
THE STABILITY OF PISCES IV 

by ~ 

G. V. Parkinson, P. Eng. 



AN INVESTIGATION 

OF THE 

STABILITY OF PISCES IV 

by 

G.V.Parkinson, P. Eng. 

for the 

Marine Sciences Directorate 

Department of the Environment 

October, 1974 

011821 



SUMMARY 

A 1/8- scale model of the submersible Pisces IV was tested in a 

wind-tunnel of the department of mechanical engineering at the University 

of British Columbia. The original configuration of the model was found 

to be unstable in pitch and yaw, and the measurements were used to 

explain the pitch oscillations and severe speed limitations caused by 

control problems observed in the submersible on a trial run. Two sets 

of horizontal and vertical taiL:fins were designed, built, and tested on 

the model, and the larger set, plus the calculated augmentation of the 

thruster slipstreams acting on the horizontal fins, are predicted to 

provide satisfactory stability and control. It is recommended that the 

submersible be equipped with these larger fins. 
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NOMENCLATURE 

projected frontal area of submersible; reference area 

;; - reference length 

chord of fin 

distance from line of action of lift force on fin to 
submersible centre of gravity 

planform area of pair of horizontal or vertical fins 

diameter of jet from thrqste~ 

cross-sectional area of jet 

position of submersible centre of gravity 

position of submersible centre of buoyancy 

distance from G to B 

angle of attack of submersible, referred to deck 

pitch angular velocity 

pitch angular acceleration 

time 

angle of yaw of submersible 

deflection angle of horizontal fins 

deflection angle of vertical fins 

fluid mass density 

fluid dynamic viscosity 

speed of submersible, or speed of air in wind -tunnel 

Reynolds number of submersible 

dynamic pressure of flow 

velocity of jet from thruster 

dynamic pressure of jet 
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L lift force on submersible 

D drag force on submersible 

S side force on submersible 

M pitching moment about G ... on submersible 

Y yawing moment about G on submersible 

F lift force on pair of horizontal or vertical fins 

C L 
L qA lift coefficient of submersible 

CD 
D 
qA drag coefficient of submersible 

Cs 
S 

=--
qA side force coefficient of submersible 

CM 
M --
qAd 

pitching moment coefficient of submersible 

Cy 
y 

qAd yawing moment coefficient of submersible 

CF 
F 
7 q F lift coefficient for pair of horizontal or vertical fins 

W weight of submersible 

FB buoyant force of submersible 

T thrust of one thruster 

B.H.P. brake horsepower of both thrusters 

~ propulsive efficiency of thrusters 

e period of pitch oscillation 

-f damping factor of pitch oscillation 

A Increment in a quantity 

TC thrust coefficient, defined in text 



1. INTRODUCTION 

In order to perform satisfactorily in the missions planned for her, 

the submersible Pisces IV must be able to fly a straight and level course 

at a speed of from one to two knots while submerged. She cannot do this 

in her present configuration, because the basic hull shape, if given a 

small angular displacement in pitch (the~vertical plane of symmetry) or 

yaw (the horizontal plane), while moving forward through the water, 

experiences hydrodynamic torques which tend to turn the hull broadside. 

In pitch, there is a counter-acting hydrostatic torque from the 

couple of weight and buoyant force, so that the resulting vessel motion 

is a slow pitch oscillation, which may be persistent and of considerable 

amplitude, since damping torques are small. In yaw, the vessel contin­

ually drifts off course. To combat these deviations from course, the 

pilot has control of two thrusters. These can provide yaw control by 

differential thrust,but are ineffective for pitch control, even though 

they can be tilted about a horizontal transverse axis, because the vessel 

center of gravity is nearly on the tilt axis and the thrust line. 

An alternative method of controlling, and indeed stabilizing the 

vessel in pitch and yaw would be to provide moveable horizontal and 

vertical fins at or near the stern, as with naval submarines or, in the 

aeronautical analogue, with dirigibles. The purpose of the present 

investigation was to design and wind-tunnel test a satisfactory set 

of horizontal and vertical fins for Pisces IV. 

2. EXPERIMENTAL METHODS 

2.1 The Test Model A 1/8- scale model of Pisces IV was supplied by the 

Marine Sciences Directorate. The model had the thrusters incorrectly 
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located too far aft, and did not include the manipulators and various 

other protuberances from the front part of the hull, but was otherwise 

assumed to be an accurate replica of the submersible. Neither of the 

above discrepancies would have an important effect on the results - in 

fact, the thruster units were removed from the model for the tests with 

fins added, since, in the absence of the jets the thrusters produce under 

power (there was of course no provision for this in the model tests) 

they are merely drag-producing devices which would have degraded the flow 

over the horizontal fins. 

The two sets of horizontal and vertical fins tested were made of 

wood, and mounted in pairs on steel shafts. The horizontal shaft had a 

pitch arm inside the hull on the model centre-line, which protruded from 

the stern and engaged a sector plate, so that pitch angles of the horizon­

tal fins could be set in increments of 1° between +5°. The vertical 

shaft had a yaw arm lying forward along the deck, where it also engaged 

a sector plate, so that yaw angles of the vertical fins could be set in 

increments of 2° between.+6°. 

The model with the second and final set of fins mounted is shown in 

the wind tunnel in Figs. 1 and 2. 

