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What is CFD?

m Computational Fluid Dynamics
m Objectives:

m Design, calculation and optimization of flow components
m Replace or extend experimental studies
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What is CFD?
m Examples of CFD flow components
State external internal
Geometry
impl
simple Plate Pipe
Cylinder Manifold
Wing Nozzle
Stair Diffuser
Tread
|
complex Airplane Turbine
Car Wind- Engine
mill Ship Pump
Valve
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What is CFD?

m Complexity
Flow solver

Academic

Self-programmed, numerics and

Industrial
Meshing, CAD, HPC,

algorithms, parallelization, HPC, commercial solvers, visualization,

DNS, LES, instabilities, ... genetic algorithms, ...

Flow modeling
Similarity theory, asymptotic methods,
averaging, filtering, closure problems,

Numerical methods
Finite differences, volumes, & elements,
spectral methods, characteristics,

initial value problems, turbulence models, multiscale methods,

stochastic methods, ...

systems and linear solvers ...

Physics
Netwon's axioms, flow balances, Euler
/ potential / Navier-Stokes equations,

Mathematics
Calculus, Gauss & Stokes theorem,

Taylor series, interpolation,

Computer Science
Computer architecture, operating
systems, programming languages (C/C++,
Fortran, Python), computer arithmetic,

floating point numbers, ...

approximation, linear algebra, thermodynamics, heat and mass

tensor analysis, ... transfer, reactions, multiphase fluids, ...

CFD pyramid according to Prof. H. Schmidt (BTU)

— . rer. nat. W. Volgmann
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What is CFD?

m Brainstorm

Dr. Mohammed Sayyari

Mesh structure
Coordinate system
Refinement

(in)compressibel
Gas / Liquid

Single phase
Multi-phase

o Subsonic
° o Transonic
o O O Supersonic
Stationary ) O © °
Transient
o e
(@)

Potential, Euler
Navier-Stokes

Standing
Moving

Quiality criteria
Accuracies
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What is CFD?

m Overview of a numerical solution

Conditions Implementation

flow problem
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What is CFD?

m Procedure from a user point of view

“flow through a
steam turbine”

Variables at 1/0,
speed, walls,
coupling R/S,
turbulence

model, iteration

steps, accuracy,
monitor points,
additional
variables, ...
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What is CFD?

m Reasons for the use of CFD

® Numerical methods have become increasingly important in the
course of the last 60 years or so, both in research and in
industry.
m Why?
® Numerical methods are continuously improved
m Increasing performance of computers
m Computing time and memory become cheaper (relatively
speaking)
Computers / software become more user-friendly and versatile
Increasing accuracy of geom., phys. and math. Approximations
Parallel computers / parallel processes open up new
perspectives
m Calculation of complex geometries (3D)
m Calculation of unsteady flows
m GPU instead of CPU for parallel processes
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Historical background
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Historical background

m Personalities and milestones

Leonardo da Vinci (1452-1519)

Daniel Bernoulli (1700-1782)

Jean Baptiste Joseph Fourier (1768-1830)

Johann Peter Gustav Lejeune Dirichlet (1805-1859)
Carl Gottfried Neumann (1832-1925)

Osborne Reynolds (1842-1912)

Ludwig Prandtl (1875-1953)

Geoffrey Ingram Taylor (1886-1975)

Isaac Newton (1643-1727)

Leonhard Euler (1707-1783)

Claude Louis Marie Henry Navier (1785-1836)
George Gabriel Stokes (1819-1903)

Joseph Valentin Boussinesq (1842-1929)
Theodore von Karman (1881-1963)

Lewis Fry Richardson (1881-1953)

Andrey Nikolaevich Kolmogorov (1903-1987)
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Historical background
m Personalities and milestones

Courant, Friedrichs & Lewy, 1928:
CFL-Condition

Thom, 1933:
Flow calculation behind cylinder in low Reynolds

Smagorinsky, 1963:
Vortex viscosity model

Jones & Launder, 1972:
RANS 2-Gl.-Turbulence model to k-e model

Spalding & Patankar, 1972:
SIMPLE Algorithm

Cebeci & Smith, 1974:
RANS 0-Gl.-Turbulence model

Rosenhead, 1931:
Approximate calculation of shear layers by hand

Apelt, 1951 & Payne, 1958:
Finite difference simulation of flow around cylinder

Harlow & Welch, 1965:
Free surfaces to cells

Peskin, 1972:
Immersed Boundary Method

Chorin, 1973:
Projection method for incompressible flows

Baldwin & Lomax, 1978:
RANS 0-Gl.-Turbulence model
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Historical background

m Personalities and milestones

Leonard, 1979:
QUICK Schema (Quadratic Upwind Interpolation)
Patankar, 1980:
SIMPLER (SIMPLE-Revised, SIMPLE-R)
Rhie & Chow, 1983:
Selective interpolation for SIMPLE
Van Doormal & Raithby, 1984:
SIMPLEC (SIMPLE-Consitent, SIMPLE-C)

