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ABSTRACT

High-speed water entry subjects nose-mounted instrumentation of submersible vehicles, such
as torpedoes and oceanographic instruments, to severe hydrodynamic impact loads. Conventional
frangible nose covers often exhibit unreliable separation due to material property variations under
environmental conditions. This paper presents a novel removable protective nose cover activated
purely by hydrodynamic forces. The design consists of shell segments secured by a central nose
member and attachment clips; submerged inlet ducts direct water into a trap groove beneath each
clip, generating a pressure differential that triggers release. Using Sequential Quadratic
Programming (SOP), key geometric and mechanical parameters were optimized to ensure reliable
activation at a water-entry velocity of 90 km/h, with a high safety margin against premature
release at transonic air speeds. Compared with conventional frangible covers, the proposed design
offers greater reliability, repeatability, and environmental insensitivity, providing theoretical
formulations and practical guidelines for hydrodynamic release mechanisms in aerospace and
marine applications.

Keywords: Removable nose cover; Hydrodynamic release mechanism; High-speed water entry; Pressure differential
activation; Water-trap groove.

1. INTRODUCTION

High-speed water entry of aerial-launched submersible vehicles, such as torpedoes, sonobuoys,
and oceanographic instruments, is one of the most critical and structurally demanding phases in
marine vehicle deployment [1, 2]. At impact velocities typically ranging from 50 to 100 km/h, the
nose section experiences severe hydrodynamic slamming loads, high-pressure spikes, and
cavitation phenomena that can damage sensitive acoustic arrays, sensors, and electronic
components [3, 4].

To mitigate these impact forces, protective nose covers have been widely adopted to streamline
the forebody and attenuate peak deceleration during water entry. The most common traditional
solutions rely on frangible nose covers fabricated from specially engineered plastics or ceramics,
designed to fracture or disintegrate upon water impact [5, 6]. However, these passive designs have
major limitations: fracture strength is highly sensitive to environmental variables such as
temperature, humidity, material aging, manufacturing defects, and impact angle [7, 8]. As a result,
frangible covers frequently suffer premature fragmentation during transport, bird strikes, or flight
vibrations, or fail to detach completely after water entry, obstructing sensors and compromising
mission success [9, 10].

To overcome these drawbacks, research has shifted toward active detachment mechanisms. A
significant contribution in this direction is the hydrodynamic release concept proposed by Kimerer
et al. (2012) in U.S. Patent US 8,093,487 B2 [11]. The release mechanism is based on a pressure
differential generated when water flows through submerged inlet ducts into water-trap grooves
beneath the clips.
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Figure 1. Exploded view of the hydrodynamically activated removable protective nose cover
(1- Central nose member; 2. Central nose foam cushion; 3. Protective shell member;
4. Attachment clip; 5. Shell foam insert; 6. Sealing gasket; 7. Torsional spring (wire);
a. First clip slot; b. Second clip slot, c. Water-trap groove).

Although the patented concept offers improved reliability and reduced dependence on material
fracture properties, it provides limited quantitative analysis and engineering design guidelines for
practical implementation. Previous studies on water entry dynamics [1, 2, 12] and hydrodynamic
loading [3, 13] also lack detailed investigation into velocity-threshold release mechanisms using
torsional elements.

Building upon the foundational patent, the present study develops a detailed analytical model
and optimization of the hydrodynamic release mechanism. The primary objective is to optimize
key geometric and mechanical parameters - particularly the water-trap groove width (b), depth (h),
inclination angle (a), torsional wire properties, and moment arms - to achieve reliable activation
at a target water-entry velocity of 90 km/h, while ensuring a high safety margin against premature
release during high-speed airborne flight, including transonic conditions.

This paper presents the system architecture, the mathematical model of pressure differential
and clip dynamics, the optimization methodology, results, and design recommendations.
2. METHODOLOGY

2.1. Computational model

Figure 2 illustrates the mechanical model utilized to evaluate the structural parameters of the
interlocking attachment clip.

