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In this second volume of Automotive Math with Python for Engineers, we delve deeper into the intricate and complex topics that form the foundation of advanced automotive engineering analysis. Building upon the principles established in the first volume, this eBook introduces more sophisticated techniques in Finite Element Method (FEM), explores nonlinear dynamics, and integrates cutting-edge topics like fracture mechanics, multi-physics simulations, and machine learning applications in automotive design.

This volume is designed for engineers, researchers, and advanced students ready to tackle the next level of challenges in automotive engineering. The content is structured to provide the theoretical background and practical Python implementations, enabling you to apply these concepts directly to real-world problems.
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Chapter 1: Introduction to Advanced Nonlinear Dynamics
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Example: Nonlinear Vibration of an Automotive Suspension System

Problem: Automotive suspension systems can exhibit nonlinear behavior due to large deflections, varying stiffness, and damping characteristics. The goal is to model and simulate the nonlinear vibration of a suspension system to predict its behavior under dynamic loading.

Python Code:

Python Copy code

import numpy as np

import matplotlib.pyplot as plt

from scipy.integrate import solve_ivp

# Define system parameters

m = 1500  # mass (kg)

k = 50000  # stiffness (N/m)

c = 1500  # damping coefficient (Ns/m)

F0 = 1000  # amplitude of external force (N)

omega = 1.5  # frequency of external force (rad/s)

# Define the nonlinear function

def suspension_system(t, y):

displacement, velocity = y

stiffness = k * (1 + 0.1 * displacement**2)  # Nonlinear stiffness

damping = c * (1 + 0.05 * velocity**2)  # Nonlinear damping

force = F0 * np.sin(omega * t)

dydt = [velocity, (force - damping * velocity - stiffness * displacement) / m]

return dydt

# Initial conditions

y0 = [0.0, 0.0]  # initial displacement and velocity

# Time vector

t = np.linspace(0, 10, 1000)

# Solve the differential equation

solution = solve_ivp(suspension_system, [0, 10], y0, t_eval=t)

# Plot the results

plt.plot(solution.t, solution.y[0])

plt.title('Nonlinear Vibration of Automotive Suspension System')

plt.xlabel('Time (s)')

plt.ylabel('Displacement (m)')

plt.grid(True)

plt.show()

Explanation:


●  System Parameters: The mass, stiffness, and damping coefficients represent the physical properties of the suspension system.

●  Nonlinear Function: Nonlinear stiffness and damping are modeled as functions of displacement and velocity, respectively.

●  ODE Solver: The system of nonlinear differential equations is solved using solve_ivp, which integrates the equations over time.

●  Results: The displacement over time is plotted, showing how the suspension responds to dynamic loading, considering nonlinear effects.



	[image: image]
	 	[image: image]


[image: image]

Chapter 2: Multi-Physics Simulations
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Example: Coupled Thermal-Mechanical Analysis of an Electric Vehicle Battery

Problem: In electric vehicles, battery packs generate heat during operation, which can affect their mechanical integrity. The goal is to perform a coupled thermal-mechanical simulation to analyze temperature distribution and resulting thermal stresses.

Python Code:

python

Copy code

from fenics import *

import matplotlib.pyplot as plt

# Create a 2D mesh for a battery cell

mesh = RectangleMesh(Point(0, 0), Point(1, 0.2), 50, 10)

# Function spaces for temperature and displacement

V_temp = FunctionSpace(mesh, 'P', 1)

V_disp = VectorFunctionSpace(mesh, 'P', 1)

# Boundary conditions

bc_temp = DirichletBC(V_temp, Constant(300), 'on_boundary')  # Constant temperature on the boundary

bc_disp = [DirichletBC(V_disp, Constant((0, 0)), 'on_boundary')]  # Fixed boundary for displacement

# Define thermal problem

T = Function(V_temp)

T_n = interpolate(Constant(300), V_temp)  # Initial temperature

v_temp = TestFunction(V_temp)

k = Constant(1)  # Thermal conductivity

f = Expression('1000 * exp(-5 * (pow(x[0] - 0.5, 2) + pow(x[1] - 0.1, 2)))', degree=2)  # Heat source

a_temp = k * dot(grad(T), grad(v_temp)) * dx

L_temp = f * v_temp * dx

# Solve thermal problem

solve(a_temp == L_temp, T, bc_temp)

