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Preface

Welcome to the proceedings of the 9th International Conference on Mechanical Manu-
facturing Technology and Material Engineering (MMTME 2024). This prestigious event,
held in Wuhan, China, from August 2 to 4, 2024, brings together scholars, researchers,
industry professionals, and other delegates from around the globe to discuss the latest
advancements, challenges, and future trends in mechanical manufacturing technology
and material engineering.

The theme of MMTME 2024 revolves around fostering academic exchanges, broad-
ening research horizons, enhancing academic research and exploration, and promoting
the exchange of academic achievements and industrial cooperation. This conference
aims to propel the high-quality development of the mechanical manufacturing indus-
try and the field of material engineering. It serves as a platform for sharing insights,
exploring innovative ideas, and strengthening collaborations among participants.

The proceedings of MMTME 2024 encapsulates a wide array of research papers that
delve into the intricacies of mechanical manufacturing technology and material engi-
neering. It delves into the forefront of research in areas like additive manufacturing,
smart manufacturing systems, and innovative material solutions, addressing the cur-
rent gaps and technological challenges within the industry. The content is structured to
highlight significant innovations that are poised to redefine manufacturing processes,
enhance material performance, and drive sustainability in production. Key topics such
as the integration of Al and IoT in manufacturing, advancements in 3D and 4D printing
technologies, and the development of new sustainable materials are explored. These are
critical for pushing the boundaries of what’s possible in manufacturing and materials
science today.

The papers in this collection have undergone a rigorous review process to ensure
their quality and relevance. Each submission was evaluated by at least two to three
peer reviewers for its originality, technical content, depth of research, relevance to the
conference theme, contribution to the field, and readability. The acceptance of these
papers reflects the high standards of academic excellence that MMTME 2024 strives to
uphold.

One of the highlights of MMTME 2024 is the presence of esteemed keynote speakers
and chair professors, such as Professor Hakim Naceur from the Polytechnic University
Hauts-de-France and Professor Jiang Guo from Dalian University of Technology. Their
speeches and presentations have enriched the conference with valuable insights and per-
spectives on computational mechanics, additive manufacturing, and other forefront top-
ics. In addition to the keynote speeches, the conference also features numerous sessions
dedicated to specific topics, encouraging in-depth discussions and exchanges among par-
ticipants. These sessions have fostered a vibrant and collaborative atmosphere, where
ideas were freely shared, and innovative solutions were explored.

This paper volume is significant as it not only encapsulates state-of-the-art research
but also provides a vision for future directions in the field. It sets out to solve problems
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related to efficiency, cost-effectiveness, and environmental impact in manufacturing,
offering new perspectives and solutions to researchers and professionals. It is also a
testament to the dedication and hard work of the authors, reviewers, and organizers.
We hope that the proceedings of MMTME 2024 will inspire further research and
collaboration, leading to new breakthroughs and innovations in these critical areas. Our
heartfelt thanks go to all the authors, reviewers, speakers, sponsors, and participants
who made MMTME 2024 a resounding success. Look forward to welcoming you to our
future conferences, continuing the tradition of academic excellence and innovation.
The Committee of MMTME 2024
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Research on Self-Pressurization Technology
of Aerospace Cryogenic Tank

Bin Yu!>®9_ Cheng Huang', Jidong Chen?, Tianju Ma?, and Sendong Gu?

1 Central South University, Changsha 410083, China
cast510yb@163.com
2 Lanzhou Institute of Physics, CASC, Lanzhou 730000, China

Abstract. The spacecraft propulsion system puts forward an urgent need for cryo-
genic propellants with high density, low pressure storage and on-orbit reusable
tanks. The research on the self-pressurization mechanism of cryogenic tanks and
the pressure control technology have become the main factors affecting the on-
orbit application of cryogenic propellants. In this paper, a numerical model of
heat transfer and pressure control of cryogenic liquid tanks under micrograv-
ity conditions is established. By comparing and analyzing the self-pressurization
model of cryogenic tanks, the best finite element model is obtained, and the self-
pressurization mechanism of cryogenic tanks is analyzed, which lays a foundation
for low temperature pressure control. The research content of the follow-up work
on the pressure control of cryogenic propellant on-orbit storage is proposed, which
provides reliable theoretical support for the storage and transportation of cryogenic
propellant in space in the future.