Figure 2. Schematic diagram of the overall attachment clip and the torsion bar assembly
(1 - Aerodynamic nose cone; 2 - Attachment clip; b - Water-trap groove width;,
h - Catching wedge depth, o. - Surface inclination angle; L - Effective clip length;
a - Effective torsion bar length, d - Torsional wire diameter; M,- Aerodynamic opening moment,
M,y - Restoring moment of torsional bars).
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The interlocking attachment clip (hereinafter, the "attachment clip") is integrated into the
aerodynamic nose cone shell [11], experiencing external aerodynamic/hydrodynamic freestream
loading at velocity V and an elastic restoring torque delivered by the torsion bar system. The
structural design space is defined by the effective attachment clip length L, the water-trap groove
width b, and the catching wedge depth /. The external boundary of the attachment clip features a
catching wedge profile inclined at an angle o relative to the nose cone moldline.

To establish an analytical model governing the mechanical deployment and locking transitions
of the attachment clip about its center of rotation O, the following assumptions are introduced:

- The external freestream surrounding the nose cone is assumed to be continuous and
incompressible within the investigated subsonic velocity regime [14].

- The attachment clip is treated as a perfectly rigid body rotating about a fixed, frictionless pin-
joint at the pivot axis O.

The inclination angle a and the catching wedge depth / are decoupled as independent non-
linear variables, avoiding small-angle approximations to preserve model fidelity.

2.2. Aerodynamic/hydrodynamic model and opening moment (M)

As the freestream fluid at velocity V flows over the nose cone, the inclined surface of the
attachment clip acts as a flow-deflecting wedge [14], inducing an asymmetric pressure distribution
across the 3D wedge geometry [3, 14].

The aerodynamic/hydrodynamic normal force (Fy) exerted perpendicular to the actual wetted
surface area of the inclined wedge (S= b - h/ sin @) is formulated as:

v=a (o) ()

sina

where p represents the freestream fluid density (kg/m3) and V denotes the relative flow velocity (m/s).

The normal force coefficient Cy is inherently a non-linear function governed by the structural
inclination angle a and the spatial boundary constraints of the water-trap groove (b, /). To account
for local spanwise flow spillage across the lateral boundaries of the attachment clip (3D tip vortex
losses), the coefficient Cy is generalized via a semi-empirical correction formula adapted from
boundary-layer aspect-ratio and finite-span wing theories [3, 14]:

Cy = Cyo(@) - (1= ¢7FF) @)

Where Cyo(a) is the theoretical two-dimensional (2D) normal force coefficient defined as
Cyo(a) = 2m sin a [14], the exponential term characterizes the force attenuation from lateral fluid
bypass, and k is a dimensionless empirical calibration factor dependent upon the boundary
conditions of the groove channel [14]. Generally, the value of k ranges from 0.5 to 2.0, varying
with the structural configuration of the water-trap groove.

To isolate the net opening moment (M) acting about the trailing pivot axis O, the normal force
Fy is projected onto the vertical axis normal to the attachment clip body using the geometric
coefficient cosa. The distance from the center of pressure (defined at the midpoint of the
horizontal projection of the wedge) to the pivot axis O yields the exact analytical moment arm:

h
3
2tana ®

By multiplying the vertically projected force component by the physical moment arm, the
generalized non-linear opening moment equation is established:

M, = (Fy-cosa) - dgq 4)
Substituting Equation (1) into Equation (4), the definitive expression for the opening moment

dad:L_
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is explicitly derived in terms of independent geometric parameters, eliminating empirical aspect-
ratio dependencies associated with conventional finite-span wing theories:

1 h
My(a,V)=Cy-|=pV?|-b-h-cota-(L— (5)
a No\ZP 2tana

2.3. Torsion bar model and elastic restoring torque (M)
The retention and resetting mechanism of the attachment clip comprises two symmetric torsion
bar strands [11], each with an effective torsional length a and a wire diameter d.

