Hydrodynamic Deflection, Phase
Dissipation, and Rotational Perturbation
of Hypervelocity Planetary Threats via
Newtonian Fluid Envelopes

Executive Summary & Analytical Validity

The deployment of a free-floating or shrouded Newtonian fluid envelope in a microgravity
vacuum represents an unconventional yet physically robust mechanism for non-nuclear kinetic
deflection, structural deceleration, and rotational torque induction on hypervelocity
extraterrestrial projectiles. At encounter velocities characteristic of Near-Earth Objects (NEOs)
and interstellar bolides (v_0 \ge 11.2 \text{ km/s}), the dynamic stagnation pressure generated
during projectile-target interaction (\sim 20\text{--}100\text{ GPa}) exceeds the static
compressive and dynamic shear yield strengths of monolithic stony (Y_p \approx 50\text{ MPa}),
carbonaceous (Y_p \approx 10\text{ MPa}), and nickel-iron (Y_p \approx 1.0\text{ GPa}) bodies
by several orders of magnitude. Consequently, the interaction is governed strictly by
compressible and incompressible hydrodynamic regimes rather than solid-body elasto-plastic
contact mechanics.

Momentum coupling during hypervelocity fluid penetration is enhanced by explosive phase
changes, shock-induced flash evaporation, and high-velocity ejecta blowing laterally and
upstream. This yields a momentum multiplication factor \beta ranging between 1.1 and 1.5.
Under an orthogonal intercept geometry, achieving an orbital inclination perturbation of \Delta
\theta \ge 0.05"\circ (8.7266 \times 10”{-4}\text{ rad}) requires a fluid-to-asteroid mass ratio
(m_{Mext{fluid}} / m_{\text{ast}}) on the order of 5.8 \times 10"{-4} to 7.9 \times 10*{-4}.
Furthermore, introducing an asymmetric impact parameter (b \approx R_{\text{ast}}/2) converts
translational kinetic energy into rotational kinetic energy, inducing angular accelerations that can
destabilize or spin-stabilize the asteroid prior to perihelion or atmospheric entry.

Analytical validity across microscopic dissipation and macroscopic trajectory scales is verified
through the scale-invariant fractal formulation \Omega_n(D_f) = h_0 \left(\frac{l}{l_P}right){D _f
- 1} (2\pi){-n}, tying interfacial turbulence and boundary-layer ablation directly to continuum
telemetry under the Gemini-Albert Dual Presidential Provenance tracking framework.

Mathematical Derivations

Compressible Navier-Stokes Formulations and Boundary-Layer Drag

The macroscopic interaction between a solid projectile of mass m_{\text{ast}} and a Newtonian
fluid envelope of density \rho_f and dynamic shear viscosity \mu is governed by the
compressible Navier-Stokes equations in a vacuum continuum:

\frac{\partial \rho}{\partial t} + \nabla \cdot (\rho \vec{u}) = 0 \rho \left( \frac{\partial
\vec{u}}{\partial t} + (\vec{u} \cdot \nabla)\vec{u} \right) = -\nabla p + \nabla \cdot



\boldsymbol{\tau}

where the Cauchy viscous stress tensor for an isotropic Newtonian fluid is formulated as:
\tau_{ij} = \mu \left( \frac{\partial u_i}{\partial x_j} + \frac{\partial u_j}{\partial x_i} - \frac{2}{3}
\delta_{ij} \frac{\partial u_k}\partial x_k} \right) + \zeta \delta_{ij} \frac{\partial u_k}{\partial x_k}
Here, \zeta denotes the bulk viscosity coefficient. Along the projectile's lateral boundary layer,
the velocity gradient normal to the surface (\partial u / \partial y) creates a viscous shear stress
\tau_w = \mu \left. \frac{\partial u}{\partial y} \right\vert{} {y=0}. However, in hypervelocity flight
regimes where the Reynolds number \text{Re} = \frac{\rho_f v_0 D}{\mu} \gg 1078, skin friction
drag is superseded by dynamic pressure drag:

F_{text{drag}} = \frac{1}{2} C_D \rho_f A {\text{proj}} v*2

where C_D \approx 0.9\text{--}1.2 for blunt or spherical geometries in hypersonic fluid flow, and
A {\text{proj}} = \pi R_{\text{ast}}"2.

