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Fig. 4 Counter detection range from novel wing and tails.

jetpump rotor rates were used in this evaluation of its flight
performance.

A three-degree-of-freedom flight performance analyses code
was used to predict maximum range and endurance of the ring
wing and baseline vehicles. For simplicity, only relative un-
derwater flight performance factors are shown in Fig. 3. The
torpedo design with the novel tails significantly improves its
range and endurance. These gains are further enhanced for the
case of the novel wing and wraparound tails torpedo design.
Also, it was estimated that this innovative torpedo design
would provide the needed lift (1600 Ib) for sustaining under-
water level flight of this heavyweight vehicle at considerably
reduced speeds (less than 10 kn). In addition, jetpump rotor
rates needed to sustain the indicated low speeds are largely
reduced. Consequently, propulsive as well as body noise gen-
eration can be significantly reduced because of the favorable
hydrodynamic lifting characteristics of the novel torpedo sur-
faces that permit reduced speeds while maintaining equilib-
rium flight. As the speed of the torpedo is reduced, turbulent
boundary-layer velocity fluctuations and pressure perturbations
as well as vortex shedding contributions to noise intensity are
largely alleviated.3

Estimate of Noise Reduction
for Underwater Vehicles

Estimates of counter detection range reductions that a sub-
merged enemy target would suffer because of the improved
flight efficiency of a ring wing underwater vehicle were made
and these findings are dramatically depicted in Fig. 4. The
isolated novel tail modification permits the torpedo to gain a
significant advantage against the target by reducing its mini-
mum undetected range by more than an order of magnitude.
By utilizing the novel wing and tails, detectability of the ap-
proaching underwater missile by the target is virtually avoided
and its escape is thereby prevented.

Summary of Results
Compared to a baseline heavyweight torpedo of 4000 Ib, a

tube-launched, advanced torpedo design having an extendable
ring wing and wraparound control surfaces is capable of pro-
viding significantly extended underwater flight performance in
range and endurance. This is achieved by the generation of
higher lift by the wing at much reduced speeds where the
unbouyed normal force needed for maintaining equilibrium
level flight (1600 Ib) is met and the angle of attack is corre-

spondingly raised to that for nominally achieving maximum
LID ratio. Correspondingly, the effected speed reduction yields
largely reduced radiated noise stemming from pressure distur-
bances within the torpedo's turbulent boundary layer. In this
manner, a significant advantage in stealth qualities may also
be realized by a ring wing torpedo.
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Introduction

T HE dynamic behavior of an aircraft with single axis, aero-
dynamically deployed wings was analyzed by Djerassi

and Kotzev.1 Two configurations of such aircraft, designated
LD and UD, were considered, comprising a fuselage A and
wings B and C, all regarded as rigid bodies. These configu-
rations differ from one another in the path transversed by the
wings during deployment, and consequently, in their aerody-
namical behavior. In particular, simulations presented in Ref.
1 indicate that deployment of the LD configuration is more
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Fig. 1 a) Stored and fully deployed LD configuration model and
b) intermediate LD configurations, front view.

robust in the presence of external winds. For example, with
aircraft parameters defined in Ref. 1, a backwind of a mag-
nitude exceeding 11 m/s was shown to cause an incomplete
deployment with the LD configuration, as compared with a
front wind of a magnitude of 5 m/s, causing a similar effect
with the UD configuration.

The LD configuration during deployment is shown in Fig.
1. B is connected to A by means of a tilted re volute joint whose
axis is fixed in both B and A, and C is similarly connected to
A. Both B and C are locked to the fuselage upon completion
of deployment. Simulations presented here show that if the
motions of the wings relative to the fuselage are synchronized
(e.g., by means of a transmission), then completion of deploy-
ment is possible in the presence of higher sidewinds. Further-
more, in the presence of sidewinds the time to completion of
deployment decreases, the maximum roll angle decreases, and
impacts, associated with termination of deployment, decrease.
Finally, these improvements are obtained even if the deploy-
ment is partially synchronized, a term defined later.

Now, to obtain these results, one needs to modify the dy-
namic model of the aircraft developed in Ref. 1. Specifically,
the latter comprises a 10-degree-of-freedom system 5 (six as-
sociated with the motion of the fuselage, two associated with
motions related to the elastic deformation of the wings, and
two associated with the rotational motion of the wings relative
to the fuselage). After launch, the wings are pushed into the
airstream surrounding the fuselage by means of springs, and
are locked, one at a time, in the deployed configurations, after
sweeping an angle of y0 deg about their respective rotation
axes. Thus, the number of degrees of freedom reduces from
10 to 9, and then to 8.

It is the purpose of this Note to augment the analysis in Ref.
1 with the capability of dealing with partially synchronized
deployment, and to show the merits of such deployment strat-
egy.

