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Solvers in COMSOL Multiphysics

1. How to solve multiphysics models
- One-way Coupling vs. Two-way Coupling
- Fully Coupled vs. Segregated Approach

- Comparison

2. How to solve FEM system of algebraic equations
- Direct Solver
- Iterative Solver

- Comparision

3. Conclusions



How to Solve Multiphysics Models
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One-way vs. Two-way Coupling of Multiple Physical Phenomena

One-Way Coupling Two-Way (or Both-directional) Coupling
,The physical phenomena do not affect each other, or , The physical phenomena affect each other
their mutual influence can be neglected.” significantly — each one influences the other and vice

Example: Simulation of microwave heating of a potato. In the first step Example: Thermal deformation of a lens during laser beam passage. The
the electric field is computed, from which the generated heat is then beam heats the lens, which deforms. The deformation in turn changes
derived. The heat does not feed back to change the field. the optical properties and the beam path.
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One-way Coupling

= Consider a model of a solar panel
exposed to a windstorm. The airflow
causes stress and slight deformation
of the panel. We are interested in the
panel's deformation in the steady
state.

= How to set this?
— Multiphysics node
— Two studies

— Two study steps in one study

Step 1: Velocity and pressure
distribution in the fluid flow field
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Step 2: Mechanical (elastic) deformations
caused by fluid pressure acting on the panel
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¥ Parameters 1

@ Default Model Inputs
& Materials
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>
» 28 Turbulent Flow, k-£ (spfl
> % Solid Mechanics (solid)
~ %, Multiphysics

> Zi Fluid-Structure Interaction 1 (fsi1)
> £ Mesh 1

v " Study 1
Step 1: Stationary: Turbulent Flow
> " Salver Configurations
w o Study 2
. Step 1: Stationary: Solid Mechanics
> ™. Solvar Configurations
» & Results

Label:  Stationary: Solid Mechanics
~ Study Settings

Tolerance: | Physics controlled

A . <<> P; 2 Variables ¥ Equation Contributions ¥
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Builder  Manager 1 Component “ B Al

v @
[] Include geometric nonlinearity -
» Results While Solving
~ Physics and Variables Selection
[[] Madify model configuration for study step v
Nede Salve for | Equati
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& Turbulent Flow, k- (spf) Autom
= Solid Mechanics (solid) Autom
~ %, Multiphysics
% Fluid-Structure Interaction... = Autom

~ Values of Dependent Variables
Initial values of variables solved for

Settings:  Physics controlled
Values of variables not sohved for

Settings:  User controlled

Msthod:  Solution

Study: Study 1, Stationary: Turbulent Flow

Solution:  Current (Selution 1 (sel1))

Selection:  Automatic (single solution}

Store in Output

Mesh Selection

Adaptation and Error Estimates

Study Extensions
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¥ Global Definitions

Pi Parameters 1

@ Default Model Inputs

& Materials
@ Component 1 (comp1)
Definitions
Geometry 1
> Materials
> %% Turbulent Flow, k- (spf)
> % Solid Mechanics (solid)
v . Multiphysics

» i Fluid-Structure Interaction 1 (fsi1)
> 145 Mesh 1

Study 1

© Step 1: Stationary: Turbulent Flow

1. Step 2: Stationary: Solid Mechanics
> T Solver Configurations
&= Results

Definitians

Settings
Stationary
= Compute

Label:  Stationary: Solid Mechanics
v Study Settings

Tolerance: Physics controlled

[] Include geometric nonlinearity
> Results While Solving

~  Physics and Variables Selection

] Modify model configuration for study step

Node Solve for  Equation form
~ I Component 1 (comp1) [ Automatic
 Turbulent Flow, k-g (spf) 0 Automatic (Stationary)
olid Mechanics (solic) [ Automatic (Stationary)
v % Multiphysics
= Fluid-Structure Interaction... [  Automatic (Stationary)

v Values of Dependent Variables
Initial values of variables solved for
Settings:  Physics controlled
Values of variables not solved for

Settings:  Physics controlled

v

Store in Output

Mesh Selection
Adaptation and Error Estimates

Study Extensions
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Two-way Coupling

Consider a component under electrical voltage with electric current flowing through it. The
component heats up due to Joule heating and deforms. We are interested in the steady state.

Electric potential distribution Temperature distribution T
Vv

Surface: Electric potential (V) Surface: Temperature (degC)
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Two-way Coupling

Consider a component under electrical voltage with electric current flowing through it. The
component heats up due to Joule heating and deforms. We are interested in the steady state.

