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SUMMARY

The present study was undertaken to design a non-deflecting 1
circ.2iation ontrol (CC) submarine stern plane to provide maneuver-

ability control and eliminate the possibility of catastrophic crash

dives due to stern plane jamming. Symmetric elliptic sections with

tangential blowing out of upper and lower slots over a rounded

trailing edge were used because of their high lift and equivalent V
aerodynamic (hydrodynamic) efficiencies. The CC model stern plane ]
so designed was restricted by the requirement to maintain the same

planform as a conventional stern plane, by the existence of a large

boundary layer on the main body, and by the additional requirement

of zero deflection. With moderate blowing, it was able to meet or

exceed the prescribed lifting (maneuvering) requirements for the

conventional deflecting control surface. In the event of a blowing

failure, inherent stability would result duz to the fixed nature j
of the plane. Presented in the study is a detailed design procedure,

supporting experimental data, and the final geometry of the blown

model stern plane. Also included is a similar study on an alternate

blown configuration with end plates which showed a considerable

performance improvement over the first design. j
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LIST OF SYMBOLS

A Stern plane planform area, ftj

dC
a Lift curve slope, d

A. Slot area, ft2

AR Stern plane aspect ratio

b Stern plane semi-span, ft

b Stern plane total span including body, ft
(in end plate discussion only)

C, c Stern plane local chord, ft

Cd Two-dimensional equivalent drag coefficient
e

I CD  Stern plane equivalent drag coefficient

CDi Stern plane induced drag coefficient

Cd Sectional drag coefficient

C d  Two-dimensional profile drag coefficient

p

C Two-dimensional section lift coefficient

CL Stern plane lift cufficient

P-P
Cp Pressure coefficient, q0, jJ

C Momentum coefficient, -A
M n qi fr p

Momentum coefficient for upper surface slot ]
C Momentum coefficient for lower surface slot44 2
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De  Equivalent drag, including penalty for blowing

Di Inlet momentum loss

I Dp Profile drag

e Oswald efficiency factor

H End plate total height, ft

n HP Pump or compressor horsepower

h Slot height, ft

L Total stern plane lift, lbs

A Section lift, lbs

P d Model duct (plenum) total pressure, psig

P Pump pressure; psig

I Static pressure, psigPs

POO Free stream static pressure, psf

Q Flow rate, ft/min

q. Free stream dynamic pressure, lb/ft 2

4 r Trailing edge radius, ft

S Stern plane planform area, ft2

t Stern plane thickness, ft

V i  Downwash velocity at the endplated stern plane, ft/sec

Vj Jet exit velocity, ft/sec

I VI Local free stream velocity' at the stern plane, ft/sec

VR Resultant velocity &4-the stern plane, ft/sec

V Free stream velocity, ft/secI
I vii
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q3

Sw Downwash velocity, ft/sec

w1 Downwash velocity far downstream, ft/sec

X Distance from stern plane leading edge, ft 1
y Spanwise distance from root chord, ft

Spanwise distance from body centerline (end plate
discussion only)

z Nondimensional spanwise station, 2y/b

I

Section angle of attack, degrees

0e' aeff Effective angle of attack, degrees

a g Geometric angle of attack, degrees ] ,

a'. Induced angle of attack, degrees

r Maximum circulation
0

Nondimensional spanwise station, y/b

X Scale factor, full scale/model

p Free stream density, slugs/ft
3
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I INTRODUCTION

I The purpose of this study is to design a circulation control

(C.C.) stern plane for a submarine. The design will subsequently be

incorporated in a model test to determine the feasibility of replacing

conventional mechanical surfaces.

Circulation Control offers the distinct possibility of a Jam-

free, irherently stable control surface with very high lift capability.

These features would eliminate the potentially catastrophic Jamming of

present control surfaces while also significantly increasing the

maneuver capability of the submarine. Other important improvements

over conventional control surfaces are the ability to generate large

I forces for low speed control while also providing precise (vernier)

control at high speeds. In addition, the rapid response time and low

fcontrol forces associated with such a fluidic system are ideal for

incorporation into an automatic stabilization system.

From a mission effectiveness standpoint the circulation control

system is attractive because it could allow safe operation near

maximum depth at higher speeds than conventional submarines, which are

- restricted by stabil'ty and control safety margins.

The primary disadvantages of such a device are fouling and power

consumption. Presumedly, fouling due to particle blockage of the 0.2

1 inch full-scale blots can be handled by proper straining bf the water

and use of particle separators. The power consumption of the circulation

Icontrol foil consists of thrae terms: profile, induced, and comprersor

(pump). In general, at the design value of lift, the profile drag will

4 fIr



be considerably less than that of a conventional shape, sometimes even

negative (thrusting). The induced drag will be either equal to the

conventional or somewhat less because of the more optimum lift distri-

bution permitted by the slot geometry.

In summary, based on considerations of the above, a C.C. stern

plane has been designed to demonstrate the feasibility of a blown control

surface having no mechanical components but with inherent stability and

increased maneuver margins. The following text describes in detail the

design procedure and arrives at two slot height distributions for testing,

one without end plates and one with them.

