157150 +103860 +63510 81770 

BOO +40,160,000 +70,042,000+100,650,000 +144,166,000+264,526,000 
**D8 - 4,805,000 -16,280,000- 50,703,000 - 59,660,000-139,665,000 
-B8K -154,505,000-119,374,000- 90,691,000  -52,740,000 • 52,655,000 

R (W8*) -119.15 -64.51 -20.74 +51.77 +72.01 
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CALCULATION OF VELOCITY WRITATIVES ACC0RDIN8 10 SLAUBRT, REFERENCE ^1) 

"     Model Ko. 294-9 

•   • 15.89 f.p.8. 

(Displacement» derivatives sane as before ) 

^w" 7(ze -z,C-Pe + r -Ve]) 

p - 0.468 r - 0.296 

3   deg. 6.8 6.4 7.1 8.3 11.0 

e +0.101 +0.112 +0.124 +0.145 +0.192 
J +0.0858 +0.0808 +0.0747 +0.0669 +0.0545 
Ve +0.850 +0.721 +0.602 +0.461 +0.284 
p6 +0.0475 +0.0524 +0.0580 +0.0679 +0.0899 
-pfl + r - Ve -0.601 -0.477 -0.364 -0.233 -0.078 
ze -254 -221 -208 -190 -162 
Z,[- p9 + r -Ve] 

Diff. 

+185.3 

-417.3 

+162«6 

-575.6 

+125.9 

-553.9 

+ 94.6 + 47.9 

-284.6 -209.9 

T - 15.89 f.p.8. 

K -26.26 -25.51 

- M» l-pe 

-21.01 

+ r - Vel) 

-17.91 -13.21 

He 
r -Ve] 

-72.9 -65.0 -59.9 -59.9 -166 
Mt L-pe * -519.7 -205.1 -115.0 -33.6 + 11.6 

Diff.    +246.8        +140.1 + 55.1 -26.3 -177.6 

v - 15.89 f.p.B. . 

If +15.53 +8.82 +3.47 -1.66 -11.18 
•w 

zq " Vs (P- I"*] e> • zw (P 9 * t—«-I ) 

2 Zp x 6.44 
V 

(P -[••*] e) 
2 Z0 x 6.44 
 2-  (p-L»-rje) 

(Je +la-rl ) 
-zw (pe + 1s-r] ) 
Z      Sum of Products + 4.477        +2.291 + 0.493        - 0.979        - 1.699 

-2.845 -2.797 -2.732 -2.634 -2.407 

+ 0.4506 + 0.4569 + 0.4648 + 0.4756 + 0.4927 

-1.282 -1.278 -1.270 -1.253 -1.186 

-26.26 
+ 0.2195 
+ 5.759 

-23.51 
+ 0.1518 
+ 3.569 

-21.01 
+ 0.0859 
+ 1.763 

-17.91 
+ 0.0153 
+ 0.274 

-13.21 
- 0.0388 
- 0.513 
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T deg.                                        5.8        6.H         7.1        8.3 11.0 

M<1 B ^ <p " 0 - *] 8> - X» (p8 + [a - r]  ) 

a*« 
-^ x 17.68                               +1.139   +O.603O   +O.O69   -0.U1195 -O.9167 

~a x 1,6s (p - [B - r] e)      +.513   +.276    +.03B   «.214 «.45a 

^w                                +15.53    +8.88      +3.U7     «1.66 -11,18 

j^(pe+ [a-r])              +3.406 +1.339    +»s9i   ^.029 -.43 
^ww^^^^r 

M%   di«, of pro4vLot>B -2.89     -1.06        «.259     —189        -«88a 

«9   '   Jf * 57.3 x G,MH -37.9S 

He  - $f x 57,3 x 17.6s -15.71 

Z„   P   ize -2.386 
v 

Ma   s   ft x 17,68 -4,388 
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SVMURY GP DERIVATIVES 

*3 leg. 5.8 6.4 
(GLAUERT) 

7.1 8.3 11.0 

Aero Hydro r Hydro T. Hydro E Hydro T. Hydro T. 

\ 0.0 -306 -305 -320 -320 -346 -346 -406 -40« -614 -614 

h -37.92 -234 -271.9 -221 -258.9 -208 -245.9 -190 -227.9 -162 -199.9 

Z -2.886 -26.26 -28.65 -23.51 -25.90 -21.01 -23.40 -17.91 -20.80 -13.21 -16.60 

z, 
0.0 +4.477 +4.477 +2.291 +2.291 +0.493 +0.493 -0.979 -0.979 -1.699 -1.699 

11 s 0.0 +532 +532 +480 +480 +316 +316 +144 +144 -149 -149 

\ -15.71 -72.9 -88.6 -65.0 -80.7 -59.9 -75.6 -59.9 -76.8 -166 -181.7 

H 
V 

0.0 +15.53 +15.53 +8.82 +8.82 +3.47 +3.47 -1.66 -1.66 -11.18 -11.18 

K -4.388 -2.89 -7.278 -1.06 -5.448 -0.259 -4.647 -0.189 -4.577 -0.882 -5.270 



CALCUIATIOH OF BOOTH DISCRUCMMTC 

(OLAÜEHT) 