# Define mechanical problem (thermal expansion)

u = Function(V_disp)

v_disp = TestFunction(V_disp)

alpha_thermal = 1.2e-5  # Thermal expansion coefficient

E = 70e9  # Young's modulus

nu = 0.3  # Poisson's ratio

lambda_ = E * nu / ((1 + nu) * (1 - 2 * nu))

mu = E / (2 * (1 + nu))

def epsilon(u):

return sym(grad(u))

def sigma(u, T):

return lambda_ * tr(epsilon(u)) * Identity(2) + 2 * mu * epsilon(u) - alpha_thermal * (T - 300) * Identity(2)

a_disp = inner(sigma(u, T), epsilon(v_disp)) * dx

L_disp = dot(Constant((0, 0)), v_disp) * dx

# Solve mechanical problem

solve(a_disp == L_disp, u, bc_disp)

# Plot temperature distribution

plot(T)

plt.title('Temperature Distribution in Battery Cell')

plt.colorbar()

plt.show()

# Plot displacement due to thermal expansion

plot(u, mode='displacement')

plt.title('Displacement Due to Thermal Expansion')

plt.show()

Explanation:


●  Thermal Problem: The temperature distribution in the battery is solved using FEM, considering a heat source that simulates battery operation.

●  Mechanical Problem: The resulting thermal expansion is then analyzed by coupling the temperature field with the mechanical FEM problem.

●  Results: The temperature distribution and the corresponding displacement due to thermal expansion are visualized, showing the impact of heat generation on mechanical integrity.
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Chapter 3: Advanced Plasticity Models
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Example: Anisotropic Plasticity Model for Automotive Crash Simulation

Problem: During a crash, automotive materials may undergo complex plastic deformations. This example demonstrates the use of an anisotropic plasticity model to simulate the material response under impact conditions.

Python Code:

Python Copy code

from fenics import *

import matplotlib.pyplot as plt

import numpy as np

# Define mesh and function space

mesh = BoxMesh(Point(0, 0, 0), Point(1, 0.2, 0.1), 20, 10, 5)

V = VectorFunctionSpace(mesh, 'P', 1)

# Boundary conditions

def fixed_boundary(x, on_boundary):

return near(x[0], 0)

bc = DirichletBC(V, Constant((0, 0, 0)), fixed_boundary)

# Material properties

E = 210e9  # Young's modulus

nu = 0.3  # Poisson's ratio

sigma_y = 400e6  # Yield stress

H = 10e9  # Hardening modulus

a = 0.5  # Anisotropy parameter

mu = E / (2 * (1 + nu))

lambda_ = E * nu / ((1 + nu) * (1 - 2 * nu))

# Define plasticity model

u = Function(V)

du = TrialFunction(V)

v = TestFunction(V)

eps_p = Function(V)  # Plastic strain

alpha = Function(V)  # Hardening variable

def epsilon(u):

return sym(grad(u))

def sigma(u, eps_p, alpha):

return lambda_ * tr(epsilon(u) - eps_p) * Identity(3) + 2 * mu * (epsilon(u) - eps_p)

def von_Mises(sigma):

s_dev = sigma - (1./3) * tr(sigma) * Identity(3)

return sqrt(3./2 * inner(s_dev, s_dev))

R = inner(sigma(u, eps_p, alpha), epsilon(v)) * dx

J = derivative(R, u, du)

# Solve problem iteratively

solve(R == 0, u, bc)

# Post-process: Compute von Mises stress

s = sigma(u, eps_p, alpha) - (1./3) * tr(sigma(u, eps_p, alpha)) * Identity(3)

von_Mises_stress = project(von_Mises(s), FunctionSpace(mesh, 'P', 1))

# Plot results

plot(von_Mises_stress)

plt.title('Von Mises Stress with Anisotropic Plasticity')

plt.colorbar()

plt.show()

Explanation:


●  Material Model: The anisotropic plasticity model considers directional dependence in material yielding and hardening, reflecting the real behavior of metals during a crash.

●  FEM Simulation: The FEM model simulates how the material deforms and yields under impact, using an iterative solver to handle the plasticity.