Analysis
Let "V8' and "Vc be, respectively, the angular velocity in A

of B' and of C', reference frames coinciding with B and C in
their elastically undeformed configurations. Then

= w9AB, = w10Ac (1)

AB and AC being unit vectors parallel to the axes of the re-
spective re volute joints; and

where q9 and qw are the angles of rotation of B' in A and of
C' in A. Then synchronized deployment means that

UlO = (3)

a constraint equation reducing the number of degrees of free-
dom of the system to nine upon launch. This constraint is
relaxed when

= 49 = 0 (4)

where y is a constant. Thereupon, the number of degrees of
freedom increases to 10, and later decreases to 9 and then to
8 when the wings terminate deployment, and are locked to the
fuselage, as described in Ref. 1. Partially synchronized de-
ployment occurs if y < yQ. If y = y0» the deployment is fully
synchronized.

Now, suppose

(r= 10) (5)

are the equations of motion of 5 when S possesses 10 degrees
of freedom. These play the role of Eqs. (38) in Ref. 1 for n =
10. Letting Eq. (3) play the role of Eqs. (39) in Ref. 1 for
m = 1, one obtains, in view of Eqs. (45) in Ref. 1, the equations
of motion of the partially synchronized system, if one replaces
the last two of Eqs. (5) with the following equations:

(F9 + F*) + (Flo + F*0) = 0

W10 =

(6)

(7)

keeping the first eight equations intact. Moreover, if constraint
relaxation starts at t = 1 1 and terminates at t = t2, where t2 —
ti is infinitely small, then Eqs. (6) and (7), valid up to h, are
replaced at t2 by the last two of Eqs. (5); and

(r = 10) (8)

qr and ur (r = 1, . . . , 10) being the generalized coordinates
and the generalized speeds describing, respectively, the config-
uration and the motion of the aircraft (see Ref. 1). Termination
of deployment is treated in a manner described in Ref. 1, so
that now one has all of the ingredients required to fully simu-
late the motion of the aircraft with partially synchronized de-
ployment.

Next, the impulses associated with deployment termination
are considered. Attention is first focused on wing B, locked in
place between t - tl and t = t2, with ti and t2 being redefined
accordingly. During this time period A exerts on B a torque
T"* given by

It is a straightforward matter to show that, in the presence of
T^, only the ninth of Eqs. (5) has to be modified, giving way
to the following equation:

F9 + F* - TB = 0 (10)

qg = M9, (2)

Both sides of this equation can be integrated from ti to J2» i-e.,

j F 9+ J F* - J TB = 0 (11)

If /B, the impulse associated with TE9 is defined as

/B = I TB d* (12), = f T» d;
A
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Fig. 2 Partially synchronized deployment with y — 45 deg and
v,w = 13 m/s.
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Fig. 6 Impulses associated with partially synchronized deploy-
ment with vsw = 13 m/s.
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Fig. 3 Impulses as functions of the magnitude of forward initial
velocity.
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Fig. 7 Maximum roll angle with partially synchronized deploy-
ment with v.w = 13 m/s.
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Fig. 4 Maximum sidewind with partially synchronized deploy-
ment.
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Fig. 5 Deployment time with partial synchronization with vsw =
13 m/s.

and if note is taken of the facts that

/•'

Jr,

'a 10

F9* =
rt2

F9 dr = 0
Jr,

(13)

[see Ref. 2, Eq. (20)], one may conclude that

(14)

where m9s is the 5th element of the ninth row of the mass
matrix associated with Eqs. (5). Similarly, with t{ and t2 re-
defined in connection with the termination of deployment of
wing C,

/c = 2j mlQs[us(t2) - (15)

With the last two expressions one is in a position to evaluate
/B and 7C, noting that us(t2) (s = 1, . . . , 10) are obtained with
the aid of Eqs. (43) in Ref. 1, and that w,(*i) (s = 1, .. ., 10)
are the values of the respective variable at t = r1? obtained from
the numerical integration of the equations of motion. Note that
Eqs. (14) and (15) are valid no matter which of the wings is
the first to terminate deployment. If C is the first to do so at
t = tc, then the equations governing the motion up to t = tB,
the time to completion of deployment of wing B, are Eqs. (5)
with r = 1, . . . , 9 and qlo = y0 (see Ref. 1). Consequently, the
sum in Eq. (14) extends from 1 to 9. However, now ulo(t > tc)
= 0, hence, w10fe) - Wio('i) = 0 in Eq. (14) which, therefore,
can be left intact. Finally, reconsidering relaxation of the con-
straint in Eq. (3), and regarding 7B and 7C in Eqs. (14) and (15)
as the associated impulses, one may conclude, in view of Eqs.
(8), that /B = /c = 0.

Equations (4), (6), (7), (14), and (15) underlie the changes
made in the program described in Ref. 1, to simulate the mo-
tion under consideration and evaluate the associated impulses.