Keywords: Cryogenic propellant - propellant tank - Self-pressurization - Liquid
mixing - Active cooling

1 Introduction

Low-temperature propellants such as liquid xenon and liquid krypton are used in satellite
electric propulsion engines, and low-temperature propellants such as liquid hydrogen and
liquid oxygen are used in satellite chemical propulsion engines [1-3]. Low-temperature
propellants are recognized as the most economical and efficient chemical propellants for
future space and space orbit transfer, and are the preferred propellants for future space
spacecraft. However, in the process of space flight, due to the influence of space heat
load such as solar radiation, earth infrared radiation, planetary albedo, and cold black
background, the low-boiling cryogenic propellant is heated and evaporated, thereby
increasing the internal pressure of the cryogenic tank, resulting in overpressure damage
of the cryogenic tank. Although the pressure control strategy of gaseous cryogenic
propellant emptying can effectively solve the overpressure problem, it causes the waste
of propellant and the reduction of total specific impulse. In addition, the exhaust will
also interfere with the flight attitude. It can be seen that the design of long-term on-orbit
cryogenic storage system is one of the key technical problems in space flight.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025
J. Guo et al. (Eds.): MMTME 2024, 75, pp. 3-13, 2025.
https://doi.org/10.1007/978-981-96-5354-6_1
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The key problem of cryogenic liquid space storage is the pressure control technology
of the tank under microgravity conditions [4—6]. During the filling of cryogenic liquid
propellant and the operation of the aircraft, the pressure of the cryogenic tank increases
due to the external heat load, resulting in the evaporation of some cryogenic liquid,
which makes the cryogenic liquid in the tank in a two-phase state and forms a pillow
area inside the tank. Usually, due to the existence of gravity, there is an obvious gas-liquid
interface in the tank. However, under microgravity, the shape and position of the ullage
are uncertain, which affects the efficient implementation of active cooling measures and
increases the difficulty of venting, which has a great impact on the long-term on-orbit
storage of cryogenic propellants [7-9].

By adding a propellent management device, the accurate positioning of the fluid
distribution of the cryogenic propellant can be realized. The cryogenic propellant fluid
mixing technology is used to make the propellant form a circulating fluid inside the tank.
The cryogenic fluid after the refrigerator is cooled is re-sprayed into the tank to cool the
inside of the tank, thereby achieving pressure control [10—12]. Therefore, it is of great
academic value and engineering application significance to obtain the basic theoretical
research on the heat and mass transfer and thermal stratification mechanism of cryogenic
liquid two-phase flow under microgravity conditions, and to propose the best strategy
of pressure control, which has become one of the key technologies of space on-orbit
propellant pressure control technology.

The aerospace cryogenic tank can achieve ZBO or RBO technical indexes by using
active cooling static heat conduction coupling technology, active cooling liquid mixing
heat coupling technology and cooling screen technology. It is necessary to select the
appropriate technical scheme according to different working conditions of the cryogenic
tank. According to the functional requirements of spacecraft chemical propulsion and
electric propulsion system, combined with the functional requirements of storage, anti-
sloshing and supply of space propellant tank surface tension management device, as well
as the requirements of tank structure and propellant physical properties, the combination
of active cooling and liquid mixing technology is more in line with the requirements of
technological development. Based on the analysis of the technical characteristics and
difficulties of thermal stratification of aerospace cryogenic tanks, for cryogenic tanks or
spherical cryogenic tanks, the active cooling liquid mixing thermal coupling technology
adopts the central shaft jet rod radial liquid mixing technology scheme, which has the
advantages of high efficiency, low power consumption, simple structure and light weight.