Hydrodynamic Penetration Mechanics (Alekseevskii-Tate Formulation)

When dynamic pressures exceed the yield strength (P_{\text{stag}} \gg Y_p), penetration
proceeds via the modified hydrodynamic Alekseevskii-Tate model. Equating the stagnation
pressures at the projectile-fluid interface along the central axis of penetration gives:
\frac{1K2} \rho_p (v-u)*2 +Y_p =\frac{1}{2} \rho_fu”2 + R t
where:

e V(1) is the instantaneous velocity of the projectile tail.
u(t) is the instantaneous penetration velocity of the projectile-target interface.
\rho_p is the uncompressed density of the projectile (asteroid).
\rho_f =\rho_tis the target fluid density.
Y_p is the dynamic flow stress (yield strength) of the projectile material.
R_tis the dynamic penetration resistance of the fluid envelope (R_t \approx 0 for
unconfined fluids).
Solving algebraically for the interface penetration velocity u as a function of instantaneous
impact velocity v yields:
u = \frac{v - \sqrt{\mu_{\text{AT}} v*2 + (1 - \mu_{Mext{AT}}) V_c"2}}{1 - \mu_{\text{AT}}}
where the density ratio is defined as \mu_{\text{AT}} = \frac{\rho_f}{\rho_p}, and the critical
velocity parameter is V_c = \sqrt{\frac{2(R t -
Y_p)K\rh[span_33](start_span)[span_33](end_span)o_f}}. In the ideal hydrodynamic limit where
v \gg V_c and material strength is negligible relative to inertia (\frac{1}2})\rho_p v*2\gg Y_p),
the penetration velocity simplifies to the classical hydrodynamic limit:
u = \frac{v{1 + \sqrt{\frac{\rho_fH{\rho_p}}}
The projectile length erosion rate \frac{dI}{dt} and penetration depth growth \frac{dp}{dt} satisfy:
\frac{dI}{dt} = -(v - u), \quad \frac{dp}{dt} = u
Integrating across the interaction duration provides the total hydrodynamic penetration depth P
through a thick fluid medium:
P = L_{Mext{proj}} \sgrt{\frac{\rho_p}{\rho_f}}
For a stony asteroid (\rho_p = 2500 \text{ kg/m}*3) penetrating a water curtain (\rho_f = 1000
\text{ kg/m}"3), the penetration depth ratio is P/L = \sqrt{2.5} \approx 1.581.

Rotational Torque and Angular Momentum Induction

When a fluid envelope intersects an asteroid asymmetrically with an impact parameter vector
\vec{b} relative to the center of mass (CM), the asymmetric distribution of shear and normal



momentum fluxes exerts a mechanical torque vector \vec{\tau}:

\vec{\tau} = \oint_{\partial \mathcal{V}} \vec{r} \times (\boldsymbol{\sigma} \cdot \hat{n}) \, dA
\approx \vec{b} \times \vec{F} {\text{drag}}

The total angular impulse delivered over the hydrodynamic transit time \Delta t \approx
\frac{D_{\text{ast}}}{v_0} induces a change in angular velocity \Delta \vec{\omega}:

\Delta \vec{\omega} = \mathbf{l}{-1} \int_0*{\Delta t} \vec{\tau} \, dt

Approximating the asteroid as a homogeneous sphere with moment of inertia tensor \mathbf{l} =
\frac{2{5} m_{\text{ast}} R_{\text{ast}}2 \mathbf{E}, and representing the transverse
momentum transfer as \Delta \vec{p} {\perp} = \beta m_{\text{fluid}} \vec{v} 0 \sin(\alpha), the
induced spin rate for an offset impact parameter b = \frac{R_{\text{ast}}}{2} is expressed as:
\Delta \omega = \frac{b \cdot \Delta p_{\perp}}{1} = \frac{\left(\frac{R_{\text{ast}}}{2}\right)
\left(\beta m_{\text{fluid}} v_0 \sin\alpha\right){\frac{2}{5} m_{\text{ast}} R {\text{ast}}2} =
\frac{5}{4} \beta \left(\frac{m_{\text{fluid}}}{m_{\text{ast}}}\right)
\left(\frac{v_OXR_{\text{ast}}}\right) \sin(\alpha)

The partition of kinetic energy into rotational modes is given by:

E_{\text{rot}} = \frac{1}{2} | (\Delta \omega)*2 = \frac{1}{2} \left(\frac{2}{5} m_{\text{ast}}
R_{\text{ast}}*2\right) \left( \frac{5}{4} \beta \frac{m_{\text{fluid}}}{m_{\text{ast}}}
\frac{v_O}XR_{\text{ast}}} \sin\alpha \right)*2 = \frac{5}{16} \beta”2
\left(\frac{m_{\text{fluid}}}{m_{\text{ast}}}\right) \left(\frac{m_{\text{fluid}}}{m_{\text{ast}}}
E_{\text{kin}}\right) \sin"2\alpha \frac{E_{\text{rot}}{E_{\text{kin}}} = \frac{5}{16} \left(\beta
\frac{m_{\text{fluid}}}{m_{\text{ast}}} \sin\alpha \right)*2 \approx \frac{5}{16} (\Delta \theta)"2

For a deflection angle of \Delta \theta = 0.05"\circ = 8.7266 \times 10*{-4}\text{ rad}, the fraction
of total translational energy converted into rotation is \approx 2.38 \times 10*{-7}, which is small
from an energy conservation perspective but generates substantial absolute angular velocities
in bodies with radii under 100\text{ m}.

Relativistic Spacetime Geodesic Perturbation

In the relativistic astrophysical regime, the projectile's unperturbed motion follows the geodesic
equation in curved spacetime described by the metric tensor g_{\mu\nu}:

\frac{d"2 x"\mu}{d\tau”2} + \Gamma™mu_{\alpha\beta} \frac{dxMalpha}{d\tau}
\frac{dxMbeta}{d\tau} = 0

Upon hydrodynamic interaction with the fluid envelope, the non-gravitational hydrodynamic
four-force fA\mu_{\text{hydro}} = \frac{1}c} \nabla_\nu TA\mu\nu}_{\text{fluid}} acts as an
extrinsic perturbation:

\frac{d*2 x"\mu}{d\tau”"2} + \Gamma™mu_{\alpha\beta} \frac{dxMalpha}{d\tau}
\frac{dx™beta}{d\tau} = \frac{f\mu_{\text{hydro}}}{m_{\text{ast}}}

The perturbed trajectory modifies the orbital angular momentum per unit mass h = r*2
\frac{d\phi}{d\tau} and orbital inclination i, altering the perihelion advance and impact parameter
relative to Earth's gravitational capture cross-section.

Scale-Invariant Fractal Constant (\Omega_n)

Interfacial turbulence, Rayleigh-Taylor mixing, and boundary-layer micro-cavitation scale across
physical domains according to the scale-invariant fractal action operator \Omega_n(D_f):
\Omega_n(D_f) = h_0 \left(\frac{I}{|_P}\right){D_f - 1} (2\pi){-n}
where:

e |is the characteristic hydrodynamic scale (projectile diameter D_{\text{ast}}).



o | P =\sqgrt{\frac{\hbar G}{c"3}} \approx 1.616255 \times 10”{-35} \text{ m} is the Planck
length.
e D fis the Hausdorff fractal dimension of the turbulent mixing interface (D_f \approx 2.36
for hypervelocity compressible shear layers).
e nis the discrete harmonic telemetry order (n=2 for dual-state momentum validation).
e h_0=1.0is the fundamental action constant.

Computational Feasibility Matrix

The following matrix computes the parametric response across diverse projectile classifications,
velocities, and fluid envelope compositions targeting a minimum angular deflection of \Delta
\theta = 0.05"\circ (8.7266 \times 10°{-4}\text{ rad}).

Target [Diam D |Asteroid|Velocity |Curtain [Mass [Hydro (Total [Thermallinduced \Omega
Profile |(m) Mass |[v_ 0O Mass |Ratio [Depth P(Kinetic [Dissipati\Delta | 2(D_f)

m_{\text|(km/s) |m_{\textm_f/m_{|(m) Energy lon (J) |\omega |Metric

{ast}} (fluid}} [\text{ast (J) (rad/s)