Design Aerodynamic M   • -4*588 

35 

3 deg. 6.8 6.4 7.1 8.3 11.0 

B 

+zqS- 

+z *,. I a 
-1- M q z 
< "e 
-7.a M 0 

1 
w 

•Z« JJe 
-7. a y 0 • 

E 

+1 

-28.65 
- 7.278 

+55.95 

-305 
- 88.6 
+ 69.65 
-208.5 

+532.6 

+2219.8 

-2381.8 

+2538.4 
+4222.6 

+6599.0 

+ 27023 
+144651 

+171670 

+1 

-26.90 
- 5.448 

+31.55 

-520 
-80.7 
+ 20.21 
-141.1 

+521.6 

+1743.3 
- 985.1 
+2090.1 
+2285.5 

+5152.0 

+ 25824 

+111527 

•137150 

-25.40 
- 4.347 

+28.05 

-346 
- 75.6 
+    1.71 
-108.7 

+528.6 

+1607.9 
- 156.8 
+1769.0 
+ 858.5 

+4074.0 

+ 26158 

+ 7770ft 

+105860 

-20.30 
-4.577 

+24.88 

-406 
- 75.8 
+    1.65 
- 92.9 

+672.9 

+1658.5 
+ 141.0 
+1534.7 
- 578.5 

+5156.0 

+ 30694 
• 52818 

+ 65512 

-16.60 
- 5.27 

+20.87 

-614 
-181.7 
• 19.0* 
- 82.2 

+858.9 

+3235.8 
- 255.2 
+2834.5 
-2254.9 

+3682.2 

+111564 
- 29785 

+ 81780 

+BCD       +126,278,000 +85,919,000 +60,406,000 +44,985,000 «-64,212,000 

-AD2       - 43,547,000 -26,557,000 -18,597,000 ',- 9,960,000 -12,852,000 

-B2E       -221.626,000 -154.794.000 -81.717,000 -59,515,000 -55,620.000 

B (106 x)       -138.90 -77.21 -37.91 -4.29 +15.76 
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CALCULATION OF ROUTH DISCRIMINANT 

(GLAUEBT) O 

Aerodynamic 11-0 

3    d«g. 5.8 6.4 7.1 .8.3 11.0 

A +1 +1 +1 +1 +1 

"q 
B 

-28.65 -25.90 -23.40 -20.30 -15.60 
- 2.89 - 1.06 -0.259 - 0.189 - 0.88 

+51.54 +26.96 +29.66 «20.49 +16.48 

+Z -305. -320. -346. -406. -614. 

-Z* M 
w  q 

- 88.6 - 80.7 - 75.6 - 75.6 -181.7 
+ 69.53 + 20.2 +    1.7 +    1.6 + 19.0 
- 82.8 - 27.5 -    5.9 -    3.8 - 13.7 

c +406.9 +408.0 +428.0 +483.8 +790.4 

+Z
B
¥q 

+ZW*9 

"zeMw 
D 

+881.6 +339.2 + 89.6 + 76.7 +540.3 
-2501.8 -985.1 -155.8 +141.0 -253.2 
+2538.4 +2090.1 +1769.0 +1534.7 +2834.5 
+4222.6 +2283.5 + 853.3 - 378.3 -2234.9 

+5260.7 +3727.7 +2556.1 +1374.1 + 886.7 

-zeM
B 

e 

+ 27023 + 25824 + 26158 + 30694 +111564 
+144651 +111327 

+137150 

+  77704 

+103860 

+ 32818 

+ 63512 

- 29785 

+171670 + 81780 

+BCD +67,514,000 +40,993,000 +25,763,000 +13,622,000+11,550,000 
-AD2 -27,675,000- •18,896,000 - 6,534,000 - 1,888,000- 766,000 

-B2E           - •170,772,000 -99,686,000 -56,140,000 -26f665,000- •22,211,000 

R (106 x)        -130.93 -72.59 -38.91        -14.93 -11.45 
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CALCULATION OF ROÜTH DI SCR1H3KAHT 

• 

(GLAUERT) 