2.2 The Wind Tunnel The tests were carried out in the closed-circuit 

wind····tunnel of the department of mechanical engineering at the University 

of British Columbia. The test section is 36 inches wide by 27 inches 

deep by 104 inches long, and has a uniform flow with a turbulence level 

of less than 0.1% and a speed range of 5 to 100 mph. It is equipped 

with a 6-component strain gauge balance. The test model is mounted on the 

balance turntable, which can be yawed through 360°, by struts which pass 
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through a dummy turntable in the test section floor. 

With the 3-strut mounting shown in Figs. I and 2, the model can be 

given positive or negative angles of pitch (called angles of attack in 

aerodynamics) by the rotation of a crank hinged to the tail mounting 

strut. This mounting was used for all tests in which angle of attack 

was varied, and for the test of the basic model configuration at angles 

of yaw. An alternative 2-strut mounting was used for all other tests at 

angles of yaw, when the yaw performance in preliminary tests of the first 

set of vertical fins proved unsatisfactory, and the tail mounting strut 

was removed in case its wake was contributing to the poor fin performance. 

In this 2-strut mounting, cantilever brackets are rigidly attached to the 

2 front mounting struts, and the model is mounted on them. In both mount-

ings, these front mounting struts are shielded from the wind by fairings, 

so that the struts do not contribute to the aerodynamic loads measured by 

the balance. 

2.3 The Tests The full scale Pisces IV, flying steadily at reasonably 

deep submergence in sea water, and the model, hold stationary in the wind 

tunnel in a uniform incident air stream, experience dynamically s±milar 

flows, so that the forces and torques (or moments, in aerodynamics) on 

the prototype can be predicted from the tests 0n the model, if the 

following criteria e~e met: 

(i) The model must be an accurate scale model. 

(ii)' The Reynolds number R (this measures the ratio of inertial and 
e 

viscous stresses in the flow and is defined in the Nomenclature.) 

must be the same for the two flows. 

(iii) Corrections must be made to the wind tunnel data for the effects 
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of the presence of the mounting struts and the test section walls. 

In the present tests, (i) is met adequately, with the exceptions noted 

in § 2.1. For (ii), the main test R was somewhat below the full-scale 
e 

range because of wind tunnel power limitations, and would correspond to a 

speed of 0.8 kt. of the actual submersible. However, tests were conduct-

ed, with the model at zero angles of attack and yaw, to the full-scale 

equivalent of over 1 kt. For (iii), the necessary corrections were made 

by standard methods, and only the corrected data are presented in the 

report. 

The test results are presented in the form of dimensionless coe-

fficients of drag, lift, side force, pitching moment~;and'Yawingmoment 

CD' CL' CS' CM' and Cy respectively, as functions of angle of attack 0( 

angle of yaw f3 ' horizontal and vertical fin: deflection angles ~ and c:\, , 
and Reynolds number R. These quantities are defined in Fig. 3 and in the 

e 

Nomenclature. The following tests were performed: 

(i) Basic configuration. Tunnel dynamic pressure q = l2.30psf. Measure 
CD' C

L
' CM at {3 = 0, for 0<. = -10°, ->.5°, 0, 5° ,10°. 

(ii) Basic configuration. q l2.30psf. Measure CD' C
S

' Cy at 0( = 0, 

for;J = -10°, _5°, 0,5°, 10°. 

(iii) Basic configuration. 0( = (3 = 0. Measure CD' C
L

' CM for 

(iv) 

q = 6.15, 12.30, 18.45, 2l.53psf. 

Model with first set of horizontal and vertical fins. ~ 

Otherwise same conditions as (i). 

(v) Repeat (iv) with 2IH = _5°, _2°, +2°, +5°. 

0. 

i(vi) Model with first set of horizontal and vertical fins. b V = f H 0. 

Otherwise same conditions as (ii). 
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(viii) Model with second set of horizontal and vertical fins. Repeat 

(iv), eliminating test at ~= -10°, because of tall upper vertical 

fin. 

(ix) Repeat (viii) with b
H 

= -2°, +2°. 

(x) Model with second set of horizontal and vertical fins. Repeat 

(vi) • 

(xi) Repeat (x) with ~V = _6°, +6°. 

(xii) Model with second set of horizontal and vertical fins. Repeat 

(iii) for q = 3.08, 6.15, 9.23, 12.30, 15.38, 18.45, 2l.53psf. 

3. CHARACTERISTICS OF THE BASIC CONFIGURATION 

3.1 Characteristics in Pitch Figs. 4, 5,and 6 give the results of the 

tests of the model as it was received from the Marine Sciences Directorate 

(except for the removal of the propellers from the nacelles, and the 

addition of the small angle brackets attaching it to the mounting struts). 

Some model test results for this configuration were already available 

(Ref. 1), but they proved inadequate for the present purposes. What 

is needed is a detailed determination of the behaviour of Pisces IV in 

pitch, in yaw,,'and as a function of Reynolds number. 

Fig. 4 gives the results of the tests of the model in pitch, pre-

sented as curves of CD' CL, and CM as functions of 0< for (3 = 0, and for 

the test R corresponding to 0.8 kt. full scale. For all three curves 
e 

the data vary smoothly and without appreciable scatter, and the trends 

agree qualitatively with the accepted behaviour for an approximately 

cylindrical body like Pisces IV. CD has a minimum near 0( = 0, and the 

value CD = 0.325 ate(= 0 is typical Qf the class of body shape. C
L 

increases approximately linearly witho(, and the slope of the curve 

. - ,:-.-.- ._;._-;., 
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dCL at 0< = 0 is +0.025 per degree, again reasonable for the shape. 
do( 

The most important variation is that of CM' It increases linearly 

dC with 0< , with a slope M = +0.020 per degree. Thus, a small nose-up 
dO< 

attitude 9f the submersible, while moving forward, produces a pitching 

moment which will cause the nose-up attitude to increase. The sub-

mersible is therefore said to be statically unstable in pitch, with res-

pect to hydrodynamic pitching moments. However, this hydrodynamic 

tendency to rotate increasingly nose-up is counteracted, as mentioned in 

, 1, by a hydrostatic righting couple, and the resulting effects on 

the trim and stability of the vessel in pitch are analyzed in§ 3.5 

and 3.6. In connection with the trim, or equilibrium attitude of the 

vessel, it will be noted that ate( = 0 (deck level) there is a positive 

CM = +0.105. This results from the effective negative camber of the hull 

shape. 