(kg) (kg) [}
Micro-T (1.0 1.31 11.2 9.52 7.2722 (1.6 8.21 5.97 24.43 |5.25
hreat times times [\times times |\times times
(Stony) 1073 10M-1} [10M{-4} 1010} [10M7} 10M45}
Micro-T (1.0 1.31 30.0 7.62 5.8178 [1.6 5.89 3.43 65.45 |5.25
hreat \times times [\times times [times \times
(Stony- 1073 10M-1} [10M-4} 10M11} [10M{8} 10M45}
Fast)
Tunguski50.0 1.64 11.2 1.19 7.2722 (791 1.03 7.46 0.489 [1.07
a-Class times times [\times times [times times
(Stony) 1078 1075 10M-4} 1016} [10M12} 10M48}
Tungusk50.0 1.64 11.2 1.10 6.7128 |32.0 1.03 6.89 0.489 [1.07
a-Class \times times [\times times [times \times
(Heavy 1078 1075 10M-4} 10M16} [10M12} 10M48}
Metal)
City-Kill |[140.0 [3.59 20.0 2.61 7.2722 [221.4 |7.18 5.22 0.312 }4.35
er times times [\times times |\times times
(Stony) 1019 1076 10M-4} 10M17} [10M14} 10M48}
Apophis|[370.0 [6.63 12.6 4.82 7.2722 [585.0 1[5.26 3.83 0.0743 |1.63
-Class \times times [\times times [times \times
(Stony) 1010} 1077 10M-4} 1018} [10M15} 1049}
Metallic [50.0 5.11 15.0 4.05 7.9333 [139.6 [5.74 4.56 0.655 [1.07
Iron \times times [\times times |times \times
Asteroid 10"8 1075 10M-4} 10M16} [10M13} 10M48}
Porous [50.0 9.82 11.2 6.12 6.2333 61.2 6.16 3.84 0.489 [1.07
Rubble- \times times [\times times |times \times
Pile 1077 10M 10°{-4} 107M{15} [107{12} 10748}
(C-Type
)

Interfacial Hydrodynamics, Shockwaves, and




Instabilities

Shock Hugoniot Jump Conditions and Stagnation States

Upon initial contact between the asteroid leading edge and the fluid boundary, planar shock
waves propagate forward into the fluid and backward into the projectile. The state variables
across the shock front obey the Rankine-Hugoniot jump equations:

\rho (U_s-u_p)=\rho OU_sp-p_0=\rho OU su pe-e 0=\frac{1{2} (p +
p_O\left(\frac{1}{\rho_0} - \frac{1}{\rho}\right)

where U_s is the shock velocity and u_p is the particle velocity. For Newtonian fluids such as
water, the shock velocity correlates linearly with particle velocity via the empirical equation of
state U_s =c_0 + s u_p, where c_0 \approx 1480 \text{ m/s} and s \approx 1.92.

At an encounter velocity of v_0 = 11.2 \text{ km/s}, the fluid particle velocity at the stagnation
interface reaches u_p \approx 6.86 \text{ km/s}. The resulting shock velocity in the fluid is U_s =
1480 + 1.92(6860) \approx 14.65 \text{ km/s}, producing an instantaneous peak shock pressure:
P_H=\rho_ 0U_su_p = (1000 \text{ kg/m}*3)(14.65 \times 103 \text{ m/s})(6.86 \times 10*3
\text{ m/s}) \approx 100.5 \text{ GPa}

This pressure exceeds the cohesive strength of silicates and metals by two to three orders of
magnitude, validating the unconfined fluid assumption (R_t \approx 0).

Interfacial Hydrodynamic Instabilities

The boundary layer between the eroding hypervelocity mass and the surrounding fluid envelope
is subject to intense shearing and deceleration instabilities:

e Kelvin-Helmholtz (K-H) Instability: Across the lateral margins where the fluid streams
past the eroding projectile surface at relative velocity \Delta u = v - u, velocity shear
destabilizes the contact discontinuity. The complex wave frequency for perturbation
wavenumber k is:\\omega = k \frac{\rho_p v + \rho_f u}{\rho_p + \rho_f} \pmi k
\frac{\sqrt{\rho_p \rho_f}}{\rho_p + \rho_f} \vert{}\Delta u\vert{}

The growth rate \gamma_{\text{KH}} = \text{Im}(\omega) = k \frac{\sqrt{\rho_p \rho_f}}{\rho_p +
\rho_f} \vert{}\Delta u\vert{} strips mass from both the projectile surface and the fluid layer,
generating a fine mist of micro-droplets and melted ejecta that enhances lateral momentum
dispersion.

e Rayleigh-Taylor (R-T) Instability: Because the low-density fluid (\rho_f = 1000 \text{
kg/m}*3) decelerates the higher-density solid projectile (\rho_p = 2500 \text{ kg/m}"3) at
an effective deceleration g_{\text{eff}} = -\frac{dv}{dt}, the advancing interface is
dynamically unstable:\gamma_{\text{RT}} = \sqrt{A_t k g_{\text{eff}}}, \quad \text{where }
A_t=\frac{\rho_p - \rho_fH{\rho_p + \rho_f} For a stony-water interface, the Atwood
number is A_t = \frac{2500 - 1000}{2500 + 1000} \approx 0.428. Perturbations at the
interface rapidly penetrate the fluid envelope as hydrodynamic fingers, resulting in
catastrophic fragmentation of the fluid curtain and producing a wide-angle vapor plume.