COMPARISON WITH CONVENTIONAL STERN PLANES u
U

It is apparent that for the C.C. design to have competitive

performance with conventional stern planes it must essentially balance

the compressor power required with the reduction in profile power j
afforded by the jet blowing. This argument implies that the tradeoff

essentially becomes two-dimensional in nature so that existing test data I
(References 1, 2, 3) can be employed to study the comparative power

consumptions. To facilitate this comparison the profile and compressor

power requirements are expressed in terms of an equivalent lift-drag

ratio, where the equivalent drag is defined by:

D = Dp P

e p V., Din

2*- ,-1+

+ r



In dimens. onless terms. this becomes:1

Ct/Cdc - )/e = Cj/ Cc + C1 2V. Vj

Results of several two-dimensional wind tunnel tests are plotted in

- Figure 1. It may be seen that the C.C. airfoil is generally competitive

in efficiency with conventional foils but at higher lift coefficient.

Thus, the C.C. airfoil proposed for this design optimizes at a higher

value of lift coefficient than the conventional NACA 0018 tail plane

section.

In terms of the tail plane geometry the above results would

suggest that for equal induced power and equal surface area (possibly

stability requirements):

C D 0 D
CD CD

i i
con cc

2
__L_ L2

it ARe 1'ARe
con cc (2)

IA Ae Ice C Lcc) 2
AR e icon CLcon (3)

I
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For equal induced power and equal span (possibly a geometric constraint)

at equal velocities:

CDAl con =CDA I c (4)

L2A2 C L 2A 2  
(5)

r be I o rrb% III
con cc 

A con C Lcc c- nI

AR con A b

con

A b2 b2 ARcon

Acc c A e 'C e

A con~i cc con c\ cc con) cc con

ARe Jc cc ec 
(6) I

ARe icon CL  econ

con I
Thus the optimum aspect ratio for the maximum effective lift-drag ratio

varies in the manner of either Equation (3) or (6), depending on the

initial assumptions. In these cases it would be expected that the over-all j
wing efficiency, denoted by

e C L C C I C (7) /
D+ D D e D

%C L CIL
would probably optimize at a higher value of CL. I

...r " *.... . .. . . . . ... ... .' .... .... " "I-.. .F : :, " , ... .. ........ : '; " '...



The tail plane design described herein was not optimized in the

above manner. Instead it was specified that the geometry be constrained

to the conventional tail plane size and shape.

In the case that the design range of lift is identical with the

conventional, the induced powers are equal. The C.C. airfoil sections

are then required to operate considerably below the section lift coeffi-

acients for the optimm efficiencies.

PAn even more severe performance constraint added to the above

was to specify no movable control surfaces. This affords the submarine

] inherent stability because in the event of a blowing failure (e.g., in

a dive) the foil always generates a stabilizing moment (tending to

neutralize the dive). In general, because it is fixed in line with the

submarine body axis, the stern plane is required to generate positive

lift at negative angles of attack. Indeed, when the induced flow and

body boundary layer are included in the analysis the extreme design

requirements at individual sections require lift coefficients on the

4 order of 1.3 at section angles of attack of -300 . However, for the

present study it was felt that if inherent stability were possible' I!

then the power penalty might be worthwhile. If the power requirements

S proved too great then either the stern plane angle would have to be

adjusted or else the aspect ratio increased. The present study includes

the use of end plates to increase the effective aspect ratio in lieu of

a separate, more optimum high aspect ratio design.

|7
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DESIGN REQUIREMENTS

The stern plane design requirements were obtained from previous

submarine test data (Reference 4). They are given in terms of the over-

all stern plane lift coefficient (positive downward) and body angle of

attack (positive as shown in Figure 2). The fixed circulation control

stern plane must be able to generate at only body angle of attack the

same CL generated by the conventional stern planes at body angle of

attack plus stern plane deflection. Thus, the data of Figure 2 shows

the test CL obtained at given body angles of attack with stern plane

deflection. With the fixed stern plane, operational lift requirement

ranges are necessarily the same as the test data. However, it is felt

that the maximum CL requirement will occur at zero body angle of attack

(e.g., cruise) at the initiation of a maneuver. As the body begins to

pitch, lift is developed on it and the stern plane requirements are

reduced. Thus, Figure 2 also depicts the fixed stern plane requirements

based on maximum CL from variable stern plane tests.

It is then necessary to calculate at each spanwise station the

effective angle of attack ae = a + ai and the required section lift

coefficient C . This calculation is described in the section "Induced

Flow Field Calculation and Boundary Layer Assumption". The requirements

are nearly symmetrical for dive and rise so that a symmetric airfoil is

required with blowing slots in upper and lower surfaces and the same plan-

form as the conventional stern plane.

No other design requireircnts were imposed. It is assumed that

the submarine operates with continuous but small blowing in cruise,

giving approximately zero profile drag. This is probably desirable also j4 6



to prevent slot fouling. A possible stability problem arises in this

condition which can be described as follows: If the foil attitude is

perturbed, the surface pressure distribution on upper and lower 
surfaces

will become asymmetric. With equal blowing rates it is probable that

one jet will work somewhat more efficiently that the other, thereby

creating a net lift This situation is shown in Figure 3, where it can

dbe seen that the induced blowing lift is destabilizing while conventional
CZ = ac is stabilizing.