3.2 Characteristics in Yaw Fig. 5 gives the results of the tests of 

the model in yaw, presented as curves of CD' CS' and Cy as functions of 

(3 for D( = 0, and for the same Re' The curves have qualitatively similar 

behaviour to those of Fig. 4, because there is not much difference 

between yaw and pitch to the roughly cylindrical hull shape. However, 

since the shape is symmetrical in plan form about a longitudinal axis, 

CD is more nearly symmetric, and Cs and Cy almost exactly antisyrnmetric, 

about (3 = O. 

The curve of Cs has a 

important variation is that 

dC 
slope ..::....§. = 

dfj 
of CY' and 

+0.025 per degree. Here the 

it is nearly linear with j.3 , 

with slopedCy "'+0.017 per degree at A. '" O. Aga;in, the vessel is d/3· I~ 
seen to be statically unstable in yaw. Here, however, there ;is no 
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counteracting hydrostatic effect, so the tendency of a small displacement 

in yaw to increase, with the vessel moving increasingly off course, would 

have to be corrected by differential thrust from the two thrusters. 

3.3 Reynolds Number Characteristics The behaviour in pitch and yaw 

at values of R corresponding to the desired speed range of 1 to 2 knots 
e 

of Pisces IV in sea water could not be explored in the wind tunnel 

because of 

up to R = 
e 

power limitations, but ate( =13 = 0 it was possible to test 

6 0.79(10) , corresponding to 1.04 kts. full scale. The reason 

for anticipating that CD' CL, or CM might change with increasing Re is 

that the flow over a shape like that of Pisces IV is partially separated 

with a relatively broad wake, and the lines of flow separation on curved 

body surfaces are located by flow interactions which depend on R . 
e 

Fig. 6 gives the results of tests of the model ate("'; /3 = 0, pre-

sented as curves of CD and CM as functions of Re' C
L 

remained zero 

throughout the Re-range tested. CD and CM. show a decrease as Re increases 

from the regular test value of 0.59(10)6 to 0.79(10)6. The decrease in 

CD is less than 2%' and in CM about 11%' The trends are in agree-

ment with experience for similar shapes, and the results give confid­

ence that carrying out the main test program at R = 0.59(10)6 is 
e 

satisfactory, since the actual pitching moments in the full-scale speed 

range will be somewhat less than those predicted from the model tests. 

3.4 Speed Capability The CD measurementsof Fig. 6 provide the 

necessary data for a calculation of the maximum speed of Pisces IV, 

given its propulsive characteristics. These were given verha11y to 

the author by Mr. J. McFarlane, the former director of engineering of 
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HYCO, the manufacturers of Pisces IV. It is powered by two propellers 

of 17 inches diameter, mounted in Kort nozzles (Ref. 2) and each powered 

by a 5 H.P.D.C. motor. 

The maximum speed V is given by equating the power required to 
max 

overcome the drag D to the power output available from the propellers: 
max 

D V = C
D2

£AV 3 = 550n B;H.P. (3.1) max max . - max -r 

From Fig. 6, CD can be estimated to level off at 0.325 f0r speeds above 

Also, f = 1.99 slug/cu.ft., A = 51.5 sq.ft, B.H.P. = 10.0. 

ideal propulsive efficiency of the propellers in the Kort nozzles is 

1 kt. The 

estimated by simple momentum theory, according to which (see Ref. 2): 

? 2 
1+ v./v 

J 

and 
V. 

l+)l+ 
CD A 

--:2:.= ( 4A~ ) 
V 2 4 

J 

where V. and A. are the velocity and cross-sectional area of the jet 
J J 

discharging from one nozzle. Here A.= 
J 

1.58 sq.ft., and substitution 

(3.2) 

(3.3) 

in Eqs. (3.3) and (3.2) gives (V IV) 
j 

2.20 and 1 = 62.5%. Therefore, 

from Eq. (3.1): 

V 
max (

550(.625)10.0(2)] 1/3 = 5.90 fps = 3.50 kts. 
.325 (1. 99) 51. 5 

Even if CD were as high as 0.50, because of the protuberances from the 

surface of the full-scale hull, and if actual ~ were as low as 50%, 

because of frictional effects, the submersible should still be capable 

of over 2.8 kts. 

3.5 Trim Conditions For steady, unaccelerated horizontal motion 

t.hrough the water while submerged, the vessel must be in force and moment 

equilibrium. If it moves forward at j.3 = 0, its symmetry gives Cs = Cy 

= 0, as in Fig. 5, so lateral trim is achieved. For horizontal force 
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equilibrium the total thrust 2T from the two thrusters equals the drag 

D, assuming the thrust lines to be horizontal. For vertical force 

equilibrium, the weight W is balanced by the hydrodynamic lift L plus 

the hydrostatic buoyant force FB: 

(3.4) 

For pitching moment equilibrium, the hydrodynamic pitching moment M about 

the vessel centre of gravity is balanced by the hydrostatic couple of 

the weight and buoyant force. 

