( N International Journal of Volume 1, Issue 2, 2025
July—December

U n |Ve rse DOI (Journal): 10.37591/15U
STM JOURNALS

https://journals.stmjournals.com/iju

Physical Modeling of Mass Transport Processes in
Extraterrestrial Landscapes

Gizachew Diga Milki"*

Abstract

Currently the progress in physical models based on mass transport in both the Earth's surface and
extraterresterial landscape has been growing. It is a frame work involving different natural and made
made processes including aeline process, fluid flow process, magmal movement, Geomagnetic stroms,
and clould flow modesl etc. These process encorporates Physical models and appraches which help to
simulate, compute and experiment in order to reduce complexity. However, their operating principles,
design and applicability is the still the questions of many researcher and scholars due to several reasons
including scaling, instability, variable alien environmental conditions, high feasiblity, and multivariant
computational result due to emerging technology. It is also expensive as design and makeup of such
models need intelligent instrument, skilled human power, and infrastructures. For this reason, this
research delves in to the assessment of some of the process involving in extraterresterial landscape,
using experimental, numerical, and theoretical models. It also inculculates the modeling approach
relivant to such physical process and their applicability in medical, engineering and environmental
management. such physical processes and their applicability in medical, engineering, and
environmental management. Furthermore, the study highlights the importance of integrating remote
sensing data, machine learning techniques, and high-resolution laboratory analogs to improve
prediction accuracy and reduce uncertainties. By examining the interactions between environmental
forcing and mass-transport dynamics, the research contributes to a deeper understanding of planetary
evolution and supports the development of innovative technologies for future space exploration
missions.

Keywords: Acolian process, cloud process, extraterrestrial landscape, geomagnetic strom, magmal
movement, mass transport, physical models.

INRODUCTION

Extraterrestrial Landscapes refeing to refer to regions that appear unfamiliar to the Earth or alien with
unusula feature, evolutions and color. These kind of regioms have unique landscapes including bizarre
environments on Earth such as Dallol hydrothermal fields, in Ethiopia, the Darvaza Gas Crater (door to
hell) etc. Mass flow models are used to simulate and predict the movement of mass in various systems,
such as in engineering, geology, and biology. Physical models designed for mass transport in Extrater-
restrial Landscapes involve computational fluid dynamics (CFD), advection-dispersion equations, and
specific models for phenomena like debris ava-
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ally. These models incorporate a blend of hydrodynamic principles, N-body simulations, and specific
collisional theories to explain observed ring structures and evolution. According to, Esposito L. W.,
2014 [1], N- body simulation are necessary for accurate treatment of many aspects of dense, flatened
rings, that includes self gravity of the particles. Physical models accounted for extreme conditions such
as high pressure, temperature, and concentration. The models range from simple single-phase models
to complex multi-phase models that account for different physical properties and interactions between
materials. Computational, experimental and theoretical models have be developed for a variety of phys-
ica; process including atmosphere,cloud flow, fluid flow Geomagnetic stroms, and magma flow, me-
chanics of solid bodies in general. Specifically,Geomagnetic storms for example are fundamental pro-
cess involving mass and energy transport between the sun and the Earth's magnetosphere. On the other
hand, cloud flow and magmal movements are another extrems involving mass transport, which can be
modelled.

However, although several models are developed, research into potential role of physical models for
mass transport in extraterresterial landscape is not take standard form. This is due to scaling, instability,
duplicated alien environmental conditions, high feasiblity, and dynamics of computational models due
to emerging technology. It is also expensive as design and make of such models need intellegent
instrument, skilled human power, and infrastructures. For example astranute relying on asbestoes for
flights away from Earth had passed the time from Asbestoes to modern light weighed nanomaterial.
This is due to its severe health risks, it is no longer used in modern spaceflight, replaced with safer
materials including Aluminium alloys, Titanium alloys, carbon nanocomposites and carbon nanofibers.
For this reason, this research is aimed at assessing the suitable physical models that best fits the ques-
tions science, engineering and medical requirment from the perspective of its current and future appli-
cations.

Mass transport model has varity of applications in engineering, bioconservations, agriculture, and
metrology. In engineering, these models are applied in a wide range of fields like separation processes,
optimizations and system engineering.In systems engineering, these models are critical for the analysis,
design, and optimization of chemical reactions, biomedical engineering as blood flow measurements,
bio mass energy, monitoring volcanic erruption, environmental protection. As Hansen K. B., et al. 2018
[2] verified, cardiovascular mass transport problems are typically characterized by high Péclet numbers
which can be determine numerical method of finite element analysis. As Rizzello, S. 2024 [3] revealed,
estimating pollution using physical models in rivers involves fundamental concepts of fluid mechanics,
mass transport, and chemical interactions to simulate and predict the future outcome.