Defining a lift response to a change in angle of attack when

iaj
upper and lower blowing rates are equal by 3ae (ce, Cul + C ) where

e2
dC (x/c)

C is affected by both a pressure distribution change dCD-x/c) and a

total momentum flux C + C , the condition for stability is

6C m n flux C C

\C d( a ' I
ee

No information is presently available for equal blowing jets. However,

it would appear that except for very large blowing rates the conventional

Iac lift would always dominate in the present steady flow example. The

t small blowing rates required for zero profile drag in cruise should not

be suffinient to produce the unstable condition.

7



INDUCED FLOW FIELD CALCULATION AND BOUNDARY LAYER ASSUMPTION

Three-dimensional airfoil design requires a detailed knowledge

of the local flow field at each section of the foil. This will include

primarily the spanwise distributions of sectional lift coefficient and

effective angle of attack. Finite wing theory predicts a uniform induced

downwash and thus minimum induced drag when the circulation distribution

is elliptic. [This usually requires an elliptic distribution of chord (c)

for constant airfoil section and local angle of attack (a), or an elliptic [
distribution of the combination aac where (a) is the lift curve slope.)

However, a circulation control foil is not limited to the elliptic chord

constraint, since essentially any desired circulation can be obtained for

a given foil merely by adjustment of the local mass flow rates (by

variation in pressure ratio or slot height distribution). It was thus

decided to design the stern plane to maintain the elliptic circulation

distribution and minimize induced drag.

An additional constraint on the tail plane design is that the

local free-stream velocity is not constant as for a conventional aircraft

wing. The stern plane is located far downstream of the maximum submarine

body diameter and thus a very thick boundary layer has developed on the

body at the tail plane juncture. Past tests have shown that this boundary

layer extends approximately to 50 percent of the stern plane span. It

was assumed that the local velocity distribution in the boundary layer had

a parabolic form, and was thus represented as (see Figure 1):

77
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V V. f for 1 =y/b <0.5

V- VO for ll0.5

Using this representation, the resultant velocity (VR) of the local and

downwash velocities is

VR(T) = AV2 (T) + w 2 (10)

and the resultant induced angle is:

ay(T) = tan- ( (n)

wbich assumes no trailing vortex sheet deflection.

'A From Figure 4

rP0) 0 [1 - (2"1- 1)2]1

Then for a given total stern plane lift coefficient, but unknown °

C Li b
CL = PVR 1 ) P(0) dq

1 :
L Sl  qSI

(12)

2b 2r2 )LV22 > + jro Lld

Where L and S are lift and planform area of one plane.
1 1

~9



I t IThen,

2r b r~ 2

1 0

V 2 11(2 1) d2 (13)-L + C4b 2j L

The usual assumption made in finite wing theory is that Vg >> w so that

.. o L

2

rr2

VR - V and is neglected, thus. making evaluation of the above inte-

grals simple for elliptic distribution. For the low aspect ratio stern

• plane with V£, o inboard, that assumption and the corresponding small

(a. w) cannot be made, as the downwash velocity will

ange uuassumption maei1iiewn hoyi htV> ota

be greater than.V inboard, and associated induced angles will approach 90

degrees. The solution thus had to be an evaluation of the full integral

equation. An iterative scheme was developed where an initial value of

was input, the integral equation evaluated by a Simpson's rnle numerical

integration, and the resulting CL compared to the desired value. Adjustment I
was then made on r and the procedure was recycled until the desired CL

was obtained. Using the correct value of r , the corresponding spanwise

distributions were calculated:

10



w = - = constant (14)

VR(1) =JV 2(j) + W2 (10)

€i  tan-1  - (11)

V AM

C1 eff 01 i (15)

M(T) =o 1-( 1_ (16)

C(') =c - (C -C) (17)r r t

PVR( 2((,T
C AM = q()C(T) VR() (18)

These distributions of CZ and aeff must then be obtained by the individual

sections of the proposed stern plane design. Sample distributions presen-

ted in Figure 5 show that rather severe requirements will be imposed on

the inboard sections if the elliptic r distribution is to be maintained.

Small local velocities and very high induced angles result in large negative

effective angles of attack and relatively high Ck requirements.

SECTION CHARACTERISTICS

I From the C and aeff distributions of Figure 5, it is apparent

that for almost all operating conditions of the fixed stern plane, posi-

tive lift coefficients are required at negative aeff (or the equivalent

'4T . - ?'. J ,: " , j
=., • u • • • mm | num nn | / II nnnu n ==•1 1



J I

for the symmetric foil: negative lift at positive c eff). This would

eliminate from consideration the conventional symmetric foil, which cannot

generate positive C. at negative angle of attack. It is shown (References

1, 2, 3) that circulation control sections operate efficiently at negative

angles of attack while generating extremely high positive lift. This is

more true of thicker elliptic sections which because of their larger nose

radii and increased blowing effectiveness are able to eliminate or delay

lift loss due to lower surface flow separation and stall. As the most

severe requirements on the stern plane are inboard, it is desirable to

use as thick an ellipse there as allowable and then taper to a somewhat

thinner section outboard where conditions are less severe. From the pre-

ceding consideration and from model construction constraints it was

decided to limit the root thickness-to-chord ratio to 0.25 and taper

linearly to a 0.20 tip section. Elliptical sections were also chosen

although an ovoid shape would appear more optimum inboard in order to I
delay leading edge separation. Figure 6 depicts the prescribed model

stern plane planform and dimensions. The root section plane was defined

as the intersection of the lifting line (mid-chord line in this case)

with the body.