2 Comparative Analysis of Calculation Models

2.1 Technology Analysis

Under space microgravity, the propellant inside the tank exists in the form of gas-liquid
two-phase flow. Due to the influence of micro-acceleration, non-uniform heat source,
thermal transient and other factors, the thermal stratification inside the tank is caused.
The first is the non-uniformity of temperature. The saturated vapor pressure is different
in different temperature ranges of cryogenic liquid working medium. Excessive tem-
perature leads to abnormal increase of pressure. The uncertainty of gas-liquid position
inside the tank leads to the internal gas-liquid two-phase flow state and internal thermal
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stratification. The increase of internal pressure causes gas-liquid mixing and propellant
loss, which leads to the decrease of propellant capacity and satellite life.

The key to satellite pressure control is to control the pressure of the superheated
gas phase. At present, liquid mixing and stirring are mainly used at home and abroad,
and the superheated gas phase is stirred by supercooled liquid phase cooling, so as to
eliminate thermal stratification, effectively control the internal pressure of the tank, and
eliminate the problem of gas-liquid mixing of propellant.

During the stable operation of the cryogenic tank in the whole life cycle, it will be
affected by the environmental heat load, and the pressure in the tank will rise accordingly,
accompanied by thermal stratification. Thermal stratification refers to the temperature
gradient distribution of the fluid working medium within a certain range, which is a
typical problem of uneven energy distribution. In order to ensure the safety of the storage
system, the research of this problem has become a key technical problem to be solved
urgently. Therefore, in the design stage of cryogenic tank, it is necessary to focus on the
thermodynamic change process of internal pressure rise caused by heat leakage of wall
and support.

2.2 Geometric Model

The cryogenic storage tank in Fig. 1, the tank includes the upper head of the inner tank,
the inner tank cylinder, the lower head of the inner tank, the inlet, the jet rod and the
outlet. Among them, the axial and circumferential directions of the jet rod are uniformly
distributed with nozzles.

4
5

2

3 6

Fig. 1. Three-dimensional model of cryogenic storage tank

2.3 Comparative Study of Models

During the stable operation of the cryogenic tank in the whole life cycle, it will be
affected by the environmental heat load, and the pressure in the tank will rise accordingly,
accompanied by thermal stratification. Thermal stratification refers to the temperature
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gradient distribution of the fluid working medium within a certain range, which is a
typical problem of uneven energy distribution. In order to ensure the safety of the storage
system, the research of this problem has become a key technical problem to be solved
urgently. Therefore, in the design stage of cryogenic tank, it is necessary to focus on the
thermodynamic change process of internal pressure rise caused by heat leakage of wall
and support.

The self-pressurization phenomenon in the cryogenic tank is mainly caused by the
following two factors: First, the gas mass fraction and dryness increase due to the evap-
oration process and wall heat leakage. However, the volume ratio of the gas phase zone
in the cryogenic tank is limited, which is equivalent to inflating into a finite volume
container, so the pressure and temperature of the gas will increase successively. Sec-
ond, because the liquid phase density will gradually decrease with the increase of liquid
temperature, the volume expansion of the liquid phase produces a certain amount of
compression work in the gas phase region, which is manifested in the form of increased
gas phase pressure. Therefore, in order to improve the prediction ability of numerical
simulation of self-pressurization process, the selection of accurate gas model and liquid
phase density model is an important means to achieve this goal.

Using the material model of nitrogen working medium in Fluent software, the initial
temperature of liquid phase is set to be 73 K, the initial temperature of gas phase is 78 K,
the boundary condition of liquid phase is a constant temperature boundary of 100 K, the
boundary of gas phase is adiabatic boundary, and the initial filling rate is 50%. The three
simulation technology routes are shown in Table 1. The simulation results are shown in
Figs. 2, 3 and 4.

Table 1. The three simulation technology routes.