In the subseding section, some of the key process models, mass transport modeling appraochs and
potential applications are presented.

MAJOR PROCESS INVOLVING MASS TRANSPORT
Scientists model several types of mass transport processes in extraterrestrial landscape;

Aeolian Processes

Aeolian Processes involves the transport of sediment by wind (e.g., dust, sand, ripples). Aeolian Pro-
cesses are common on Mars and Titan. Aeolian process is studied on mars due to its carbon dioxide
freezing condition at the poles in winter season and significant drop inin atmospheric pressure and
leading to massive dust storms. On the other hand Physical modeling mass transport is Titan which is
the largest moon of Saturn, characterized by a dense atmosphere and liquid methane lakes that are even
hazardous. Usually, wind tunnels, including the Titan Wind Tunnel at NASA Ames Research Centerare
employed to simulate this kind of emergence conditions under atmospheric densities and gravity.
Mechanisms of Aeolian mass transport.

e Creeping: The rolling or sliding of large particles along the ground that are too heavy to be lifted

by the wind. It influence the rate and efficiency of other masstransport processes. The specific
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effects creeping depend greatly on geology, fluid dynamics, and materials science .

e Saltation process: Particles are lifted, travel in a short, bouncing arc, and then land, dislodging
other particles. This is the most common form of aeolian transport and moves sand-sized grains.
Hong C. et al. 2013 [4] had studied a ladder sampler and instrumentation method to study the
relation between mass transport and the velocity of creeping sand grains.

e Suspension: Supension is one of the three main aeolian mass transport methods, where very fine
particles like aerosol, dust and silt are lifted high into the air by wind. The wind lifts and carries
such very fine particles over long distances. It is responsible for the landforms such as dunes and
loess deposits. In the this process, particles are kept overhead by the turbulent, swirling motion
against gravity.

Capillary Processes

This process is directly related to visualizing the surface properties such as the movement of liquids
droplets and bubles due to surface tension. It is caused by the combined effect of adhesion and cohesion
which is significantly present in a liquid phase on planetary surfaces, such as the sub-zero brines on
Mars or the hydrocarbon lakes/rivers on Titan, and tidal waves on the earth. Physical models and facil-
ities like the Planetary Environmental Liquid Simulator (PELS) are used to study the dynamics of drop-
lets, cloud formation and movement of liquids in porous media including soil.

Mass Movements (Landslides/Slope Processes)

The stability of slopes and the occurrence of landslides are modeled to understand how landscapes
evolve on bodies like Mars or the Moon, where low gravity can affect the mechanics of granular mate-
rials.

Aqueous Processes (Past and Present)

For bodies like early Mars, where liquid water was once present, or icy moons with subsurface
oceans, physical and numerical models simulate water flow, sediment transport, and depositional pro-
cesses to understand channel migration and the formation of past landscapes.

Magma and Lava FFlow

The dynamics of lava flows are complex phenomenon due to its heterogeneous structure and dynam-
ics of many process that takes place at a time. As Einat Lev et. al. 2012 [5] verified, Lava is a multiphase
fluid containing liquid melts, gas bubbles, and solid crystals. It may cotain silicates, magnetites, and
many more substance.

A simple scenario for Lava model: A simple model for a volcano eruption uses the chemical reaction
between baking soda and vinegar. To create it, build a volcano cone around a small plastic bottle using
materials like clay, paper maché, or paper. Then, fill the bottle with a mixture of baking soda, dish soap,
and red food coloring, and pour vinegar into the opening to trigger the eruption of lava.

These models are the consequence of mass and energy conservation priciples involving 2D and
complexi flow dimension. Most importantly the physical models involving melting of Glaciers,, crystals
dynamics, and gas bubbles in relation to rheological conditions are primary models. These models in-
herently articulates changes in environmental conditions such as temperature, pressure, composition,
and concentration gradient, radiation fields and external fields. The governing equations are typically
variations of the Navier-Stokes equations and the continuity equation, which are designed for distincit
features of magma upflow amd surface transport.

Surface Diffusion in Ices

Astrochemical models are used to study molecular mobility and surface diffusion within extraterres-
trial ices, which plays a pivotal role in the formation of complex molecules in space and potentially the
origins of life.These process involves physical dynamics typically gravity-driven collapse in massive
core techniques of computing physical parameters.
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Cloud Flow and Formation Process

Cloud formation and flow process are direct consequence of thermodynamics and fluid dynamics. It
is concerned with adiabatic cooling, condensation on atmospheric particles, and air parcel dynamics
concept.