A submersible must have its centre of buoyancy B above its centre 

of gravity G, as indicated in Fig. 3, otherwise it will overturn. If B 

is directly above G ate(= 0, then at angle of attacko(moment equilibrium 

requires: 

M 
[CMo( =0 

d~M 
+ do( .0<] 1- Ad W· BG .0< 

Therefore: CMo<= 0 

(~~ BG) _ 
dCM 

d dO< 

0( = 0( Trim 

Wand BG are 22,000 lbs and 0.26 
~ dCM 

sq.ft., d =t A = 7.18 ft., do( = 

ft, respectively (Ref. 3), A 

+0.020 per degree, and CM 
0(=0 

estimated from Fig. 6 to level off at +0.096 for speeds of 

1 kt. or more. 

(3.5) 

(3.6) 

51.5 

is 

On substituting these values in Eq. (3.6), it is found thata(' Trim 

rises from +1.3 0 at v = 1 kt. to +25:.20 at V = 2 kts., an impossibly 

high value, and one reason why Pisces IV could not be operated at speeds 

much above 1 kt. A record of one test run (Ref. 4) indicates an 

average speed of 1.18 kts., which would give a.q .·of 3.95 psf. and a 

value of <X T. = 1. 90 from Eq. (3.6). This angle is raughly comparable 
rlm 

with the shallow rate of climb the vessel experienced during the test run, 
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stated to be about 0.09 fps, although no accurate analysis can be made 

without knowledge of the manner in which the tiltablethrusters were 

controlled during the run. 

3.6 Dynamic Stability in Pitch A more dramatic aspect of Pisces' 

behaviour in the above test run was a severe oscillation in pitch. The 

speed did not vary much from the average of 1.18 kts., and the flight 

path was quite straight, although a shallow climb, as mentioned in the 

previous section, but the angle of attack 0( oscillated through a peak­

to-peak range of nearly 9°, with an average period e of 21.6 seconds. This 

motion is analysed in Appendix A. 

By the theory of Appendix A, the pitch oscillation is predicted, 

and 2 limiting values of the period of oscillation are calculated. 

With a low estimate of the effective moment of inertia of the submersible 

and the water moved by it, the period is: 

e l' = 18 secs. 

With a high estimate of the effective moment of inertia, the period is: 

e 2 = 25 secs. 

The observed average Bof 21.6 secs. lies about midway between the cal­

culated limits. The theory also leads to calculation of a damping factor 

:f ' the fraction of the amount of system damping that would prevent 

oscillation altog,e,.,ther. For the same limiting easesu5f effective 

moment of inertia, the corresponding damping factors are: 

f2 = 0.0068 

So that the damping is very slight, and would require from 11 to 16 

cycles of oscillation. (200 to 400 secs.) to reduce an initial angular 

displacemento( ° to half amplitude (Ref.: 6). 
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The analyses of § 3.5 and Appendix A seem to explain satisfactorily 

the observed behaviour of Pisces IV in the test run of Ref. 4. 

4. CHARACTERISTICS OF PISCES WITH FINS 

4.1 Preliminary Design Considerations The previous section of the 

report provides the evidence that the unsatisfactory performance of 

Pisces IV is caused by its instability to hydrodynamic moments in yaw, 

and by both its instability to hydrodynamic moments and its low damping 

in pitch. These problems are solved in naval submarines, aircraft, and 

dirigibles by providing vertical and horizontal tail fins for stability 

and control. The fins are either completely moveable about transverse 

axes, or have moveable trailing-edge portions, and they are frequently 

located so that they are immers~d in the jet, or slipstream, from the 

thrusting propellers. At least one submersible, Lockheed's 'Deep Quest' 

(Ref. 7) follows this design philosophy. 

Briefly the principles are that the fins develop transverse 

hydrodynamic forces with long lever arms about the vessel c.g., so that 

large moments are produced to counter...,.act. the unstable-,J;lydrcidynamicmoments 

of the basic hull shape; and that these counter-acting forces and 

moments are magnified for a fin, immersed in a high-velocity slipstream. 

For Pisces IV, it was decid~d therefore to introduce a pair of 

horizontal fins immersed in the slipstreams of the two thrusters, and a 

pair of vertical fins mounted as far aft on the hull as possible, since 

they would not be in the slipstreams. Two sets of fins were designed, 

and tested on the model in the wind tunnel. The larger second set was 

produced for two reasons; first, because the first set'of-vertical fins 

.... -' .: '-



proved less effective than had been calculated, apparently because of 

the influence of separated wakes from the sail and the underside of the 

forward sphere; second, because a more exact calculation of the aug­

menting effect of the thruster slipstreams on the horizontal fins showed 

that the effect was less than had originally been estimated, so that 

larger fins were desirable. 

All fins are rectangular in planform, for simplicity of manufacture, 

and all use the same symmetrical airfoil section shape, the NACA 0015 

(Ref. 8, p. 324), which has goodaer0dyn?IDic_characteristics at the 

moderate Reynolds numbers of Pisces operation. The airfoil shape is 

given in Fig. 7 and its coordinates are given in percent chord C in an 

accompanying table. If required~ additional coordinates can be cal­

culated from the equation under the table. 

To provide pitch and yaw control, each pair of horizontal fins and 

each pair of vertical fins deflects as a rigid unit about a spanwise axis. 