With the section thicknesses thus specified, corresponding lift,

drag and efficiency data are needed. A reliable theoretical calculation

method for the performance of circulation control sections does not

presently exist due primarily to difficulty in calculation of tangential

wall jet effects. However, an extensive series of two-dimensiofal tests 1'
have been run at NSRDC on ellipses ranging from 15 to 50 percent thick,

with variations in camber, slot height, slot location, trailing edge

12 1
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radius, angle of attack, Reynolds number and momentum coefficient. Most

closely related to the stern plane sections are a 30 percent thick ellipse

]with 1.5 percent camber and a 20 percent uncambered ellipse with trailing

edge radius-to-chord ratio of 0.04, instead of the pure elliptic value of

0.02. Lift data was obtained either by surface pressure taps or floor and

ceiling taps, while drag was obtained from momentum loss in the wake as

I] measured by a total head rake. Figures 7 to 12 present the test data for

these two models corrected for the induced effects of non-two-dimensional

flow which is characteristic of high lift airfoil tests. (Additional

I detail can be obtained from References 1 and 2.) Figures 13 and l14

present experimental chordwise pressure distributions for the 30 percent

I ellipse at a = -20' and -300 and comparable values of C Flow separation

at a = -200 and C = 0 immediately returns to attached flow with light

blowing, while C is generated by the high trailing edge favorable pressure

5I gradients. However, at a = -300, lower surface reattachment is not

produced, but positive Ck is still generated with blowing due to even

greater trailing edge suction peaks.

In order to obtain necessary lift data to determine required

blowing rates for the stern plane sections, Figures 7 and 10 were over-

laid. For a given stern plane CL requirement, the section C and aff

for each spanwise station were obtained from figures similar to 5, the

thickness ratio was calculated from the linear variation, and then the

combination of these three parameters was interpolated from the 20 and 30

percent ellipse experimental data overlay to yield the corresponding

momentum coefficient, C . It should be noted that this interpolation may

introduce some error, in that the data for the desired pure elliptic

Ii 13



symmetric sections was obtained from the slightly cambered 30 percent

section and the 20 percent section with a slightly rounded trailing

edge. It is felt, however, that these sections are sufficiently charac-

teristic of the desired sections that the overall error will not be

large. In addition, data for a = -200 and -300 for the 20 percent

ellipse was extrapolated based on the values of AC, at constant C
Ac

from the existing data, and on comparison with test data for the 30

percent section at a = -300.

Mention should be made of the effect of chordwise slot location

on the sectional properties of elliptic CC airfoils. Reference 5

indicates that for constant momentum coefficient and angle of attack,

forward movement of the slot will delay stall due to prevention of

boundary layer separation, but lift is reduced since the jet sheet has

a greater momentum deficit when it reaches the trailing edge. On the

other hand, rearward slot movement will produce a considerable increase

in lift augmentation and Czmx but will not be as effective in preventing

upstream bounaa.-y layer separation on the upper surface. In the present

design high positive angles of attack are not expected thus indicating

that a more rearward slot location is desired. Further criteria as to

the choice of this location is presented in the section DESIGN PROCEDURE. i

MODEL GEOMETRY AN'D SCALING

The model stern plane geometry is shown in Figure 6. Denoting

a scale ratio of X = £FS AM (where FS subscript denots full-scale and M

subscript denotes model), the relations for the compressor power and flow

14I



rate are given below:

Compressor

AP Q - p A V (

HPP = 550 • 60 1100 (19)

where - V 2

and

Q = 60 A V

For Froude scaling

S 
"°S5 (20)

and for C = C (equal lift distribution)' FS

V.
JM -0.5

V.- X (21)
3 FS

HM (A~va _ .
HP FS A( FS 

(22)

also

Q___ M _VJ -2.5 (3

For the present full-scale vehicle (X = 16.67) operating at 25

knots the model design speed is VM = (25)1.689 X 0 , 5 
- 10.2 ft/sec.

15
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DESIGN PROCEDURE I
The model design was determined from the prescribed operating

requirements (Figure 2), and the scaled operating speed of 10.2 ft/sec.

The procedure used in the design of the tail plane is described below

together with the actual calculated results:

LIFT AND ANGLE OF ATTACK DISTRIBUTIONS

Using operating requirements (Figure 2) calculate the induced

flow field (for minimum induced drag), angle of attack, and section lift

coefficient distribution for several typical design points, Figure 5.

THICKNESS DISTRIBUTION

Using experimental section characteristics, determine the

approximate spanwise thickness distribution required. In the present

case, thicker sections were required inboard to handle large negative

angles of attack, but model construction requirements limited maximum

t/c at the root to 25 percent (Figure 15). If a higher aspect ratio

(and thus lower ci) were allowed, the required thickness ratios would

diminish.