Geomagnetic Stroms

The sun ejects continousley a bundles of particle forming solar wind. The solar wind formed in this
way is steady. However, It also release a large amounts random of ionized particles called plasma via
Geomagnetic strom. As the studies including, Kirkham H ., et al. 2011 [6] Indicate such process have
negative impact on powers and transformers. Several models have been used to model Geomagnetic
strom. Particularly empirical and physics-based models, often involving sets of coupled partial differ-
ential equations, are used to predict different aspects of Geomagnetic storm dynamics. As Jordanova V.
K., et al. 2007 [7] published, Currents induced in the ionosphere and Earth's surface during large geo-
magnetic storms disturb and even damage telecommunication and navigation satellites, telecommuni-
cation cables, and power grids.

Experimental models for geomagnetic storms include both physics-based simulations such as the
Global Ionosphere-Thermosphere Model and empirical/machine learning models (such as the KASI
Geomagnetic Storm Forecast Model and models developed by NASA/IBM). These models use various
data sources to predict storm parameters like intensity (Dst or Kp index), arrival time, and potential
impacts.

Water Flow and Dynamic Models

Water flow and dynamics are modeled using computational fluid dynamics (CFD), which involves
solving the governing mathematical equations numerically and physical models, which use simulations
and sensors in a controlled environment. CFD breaks down the problem into small cells and uses algo-
rithms like the finite volume method (FVM) to solve equations that represent fluid movement. Physical
models often involve experimental setups like wind tunnels and use methods like capacitance probes or
laser techniques to gather real-world data that can be used to validate CFD model.

In practicall applications, mathematical models including Darcy's law,the continuity equation, and
the Navier-Stokes equations are widely used modeling the transport of ground water, incompressible
flow, and for highly viscuss fluid or turbullent flow, respectively. As IAEA, 1999 [8] published, in the
near field, fluid flow and mass transport may occur under elevated temperatures and variably water-
saturated condition.

MODELING APPROACHES
Experimental Model

Experimental Physical Modeling of Mass Transport Processes in Extraterrestrial Landscapes is con-
serned with the laboratory experiments to understand how materials move across surfaces on other
planets and moons. It involves a systematically simulating physical phenomenons such as quantum
gravity, absence of gravity, lack of atmosphere, or biomass flow.

Laboratory Analogues

There are several research fascilities used for demystfying the extraterrsterial conditions.Such exper-
imental tools are simulators which are sensitive to environmental stimuli including pressure, tempera-
ture, gas composition, and radiation fields which can take place in controlled laboratory. These models
involving transport of mass particularly, oxygen, nutrients, drugs via biological systems is the current
need of biomedical engineering. They are also used in dental labs to replicate the precise position of
inplants and with minimum error.
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Numerical and Computational Models

Mathematical models are developed and calibrated using data from laboratory experiments and space
missions. These models use general physical principles to predict erosion, accretion, and landscape
evolution, even under extreme conditions. As Taras Geyra 2022 [9] studied, the frontier of modern Earth
Science research revealed the potential of numerical modeling in 12 key open topic of interest including
4D dynamics of subduction zone, Geochemical transport, magmatism, and crustal growth, Topography
and landscape evolution etc. Tristan Salles, 2018 [10] had developed a computer program based parallel
global-scale landscape evolution model to simulate Earth's surface changes over millions of years and
tectonic forces, erosions etc. Moreover, Khain A. P., & Pinsky M., 2018 [11] had presented numerical
method for modeling clould and cloud physics.

A computer programs such as Python program and can also help to simulate geomagnetic stroms and
galactic noice. However, unlike to geomagnetic strom, galactic noice does not depend on mass transport.
Insteady, it depends primarily on simulating diffuse radio emissions including synchrotron radiations
and solar radiation etc. from the galaxy. This simulation is acceptable and can be extended for modeling
coupled physical problems as well as advanced Physical problems on the basis of mass transport be-
cause Python is suited with variety of symboles, formulas, functions and liberaries. As B. Thorne, et al.
2027 [12], published, the possiblity of simulating the Galactic microwave sky in polarization and in-
tensity by using Python program code. Moreover, A. Rajaneesh et al. 2013 [13] has used machine
learning & Multiple Discriminant Analysis approach to model and simulate extra-terrestrial landslides
on the basis of thermal, and volume deposite to classify landslide.

Theoretical Physical Model

In theoretical physics, the absence of gravity can be modeled mathematically. For instance, in general
relativity, an observer in freefall is considered to be on a geodesic and locally experiences no gravity
(equivalence principle). One can also model hypothetical scenarios, such as the exact center of a hollow,
uniform sphere, where all gravitational forces would theoretically cancel out.

Fick's law is a primary example of physical law that describes the process of diffusion based on mass
transport. It provides a fundamental theoretical framework that enable us to understand the movment of
continous mass system from a region of high concentration to the region of law concentration.

Fick's law two components; namely Fick's first law and second law which partial differential equa-
tions.

J=D. dC/dx (1)

J- is the mass flux in (kg/mZ.s), D- is the diffusion coefficient, and dC/dx- is the concentration gradi-
ent.