Simulation Scheme 1 Scheme 2 Scheme 3
Gas phase Ideal gas-state equation P-R state equation R-K-S equation
Liquid phase Fixed value Boussinesq Boussinesq

The gas-liquid phase change process of three groups of low-temperature working
fluids in the simulation is analyzed. It is found that when the liquid phase density is
treated in a fixed value, the proportion of liquid phase volume decreases gradually with
the evaporation process, and the proportion of gas phase volume increases significantly.
For the gas-liquid phase change process obtained by the Boussinesq approximation
method, the liquid phase expands with the increase of temperature, and the gas phase
mass fraction increases, but the volume fraction does not increase, but it is slowly reduced
by the expansion liquid phase compression. The three sets of simulations correspond
to different combinations of gas and liquid phase density models. According to the
gas phase temperature and density values obtained by simulation, the corresponding
theoretical pressure values are calculated. Compared with the simulated pressure values,
the gas phase density is obtained by using the R-K-S real gas equation and the liquid
phase density. The simulation value obtained by the combination of the Boussinesq
approximation model is closer to the theoretical value.
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Fig. 2. Combined simulation results of ideal gas model and liquid phase constant density

3 Simulation Analysis of Pressurization

3.1 Finite Element Model

The finite element mesh is generated by the finite element software. The regular tetrahe-
dral mesh is used in the column section, and the mesh of the upper and lower ellipsoid
head area is segmented. The mesh refinement is carried out for the near wall surface,
and 10 layers of boundary layer are set up. The number of grids is 5528, and the finite
element model is shown in Fig. 5.

3.2 Solution of Self-Pressurization Numerical Model of Cryogenic Tank

The most fundamental reason for the formation of the self-pressurization phenomenon
is the evaporation of the liquid phase and the volume expansion of the gas-liquid two-
phase after heating caused by the heat leakage of the low-temperature tank wall and
the support. The self-pressurization process of the liquid tank is simulated, and the
pressure and temperature in the tank are obtained with time. The change process reveals
the heat and mass transfer process between the gas and liquid phases in the liquid
cryogenic tank. Different boundary conditions and environmental conditions are set to
study the self-pressurization law of liquid cryogenic tank, which mainly involves the law
of different wall heat flux, different liquid filling rate and different gravity environment.
The simulation results of low temperature pressurization are shown in Figs. 6, 7 and 8,
respectively.
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Fig. 3. Combined simulation results of P-R gas model and Boussinesq approximation of liquid
phase density

Under normal gravity, using the axisymmetric two-dimensional tank model, the
transient simulation analysis process of the gas phase pressure from 82 kPa to 118.8 kPa
experienced a total of about 1330s, and the distribution of temperature, pressure and
velocity in the tank at the end time was obtained. Due to the effect of gravity, there are
different degrees of hydrostatic pressure in the liquid phase along the axial direction.
Therefore, there is an obvious pressure gradient in the liquid phase in the pressure cloud
diagram, the gas phase is evenly distributed, and the pressure is consistent. In the ground
parking stage, due to the action of hydrostatic pressure, the maximum pressure position in
the tank is at the bottom of the tank, and the maximum pressure corresponding to 1330 s
is 126.2 kPa. From the temperature cloud map, it can be seen that there are temperature
stratification and uneven distribution in the gas-liquid region, and the fluid temperature
near the wall is high. Because the heat and mass exchange in the box mainly exists in
the gas-liquid interface layer, the velocity streamline distribution at the interface layer
can be observed through the velocity cloud map distribution, which reveals the mass
and energy exchange process in the gas-liquid region at the interface layer to a certain
extent.

From the gas phase temperature and pressure change curves, it can be seen that the
drop section caused by the temperature gradient setting in the initial stage. By comparing
the liquid phase temperature change curve and the gas phase temperature change curve,
the gas phase temperature has a sharp change in a short period of time, and after reaching
the thermodynamic equilibrium in the tank, it begins to show a steady upward trend.
Due to the violent movement of gas micro-clusters in the gas phase region, the gas phase
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Fig. 4. Combined simulation results of R-K-S gas model and Boussinesq approximation of liquid
phase density

Fig. 5. Finite element model of cryogenic tank

heating curve fluctuates, while the liquid phase heating curve is stable. Compared with the
liquid phase heating curve, the gas-liquid phase heating curve shows an approximately
uniform heating rate. This phenomenon explains the initial condition setting that the
gas-liquid phase wall heat flux density value corresponding to the initial liquid phase
filling rate of 50% is close to the same.