MOMENTJM COEFFICIENT DISTRIBUTION

After selecting an appropriate thickness distribution, several

potential "limit design" cases (medium CL at negative ag, high CL at

zero a g) are selected. Experimental section characteristics are then

employed to interpolate for the required value of C for the given local

lift coefficient and angle of attack (Figure 16). [1

16



4
DIMNSIONLESS SLOT HEIGHTTO,CHORD RATIO

4Using the relationship for momentum coefficient per unit span

2 2h()1 h V \2

c (T) PVJ- = - m2  -C (24)
=p V=(T) CM ) RC VR

i.e., C1 can be obtained from variation of slot height or jet velocity.

Rearranging, h = M (25)

C 2 [Vj/VR()i 2

From the resulting C - n distribtuions of Figure 16, a tentative design

condition (CL and a ) is selected. Then, for V = 10.2 ft/sec and various

constant values of V /V., V is found. For the tentative design condition,

- the velocities w and VR(n) and the resulting ratios VjiVR() are calculated.

These ratios and Cp (n) from Figure 16 are then used in Equation (25) to

generate curves of hj/c vs n for constant values cf V /V., Figure 17.

(Constant Vj/V 0 implies cuzxttant plenum total pressure.)

CHOICE OF DESIGN SLOT HEIGHT-TO-CHORD DISTRIBUTION

To determine which hj/c distribution of Figure 17 is more optimum

from the standpoint of lift augmentation ratio , a working plot of

h /r versus hj/c is generated (Figure 18). For a nominal range of

hj/r < 05(which yields strongly attached Coanda flow) and for a geometric

range of .02 5 r/c -e .05, (which yields good flow turning without high

suction peaks and high drag) an appropriate maximum hj/c is selected.

Normally this is in the range of .0005 .5 h i/c < .0025. From these results

a tentative design of the dimensionless slot height/chord distribution

17



can be selected. For a detailed discussion of the above parametric

range, see Reference 6.

OFF-DESIGN PERFORMANCE

Operation at other combinations of CL and a with the same slot

height distribution is difficult to analyze. In general the lift distri-

bution will be other than elliptic so that the inflow analyses employed

herein would require modification. The off-design performance may

actually determine the maximum installed power requirement. For the

present configuration this problem has not been fully studied; however,

it is apparent from Figure 16 that the calculated power for the design

condition (ag = 00, CL = 0.95) will also suffice for the condition of

ag -60, CL  0.72. For g =-120, CL 0.95 the design power would

not appear to be adequate. However, the latter is an extreme condition

obtained from static tests and in all probability will not be required

for the dynamic operating envelope of the CC stern planes (Figure 2). 1
DIMENSIONAL SLOT HEIGHT

Up to this point the geometric ratios have been dimensionless.

The actual model scale is next introduced using V, = 10.2 ft/sec and

b = 9.86 inches, the trailing edge semi-span. A dimensionless slot

height curve is next generated to determine if a viable slot height

distribution is possible (Figure 19).

PUMP FLOW RATE AND POWER REQUIREMENTS

The slot height is then integrated over the span to give slot

area. A working curve of Vj versus Pd is generated (Figure 20), where

Pd is duct (plenum) total gage pressure and Pis static pressure at

operating depth (11 feet for present model). It is then a simple matter

18
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I

I
to generate curves of duct pressure versus total flow rate (Figure 21)

and horsepower (Figure 22),

where

= 60 AjV, ft3/min

HP =A
p 33000

and

AP = Pd - P

These curves are for constant values of AP which is now the slot area

of both stern planes together. The constant Aj values are the slot areas

required to meet the design condition at velocity ratios of 4, 6, and 8.

From these results the pump requirements can be determined.

Conversely for a given pump size the available working range can be

determined. For the present model the latter approach was used with

the pump characteristics of Figure 23, and it was concluded that two

pumps (Crane Deming Model 7-AHF4, 2HP, 20-gallons) in parallel were

required to generate the necessary flow rates. Then, Va/V = 8 was

chosen for the design condition based upon the total Q limitation with

both pumps of about 7 ft.3/min. and the slot height limitations of

_ Figure 18.

DETAILED TRAILING EDGE DESIGN

The slot position and detailed trailing edge geometry can next

be calculated. For this purpose the potential flow pressure distributions

are calculated for each spanwise section and the slot is located based on

the pressure distribitions. Various trailing edge radii can be used to

affect the position of adverse pressure gradient (Figure 24).
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For the present study elliptical airfoil sections were employed

to simplify the small scale design. However, it is possible, based on

the pressure distributions, that an ovoid section would be more effective

on the inboard profile in preventing separation.

The final trailing edge design is contingent on four constraints

(Reference 6): (1) the slot height is prescribed; (2) the trailing edge

radius should differ only slightly from pure elliptical (for low drag)

and should have a value of .02 r/c : .05; (3) the slot chordwise position I
should be located slightly ahead of the adverse gradient for the worst

combination of C and a ! (4) the slot efflux should exit as close to

tangency with the airfoil shape as possible and still have the nozzle

entrance smoothly convergent. In general it is difficult to satisfy all I
of these constraints and some compromise is required. The final designs

for the section profiles (constrained to linear variations between root

and tip) and overall stern plane layout are shown in Figures 25 and. 26.