Electric potential distribution
Vv

V- -[-a(T)VV]=0

A

o(T) = elektricka vodivost
VV = gradient potencialu
V - je divergence
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Two-way Coupling

Consider a component under electrical voltage with electric current flowing through it. The
component heats up due to Joule heating and deforms. We are interested in the steady state.

Electric potential distribution
Vv

V- -[-a(T)VV]=0

for N degrees of freedom (DOF):
KV11 (T) KVlN (T) I71

KVNl(T) KVNN(T)

by,
by,

Vy




How to Solve the Two-way Coupling
System?
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The Fully Coupled Two-way Coupling

Electric potential distribution
Vv

Ky, (T) .. KVIN(T)” ]

KVN;(T) KVNN(T)

All physical effects are
solved in a single system.
Everything depends on
everything.

The Newton—Raphson
method is used for the
calculation.

|

Ky (T) ..

Ko dT)

KV1N (T)

Ky (T)

0
0
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The Fully Coupled Two-way Coupling

= Simplified notation of the ,,fully coupled” system

Ky(T)
f = 0
0

0
K (T)

0 |Kq(D)

0
0

U A

a—
— [br(V)| = 0
by(T)

= Jacobian matrix required by the Newton-Raphson method
(searching for f = 0 along direction f/)

f’ :< —bry
0

Jwhere Ky 7 =

8Ky(T)
oT

The Jacobian matrix is non-symmetric and can
be difficult to solve!

In the case of strongly nonlinear dependencies,
computing the Jacobian matrix can be a time-
and memory-intensive operation.
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The Segregated Two-way Coupling

= Solves individual physical effects sequentially and separately, each time for a constant initial
condition.

= The computation consists of simpler subsequences that have the nature of a linear problem.

1. iteration: Solve T'=1
for M degrees of freedom (DOF)'
KTM(T) KrlM(T)

for N degrees of freedom (DOF): KTMl (1) .. KTMM

KV“(T) '." KV”’(T)H ‘ l ] Used initial condition 7:=°

Updated constant electric potential 71=1
KVNl (T) e KVNN (T)

Used initial condition 71=9
\ Next iterationi = i +1

Used constant temperature =0
(until convergence criterion

1. iteration: Solve V=1 bn (V)

b TM.(V)




N0 COMSOL

Comparison: Fully Coupled vs. Segregated Approach

| FullyCoupled Segregated

Computational cost per High Low
one iteration

Required number of Low High
iterations
Total computational time Usually higher Lower
RAM memory demand Higher Lower
Setup complexity Low Higher
,KV”E(f) - ;(vﬂg(f) . 7 ﬁc;l_ B h:,, 7 />1 iteration: Solve T4=1
Ko (F) o Kiyy(T) ) ) Vy bv- %.itemtion:?olve?"“ I :- H ” (J] 1. iteration: Solve d=
K D) ml_|Eo s - i
r0ll) = Ko O B A G == 0 ()l ” o
. Kag (1) Kap(®) | | &y || e, (T) e e e e 78
Ky (T) (T)_ _a',,_ _b,,,:(f)_ ‘/




How to Solve FEM System of Algebraic
Equations
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Micro-credential Course:
Introduction to FEM

1. PDE:
0°T(x)
k—=0
dx?2

2. Weak Form

3. Discretization

4. System of algebraic equations:
Yy g q T(l) )

2 -1 01 ™ 0 x=1m xX=4m
0O -1 1 X3 —10

From chapter 1: Introduction to the Finite Element Method
https://www.vut.cz/vav/transfer/firmy/vzdelavani/mikrocertifikat
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Matrix form A x = b:

. [ 2 -1 0] [X1] [ @]
Manual Solution A=[-1 2 -1 x=[x] b=[ o]
: . [ -1 1] [X3] [-10]
= System of algebraic equations
= Forward: expressing variables System of equations: Forward:
= Backward: substituting values e - X, I Xe = X3/2
= Or command ,A\x“ in MATLAB X1 + 2X2 - X3 = © > X2 = 2X3/3
(using Livelink for MATLAB) Xz + X3 =-10 X3 = =30
Backward:
X1 = -10
X, = -20