The planform dimensions and axis locations for all fins are given in 

Fig. 8. The position of the horizontal fins on the hull is a compromise 

between a more forward position to obtain the maximum augmentation of 

lift from the thruster slipstreams, and a further aft position, to give 

a longer moment arm about the c. g. The shaft connecting the two hori,zontal 

fins should be located just forward of the rear pressure sphere, and in the 

plane of the thrust line of the propellers when they are horizontal 

(parallel to the deck). It is assumed that the thrusters will no longer 

be tilted for control. On the model, the shaft of the horizontal fins 

is located 7.85 inches aft of the c.g. position, or 62.8 inches aft of 

the c.g. on the actual vessel. 

The vertical fins on the model were located so that the trailing 

edge of the upper fin was at the aft end of the deck. This placed the 
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vertical shaft 12.0 inches aft of the e.g. on the model, or 96.0 inches 

aft on the actual vessel. Although a straight connecting shaft was used 

on the model vertical fins, the rear pressure sphere would interfere 

with this on the prototype. Separate shafts, connected by a crank, could 

be used, or the lower fin could be left fixed, and control applied only 

to the upper fin. The effect of this on lateral control will be con ... 

sidered in § 4.7. 

In mounting the fins on the hull, no appreciahle gaps between the 

fin root chord and the hull should be left. Fillets should be added 

where necessary to ensure this. Modeling clay was used for this pur-

pose in the model tests. 

4.2 fitGh Characteristics with Small Fins Figs. 9 and 10 give the 

pitch and yaw characteristics of the model with the first set of fins 

mounted, and the thruster nacelles'~~fif0vf!d. The 3-strut mounting was 

used for pitch tests, and the 2-strut mounting for yaw tests. 

In Fig. 9, curves of CD' CL, and CM are given as functions ofe( 

at the usual test Re' and forti= 0, and vertical fin deflections 

() v= O. Five horizontal fin deflectionsDH were tested. There is seen 

to be little effect ofC)H on CD' and the drag values are lower than in 

Fig. 4 for the basic configuration, because of the removal of the 

The curves of CL show the expected behaviour with~H' in 

that increasing~H' (downward deflection is positive) raises the CL dC 
curve without changing the slope ~~, which is found to be +0.038 per 

dC 
degree. Thus, the hor~zontal fins have increased d~ from +0.025 to 

nacelles~ 

+0.038. 

For the CM curves, increasing lift at the stern causes an increase 
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in bow-down pitching moment (negative), so the C
M 

curves are lowered by 

C ~ increasing o H
, again without changing the slope M. This is found to 

dO( 
be +0.010 per degree, so that the fins have reduced the instability by 

50%, from +0.020 per degree. It was estimated originally that the slip-

stream augmentation of the fin lift would produce enough additional 

bow-down C
M 

to make the vessel stable. This is analysed further in 

§ 4.8. 

4.3 Yaw Characteristics with Small Fins Fig. 10 gives curves of CD' 

CS' and Cy as functions of (3 for 3 values of f:i
V

' and for 0< = bH = 0 at 

the usual R. The curves are qualitatively like those of Fig. 9, except 
e 

that Cs and Cy are closely antisymmetric functions, because of the 

symmetry of the model about its vertical centre plane. 

to be +0.030 per degree, an increase from +0.025 for the 

shape. Correspondingly, 
dCy 
d(.3 is +0.011 per degree, still 

dCS 
Here d(.:J is found 

basic vessel 

unstable but a 

reduction from +0.017 per degree for the basic shape. The improvement 

is much less than had been estimated, apparently because of the adverse 

effects mentioned in § 4.1. This is analysed further in § 4.7. 

4.4 Pitch Characteristics with Large Fins When the first set of 

fins provedunsatisfac'tery: the second, larger set shown in Fig. 8 was 

designed and mounted, and Figs. 11, 12, and 13 give the characteristics 

in pitc~ in yaw; and with Reynolds number. In Fig. 11, the pitch results 

are presented as in Fig. 9, except that only 3 values of 6H were tested, 

and 0( could not be taken below -5°, because the tall vertical fin would 

otherwise come too close to the tunnel ceiling. 

The curves are qualitatively like those of Fig. 9, but now the larger 
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fins have caused an 
dCM 

ing decrease in do( 

dCL 
increase in dOC to +0.052 per degree, and a correspond-

to +0.001 per degree, so that the instability has been 

nearly eliminated even without the augmentation of the slip-stream. 

Furthermore, the amount of pitch control is considerably increased, as 

measured by the change in CM with~H' This is shown in Fig. 14, from 
dCM . which the s10pe of the curve d& 1S seen to be increased from -0.010 per 

H 
degree for the small fins to -0.017 per degree for the large fins. 

4.5 Yaw Characteristics with Large Fins In Fig. 12, the yaw results 
( . 

are presented as in Fig. 10. The tall upper vertical fin behaves more 

like a conventional aircraft wing of large span than the other fins tested, 

and it shows an appreciable drag increase and eventual stall as its angle 

to the approaching air flow,~ +~V' reaches large positive or negative 

values. The dotted portions of the curves ~ndicate ranges where this fin 

is near the stall. 

Otherwise, it is seen that the larger upper fin has 
dCS 

caused df3 to 
dCy 

increase to +0.041 per degree, while d(3 has been reduced to -0.002 per 

degree, so that the vessel is now slightly stable in yaw. Also, the yaw 

control has been greatly increased, as measured by the change of CY' with 
dCy 

Dv' This is shown in Fig. 14, from which dS is seen to be increased 
V 

from -0.007 per degree for the small fins to -0.016 per degree for the 

large fins. 