In addition, 10 temperature monitoring points were set up in the vertical direction
near the central axis, and the corresponding temperature curve changes at different times
along the axial direction were obtained. It can be clearly observed that there are different
degrees of temperature gradient distribution in the gas-liquid region at different times,
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Fig. 6. Simulation results of pressure distribution in 1330 s cryogenic tank
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Fig. 7. Simulation results of temperature distribution in 1330 s cryogenic tank
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Fig. 8. Simulation results of velocity distribution in 1330 s cryogenic tank

that is, thermal stratification. Compared with the liquid phase temperature change at the
same axial position at the same time interval, the displacement of the temperature point
to the right is almost equal. Combined with the approximate linear liquid phase heating
curve, the thermodynamic process of the liquid phase temperature change under the
uniform wall heat flux boundary is well explained. The greater the range of parameters
in the cryogenic tank. From the perspective of convective heat transfer formula, when the
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heat flux increases and the heat transfer coefficient remains constant, the corresponding
change temperature value is larger, that is, the temperature in the liquid krypton cryogenic
tank becomes larger.

The evaporation and condensation process of cryogenic propellant is mainly carried
out through the gas-liquid interface layer. In the normal gravity environment, the gas-
liquid phase has a clear interface, and the gas-phase heating by natural convection is
relatively stable and efficient, so the gas-phase pressure curve shows a regular and stable
upward trend. With the decrease of gravity, the gas-liquid phase in the liquid krypton
cryogenic tank gradually tends to disperse, and the gas-liquid phase interface is contin-
uously reconstructed with time. At this time, the heat exchange efficiency is low and the
heating is uneven, so the self-pressurization rate slows down.

3.3 Self-Pressurization Test and Liquid Mixing Test

The test mainly includes two parts: pressurization and depressurization. The pressur-
ization mainly relies on the heat leakage of the tank to achieve self-pressurization. The
depressurization realizes the cooling of the propellant by opening the cryogenic pump
and the refrigerator. The radial jet liquid mixing is used to eliminate the thermal stratifi-
cation and reduce the tank temperature. The test results are shown in Fig. 9, and the test
results of the pressurization interval are approximately consistent with the simulation
analysis results.
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Fig. 9. Self-pressurization and liquid mixing test

3.4 Parameter Sensitivity Analysis of Self-Pressurization and Depressurization

The wall heat leakage is the main factor for the self-pressurization phenomenon in the
liquid krypton cryogenic tank. First, in the closed tank, the higher the heat flux, the higher
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the pressurization rate. However, because the gas phase pressurization rate is greater than
the heating rate of the saturated phase transition temperature, the temperature at the gas-
liquid interface is lower than the phase transition saturation temperature. According to
the phase transition formula of the evaporation and condensation process, the process
delays the liquid phase evaporation to a certain extent. Second, because the liquid phase
is heated by the wall heat flow, the liquid phase temperature rises, and then the liquid
phase volume expands. This process has a certain compensation for the downward trend
of the liquid level in the box.

The temperature of the refrigerator heat exchanger and the pumping speed of the
cryogenic pump are the main factors affecting the depressurization of the tank. The
lower the temperature of the refrigerator, the greater the cooling capacity of the tank, the
higher the pumping speed of the cryogenic pump, the higher the liquid injection speed,
and the greater the cooling capacity of the tank.

4 Conclusion

The ideal gas model and the fixed liquid phase density model are often used for the
gas-liquid phase density model, so there is a certain gap between the simulation results
and the actual thermal physical process. Based on this, this chapter first uses liquid
nitrogen cryogenic working fluid to simulate and compare the gas-liquid density model
combination of cryogenic working fluid, that is, the gas phase temperature and density
values obtained by simulation, the corresponding theoretical pressure values are cal-
culated, and the simulation pressure values are compared. Finally, it is found that the
simulation value obtained by the combination of the gas phase density using the R-K-S
actual gas equation and the liquid phase density using the Boussinesq approximation
model is closer to the theoretical value.