-30

X
w
1l
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Settings S
Direct
= Run to Selected = Run
Label: Direct =
o °
Available Solvers in - e
° ° Solver: MUMPS v
; . MUMPS .
CO M SO L M U Itl p hyS ICS Memory allocation factor: DARDISO Settings 28
Preordering algorithm: EOOLE Iterative
» Direct Row preordering Dense matrix = Run to Selected = Run
Reuse preordering cuDSS
Reuse sparsity pattern Label: ' Suggested Iterative Solver solid (te1)
" Iteratlve Multithreaded matrix factorization v @General
Multithreaded forward and backward solve
Solver: GMRES
Use pivoting: On GMRES

Number of iterations before restart:

Pivot threshold: 0.01 L FGMRES
Preconditioning: ]
BiCGStab

Residual tolerance: Conjugate gradients

Nonlinear-based error norm TFQMR

[] Block low rank factorization

Block low rank factorization tolerance: 1E-8

Compression type: el Use below error level: 0.1 Use preconditioner
Qut-of-core: Automatic Use nonlinear scales
Memory fraction for out-of-core:  0.99 Use GCRO-DR
In-core memory method: Automatic Number of approximate eigenvectors: 25

Minimum in-core memory (MB): 512 Reuse subspace: Automatic

Used fraction of total memory: 0.8 Minimum number of restarts: 5

Internal memory usage factor: 3 [] Use relative subspace size

Fraction of GMRES iterations: 0.5

Maximum number of iterations: 10000

> Error

> Changes from Default Settings




Direct Solvers — LU Factorization
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Concept of LU Factorization

System of algebraic equations A-x=b

A
Decompose: A @ 9 =b
Forward substitution: - b = solve fory

Back substitution: U-x=y = solve for x

-l S
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Direct vs. Iterative Solvers

Direct Solvers Iterative Solvers

System of algebraic equations A-x=b 1. Start with initial guess xo (usually xo = 0)

Decompose: A 2. Compute residual: r=b - A-x

1.

2.

3. Forward substitution: 0 b - solve fory 3. Update x “somehow” using residual
4 information

Back substitution: U-x=y - solve for x
4. Repeat until ||r]| < tolerance



@ -1 0] [ V11| U Uss]

How to compute A=[-1 2 -1]=[Ly; 1T ©]-[| 0] U, Uy]
[ -1 1] [ Ly Ly, 1] [\6/ @ Usy]

L and U?

= Lower triangular matrix: L Matrix multiplication:

= Upper triangular matrix: U Ay=2 =1-U,+0-0 +0-0 > Uy = 2

= The product of matrices L and U
yields all 9 unknowns
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How to compute
L and U?

= Lower triangular matrix: L
= Upper triangular matrix: U

= The product of matrices L and U
yields all 9 unknowns

Matrix A =

A, = -1

- U

0] [ Uy Uys]

‘1] = [ L)y 1 9] * [ 0 U23]
1] [ Ly Ly, 1] [ o Us5]
U, + 0 O + 0 (%) => U = 2
U, + 0 U, + 0 - 0 => U, = -1
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Matrix A =L - U

[ 2 -1 (e}
How to compute A=[-1 2 91 = [ 1T o] -
[0 -1 1] [ Ly Ly 1]
L and U? c
= Lower triangular matrix: L Matrix multiplication:

= Upper triangular matrix: U A =2 =1 -U.+0 -0 +0
y = =1 - Uy : :

= The product of matrices L and U
A; =0 =1 --U;3+0 - Uy;y+ 0 -

yields all 9 unknowns
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How to compute
L and U?

= Lower triangular matrix: L
= Upper triangular matrix: U

= The product of matrices L and U
yields all 9 unknowns

Matrix A =L - U

[ -1 0] [1 e 0] [[Ug Up U]
A = @ 2 -1] ‘ [| @] Uy Uyl
[ -1 1] [ Ly Ly 1] [\ @ Uy]

Matrix multiplication:

A, =2 =1-U,+0 -0 +0 -0 => U, = 2
A,=-1=1:-U,+0 U, +0 -0 => U, = -1
A, =0 =1 . U;+0 - Uy + 0 - U => Uy, = ©
Ay =-1=1L, -U,;+1-0 +0 -0 =>L, =-1/2
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How to compute
L and U?