The foregoing analysis was based on the initial assumption of a

large parabolic boundary layer profile on the body influencing the stern

plane velocity profile, and an elliptic circulation distribution

approaching r(n) = 0 at both the tip and root of each plane. Experiment

and flow visualization tend to confirm these assumptions. However, it

is of interest to note the effects of the simplified conditions of

constant velocity [VZ(r) = constant] and/or an ellptic r(n) distribution

approaching zero at the tip and the maximum at the root (thus spanning

the total stern plane from tip to tip). These cases are investigated in

Appendix A, with the resulting reductions in both mass flow and power I
requirements shown in Figures 21 and 22.
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END PLATE DESIGN

GENERAL CONSIDERATIONS

A means of reducing both the pump power and induced drag on the

present model (i.e., with wing span and planform ar-t constrained) is to

use end plates. These plates reduce the induced angles of attack along

the span and therefore allow the sections to operate with less blowing.

Also, the lower surface boundary layer separation (Figure 14) can be

reduced, thereby reducing drag. However, the end plates themselves

create additional profile and induced drag so that the design tradeoff

reduces essentially to a reduction in pumping power for an increase in

propulsive power. Mangler (Reference 7) has given the basic lifting line

theory for the end plate. Other investigators (Reference 8 to 10) have

-- conducted experiments which at least partially supported Mangler's theory.

It would be a relatively straightforward matter to optimize the

end plate height and camber such that the reduction in compressor power

could be traded off with the increase in tail plane drag, i.e., Figure 27.

No attempt has been made at such an optimization in the present study due

to time limitations.

For the calculation of induced flow angles and spanwise lift

distributions by Mangler's theory it is necessary to make the following

assumptions:

• The body itself generates three-dimensional lift in a similar

manner to an aircraft fuselage.

0 The body boundary layer is sufficiently entrained by the

blowing slot so that finite lift is generated at the body-wing junction.
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The effect of the above assumptions is to stipulate a continuous

lift distribution over the entire wing span. Whether or not such a distri-

bution is feasible is uncertain. The use of larger blowing slots at the

wall junction would generate finite lift at that location in a manner

similar to a blown wind tunnel model (Reference 1). Also the use of up-

stream pump intakes on the body would tend to remove the boundary layer

and help generate attached flow. The practical goal in any case is to

generate a continuous finite lift distribution so that no local wing-body

separations occur which would create strong vortices tending to reduce

the effective aspect ratio by a significant factor. Careful joining of

the wing-body with a small radius fillet would also be worthwhile.

The induced flow calculation is derived using Mangler's results

(Reference 7, Figures 10 and 11). The definition of parameters is seen

in Figure 28.

The following definitions are useful:

b

K =K/K Io p'

1 C / CL Which for end plates is

e .D/ AR always greater than 1.0

w= downwash velocity far downstream (twice V i )

V. = downwash velocity at stern plane

y = spanwise distance from body centerline I
b = total span, tip to tip, including body

22
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END PLATE DESIGN PROCEDURlE

The technique used to design the end-plated configuration is as

f~ollows:

(1) For the present model we take K 0= K;K=1fo h ymt

rical ascent-descent condtions and h/b = H/2b = 0.2, as a reasonable

geometric constraint.

(2) To determine the lift and angle of attack distribution from

Mangler we note that:1

x~rj LW1
an- XC L 2S (26)a D Tr b

Also C U tsin di) dz (27)

0

- (z) 1 z

I II

2V S b/2] d

Equating these expressions for CD yields
i

V C Xi i L 
(28)* 1/C0 2V/OO ARrr(8

where

Sw b r(z) (2. C 2 ,/COS Lw d (9

S7 Y-1
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(3) The induced angle of attack is now given by

i(z) = tan-1 V = tan-1  V£(z)) f ( Z) dz

and section lift coefficient by:

C (Z) r(z) w, b=w, b/2 V(z)C(z)

l C(Z) =  Fz) 2V a*CL x b (1

A w1 b/2 AR TT V(z)C(z)

(4) It is now a straightforward matter to calculate the section

lift coefficient and angle of attack distributions. First, for the case

derived independently in the section INDUCED FLOW FIELD CALCULATION for

an elliptic circulation distribution on each half plane we note j
x = 1.0

AR = b2 /A = (.822)'/.745 .906

and for

CL = 0.95

ti =tan-' V=tani-'
StipAR

a' i = 18.450 which agrees very closely with

tiP the results shown in Figure 5. 7fI
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For the end plate calculation, in keeping with the assumptions the span

I and area are taken as the total_ span and an area described by both planes

plus the included body planform area, then

AR = b2/A = (28.586)'/328 = 2.47

x = 0.73, for h/b = H/2b = 0.2

and for the same value of C = 0.95, the induced tip angle of attack is

V

i tan-1  - tan- 0.0942C = 5.120

It can be seen that the inclusion of end plates together with a finite

loading on the body permit an induced angle reduction over the previous

case, by a factor of almost four.

The computed spanwise distributions of lift coefficient and angle

I of attack corresponding to the design case (cg = 00, CL = 0.95) are shown

in Figure 29. It is assumed that at the body (z O.18) both the velocity

, and the lift are small and vary such that the ratio r(z) = £(z) is in
p V(z)

accordance with Mangler's theory. This assumption rests on somewhat

tenuous grounds, but it seems reasonable to assume the velocity to be

small due to the extremely thick boundary layer. The lift should also

be small but finite due to a reduction in pressure on the body caused by

a three-dimensional outflow to the low pressvre region of the wing.