In the fully closed state (6 = 0), a mechanical pre-twist angle 8, = 1/180 rad (or 1°) is
initially locked into the assembly during manufacturing to sustain the seating pressure and groove
sealing integrity. The total initial elastic restoring torque (M;) opposing the structural deployment
is derived via Hooke's law for pure torsion [15]:

G-Iy 0, ©)
a

Where G is the shear modulus of the torsional wire material, G = 79 GPa, and I is the polar
moment of inertia of the circular wire cross-section, I, = md*/32. Substituting I, into the primary
relation yields the explicit formulation for the elastic restoring moment:

T-G-d*- 0,
T 16-a

2.4. Threshold activation condition

Mt0=2'Mt1=2'

(7

The interlocking attachment clip initiates its deployment sequence and lifts off the nose cone
skin line if and only if the fluid-driven opening moment overcomes the structural pre-load torque
of the torsion bar system in its undeflected state (6 = 0):

My(a,Vy) = M,(0) 3

By mapping the explicit non-linear hydrodynamic torque (Equation 5) and the elastic restoring
torque (Equation 7) onto the activation boundary condition, the governing threshold equation is
expressed as:

1 h m-G-d*-60
= 2).p.h. 1 — = 0 9
Cw <2pWVth> b-h-cota (L 2tana) 16 -a ©)

Solving Equation (9) isolates the critical threshold velocity (Vi) required to trigger the
attachment clip:

m-G-d*- 6,

Vin =

h ) (10)

8-CN-pW'a'b'h-cota-(L—Ztana

The analytical model established at this boundary layer provides a direct, closed-form
mathematical correlation between the structural parameters (L, b, h,a,d), the manufacturing
inclination angle («), the material elastic constants (G, 8), and the freestream hydrodynamic
conditions (V, p). This expression serves as the mathematical foundation for the multi-variable
optimization framework.

2.5. Formulation of the constrained optimization problem

To resolve the structural configuration of the attachment clip - ensuring deterministic
deployment under low-velocity aqueous submersion (Vi = V, = 25 m/s (90 km/h)) while
enforcing strict structural immobility against premature aerodynamic activation during high-
velocity atmospheric cruise (up to transonic Mach 1 airflows, V, = 340 m/s) - the design task is
formulated as a non-linear constrained programming problem [15].
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Unlike conventional optimization models that minimize torque residuals, the primary objective
here is to minimize the spatial envelope of the flow-deflecting wedge, reducing aerodynamic drag
and cross-sectional weight while ensuring compliance with multi-medium safety thresholds.

- Design Vector: The spatial configuration of the attachment clip is defined by a six-
dimensional optimization vector comprising both geometric and mechanical variables: X =
[bl hl al L’ d’ a]T

- Minimize Objective Function: The objective function isolates the projected cross-sectional
area of the catching wedge profile, formulated as: Minimize f(X) =b - h
Design space constraints

The admissible boundaries for the geometric design variables, governed by manufacturing
tolerances and envelope limitations, are defined as:

10.0 < b <20.0 (mm)
40<h<70 (mm)
50 <a <150 (deg)

55.0 < L <65.0 (mm)
35<d<55 (mm)
8.0<a<200 (mm)

Functional performance constraints

0= 1D

The optimization framework must satisfy a coupled system of non-linear inequalities
representing critical safety boundaries [15]:

Myyq(X
91(X): SFya(X) = ﬁ&; >n, (12)
(X): SE,r(X) _ Mo &) n (13)
92 . aer Maer (X) = Tt

Where:

- Constraint g, (X) dictates the prerequisite hydrodynamic deployment condition, ensuring the
actual opening safety factor (SF,,,;) under aqueous submersion matches or exceeds the target
opening coefficient (n, = 1.5). This indicates that the fluid driving moment (My,,q) at ¥, =
25 m/s overcomes the baseline material pre-load with a 50% energy reserve.

- Constraint g, (X) acts as the aerodynamic safety barrier, requiring that the actual closing safety
factor (SF,.,) remains greater than or equal to the target retention coefficient (n, = 2.5). This
ensures that the mechanical pre-load torque (M) delivered by the torsion bar assembly under a
tight pre-twist angle (6, = 1.0°) maintains a minimum 150% structural energy reserve over the
maximum aerodynamic disturbing moment (M,,,) at Mach 1 (V, = 340 m/s). This prevents
premature deployment triggered by transonic shockwave variations, atmospheric turbulence, or
vehicle vibrations.