= Lower triangular matrix: L
= Upper triangular matrix: U

= The product of matrices L and U
yields all 9 unknowns

Matrix A =L - U

[ 2 -1 9] [ 1 0 9] [ Ujp  Up
A=[-1 2 -1] =[ Ly 1 0] [ @ Uy

[0 -1 1] [Ly Ly 1] [ o e
Matrix multiplication:
A,=2 =1-U,+0-0 +0 -0 => Uy,
A,=-1=1-U,+0-U,+0 -0 => U,
Ab=0 =1-U;,+0 - Uyg+0 - U, => U,
Ay =-1=Ly U;+1-0 +0 -0  =>L,
A, =2 =1Lly -U,+1-U,+0-0 => U,,
Apz = -1 =1Ly Uz +1 - Uy3+0 - Uy => Uy
Ay =0 =1Ly, -U; +L;y, -0 +1-0 =L,
Az; = -1 = L3 - Up + Ly - Up+1-0 =>Ls
Az =1 =13 - Uz + Ly - Uy + 1 - Uy => Uy
Result:

Uss]
Uys]
Uss]
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LU Factorization:

Forward Substitution
= SubstitutionL-y=b

= Solve fory

Matrix form L y = b:

Easy to solve:

yi = ©
y2 = 9
Y3 = -10

0] [ya]
0] y = [y2]
1] [ys]

| e B e B |

OO0
e e b
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LU Factorization:
Backward Substitution
= SubstitutionU-x=y

= Solve for x

= This is the direct solution!

Matrix form U x = y:

[ 2 -1 0] [X1]
U = [ (%) 3/2 —1] X = [Xz]
[ © 1/3] [X3]

Easy to solve:

X1 = -10
Xy = -20
X3 = -30

| e B e B |

OO0
e e b
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LU Factorization: Requirements

= Requirements for Ax = b, matrix A must be :
— non-singular (det(A) # 0),
— square,

— and well-conditioned

= What is the Condition Number?
— Measures sensitivity of x to perturbationsin Aorb

— k(A) = ||All - |A7Y] (any consistent matrix norm)

- 2-norm: K(A) =0, /o, (largest/smallest singular value of o, = /1(AT A4))
— k=1 - well-conditioned; k > 1 = ill-conditioned
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o O » & W > = < turbine_stator.mph - COMSOL Multiphysics
File Home  Definitions Geometry Materials Physics Mesh  Study Results Developer
' a=v Auwv
A . ] pl > \ Lo 7
Application Model Component Add Parameters Geometry Add Physics = Mesh = Study
Builder Manager v Component v 57 ¥ Material ¥ ¥, ¥
Workspace Model Definitions Materials
. Model Builder Settings Graphics
omplexity o - S Sl e
b A v Protection 2= Ay (e 2k Ea
. .
Type filter tex &
U Factorization : [mm—————
v @ turbine statormph (root) Running not protected Set Pas
v @ Global Definitions
Pi Parameters 1 v Used Products
| — b f @ Default Model Inputs
N — Number of DOFs S i S Vol
v @ Component 1 (comp1) CFD Module
> = Definitions i i
COMSOL Multiphysics
il
= Memory to store LU factors > 1A Geometry 1
> & Materials v Unit System
> 1 Solid Mechanics (solid)
. . . . > |8 Heat Transfer in Solids (ht) Sl v
= 2D /3D - difference in matrix density e W diion
> /A Mesh 1 v Presentation

Results

= Datasets

2% Derived Values
> Tables

(rise in non-zero matrix elements)

= |n 3D:,2x more N requires
2(4/3)x more memory”

3D
0(N4-/3
0(N?)

2D
O(NlogN)
O(NB/Z)

Memory

CPU time

Title: Thermal-Stress An =
oKt
. . Kt
Description:  This example show R
=
how to compute RN
. Ko
thermally induced REEY
’ L e
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. SR
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Thermal Stress, Sol <5
<
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K
Author: COMSOL BB R
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Last:
Thumbnail

Progress
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Results

v

A =8B

Layout
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LU Factorization Based Direct Solvers in COMSOL Multiphysics

= PARDISO (fastest for shared memory parallelization — single processor workstation)
= MUMPS (only direct solver for distributed memory parallelization — cluster, MPI)
= SPOOLES (slowest for shared memory parallelization, but most memory efficient)

= CuDSS (only for GPU accelerated computation)

| PaRDISO MUMPS SPOOLES CuDSS

Multicore Fastest Slowest
Cluster X yes X W
GPU X X X 7

Read more: https.//www.comsol.com/blogs/solutions-linear-systems-equations-direct-iterative-solvers
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Direct Solvers — Conclusions

= There are the specific requirements for the solved matrix
= User usually cannot display the matrix and its properties

= | eave the decision to algorithms! It works 99%

Failed to find a solution.
The relative residual (0.06) is greater than the relative tolerance.
Returned solution is not converged.