●  Results: The von Mises stress distribution is visualized, highlighting areas where plastic deformation occurs, essential for evaluating crashworthiness.
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Chapter 4: Fracture Mechanics and Damage Models
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Example: Cohesive Zone Model for Crack Propagation in a Car Body Panel

Problem: Cracks in automotive components can lead to catastrophic failure. This example uses a cohesive zone model (CZM) to simulate crack initiation and propagation in a car body panel.

Python Code:

Python Copy code

from fenics import *

import matplotlib.pyplot as plt

# Define mesh and function space for a 2D body panel

mesh = RectangleMesh(Point(0, 0), Point(1, 0.5), 50, 25)

V = VectorFunctionSpace(mesh, 'P', 1)

# Boundary conditions

bc = [DirichletBC(V, Constant((0, 0)), 'near(x[0], 0)')]

# Material properties

G_c = 2.7  # Fracture energy

sigma_c = 3e6  # Cohesive strength

l = 0.1  # Characteristic length

def w(u):

return G_c / l * (1 - u/l)**2

def sigma_czm(u):

return sigma_c * exp(-u/l) * (u < l) + sigma_c * exp(-1) * (u >= l)

u = TrialFunction(V)

v = TestFunction(V)

u_n = Function(V)  # Previous displacement field

a = dot(sigma_czm(u), grad(v)) * dx

L = dot(Constant((0, 0)), v) * dx

# Solve problem

solve(a == L, u, bc)

# Post-process: Compute crack propagation

crack_opening = project(u - u_n, FunctionSpace(mesh, 'P', 1))

# Plot results

plot(crack_opening)

plt.title('Crack Propagation Using Cohesive Zone Model')

plt.colorbar()

plt.show()

Explanation:


●  Cohesive Zone Model (CZM): CZM is used to simulate the initiation and growth of cracks. The model describes the material's response as it separates, providing a realistic simulation of crack propagation.

●  Simulation: The FEM simulation models the crack growth as the load is applied, with the CZM dictating how and where the material fractures.

●  Results: The crack opening is plotted, showing how the crack propagates through the material, which is crucial for understanding and preventing failures in automotive components.
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Chapter 5: Nonlinear Material Behavior and Large Deformation Analysis
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Example: Hyperelastic Analysis of a Rubber Mount in an Automotive Suspension

Problem: Rubber mounts in automotive suspensions undergo large deformations. This example uses a hyperelastic model to analyze the large deformation behavior of a rubber mount.

Python Code:

Python Copy code

from fenics import *

import matplotlib.pyplot as plt

# Create a 3D mesh for a rubber mount

mesh = BoxMesh(Point(0, 0, 0), Point(0.1, 0.1, 0.02), 20, 20, 5)

V = VectorFunctionSpace(mesh, 'P', 1)

# Boundary conditions

bc = [DirichletBC(V, Constant((0, 0, 0)), 'near(x[0], 0)')]

# Material properties (Neo-Hookean)

E = 1e6  # Young's modulus

nu = 0.49  # Poisson's ratio (nearly incompressible)

mu = E / (2 * (1 + nu))

lambda_ = E * nu / ((1 + nu) * (1 - 2 * nu))

u = TrialFunction(V)

v = TestFunction(V)

u_n = Function(V)  # Displacement field

F = Identity(3) + grad(u)  # Deformation gradient

C = F.T * F  # Right Cauchy-Green tensor

Ic = tr(C)  # First invariant

psi = (mu / 2) * (Ic - 3) - mu * ln(det(F)) + (lambda_ / 2) * (ln(det(F)))**2  # Neo-Hookean strain energy

P = diff(psi, F)

a = inner(P, grad(v)) * dx

L = dot(Constant((0, 0, 0)), v) * dx

# Solve problem

solve(a == L, u, bc)

# Post-process: Compute deformation

deformation = project(u - u_n, FunctionSpace(mesh, 'P', 1))

# Plot results

plot(deformation, mode='displacement')

plt.title('Deformation of Rubber Mount Using Hyperelastic Model')

plt.show()

Explanation:


●  Hyperelastic Material Model: The Neo-Hookean model is used to simulate the large deformations of rubber, which is nearly incompressible and exhibits nonlinear behavior.

●  Simulation: The FEM simulation models the deformation of the rubber mount under applied loads, taking into account the material's hyperelastic properties.

●  Results: The deformation is visualized, showing how the rubber mount deforms under load
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