Such a condition frequently occurs in aircraft at the wing-body junction.

The dimensional slot height distribution is shown in Figure 30 for

the selected Vj /V0, = 4 design condition. Comparison with Figure 19

indicates about a 74 percent reduction in slot area for the corresponding
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I
design CL and duct pressure (Vj/VOO ), due primarily to reduced C require-

ments. The slot "modification", shown in Figure 30, is discussed subse-

quently.

The flow rate and power requirements for the design slot height

distribution (V /V = 4) are plotted as the dashed lines in Figure 31.

It can be seen that approximately 48 percent reduction in flow rate and

87 percent reduction in power are theoretically possible relative to the

original case with Vj/VO = 8. 1
Mangler's theory does not describe end plate design other than to

indicate that the height should be H/b = 2h/b = Ko + K . For the present

model K = K/K = 1.0, Ko = K = 0.2 so that the end plate are symmetri-

cally arranged about the chordal plane, 0.2b above and below. References

8, 9, and 10 provide some information on end plate design, with Reference

10 indicating that end plates perform well when they are at least 4/3 of

the airfoil chord in length. The end plate planform was designed using

this criteria, the calculated pressure distributions, and empirical

results on curved wall jets operating near planar surfaces. The geometry I
is shown in Figure 32. For the present study the end plates are taken as I
thin plates although there is some evidence that a small amount of

camber would further reduce the spanwise induced velocity (and hence pump m
power) albeit at the expense of higher induced and profile drag.

In summary, end plates appear to be an extremely powerful means of I
reducing the pumping power when aspect ratio is geometrically limited.

The present analysis is possibly rather optimistic because of inability

of the body to produce the theoretical lift required, and a possible

vortex formation at the body-wing junction and end plate-wing junctions.
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The latter phenomena may be prevented to some degree by increasing the

slot height adjacent to these surfaces (Reference 1). The recommended

modification for this purpose is noted in Figure 30. The use of pump

intakes ahead of the stern plane would also be of help in removing low

velocity boundary layer air which is susceptible to-separation.

jCONCLUSIONS AND RECOMMENDATIONS

. Circulation Control can provide a simple and highly reliable

solution to the problem of submarine stability and control and may also

Ii be employed on other control surfaces.

• The present model should adequately demonstrate feasibility

iof the concept, even though non-optimum. Proposed tests should verify

the analysis, and indicate any need for modification.

• A system design should be conducted considering the power

available for pumping throughout the submarine depth-velocity envelope.

Detailed ducting losses and transmission pump efficiency should be

studied. Total vehicle drag should be computed.

• The present design is non-optimum and could be improved by

the following design changes:

(1) Reduction in stern plane chord and the use of end plates

with a small amount of camber. This would permit increased aspect ratio,

I airfoil section operation closer to (/d e)max , and further reduction in

compressor power required.

(2) Optimization of airfoil thickness distribution with the

above changes. This would provide generally thinner sections with lower

drag.
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(3) Optimization of airfoil shape which would probably yield

ovoid type sections inboard and elliptical outboard.

(4) Optimization of slot chordwise position to maximize

blowing efficiency and minimize compressor power.

(5) Installation of a separate high mass flow blowing chamber

on the inboard section of the stern plane to energize the low velocity

boundary layer, and use of pump intakes ahead of stern plane.

I

I-
I

I
|I

Aviation and Surface Effects Department j
Naval Ship Research and Development Center

Washington, D.C. 20034

March 1971
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APPENDIX A

Variation in Spanwise Distributions of Circulation and Local Velocit'

For the Non-Endplated Model

The design analysis performed in the text for the non-endplated

stern plane was based on the assumptions of main body boundary layer

influence on a substantial part of the freestream flow over the stern

plane, and an elliptic circulation distribution on each stern plane

(see Figure 4). It is of interest to replace these assumptions with

the simplifications frequently employed in finite wing analysis, i.e.,

constant free stream velocity over the entire span, and an elliptic

circulation distribution from tip to tip with the maximum at the wing

i . .centerspan. The design analysis was repeated for these two simplifi-

cations (maintaining the original planform and section thickness

distribution), with CL = .95, ag 0, and V /V = 8.

CASE I - The local freestream velocity was assumed constant

i (V (n) = V = 10.2 ft/sec) but the circulation distribution was main-

tained as in the initial case (Figure 4). The effect was that all

velocities and the induced angle became constant across the span (see

Figure 33). The inboard sections were thus not subjected to the adverse

Ieffects of the velocity decay at the body. The resulting distribution of

Cz, C , and slot height are shown in Figure 34, where the major difference

from the original case is the large reduction in C 1 and at the inboard

sections (compared with Figures 16 and 5). The 20% reductions from the

initial case in both flow rate and power required (Figures 21 and 22)
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were due to slot area reduction (at a constant Va/V = 8). In general,

the slot height distributions for the two cases were similar in shape,

but Case I had the smaller area.