There is one specific error message that clearly indicates there is no solution.
You should check if the problem is correctly constrained:
https://www.comsol.com/blogs/solutions-linear-systems-equations-direct-iterative-solvers



Iterative Solvers
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Iterative Solvers: Concept

1. Start with initial guess xo (usually xo = 0)
2. Compute residual: r=b - A-x
3. Update x “somehow” using residual information

4. Repeat until ||r|| < tolerance

Settings v el
Iterative

Z. Run to Selected = Run

Label: Suggested lterative Solver solid (te1) =

v General
Solver: GMRES
Number of iterations before restart: ~@MRES
o FGMRES
Preconditioning: .
BiCGStab
Residual tolerance: Conjugate gradients

Nonlinear-based error norm TFQMR

Use below error level: 0.1 Use preconditioner

Use nonlinear scales

Use GCRO-DR
Number of approximate eigenvectors: 25
Reuse subspace: Automatic

Minimum number of restarts: 5
[ ] Use relative subspace size

Fraction of GMRES iterations: 0.5

Maximum number of iterations: 10000

> Error

> Changes from Default Settings
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Matrix form A x = b, residual r = b - A x

Iterative Solvers:

.. . [ 2 -1 @] [x1] [ @]
Jacobi iteration A-[1 2 <11 x=Dul b=l ol
= x(1) ypdate [ -1 1] [x3] [-10]
— Jacobi: x from previous iteration (n)
— Faster methods on similar principle: Jacobi iteration method:
Gauss-Seidel, Conjugate Gradients, o
Krylov (GMRES) x3 (1) = (by - 2(F#1) aisx3(™)) / ais
= Residual is decreasing Starting from x° = [0, @, @]:

= Residual ||r|| shrinks = it converges Iter 1: x = [0.000, ©.000, -10.000] |r| = 10.00
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Matrix form A x = b, residual r = b - A x

Iterative Solvers:

. e . [ 2 -1 o] [X1] [ o]
Jacobi iteration A=l 2 -1] x=-[x] b<e[ el
= x(1) ypdate [ -1 1] [x3] [-10]
— Jacobi: x from previous iteration (n)
— Faster methods on similar principle: Jacobi iteration method:
Gauss-Seidel, Conjugate Gradients, o
Krylov (GMRES) xi (M*1) = (by - Y(j#i) aisx3(M)) / aii
= Residual is decreasing Starting from x° = [0, @, @]:
= Residual ||r|| shrinks = it converges Iter 1: x = [0.000, ©.000, -10.000] |r| = 10.00
Iter 2: x = [0.000, -5.000, -10.000] |r| = 7.07
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Matrix form A x = b, residual r = b - A x

Iterative Solvers:

Jacobi iteration A = E_i 5 _f% = H b = E Z}
[0 -1 1] [x3] [-10]

= x(n+1) ypdate

— Jacobi: x from previous iteration (n)

— Faster methods on similar principle: Jacobi iteration method:

Gauss-Seidel, Conjugate Gradients,

Krylov (GMRES) x3 ("*2) = (by - 3(J#1) aisx; (M) / aus
= Residual is decreasing Starting from x° = [0, @, @]:
= Residual ||r|| shrinks = it converges Iter 1: x = [0.000, ©.000, -10.000] |r| = 10.00
Iter 2: x = [0.000, -5.000, -10.000] |r| = 7.07
Iter 5: x = [-4.375, -8.750, -18.750] |r| = 5.63
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Matrix form A x = b, residual r = b - A x

Iterative Solvers:

o o . 2 - (%) 1 (%)
Jacobi iteration A = E—l ; —1% X = %iz% b = E e%
[0 -1 1] [x3] [-10]

= x(n+1) ypdate

— Jacobi: x from previous iteration (n)

— Faster methods on similar principle: Jacobi iteration method:

Gauss-Seidel, Conjugate Gradients,

Krylov (GMRES) x; ("*1) = (by - X(J#1) aisx3(™) / ais
= Residual is decreasing Starting from x° = [0, @, @]:
= Residual ||r|| shrinks = it converges Iter 1: x = [0.000, ©.000, -10.000] |r| = 10.00
Iter 2: x = [0.000, -5.000, -10.000] |r| = 7.07
Iter 5: x = [-4.375, -8.750, -18.750] |r| = 5.63
Iter 10: x = [-6.836, -15.254, -23.672] |r|| = 2.24
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Matrix form A x = b, residual r = b - A x