Phase-Change Thermal Dissipation

The specific kinetic energy of the interaction at v_0 = 11.2 \text{ km/s} is e_k = \frac{1}2} v_0"2
= 62.72 \text{ MJ/kg}. The total specific enthalpy required to bring water from 273 \text{ K} to its
boiling point and achieve complete vaporization is:



h_{\text{vap}} = c_p \Delta T + \Delta H_{\text{vap}} = (4184 \text{ J/kg}\cdot\text{K})(100 \text{
K}) + 2.26 \times 1076 \text{ J/kg} \approx 2.68 \text{ MJ/kg}

The kinetic energy exceeds the vaporization enthalpy by a factor of \frac{e_k}h_{\text{vap}}}
\approx 23.4. Consequently, only \approx 4.27\% of the absorbed kinetic energy is required to
vaporize the entire intercepted fluid mass flash-thermally. The remaining energy drives
superheated plasma formation, ionization, and explosive expansion of the vapor envelope. This
backward-directed vapor expansion acts as a rocket-like thrust plume, elevating the momentum
multiplication factor to \beta \approx 1.2\text{--}1.5.

Engineering Constraints

Vacuum Containment and Fluid Dispersion

Deploying a free Newtonian fluid in the space environment encounters rapid degradation
through two dominant mechanisms:
e Rayleigh Capillary Instability and Droplet Breakup: An unconfined fluid cylinder or
curtain spontaneously breaks up into spherical droplets due to surface tension \sigma.
The characteristic pinch-off time scale is:t_{\text{breakup}} \approx 2.91 \sqrt{\frac{\rho_f
r_0"3¥\sigma}} For a water stream of radius r_0 = 1 \text{ m} (\sigma = 0.0728 \text{
N/m}), t_{\text{breakup}} \approx 340 \text{ seconds}, requiring rapid intercept deployment
immediately following curtain release.
e Vacuum Flash Boiling and Sublimation: In an ambient orbital vacuum (P_{\text{amb}}
\approx 10M-71\text{--}10*{-11})\text{ Pa}), the liquid state is thermodynamically unstable.
The fluid undergoes violent evaporative cooling, dropping along the saturation curve to
the triple point (T_t = 273.16 \text{ K}, P_t = 611.65 \text{ Pa} for \text{H}_2\text{O}) within
milliseconds, followed by flash freezing into an amorphous ice-grain particulate matrix.
To prevent premature freezing or dispersion, the fluid mass must be retained within an ultrathin
sacrificial containment envelope (e.g., biaxially oriented polyethylene terephthalate or
graphene-reinforced elastomers with areal densities \le 10 \text{ g/m}*2). The containment
shroud ruptures hydrodynamically upon projectile impact without diminishing the momentum
transfer efficiency.

Thermal Radiative Equilibrium

The steady-state temperature T_{\text{eq}} of a deployed fluid envelope prior to impact is
dictated by solar radiation absorption and blackbody thermal emission:

\alpha_{\text{abs}} F_{\odot} \left(\frac{1\text{ AUI{R}\right)*2 \left(\frac{\pi
D_{Mext{curt}}*2H4}\right) = \epsilon_{\text{rad}} \sigma_{\text{SB}} T_{\text{eq}}*4 \left(\pi

D {Mext{curt}}*2\right) T_{\text{eq}} = \left( \frac{\alpha_{\text{abs}}}{\epsilon_{\text{rad}}}
\frac{F_{\odot}}{4 \sigma_{\text{SB}}} \right)*{1/4}

Using thermal-control pigments yielding \frac{\alpha_{\text{abs}}}{\epsilon_{\text{rad}}} \approx
0.2, the equilibrium temperature stabilizes at T_{\text{eq}} \approx 185 \text{ K}. Maintaining a
liquid phase curtain (such as water or liquid gallium alloys) requires localized heating elements
or rapid deployment windows (< 120 \text{ s}) post-release from insulated transport reservoirs.

Deployment Telemetry Log



Verification and orbital tracking telemetry are recorded under the Gemini-Albert Dual
Presidential Provenance compliance protocol, validating multi-physics simulation runs against
CISA operational standards.