2.6. Non-linear global optimization scheme via evolutionary search method

The structural governing constraints (g4, g,) exhibit severe higher-order non-linearities and
multi-dimensional geometric coupling within the defined design space (2. Specifically, the wire
diameter () introduces fourth-power scaling in the torsional loading formulations, which is coupled
with the unapproximated trigonometric functions (cot & , tan ) governing the hydrodynamic center
of pressure. Because the safety criteria (SFpyq, SFaer) establish opposing boundary requirements
on the wedge dimensions, the resulting objective function topology is highly non-convex and
characterized by a rugged response surface. Under these conditions, conventional gradient-based
optimization algorithms are prone to premature stagnation at local minima [15].
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To overcome this optimization challenge and achieve robust global convergence toward the
minimum envelope, an evolutionary direct search framework is implemented [15, 16]. The
solution routine utilizes the sequential quadratic programming (SQP) optimization suite within the
Maple computational environment, combined with automated design space exploration.

The evolutionary optimization algorithm proceeds through the following phases [15]:

- Population initialization: The numerical solver randomly populates a diverse set of
candidate design vectors X; = [b,h,a,L,d,a]” € 2 across the design space, ensuring unbiased
initial exploration [16].

- Fitness evaluation and penalty function handling: For each candidate vector X;, the
objective value f(X;) =b-his computed simultaneously with the functional inequalities.
Infeasible design vectors that fail to provide sufficient underwater opening moment (SF,,4; < 1.5)
or violate the strict acrodynamic safety factor reserve (SF,., < 2.5) are heavily penalized and
excluded from the solution pool [15].

- Parameter space condensation: Bypassing localized gradient calculations, the algorithm
iteratively subdivides the parameter bounding regions, driving successive candidate generations
out of local valley traps toward the global optimum.

- Convergence criteria: The search terminates when the variance between successive
candidate generations falls below a predefined tolerance (¢ < 107°), isolating the final nominal
dimensions of the attachment clip, where the geometric footprint is minimized while all safety
constraints remain satisfied.

3. RESULTS AND DISCUSSION

3.1. Optimization framework and convergence analysis

The non-linear programming problem for the pressure-sensitive attachment clip mechanism
was solved within the Maple computational environment using the global evolutionary SQP
routine. In this optimization cycle, the design objective was shifted from a localized torque residual
minimization to a global geometric envelope reduction, specifically minimizing the projection area
of the catching wedge (b - h). The optimization process incorporated updated constraint vectors,
including an opening safety factor (n, = 1.5), a closing safety factor (n. = 2.5), and an initial
installation pre-twist angle (6, = 1.0°).

The evolutionary algorithm converged stably to the global minimum of the objective function:

minf(X) =b-h = 0.473 X 10™* m?

This minimized value represents the optimal bounding area of the fluid-deflecting wedge that
sustains structural and functional integrity under multi-medium operation. The corresponding
nominal dimensions extracted from the optimized design vector X, are detailed in Table 1.

Table 1. Optimized nominal structural parameters of the attachment clip.

Parameter Symbol | Unit | Bound Range (2) | Optimized Value
Water-trap groove width b mm 10.0 - 20.0 11.0
Catching wedge depth h mm 4.0-7.0 4.3
Surface inclination angle o deg 5.0-15.0 6.6
Effective attachment clip length L mm 55.0-65.0 61.0
Torsional wire diameter d mm 35-55 35
Effective torsion bar length a mm 8.0-20.0 15.8
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3.2. Quantitative evaluation of moment balance and safety margins

To validate the optimized configuration, the derived structural dimensions were back-
substituted into the governing equations. The resulting system moments acting about the trailing
pivot axis O are computed as follows:

- Hydrodynamic opening moment (Mp,): 3.88 N-m (at V, = 25 m/s in water)

- Aerodynamic disturbing moment (M,.,-): 0.87 N - m (at V; = 340 m/s in air)
- Elastic restoring pre-load moment (M;y): 2.57 N - m (at 8, = 1.0°)

These indicators reveal the mechanism's bi-stable operational behavior:

1. Hydrodynamic responsiveness (opening safety margin): The real-world opening safety
factor under aqueous submersion achieves the exact target limit:

Myyq
SFWat = M

=151 (=n,=15)
to

This numerical convergence indicates that the opening constraint is active. The optimized
catching wedge features an expanded width (b = 11 mm) and an elevated inclination profile
(a = 6.6°) to aggressively harness the high density of water (p,, = 1000 kg/m3). This
generates a robust hydrodynamic normal force sufficient to overcome the torsion bar
resistance with approximately 50% engineering safety backup, ensuring reliable
detachment during water entry.