4.6 Reynolds Number Characteristics with Large Fins The effects of 

Re on the basic Pisces configuration ate< = 0,/3 = 0 were presented in 

Fig. 6 and discussed in § 3.3. Similar tests were carried out forL::t:r.he~ 

model with large fins mounted, and the results are presented in Fig. 13. 
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Again CD and C
M 

are seen to decrease with increasing Re' and again the 

decrease is quite small from the test R of 0.61(10)6 to the beginning 
e 

of the relevant full-scale range at R 
e 

0.76(10)6, about 2% for CD 

and 6% for CM' 

The causes of the increase in CL with Re shown are not clear. One 

cause of a spurious effect may be a deflection of the model to increasing-

ly positive 0( under the increasing dynamic pressure. In any case the 

values of C
L 

are quite small, and would correspond to on~y about 14 lbs 

lift on the actual vessel at a speed of 1 knot. 

4.7 .. : Anal¥sis of the Fin Characteristics The performance of the fins 

as measured in the wind tunnel can be compared with the predictions of 
dCy . . dCL dCM dCS 

aerodynamic theory by conslderlng de< ' dO< ' dl1 ' and d(1 for the 

model with and without fins, and using the data to determine the 

d~F ~~F 
effective lift curve slope of each of the fins dOC' or dJ3' where CF ' 

as defined in the Nomenclature, is the force on the fin normal to the 

span and to the approaching flow, whether the fin is horizontal or 

vertical. 
dC 

Th h d f d .. dCP e met 0 0 etermlnlng ~ ;: 
u-o( 

dC 
F 

or d(.3 is described in Appendix B 

and the results are as follows, with 2 values shown for each fin, one 

calculated from the force data and the other calculated independently 

from the moment data: 

Small horizontal fins: 
dC

F .058, .060 

F 
ta~~p'e 1-- ~- t' fins :-

CF 
ar~e liortZgRt~t flns: do< .060, .057 

Small vertical fins: 
dCF .022, .024 dj9 

Large vertical fins: 
dC

F .048, .050 
d/3 

16 



I' 

The close agreement in each case of the 2 independent values tends to 

confirm their accuracy. Several inferences can be drawn from the 
dC

F 
results. It is seen that dO< is about the same for both sets of horizon-

tal fins, with an average value (to 2 significant figures) of .059. 

This is not surprising, since both sets have the same square planform 

as well as the same airfoil section. Aerodynamic theory (Ref. 8, p. 11) 

for a wing made up of two square fins as half-wings would predict 
dCF do( = .044, so the hull between the two fins is carrying some of the lift 

they create. This is to be expected, and is counted on in aeronautical 

practice. 

Although the small vertical fins are identical with the small 

horizontal fins, they achieve oniy 40% of their performance. This must 

be because of the reduced-velocity wakes of the sail and the under-

side of the forward pressure sphere flowing over the vertical fins. When 
dC

F 
the taller upper vertical fin is introduced, the value of dj3 is more 

than doubled, although the fin area has been increased by only 50%, 

because the added portion is clear of the wake of the sail. If the increm-

ental lift of the added upper portion is calculated as a coefficient C ' 
F 

based on the added area, then 

dC
F 
, 

d(3 
= 3(.049) - 2(.023) = .!l01 per degree 

about the right value for the airfoil section used. 

The above estimates of the fin performance are also compatible with 

the observed control characteristics of Fig. 14, altho~gh values of 
dCF 
dOH for the large horizontal fins would be somewhat 

dC
F 

lowen~than dO< 

values, because of the root gaps that open up as the fins are deflected. 

For the vertical fins, the above results indicate that if the lower fin 

was fixed, and only the enlarged upper fin def.lected for control, the 

17 



dey 
reduction in control as measured by ~ would be quite small, from d6v 
-0.016 to -0.013 per degree. 

4.8 Slipstream Augmentation of Horizontal Fin Performance A simple 

and plausible method of estimating the augmentation of fin lift caused 

by immersion in a slipstream would be toihcrease the lift on that 

portion of the fin immersed in the slipstream in proportion to the 

increase in dynamic pressure (9.
J
. - g), where q. is the jet dynamic 

. J . 

pressure. This method was'Lused for the preliminary design calculations 

for the first set of horizontal fins. 

However, subsequent study of a report on some recent research on 

wing-slipstream interaction (Ref. 9) revealed that the above method 

greatly overestimates the augmentation, and that another relatively 

simple theory, proposed some years ago (Ref. 10) in fact gives quite 

accurate estimates of slipstream augmentation. 

According to this theory, the increment in lift on one fin is 

given by: 

where 

.10960( (g. -. J 
1 

(q:Jq.+ 1) . J '. 

d. jet diameter 
J 

(4.1) 

When this increment is converted.to_coefficienLform, and calculated for 
.deM 

Pisces IV with the large fins, the resulting increment in dC< is 

de
M 

6 do{ = -0.0039 per degree 

Therefore, the resulting value is 

deM 
dt( = +0.001 -0.004 = -0.003 per degree 

and the vessel is now stable in pitch with respect to hydrodynamic moments. 
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Also, when the pitch damping is calculated for the large fins by the 
dC

M method of Appendix B, and the effect of the changed dO< is included, 

the oscillatory behaviour changes so that the calculated limiting 

cases are now 

81 = 15 secs., 11 0.19 

and 

82 = 21 secs.,ji2 = 0.14 

The damping is now very effective, and would require less than 1 cycle 

of oscillation (9;to:,_16." se.cs) to reduce an initial angular displacement 

0<0 to half amplitude. 