DC/Dt = Dd*C/dr? )

Fick's law is formulated to describe the non-steady state diffusion processor turbulent flow as con-
centration changes as a function of time. It predicts how concentration of continous mass system varies
over time at some instant of time in space dur to diffusion.
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Modeling

Mathematical and numerical modelling based on Fick's law is quite used in biomedical engineers,
construction engineers, and Aerosapce engineers, and material scientists for mass transfer process. By
integrated Fick's laws with a Python program, it is possible to model mass transfer for dense fluids. This
is because Python's program language are suited for solving the partial differential equations on the
basis mathematical algorithm. As Siepmann J. et al. 2021 [14], published, Fick's law is quite important
and applicable for modelling diffusion controlled drug delivery system.

Navier-Stokes equations in conjunction with the continuity equation is based on the law of mass
conservation, the law of energy conservation, and servation of momentum.The Navier—Stokes equa-
tions, for compressible Newtonian like fluid is given by;

p(ouwot+u-Vu)=—Vp+V-[u(Vu+(Vu)T)]+V-[A(V-u)l]+pg 3)

The body force has been decomposed into density and external acceleration, that is, f = pg. The
associated mass continuity equation is:

dplot+V-(pu)=0 4)

Where, p is density, u is the first coefficient of viscosity, 4 is the second coefficient of viscosity&lI is
the identity matrix.However, Navier-Stokes equations can be applicable forNewtonian fluids and in-
compressible fluid.

WHY IS MASS TRANSPORT MODEL IS IMPORTANT?

Mass transport models are important in terrestrial landscapes for several key reasons, primarily due
to their role in simulating and understanding the movement of materials (like water, sediment, nutrients,
and pollutants) across and through the environment. Mass transport models are important because they
are essential for understanding, predicting, and optimizing the movement of substances in both natural
and engineered systems, which is critical for applications ranging from biology to chemical engineering
and environmental science. These models help in designing processes, managing environmental impact,
and improving efficiency in various fields like biological system, separation processes, and climate
modeling.

In biomedical engineering,the design and operation of the cardiovascular system is based on the mass
tranport (nutrient), metabolic waste, and diffusion mechnism. As Pittman RN. 2011 [15] revealed, car-
diovasscular system perform two unctions namely movement of material (blood) to movement of tis-
sues to generate heat.

Physical models are the need of personal medicine. They are digital twins which are integrated with
research in order to adaptation application. Physical models involving mass transport are used for fa-
milarizing individuald relaying in research, improving their adaptation with space, harsh weather con-
ditions. This adaptations are and variations are current focus of astronauts in personal medicine. Hence,
physical models based mass transporta inherently to predicat, diagnosis, monitor and manage health in
extrateresterial landscape.

Predicting Global Change

Physical Models are essentailly used to estimate natural phenomenon including land degradations,
Volcanic erruptions and magma flow, weather change, melting of Glaciers, flooding, population density,
urbanizations and settlement irregularities. It is also used to foster bioresource conservations, and serve
as a test map for sustainablity. Physical modeling of mass transport is a vital tastament in predicting
weather conditions including rain fall, temperature change, floodings, and help to prevent hazardous
including drought, deforestations, and Global warming. It is also basis for Geographical information
system (GIS), satillet navigations,and metrology. The physical models adapted for mass transport is
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also found practical applications in construction such as Vona construction in order to understand and
predict mass movement and its consequence. Eventually, it is used to bulid and manage natural envi-
ronment that criticall important for safety, aging and living in harsh condition. In automotive engineer-
ing, it is used to reduce crumple zone and for safety of passengers by reducing angular momentum
transfer.

CONCLUSION.

In general, mass transport models are virtually a good test map for predicting the mechnism of in-
teractions and flow of physical, chemical, and biological components of a landscape These models are
an ideal for mitigating and combating environmental and climatic changes. Physical models that are the
frame work of experimental, computational (or numerical) and theoretical models applicable the to
solve real world problems in nature and extraterresterial landscape. They prefered for modelling bio-
logical process such as viscous fluids (bloods, atmosphere, clouds, magma), Geomagnetic stroms, hur-
ricans, and Galactic noises. These flow types are usually non-teady state (turbullent) flow and charac-
terized by high viscosity. Hence, the physical models are critical important to investigate the nature of
mass transport in such process. In general, physical models and stratehies bassed on mass transport are
enables bioconservations, ecological balance, and foster Sustability. They are also used in biomedical
engineering, material engineering, and health care such as blood flow measurements, cardiovascular
disease control, and personal medicine. Moreover, physical Models designed for Mass transport in Extra
terresterial landscapes are quite importnt in the future global daynamics and in VONA -constructions
for making comfortm, for living beyond the Earth in an harsh conditions.
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