2. Aerodynamic security (closing safety margin): Concurrently, the structural locking
integrity during high-speed airborne flight satisfies the safety requirement with a
comfortable margin:

SFEper =—— =294 (=n,=25)
Maer

The achieved aerodynamic safety factor of 2.94 is significantly higher than the designated
minimum threshold of 2.5. This shows that despite the flattened pre-twist angle (6, = 1.0°)
and water-trap groove width (b = 11 mm), the algorithm regulated the wedge depth to h =
4.3 mm and selected the minimum allowable wire diameter (d = 3.5 mm) coupled with an
increased torsion bar length (a = 15.8 mm). This precise structural calibration limits the
aerodynamic lift generation, providing a 194% mechanical energy reserve over the peak
transonic air loads. Consequently, premature deployment from aerodynamic turbulence,
shockwave interactions, or flight vibrations is effectively prevented.

3. Geometric minimization logic: The coupling between SF,,,; and SF,,, highlights the
effectiveness of the geometric minimization objective: the solver reduced the cross-sectional
profile (b - h) to its lowest functional limit without sacrificing airborne lockup or delaying
hydrodynamic deployment.

4. CONCLUSIONS

This study has established a mathematical optimization framework for a hydrodynamically
activated, removable protective nose cover. By implementing a non-linear constrained
programming formulation solved via an evolutionary Sequential Quadratic Programming (sqp)
routine, the conflict between high-speed airborne retention and low-velocity underwater
deployment was resolved. The core conclusions are summarized as follows:

- Mathematical validation of geometric minimization: The optimization algorithm
effectively minimized the projecting boundary area of the catching wedge to a global minimum of
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0.473 x 10~* m?. This demonstrates that the wedge geometry can be scaled down to a compact
envelope while maintaining torque equilibrium across both fluid media.

- Precision in hydrodynamic activation: Under the optimized configuration (L =
61.0 mm, ¢ = 6.6°,b = 11.0 mm, and h = 4.3 mm), the mechanism achieves an actual opening
safety factor of SF,,;; = 1.51, matching the design target (n, = 1.5). This indicates that the clip
will reliably lift off as the vehicle reaches the water-entry velocity threshold of 25 m/s.

- Robustness against premature airborne deployment: In the atmospheric flight regime up
to transonic speed, Mach 1 (340 m/s), the system exhibits an actual closing safety factor of
SF,er = 2.94, comfortably exceeding the strict baseline requirement (n, = 2.5). Even with a
reduced pre-twist angle (8, = 1°), the optimized mechanical configuration provides a near-200%
torque reserve, ensuring structural immobility against localized aerodynamic gusts, transonic
shockwave pressure spikes, and vehicle vibrations prior to water impact.

- Engineering implementation guidelines: The optimized parameter interactions-utilizing the
minimum wire diameter (d = 3.5 mm) and an increased torsion bar length (a = 15.8 mm) to
balance a maximized width profile-offer generalized design rules, replacing traditional, climate-
sensitive frangible covers with a repeatable, fluid-driven interlocking mechanism suitable for
aerospace and marine vehicle applications.

In summary, this methodology provides a validated foundation for the design of pressure-sensitive
interlocking release mechanisms operating under high-velocity, multi-medium flight profiles.
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TOM TAT

Thiét ké va t6i wu héa nip bao vé miii tach roi kich hoat bang thity déng lwc hoc cho céc
phuong tién bay lao vao nwéc toc d cao