The 

measured 

augmentation of Eq. (4.1) would increase the pitch control, as 
dC

M 
by dO. ' from -0.017 to -0.020 per degree. 

H 

5. :RECOMMENDATIONS AND DISCUSSION 

5.1 Recommended Modifications of Pisces IV The submersible should be 

fitted with the larger fins as described inq4.l, illustrated in Figs. 1 

and 2, and detailed in Figs. 7 and 8. The horizontal fins should be 

mounted en a common shaft as described in § 4 .1. The vertical fins should 

have only the tall upper fin controllable, for simplicity. The thrusters 

should be fixed in position with their thrust line parallel to the deck 

and the horizontal fins should lie in the plane of the thrust line. 

5.2 Fin Hinge Moments The design of the pilot's controls requires a 

knowledge of the hydrodynamic moments at the fin axes. For the horizontal 

19 

fins, the lift force, including augmentation,can be assumed to act 1.2 inches 

behind the axis, and to correspond to a maximum lift coefficient C
F 

of 1.0. 

With a total horizontal fin area AF of 23.1 sq. ft., and a dynamic 

pressure q of 11. 44 psf at 2 kts., the maximum horizontal fin hinge moment 



~ will be 

~ 1.0(11.44)23.1(1.2) = 318 lb-in. 

at 3 kts., ~ = (t)2 318 = 715 lb-in. 

For the upper vertical fin, the force can again be assumed to act 

1.2 inches behind the axis,}and to correspond to a maximum force coe-

fficient C
F 

of 1.0. With a fin area of 11.5 sq. ft., and a g of 11.44 

psf at 2 kts, the vertical fin hinge moment ~ will be 

~ = 1.0 (11.44)11.5(1.2) = 158 lb-in. 

At 3 kts. 355 lb-in. 

5.3 New Trim Conditions The large fins ensure the stability of 

the submersible in pitch and yaw. The horizontal fins also correct the 

impossible tt;im requirements of the basic configuratiom:. Taking the 
dCM new values of CM and dO( to be +0 .10 (Fig. 13) and -0.003 (§ 4.8) 

0(= 0 
respectively, new values of 0<. T. are calculated from Eq. (3.6): 

r~m 

V 1 kt. D( Trim = 1.00 

V 2 kts. 0< Trim 3.70 

V = 3 kts. 0( 7.40 
Trim 

These trim conditions are for the case where B is directly above G when 

the deck is horizontal. The submersible can be trimmed ate< = a at any of 

the above speeds merely by shifting G forward the appropriate distance 

for that speed. 

5.4 Final Remarks This report provides the hydrodynamic analysis 

and design for the modifications needed to make the performance of the 

Pisces IV satisfactory for heL pr~s~nterole. --It- isassuined- th~t the 

detailed mechanical design will be carried out by engineers of the 

20 



Marine Sciences Directorate. 

The degree of pitch and yaw stability achieved by adding the large 

fins is moderate, but should be adequate. The pitch stability to 

hydrodynamic moments may actually prove larger than estimated, because 

there is some experimental evidence that effects of slipstream augmen­

tation on fin lift will be larger than calculated by Eq. (4.1). The 

yaw stability might be increased by redueing the wakes of the sail 

and forward sphere that impinge on the vertical fins, through improved 

streamlining, and the yaw control~can, if necessary, be supplemented 

by differential thrust control, but it should be realized that this 

will~nbw introduce a rolling moment on the submersible, since the 

horizontal fin immersed in the higher-thrust slipstream will develop 

more lift than the other one. 
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APPENDIX A 

ANALYSIS OF PITCHING OSCILLATIONS 

For a rigid vessel, moving in its vertical plane of symmetry, there 

are 3 equations of motion, one each for horizontal, vertical and pitching 

motions. However, the evidence of nearly constant speed and a nearly 

straight flight path indicates that horizontal and vertical accelerations 

are small, so it will be assumed that horizontal and vertical forces are 

respectively in equilibrium, and only the pitching equation of motion 

need be considered. With the vessel experiencing an angular acceleration 

"0 d~ 
c( = ---2 ' equilibrium Eq. (3.5) is replaced by 

dt 
(A·j) 

where J = polar moment of inertia of submersible about c.g. 

J'= polar moment of inertia of displaced volume of submersible 

about c.g. 

K'= apparent mass moment of inertia coefficient 

and M now depends on both 0( and 
o dO( ~ 

angular velocityo(= dt 

M =~M", +~M~ 
00( CA ~& U\ 

Thus, Eq. (A.I) can be written in the form: 

where 

• DO () I Jo( + ro< I- /(0( = 0 
j = J + K'J' 

-dM r = --. 

k 

a& 
~M 

W BG - at>( 

Eq. (A.2) has the solution 
-rt -2' =rxe J CoS 

o J 
if 

-(if t 

(A.2) 

(A.3) 

23 



The torsional spring constant k is known from ~3.5, but effective 

moment of inertia j and damping constant r must be estimated for Pisces 

IV in order to relate Eq. (A.3) to the observed behaviour. The moment 

of inertia J of the submersible was not available, but it can be 

estimated roughly by assuming all of the weight to be in the two steel 

spheres. This gives J = 22,500 slug-ft2 , corresponding to a radius of 

gyration of 5.74 ft. 