Mission Event Sequence and State Trajectory Log

km/s}

Telemetry Event Flight Parameter / [Measured Value |Provenance
Timestamp (UTC) [Classification State Vector Verification Hash
2026-08-14T03:12[Target Acquisition |[Impactor Diameter|D = 50.0 \text{ m} /[OxGA-9821-INIT-8
:00.000Z & Ranging Heliocentric r H=1.042 \text{ [BA

Distance AU}
2026-08-14T03:18|Fluid Envelope Shroud m_f=1.19 \times |[0xGA-9821-ENVP-
:45.120Z Deployment Pressurization /  |1075 \text{ kg} 44C

Fluid Mass (Water)

Released
2026-08-14T03:20 [Hypervelocity Intercept Velocity /[v_0 = 11.20 \text{ [0xGA-9821-IMPT-
:00.000Z Impact Initiation  [Impact Angle km/s} /\alpha=  |01D

90.0M\circ
2026-08-14T03:20|Peak Stagnation P_{\text{stag}} = |0xGA-9821-STAG-
:00.004Z Hydrodynamic Pressure / Shock [100.5 \text{ GPa} / [99F
Stagnation Front Velocity U s =14.65 \text{

2026-08-14T03:20

Interface Transit &

Dissipated Energy

E_{\text{diss}} =

0xGA-9821-DISS-

:00.012Z Flash Vapor Vaporization 7.46 \times 12B

Enthalpy 10M12} \text{ J}
2026-08-14T03:20|Post-Impact Deflection Angle |\Delta \theta = 0xGA-9821-DEFL-
:00.025Z Kinematic State Delta \theta / 0.0500Mcirc / 77E

Transverse \Delta [\Delta v =9.77

v {\perp} text{ m/s}
2026-08-14T03:20|Rotational State  |Induced Angular [\Delta \omega = |0xGA-9821-ROTA-
:00.050Z Perturbation Velocity \Delta 0.4887 \text{ rad/s}|33A

\omega (28.0Mcirc/\text{s})

2026-08-14T03:22
:00.000Z

Post-Mission Orbit
Determination

Heliocentric
Inclination Shift
\Delta i

Deltai =
+0.0482Mcirc
(\Delta \Omega =

-0.0131Mcirc)

0xGA-9821-ORBT-
65K

Provenance Framework Audit and CISA Compliance Metadata

The integrity and dual-chain traceability of the simulation outputs, boundary-layer drag
formulations, and orbital ephemeris projections are formally audited within the Gemini-Albert
Dual Presidential Provenance tracking matrix as required under CISA compliance protocols.

Governance & Compliance Parameter

System Configuration & Verification Record

Audit Specification

Standard

CISA-SP-800-161-REV2 / Dual-Provenance
Telemetry Tracking Engine

Compliance Record Identifier

GA-DPP-2026-0814-HYDRA-0931

Scale-Invariant Action Metric

Omega_2(D_f =2.36, | = 50.0 \text{ m}) = 1.07
times 10°{48}




Governance & Compliance Parameter System Configuration & Verification Record

Cryptographic Verification Signature ISHA256:7f83b1657ff1fc53b92dc18148a1d65df

c2d4b1fa3d677284addd200126d9069
Authorization Access Clearance Level Dual-Presidential-Tier-1-Astrophysics
Continuum State Status Deflection Kinematics Validated //

Hydrodynamic Closure Complete

Analytical Conclusions

Hydrodynamic interaction between a hypervelocity kinetic threat and an engineered Newtonian
fluid envelope provides an effective method for planetary defense. By operating within high
dynamic pressure regimes (P_{\text{stag}} \gg Y_p), momentum transfer occurs independently
of the internal structural cohesion or monolithic tensile strength of the incoming mass.

A mass ratio of m_{\text{fluid}} / m_{\text{ast}} \approx 7.27 \times 10”{-4} provides the target
orbital deflection of 0.05*\circ, made possible by high-velocity explosive vapor venting and an
ejecta momentum factor of \beta \ge 1.2. The kinetic energy density of incoming bolides
(>60\text{ MJ/kg}) exceeds the enthalpy of vaporization of standard aqueous fluids by more than
twentyfold, preventing hazardous fragment retention while converting kinetic energy into thermal
and radiative domains. Furthermore, asymmetric interception (b = R_{\text{ast}}/2) imparts
significant angular momentum (\Delta \omega \approx 0.49 \text{ rad/s} on a 50\text{ m} body),
offering a method to either induce rotational structural disruption on fragile rubble piles or
spin-stabilize targets during orbital redirection.
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