Since there is no gas-liquid two-phase material model for a specific working medium
in the finite element software material library, a two-phase material model for analyzing
the working medium is built, and the above-mentioned gas-liquid two-phase density
model combination is used for numerical calculation and verification. The results show
that the simulation value of the gas phase pressure obtained by the self-built working
medium is highly consistent with the theoretical value curve. Compared with the curve
obtained by the liquid nitrogen working medium, the curve change trend is basically
the same, which proves the correctness of the established two-phase material model of
the working medium. At the same time, it is proved that the selected gas-liquid two-
phase density model of cryogenic working fluid has better calculation and prediction
performance for working fluid, which is closer to the theoretical value and improves the
scientificity of subsequent simulation research.
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Abstract. Compared to arc additive manufacturing, Oscillating Laser Wire Addi-
tive Manufacturing (O-LWAM) technology provides lower raw material costs,
higher material utilization, and faster deposition. However, rapid melting, solidifi-
cation, and cooling can cause defects like warping, cracks, pores, poor fusion, and
coarse columnar grains. By employing different laser beam oscillation methods,
O-LWAM enhances energy distribution and molten metal flow to reduce defects
and improve material performance. This paper establishes numerical models to
visualize and analyze the effects of oscillating lasers on energy distribution and
molten pool evolution, offering a reference for process parameter optimization for
performance enhancement in additive manufacturing.

Keywords: Numerical Models - Additive Manufacturing - Molten Pool
Dynamics - Energy Distribution

1 Introduction

Wire Laser Additive Manufacturing (WLAM) technology uses a laser as a heat source
and controls the laser head and wire feeding device to move dynamically in space relative
to the deposition layer through a KUKA robot to create additive products. Compared
to arc additive manufacturing, the advantages of using a laser beam as a heat source in
WLAM technology include high forming accuracy, low thermal deformation of products,
and ease of automation and intelligence. Utilizing wire material provides benefits such as
low raw material cost, high material utilization rate, and fast deposition speed. However,
in the additive process, metal melting, solidification, and cooling are completed in a very
short time, causing severe temperature fluctuations, which can easily lead to defects such
as warping, cracks, pores, poor fusion, and coarse columnar grains.

Aluminum alloys, as lightweight metal materials widely used in the aerospace field,
tend to form defects during printing due to their active chemical properties, high laser
reflectivity, and easy combination with oxygen, which reduces product quality [4]. By
combining different laser beam oscillation methods, the oscillating wire laser additive
manufacturing (O-WLAM) technology can enhance the flow of the molten metal and
improve the energy field distribution, thereby suppressing defects and improving material
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performance. Dai et al. [3] conducted a detailed comparison of the melting of TC4 in
additive manufacturing using various laser oscillation methods and characterized the
microstructure of TC4 under different oscillation parameter.

Studying the microstructure and mechanical properties of oscillating laser wire addi-
tive manufacturing of titanium alloys and aluminum alloys can guide structural design
and feedback production, which has significant engineering value. Despite numerous
studies on oscillating laser wire additive manufacturing, there remain gaps in under-
standing the relationship between energy distribution, molten metal flow behavior, defect
suppression mechanisms in the additive process of light metals such as titanium and
aluminium [1, 7].

This paper establishes a numerical model of the laser heat source and a high-fidelity
heat flow coupling model. From the perspectives of oscillating laser heat source intensity
and the resulting metal flow, it visualizes both models to respectively explain the roles
of oscillating laser in defect and coarse columnar grains suppression of metal materials
in additive manufacturing, providing a reference for the optimization of actual process
parameters and the enhancement of additive product performance.

2 Numerical Simulation Modeling

2.1 Energy Flux Model

To better match the actual conditions of oscillating laser wire additive manufacturing,
the heat source in this oscillating laser heat source model uses a planar Gaussian heat
source. The heat source equation is as follows [2]:

3P (_3 = x(0)?+ @ = y(r)>2> W

X, ¥, 1) = —5 ex
qx, y, 1) rZ p 2
where 7 is the material’s absorptivity to the laser, r¢ is the laser beam radius used to
measure laser quality, and x(t), y(t) are used to describe the oscillating laser trajectory.
The parametric equation for a circular oscillating laser is as follows [4]:

y(1) = yo — Asin(2rft)
: x 2)

x(t) = xo + vt + Asin(2nft + §)

A is the amplitude of the laser oscillation, f is the frequency of the laser oscillation,
and v is the speed at which the heat source moves.