The moment of inertia J' of the displaced volume is calculated 

by two methods. For a lower limit, the hull shape is assumed to 

be a prolate ellipsoid of about the same dimensions as the actual hull. 

2 
This gives J' = 23,100 slug-ft , and the corresponding value of coe-

fficient K' = 0.45 (Ref. 5). For an upper limit, the hull shape is 

assumed to be a circular cylinder of appropriate dimensions, giving 

J' = 54,300 slug~ft2, and the corresponding value of K' = 0.80. 

The pitch damping constant r is difficult to estimate for the basic 

configuration of the submersible. However, when horizontal fins are 

added, most of the damping comes from them, and can be calculated easily. 

This is done in Appendix B, for the final set of fins used, and t .is 

calculated to be 4500 lb-ft-sec without slipstream augmentation, or 

5400 lb-ft-sec with augmentation)at 1.18 kts. In aeronautical practice, 

it is common to add 10% to the calculated pitch damping of the tail to 

allow for the effect of the wing and fuselage. Here it seems reasonable, 

therefore, to take the value of r for the basic configuration (correspond-

ing to a rather short fuselage) as 5% of the value without augmentation 

calculated above, or 225 lb-ft-sec. Also, 

+0.020(3.95)51.5(7.18) 

+29.4 lb-ft per degree 

1700 lb-ft per radian 
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Therefore, k = 22,000(.26)-1700 = 4000 lb-ft per radian. As estimated 

above, r 225 lb-ft-sec. The two estimates of KIJI lead to 

jl 22,500 + 0.45(23,100) 33,000 slug-ft 
2 

j2 22,500 + 0.80(54,300) 66,000 slug-ft 
2 

The true effective j should lie between these values. Examination of 

the size of terms shows that 
.. 2 k 

(~r-« -;-
-2J- J 

So that Eq.(A.3) holds, and can be simplified to 

where 

- fc.ut 
0< =0( e Cos cut o 

(A.4) 

l' = 2;UJ fraction of critical damping. 

W ==10 undamped natural frequency. 

Here, CJ l 
4 JO(fOOO 

0.35 rad/sec. 
33,000 

Periodf7 2'11 2 Ii 
= 18 sees. -=--

1 £viI 0.35 

And (,J2 
4000 0.25 rad/sec. 

66,000 

8
2 

2/i 
= 25 sees. =--

0.25 

Also, 

225 
0.0097 f "= 2 (33, 000) 0.35 = r 

12 225 0.0068 
2(66,000)0.25 

= 
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APPENDIX B 

FIN CHARACTERISTICS 

B.l Determining Fin Performance from Overall Submersible Data The 

differences in lift and pitching moment for the model with and without 

horizontal fins are assumed to give 
dC

F 

independent estimates of the horizon-

tal fin lift curve slope do(' by the relat.3:ons: 

or 

and 

or 

C
L 

C
L 

C
F Fins On - Fins off = 

dCL 
(-) 
do( Fins On 

dCL 
(-) 
do( Fins Off 

dC
M (-) 

do( Fins Off 

dC 
F 

do( 

(B.l) 

(B.2) 

Similarly, the differences in side force and yawing moment for the 

model with and without vertical fins are 

estimates of the vertical fin lift curve 

ts _c..s J:F Fins On Fins Off 

or dCS dCs 
(-) -(-) 
d{J Fins On d(3 Fins Off 

and y, 
On YF· Off F"J Fins l.ns 

or 
dCy dCy 
(-) - (-) 
d (3 Fins On d (3 Fins Off 

assumed to give independent 
dC

F 
slope d(.3 by the relations: 

A dCF (---E.) --
A dp 

(B.3) 

(B.4) 

Values 
dCF dCF . 

of d~ and dj.3 determl.ned in this way include any effects of 

variations of the flow approaching the fins from the uniform flow at 

velocity V on which the coefficients are defined. 
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B.2 Determining Pitch Damping of Horizontal Fins 
o 

When the submersible is rotating bow up at angular velocity 0( 

(Fig. 15), the horizontal fin is moving down at velocity j~, so the 

flow relative to the fin appears to be approaching it at angle of attack 
I) 0 

arctan .id ;. ~ 
V V 

since 
o 

io«< V 

Therefore, the fin developss a quasi-steady component of lift due to the 

pitch angular velocity, 

and a corresponding component of pitching moment· 

Therefore 
-dC 

F 
do( 

(B.5) 

For the test run at V = 1.18 kts., q = 3.95 psf, assume that the large 

horizontal fins of AF = 23.1 sq. ft., with j = 5.33 ft., had been fitted. 

Then, with 

dCF 
de< = .059 per degree 3.4 per radian 

without augmentation, and 

= .071 per degree = 4.1 per radian 

with augmentation, substi,tution in Eq. (B.5) gives 

-JM 
r = --- = 4500 lb-ft-sec. 

d& 

without augmentation, and 

with augmentation. Also, for this case 

-250 lb-ft. per radian 
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so that the two extremes of moment of inertia now correspond to periods 

of oscillation e and damping factors ~, calculated by the methods of 

Appendix A: 

B1 15 sees, 11 0.19 

and 

&2 21 sees, f 2 0.14 
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Figure 1 ~ Side Elevation of Pisces IV Model in Wind ,Tunnel on 

3~Strut Mounting. Large Fins On. Thruster Nacelles Off. 



Figure 2 - Three-Quarter Rear View of Pisces IV Model in Wind ·Tunnel 

on 3-Strut Mounting. Large Fins On. Thruster Nacelles Off. 
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