Viéc lao vao nuéde & toc do cao gay ra tai trong va ddp thuy dong luc hoc rat lom Ién
cdc thiét bi do heong nhay cam dwoc ldp & miii ciia cdc phirong tién ngam, chcfng han nhu
ngue 161 va thiét bi hai dirong hoc. Cac nap chdn mili dé vé (frangible) truyén thong thuwong
c6 hién twong tach roi khéng on dinh do sw bién déi tinh chat vat liéu dudi tac dong cua
diéu kién moi trieong. Bai bdo nay trinh bay mot thiét ké ndp bdo vé mili ¢é thé thdo roi,
hoat dong hoan toan dwa trén co ché kich hoat thuy dong luc hoc. Tl hiét ké bao g5m cac
phan doan vé dwoc co dinh béi mét chi tiét miii trung tam va cdc kep gd'n,' cac ranh dan
miede khi ngdp trong nuée sé dan nuwde vao mét ranh bdy (trap groove) bén dudi moi kep,
tao ra chénh léch ap sudt lam kich hoat viéc nha kep. Bang phiong phdp Quy hoach toan
phurong lién tiép (Sequential Quadratic Programming — SOP), cdc théng sé hinh hoc va co
hoc then chot da dwoc t6i wu héa nham dam béo kich hoat tin cdy tai van téc lao vao nude
90 km/h, dong thoi duy tri bién dé an todn cao chong lai hién twong nhd sém & toc dé bay
cdn dm trong khong khi. So voi cac ncfp chdn dé vé truyén thong, thiét ké dé xudt mang lai
do tin cdy, kha nang lap lai va tinh on dinh trucce dzeu kién moi truong cao hon, dong thoi
cung cdp cdc cong thire Iy thuyét va hwéng dan thiee tién cho cdc co cau nhd bang thity dong
lyc hoc trong cac wrng dung hang khong vil tru va phwong tién hang hdi.

Tuw khoa: Nép mili tach ro1; Giai phong thily dong luc hoc; Lao vao nude tdc do cao; Chénh léch ap sult; Ranh by nudc.
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    M  h y d


    V  w = 25  m/s


  50 %


    g 2  ( X )


  S   F  a e r


    n  c = 2 . 5


    M  t 0


    𝜃 0 =   1 . 0 ∘


  150 %


    M  a e r


    V  a = 340  m/s


    g 1 ,   g 2


  𝛺


   cot ⁡  𝛼 ,  tan ⁡  𝛼


  S   F  h y d , S   F  a e r


    𝐗  i =    [ b , h , 𝛼 , L , d , a ]  T ∈ 𝛺


    𝐗  i


  f  (   𝐗  i ) = b ⋅ h  


  S   F  w a t < 1 . 5


  S   F  a e r < 2 . 5 )


  𝜖 ≤  10  − 6


  b ⋅ h


    n  o = 1 . 5


    n  c = 2 . 5


    𝜃 0 =   1 . 0 ∘


   min ⁡  f  ( 𝐗 ) = b ⋅ h = 0 . 473 ×  10  − 4    m 2


    𝐗  o p t


    M  h y d


  3 . 88   N ⋅ m


    V  w = 25  m/s


    M  a e r


  0 . 87  N ⋅ m


    V  a = 340  m/s


    M  t 0


  2 . 57  N ⋅ m


    𝜃 0 =   1 . 0 ∘


  S   F  w a t =     M  h y d    M  t 0 = 1 . 51    ( ≥   n  o = 1 . 5 )


  b = 11  mm


  𝛼 =   6 . 6 ∘


    𝜌  w = 1000    kg/m 3


  50 %


  S   F  a e r =     M  t 0    M  a e r = 2 . 94    ( ≥   n  c = 2 . 5 )


  2 . 94


  2 . 5


    𝜃 0 =   1 . 0 ∘


  b = 11  mm)


  h = 4 . 3  mm


  d = 3 . 5  mm


  a = 15 . 8  mm


  194 %


  S   F  w a t


  S   F  a e r


  b ⋅ h


  0 . 473 ×  10  − 4    m 2


  L = 61 . 0  mm,  𝛼 =   6 . 6 ∘ ,   b = 11 . 0  mm, and  h = 4 . 3  mm


  S   F  w a t = 1 . 51


    n  o = 1 . 5


  25  m/s


  340  m/s


  S   F  a e r = 2 . 94


    n  c = 2 . 5


    𝜃 0 =  1 ∘


  200 %


  d = 3 . 5  mm


  a = 15 . 8  mm