Iterative Solvers:

HIA . [ 2 -1 0] [X1] [ o]
Jacobi iteration A=l 2 -1] x=-[x] b<e[ el
= x(1) ypdate [ -1 1] [x3] [-10]
— Jacobi: x from previous iteration (n)
— Faster methods on similar principle: Jacobi iteration method:
Gauss-Seidel, Conjugate Gradients, o
Krylov (GMRES) xi (M*1) = (by - Y(j#i) aisx3(M)) / aii
= Residual is decreasing Starting from x° = [0, @, @]:
= Residual ||r|| shrinks = it converges Iter 1: x = [0.000, ©.000, -10.000] |r| = 10.00
Iter 2: x = [0.000, -5.000, -10.000] |r| = 7.07
Iter 5: x = [-4.375, -8.750, -18.750] |r| = 5.63
Iter 10: x = [-6.836, -15.254, -23.672] |r| = 2.24
Iter 20: x = [-9.249, -18.874, -28.498] |r| = ©.53
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Iterative Solver: Requirements and Properties

= More requirements in comparison with the Direct approach.

= Convergence conditions (not always guaranteed!):
— Diagonal dominance — |aii| > X (j#i) |ai| for each row
— Symmetric positive definite (SPD)

— Spectral radius p(M) < 1 (maximum of the absolute values of its eigenvalues: decreasing
error) valid for stationary methods (Jacobi, Gauss-Seidel)

— In reality, you need a good preconditioner to compute effectively.



N0 COMSOL

Iterative Solvers in COMSOL Multiphysics

= GMRES — Generalized Minimum Residual. Uses the
Krylov method, it is default and universal iterative
solver, works even with non-symmetry matrices

= FGMRES — Flexible GMRES.
= BiCGStab — Biconjugate Gradient Stabilized.

= CG — only for SPD matrices (heat conduction,
elasticity)

= Jacobi method, Gauss-Seidel — The simplest of
COMSOL's preconditioners

GMRES
GMRES
FGMRES
BiCGStab
Conjugate gradients
TFQMR

Use preconditioner
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Direct vs. Iterative — Comparison

Property Direct Solver Iterative Solver

Method LU Factorization Krylov (GMRES, CG)
Solution Exact Approximate

Memory O(n?) — high O(n) — low

Speed (small) Fast Comparable

Speed (large 3D) Slow / impossible Often faster

Tuning None needed Preconditioner required

Robustness Very robust May not converge
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Conclusions

= Default Solver Settings are the best option (almost every time)

= You can choose between:
— One-way or Two-way coupling of multiple physics
= For two-way coupling, you can choose:

— Fully Coupled or Segregated approach

= Final resulting system of algebraic equations can be solved:

— With direct or iterative solver
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How to Store Only Part of Computed Data

o O @ & 9 v v B W G S les 3d hil.mph - COMSOL Multiphysics
File Home  Definiti y Is Physics Mesh Study Results Developer
A . @ P; a- Variables v v Equation Contributions v . = Import :Ei
Application Model Component Add Parameters | Functions ¥ Build Kvatink.y Add
Builder Manager 1v Component v v PArAratar Casd All [ Part Libraries Material
Workspace Model Definitions Geometry Materials
Model Builder Settings =% Graphics
=t | § Bty Sv les_3d_hill.mph Q Qv A
Type filter text v Protection
v @ les_3d hill.mph (root) Editing not protected Set Password
.39 Clobal Definfticns Running not protected  Set Password
P Parameters 1
Materials v Used Products
v @ Component 1 (comp1)
v = Definitions CFD Module
‘& Axisymmetric Hill Profile (hill) COMSOL Multiphysics
v Y Selections
“a Edge for Cp plot v Unit System
1< Boundary System 1 (sys1)
~ View 1 st M
L View 4
Geometry 1 v Presentation
Materials i e - T m
% LES RBVM (spf) Title: Large Eddy Simulation of a 3D Hill Geometry
> @ Fluid Properties 1 Description:  The present example simulates the turbulent flow over a 3D hill
> W@ Initial Values 1 geometry using the Large Eddy Simulation (LES) interface with
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