Aerodynando If   • -20« .0 

7  deg. 5.8 6.4 7.1 8.5 11.0 

A +1 +1 +1 •1 •1 

B 

-28.65 
-22.89 

+51.54 

-25.90 
-21.06 

+46.96 

-23.40 
-20.26 

+43.66 

-20.SO 
-20.19 

-15.60 
-20.88 

+40.49 +36.48 

+ZqMw 

C 

-505.0 
- 88.6 
+ 69.55 
-655.8 
+979.9 

-320.0 
- 80.7 
+ 20.2 
-546.5 
+525.Ö 

-546.0 
- 75.6 
+     1.7 
-474.1 
+894.Ö 

-408.0 
- 75.6 
+    1.8 
-409.9 
+8».9 

-614.0 
-181.7 
+ 19.0 
-325.7 

+11Ö2.4 

+Z    H 
-Z    M* 
+ZwM9 
"zeM* 

+6981.5 
-2381.8 
+2538.4 
+4222.6 

+6739.2 
- 985.1 
+2090.1 
+2285.5 

47010.0 
- 155.8 
+1769.0 
+ 855.5 

+8197.1 
+ 141.0 
+1534.7 
- 378.3 

+12620.0 
-    255.2 
+2834.5 
-2254.9 

D +11560.7 +10127.7 +9476.5 +9494.5 +15166.4 

•zeM« 

+ 27023 + 25624 + 26158 + 50694 + 111564 

+144651 +111527 + 77704 +82818 -    29785 

E +171670 •157160 +103860 +63512 +    81780 

+BCD 

-B2E 

+675,761,000-440,403,000+369,887,000 +342,107,000 +529,495,000 

-129,066,000-102,570,000- 89,801,000 - 90,146,000 -173,354,000 

-455,956,000-302,449,000-197,978,000    -104,124,000  -108,832,000 

R (106 x) -11.26 +55.38 +82.11 +147.84 +247.31 
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SUMMABT OT ROUTH DISCfilMIffAHTS 

T deg. 

0 

-20.00 

5«g 6.4 7.1 8.3 11.0 

(BUMBO 

-U1.97X106 -27.53XIO8 -I6.76XIO8 -2.J2X106       -2.69X10* 

-51.767x10" -34.073x10° -19.322XIO6 -3.l«6xiOa    +4.g65xio8 

-119.15x10° -64.51X106 -20.7IM.08 +31.77XIO8 +72.OIXIO8 

0 

-4.388 

-20.00 

(GELAUERT) 

-13O.933XIO6 -72.589X108 -38.911X108 -l4.93xl08     -11.45XIO8 

-13S.895X108 -77.212X108 -37.9OÄXIO8 -4.290x108    15.760xlOe 

-II.26IXIO8 +35.384x10° +82.105XIO8 +147.837x10° +247.309x108 
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PITCH DAMPING, LB FT SCC/RAD 
,dM/dq".139 .070. .332 .180 .08a »388 .193 .08ft „442 .221.110, ..496 .246 .124 t-552 .276 .13ft ..BOO .303 .15a ,862 .331 .165, ,.738 368 .184 

LIMIT TAKEN 
AT 

OSCILLATION OP 
2 Deines 

PORPOISING CHARACTERISTICS 
MODEL NO. 294-9 

MODEL SCALE • y20 

Af - 40,000 LBS 
Ip, - I.BI3XI0*SLUS FT* 

&._ " 1.337 
rr fit.I IN- '"WD. or MAIN STEP 
U6tll20 IN. ABOVE  B.L.  

EXPERIMENTAL Tow ma TANK 
STEVENS INSTITUTE or TECHNOLOSY 

HOBOKEN, N.J. 

,802 .401.200, 

I 25   "t9! 30'     ^  I    35     I "t15     Uo K« 4^1       H,2I|    ^        |     Hf24r55 lH.Z7^Q |     SH,,I IÄB . Lnw   7oJ    HaP7 I      75    I     "a30! 80 ' 
10 II 12 13 14       "15 10  3       17 18 19 20 21 22 23 24 25 26 27 

MODEL SPEED, FT/SEC 

Figure   I.   -   Stability   limits   and   free-to-trim   track   for  model   used   in   investigation, 
showing   the  graphical    records  of  the  porpoising   cycles.      The   region   for  which   the 
calculations   were  made   is   enclosed   by   a   neavy   circle. 

to 
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Figure 2. - The lower stability limit, at the speed investigated In the calculations, 
snowing required tail damping as a function of trim angle, with the graphical 
records of the porpoising cycles.  This is a more detailed investigation of the 

region inclosed by a circle in figure I. 
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APPENDIX 

This appendix presents additional steady-notion test 
data for higher trim angles at the original speed and for 
a higher Bpeed. 

She data 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 vas abandoned when 
it was found that the sharp curvatures in the moment curves, 
occurring at trim angles in the region of upper-limit por- 
poising, made it extremely difficult to deduce accurate 
valueB for the displacement derivatives in this region. 
If the displacement derivatives vere inaccurately defined, 
it vaB obvious that the velocity derivatives depending on 
them would be inaccurate also and that the final values of 
South'B discriminant would certainly be open to question. 
Thus it appeared that reliable comparisons between experi- 
ment and theory would be difficult to obtain.  The data 
are presented in toto (figs. 8 to 19), however, so that 
any one desiring to do so may oarry through the calculations, 
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