The energy distribution formula of the laser acting on the surface of the metal material
is as follows [5]:

1
E(x,y) =/0 q(x,y, t)dt 3)

Integrating Eq. (1) over the interval ¢ € [0, 1] [0, 1] to obtain the energy distribution
intensity of the laser heat source acting on the metal surface at various positions within
acycle.
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2.2 High Fidelity Model

Considering the liquid metal in the molten pool as a Newtonian incompressible fluid, its
continuity equation is [6]:

V() =0 4)

For the momentum conservation, the governing equation can be expressed to identify
the driving forces [6]:

d(pv)
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In this context, p represents the density of the material, ¢ denotes time, P stands
for pressure, and u is the dynamic viscosity of the fluid. B is introduced as a negligible
value to prevent mathematical singularities. The buoyancy effect is modeled using the
Boussinesq approximation, while the Darcy term approximates the resistive damping
in the mushy zone, where K represents the resistance coefficient and f indicates the
fraction of the liquid phase. S, encompasses the resultant body force from various
surface effects, including surface tension, the Marangoni effect, the pressure due to
evaporation, and laser pressure [8].

Evaporative recoil pressure arises when metal vapor molecules collide with the liquid
surface. The Clausius-Clapeyron equation allows us to estimate this as 0.54 times the
equilibrium vapor pressure at the liquid interface, as discussed by Ke et al. [8]

AHH(T —Ty)Y
RTTy &

+pgB(T —Tp) — + Sm ®)

Frecoil = 0.54F) exp( (6)

Surface tension and Marangoni force act on the surface of the molten metal fluid.

Due to the large temperature gradient on the surface of the molten pool, the metal fluid
is usually driven to flow tangentially along the surface. The form is as follows [8]:

— o+ T _hG VT 7
f—UnK+d—T[ —n(n-VT)] (7

where o is the surface tension coefficient of the liquid metal, Z—? is the surface tension

temperature coefficient, 7 and x represent the normal vector and curvature of the free
surface of the molten pool, respectively [9].
The energy equation is [8]:
opH .
% F V. (pPH) =V - (kVT) + Sh ®)
where H represents enthalpy, k is the thermal conductivity of the material, and Sy, is the
volumetric heat source and heat loss which is same to the 2.1.
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3 Results and Discussion

3.1 Energy Distribution

Figure 1 illustrates the variation in energy distribution of the laser, set at 3000 W with
an oscillation frequency of 100 Hz, under varying amplitudes. In the depicted scenarios,
the absence of oscillation leads to a sharp decline in energy density as distance from the
centerline increases. Conversely, upon introducing oscillations, there’s a marked shift
in energy distribution patterns across Fig. 1 (b), (c), and (d). Notably, the ‘double peak’
pattern emerges as a distinct feature, contrasting sharply with the ‘single peak’ scenario
by exhibiting a lesser drop between peaks and a more evenly spread energy distribution.
The figure captures energy densities at various amplitudes (A = 0, 0.5, 1, and 1.5),
documenting maximum values at 319.1, 193.4, 128.8, and 103.5 JImm?, respectively.
These values demonstrate a pronounced decrease in energy density concurrent with
increased laser oscillation amplitudes.
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Fig. 1. The energy distribution(J/mmz) on additive varying with oscillating amplitudes (a) A =
0,(b)A=0.5mm, (¢c) A=1mm (d) A= 1.5 mm.

Figure 1 illustrates that with increasing oscillation amplitudes, the maximum energy
density on the surface experiences a notable reduction and the distribution of energy
becomes more evenly spread. This contrasts sharply with the effects observed using a
static linear laser heat source, where increased amplitude leads to a lower temperature
gradient. The combined effects of the temperature gradient G and the solidification
rate R crucially influence the morphology and dimensions of grains formed during