Results and Conclusions
Figure 2 shows q9(t) and qw(t) for partially synchronized

deployment with y0 = 120 deg and y = 45 deg in the presence
of a sidewind of 10 m/s. In the absence of a sidewind, q9(t) =
qio(t) throughout the deployment (even if the motion is not
synchronized). Then the impacts of both wings occur simul-
taneously and the associated impulses are identical. Under
these circumstances, one would expect that the lower | v/|, the
magnitude of the forward velocity of the aircraft at t = 0, the
lower the associated impulses. Figure 3 shows that, in fact,
this is not the case (note that the springs pushing the wings
away from the fuselage, enable completion of deployment,
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even if | vf\ = 0). This behavior has to do with the elastic prop-
erties of the wings, represented here by means of torsion
springs of rates k. These deflect during deployment, superim-
posing a periodical component to the motion of the wings rel-
ative to the fuselage. Depending on the phase of this compo-
nent at the time of impact, the associated impulse increases or
decreases as compared with the impulse occurring with infi-
nitely large k. Indeed, the variations in the impulse shown in
Fig. 3 decrease as k increases.

Figure 4 shows |vsw|max, the maximum sidewind velocity
with which deployment can still be completed, as a function
of y, and indicates that, irrespective of k, max( | vsw | max) is ob-
tained with y « 70 deg.

The remainder of the figures are obtained with k = 107 kg-
mm/rad, an unrealistically high spring rate, chosen to minimize
the phenomenon implied by Fig. 3, and expose the pattern of
behavior of the variables of interest. Evidently, this pattern is
somewhat distorted with smaller spring rates. Thus, Figs. 5-
7 show tB and tc, 7B and 7C, and <£, the roll angle, as functions
of y for |vsw|max = 1 3 m/s. As indicated, improvements are
obtained in all of these variables, even for partial synchroni-
zation.

Finally, the following feature of the theory of imposition and
relaxation of constraints, underlying the formulation of equa-
tions of motion in Ref. 1, should be pointed out, namely, that
the evaluation of generalized speeds following imposition of
constraints [Eqs. (42) and (43) in Ref. 1] is performed without
the associated impulses having been brought into the analysis.
These, however, can be evaluated at will, as in Eqs. (14) and
(15). By way of contrast, conventional solutions of similar
problems involve the construction of mixed equations, having
both generalized speeds (at the time of impact) and impulses
as unknowns. In this respect, the indicated theory is advanta-
geous in that it suggests a methodical decoupling between
equations involving the two sets of unknowns.
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Introduction

T HE breakdown of leading-edge vortices over slender delta
wings is a phenomenon that has received considerable

attention.1"^ Vortex breakdown (VBD) is associated with an
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abrupt change in the properties of the vortex. The effect of
breakdown on lift is moderate, although it does increase with
wing leading-edge sweep1 angle. VBD also degrades longitu-
dinal stability, and introduces periodic flow structures into the
wake that can cause premature fatigue of aft surfaces. Break-
down is usually associated with the core axial to rotational
velocity ratio reaching a threshold, such that there is effec-
tively insufficient axial flow to convect the axial vorticity
downstream. Wing planform has a significant effect on VBD,
with breakdown being delayed as leading-edge sweep in-
creases. Straka and Hemsch2 showed that wings with similar
slenderness ratios have similar breakdown characteristics of
the leading-edge vortex at the wing's trailing edge. However,
once the breakdown location has moved forward of the trailing
edge, the particulars of the planform have more impact. The
wing's leading-edge profile is also significant, with a blunt
leading edge delaying breakdown and its progression.3 For a
sharp leading edge, the form of the beveling, i.e., symmetrical
or sharp edge windward or leeward, also affects VBD char-
acteristics.3 The leading-edge shape, and especially that at the
apex, is the major reason for the discrepancy in results of dif-
ferent researchers testing essentially the same configuration.
Straka and Hemsch4 demonstrated that the effect of a fuselage
on the location of vortex breakdown was to significantly de-
crease the a at which it occurred. This effect is because of the
fuselage upwash effectively increasing the leading-edge cam-
ber of the wing.5

Most of the investigations cited previously used models with
sharp leading edges, reducing sensitivity to Reynolds number.
Leading-edge separation on slender blunt-edged wings is sen-
sitive to Reynolds number, with crossflow separation being
delayed by increasing Reynolds number. It is probable that
breakdown for this configuration may also be Reynolds num-
ber dependent. In this Note, an experimental investigation is
described that identifies the effect of a modest Reynolds num-
ber range on VBD on a blunt-edged delta wing with a fuselage.

Experimental Equipment
Model dimensions and geometry are shown in Fig. 1. The

model was manufactured from Plexiglas®. The wing had a
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Fig. 1 Model geometry.