CASE II - The assumption of an elliptic circulation distribution

with r0 (i.e., rmax) located at the wing center-span was made, along with

the constant freestream approximation from Case I. The submarine body

was assumed to carry no load nor was its diameter included in the resulting I
total span (2b). Constant values of w, VP, and a' were again yielded by j
the constant free-stream velocity assumption, as shown in Figure 35. The

inclusion of the entire stern plane span within the elliptic r distribution

effectively doubled the finite wing's aspect ratio, and the reduced down-

wash greatly decreased the induced angle relative to both Case I and the I

original case. As a result, each spanwise section operated at a less

negative effective angle and was able to provide the required Cz (n) at a

much lower C (Figure 36). The associated slot area was also reduced

accordingly which, for constant V /V = 8, required flow rates and pump

horsepower of 57% less than the original case (see Figures 21 and 22).

The advantage of using both the simplified assumptions (for V. and r)

is obvious, though the situation still remains that the original case

probably is more characteristic of reality. 3
CASE III - The same assumptions as Case II were used, but the

velocity ratio was reduced to V /V = 4. Unlike the original case, this I
lower jet velocity in the simplified case generated flow rates less than

the pump limiting quantity (7 ft3/min.) and geometric properties within I
the desirable range of Figure 18. This case was run for comparison (in j
Figure 31) with the endplated model, which has a similar r distribution

3
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(with the exception of a finite value at the endplates, instead of zero

at the tip). Figure 31 shows the effectiveness of the endplates, which

produced for a model experiencing the detrimental body boundary layer a

lower flow rate and power requirement than the much simplified case III.I
I

r

13
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Figure 21 -Total Flow Rate for the Design Condition
(V = 10.2 ft/sec)

53



80
0 Design condition

E Case I Appendix AJ
A Case II Appendix A

70 Ai = area of 2 slots

= 10.2 ft/sec

0]

A= .0836 in 2  A~ = .1554~ in 2  A~ j .194~6 in 2 j

50 V /v =8/

00

4-)

0

0 A .8 1..76 i20 2i

FPux 226 -PwrRqieetfoteDesign Condition 5 '

L D L-K0
0 4. . . . .



[II 16o
4.5 Tank Pressure, psi)

[1 120

120

P4

~100

ii ~ " 8o

60

Li 4o

20

1.0 2.0 304.0

Flow Rate, Q, ft8/min

Figure 23 -Characteristics of the Crane 7- AHF4 Pump

55



r/c C2  1.0J

2- .100 .991. at 50J
P4 075 .992 A

.IJJ' .996-

----. 0 5 .995----

-H Upper Surface

0--

0. 2-4. . .

/ ]c

/ Loer Surface

0 .2 .4.6 . .

/oiesoa Chrdc 1.0ion 1/
Figre24 Vaiaio i Ptetil FowPrssreDitrbuios it

Change07 i99 TriigEg"/1u n"0%ElpeWth12%Cme

2 .060 .96



Root Section (25% Ellipse)

E.8
.62

r. .4-Rounded Trailing Edge

0 .- Pure Elliptic Trailing

-. 13.050" from L.E.

1: 13.720" from L.E.

13.672"1 fran Leading Edge (L.E.)

.8 Slot, 13.240" from L.E. mid Chord = 6.86o"
-1.0 1from L.E.

Distance from Midchord of Pure Ellipse, inches

Tip Section (20% Ellipse)

.2 - Rounded Trailing Edge

k1 r=. 291" <Pure Elliptic Trailing
Q)- Edge

I7. 6 89 omL.E>.
0 -. 2

~~ io.1803o" from L.E. Mdhr

7.979" from L.E. 01"fo

~1 -.6 Slot,7.757" from L.E. LE

3.0 3.4 3.8
Distance from Midchord of
Pure Ellipse, Inches

Figure 25 Trailing Edge Detail

57



ca P W

0U- Cdu

119
0

Hd

4) Cd 0

I4 0

H
rd4

00

C.)I
0"

4-) 0

0 cu 0 H 1'-)j
0

P ~- -P 4

58



D DP

Dprof'ile +Dinduced cmrso

550 V

End Plate Height-to-Span Ratio H/b

Figure 27 - Tradeoff Between End Plate Drag Incre~ise

I And Compressor Power Reduction

b 0 II b

TI Endplate

T r

Figure 28 -End Plate Nomenclature

59



1.4-

C =.95L

4; 1.2~-

*r
4

~0 t

C-30

0

Cd 4

0)0
t12a

00 -30

9) U7~~ Riht)cl

Hal f)

600



.012 Outboard Slot

1 / Modification

~ .008Inboard Slot
Modification

lo

VJVA (one slot) =.102 in 2

Ha3lf

0C o .2 .4 .6 .81.0

.20 .'h/ (vv.002

(right scale)-

.16

rih i/c( V f=4)
S.12. hD C 4

L.001 i
0

.0810

o 1 0

xc4

Nondimensional Spanwise Station, Z

Figure 30 - Slot Height and Momentum Coefficient

For Endplated Configuration



~I

60 A= .1946 in2  Aj = .204in2

S/YjIV 8 Case II Case I

40- Design Condition, no /
Endplates or Body /1
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A Lift

0 0 Case 11 (A .3284 in
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Figure 31 - Effect of Endplates on Design Condition Power I
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