Issa,1986:
PISO-Algorithm
Wilcox, 1988:
Menter, 1994: RANS 2-Gl.-Turbulence model to k-w Model

RANS 2-Gl.-Turbulence model to

BSL Model & SST Model Spalart & Allmaras, 1992:

RANS 1-Gl.-Turbulence model
Stolz & Adams, 1999:
LES Turbulence model to ADM Model
Hellsten, Wallin & Johansson, 2005:
RANS Turbulence model to EARSM-k-w Model
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Historical background

m 40 years of CFD development at Airbus

Flow
properties

'MEGAFLOW
Problem size
in service

Configuration =i ‘

Model Potential Euler Navier—Stokes
equation equations
from Hirsch, vol.1, 2007

equations
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Historical background

m 40 years of CFD development at Boeing

Chronology and impact

NASA FLO22 Cartesian HSR & TLNS3D-MB CFL3D
Tech PANAIR Ad11 Grid Tech. TLNS3D WD overflow  overflow

ol b

CFL3D/ZEUS  Unstructured
B aso2  AdgS TRANAIR O NMBiseUs  overlow  Adaptive Grid
0ls RAmLron CFD++ 3-DN-S
Boeing l l | l | | i i | l | l N
Products T [ I [ I |
1980 1985 1990 1995 2000 2005

777 737NG

767 757 737-300

1980 state of the art Modern close coupled 21% thicker faster Highly constrained Successful ~ Faster and CFD for
nacelle installation,  wing than 757, wing design multipoint more efficient  loads and

0.02 Mach faster than 767 technology ~ Faster wing than  optimization than previous stability, and

737-200 737-300 design aircraft control
77
-
X
58 38
29
sSo 18
25 11 1
i | | | |
(L eoEmE:

from Hirsch, vol.1, 2007
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Historical background
m 30 years of CFD development at SNECMA

m
[}
21 “Navier—Stokes
2 ) 3D
5 2 points o
~ | ;
27T Navier-Stokes
2 2.5D
= L
w
Potential
1 } t t t t
1970 1975 1980 1985 1990 1995 2000

Design year
from Hirsch, vol.1, 2007
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Historical background

m Components of CFD simulation

Geometry System | Turbulence modeling or treatement

1D — Streamline theory

2D Stream area theory

hybrid

Potential flow

| (URANS

3D Euler (inviscid)

DES

Navier-Stokes
LES
DNS
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Historical background

m Examples of commercial CFD solvers

CFX, FLUENT

C FINE/Turbo
CD-adapco
: AUTODESK CFD

Star CCM+ (Siemens)

.s.'.;
a3

T-Block

2 OpenVFOAM®

TRACE Y0 COMSOL

Dr. Mohammed Sayyari — Based on the lecture by Dr. Ing. David Engelmann and Dr. rer. nat. W. Volgmann 17



J% RUHR-UNIVERSITAT BOCHUM

“7 Lehrstuhl fiir Thermische Turbomaschinen und Flugtriebwerke

Experiment vs simulation

Mass flow,
Velociy,
Pressure, Temp., ...

o O
W oh Aerodynamic ka;Zve, -
7 Fow/Flid | N
Simulation
Simultaneous uni- / bidirekct. . )
Mesurement coupling analytical methods
: ® numerical methods
,essu\‘ Aeroelastic ,/so\“e‘
- ,14 l'e . (e
es"”bg 88’780, Structure / Solid 5\‘\@‘&,@& +

Heat transfer,
stress,
deformation, ...
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Experiment vs simulation

m Advantages and disadvantages experiment

Advantages:

m Measurements generally reflect
reality (with correctly selected
measurement method), not a
mathematical model.

m Often only the experiment offers
insight into the flow conditions,
because numerical methods are still
too complex for these cases. (e.g.
aircraft engine with compressor,
combustion chamber, turbine and
nozzle)

m Validation, verification and
improvement of numerics
(benchmark, test cases, own exp.)

Disadvantages:

Model tests are usually very
expensive (test stand / expensive
measurement technology / personnel
deployment)

Measurements on real objects are
often not possible or too expensive
(e.g. airplane in wind tunnel)

Field tests to Model tests: difficulty
of transferability

flammable or toxic fluids, hot
surfaces, risk of explosion

Measurement inaccuracies
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Experiment vs simulation

m Advantages and disadvantages simulation

Advantages: )
m Application is often faster and less Dlsadvantages'
expensive than the experiment m Limitations due to computer

hardware / computation time (e.g.

m More complete information about .
turbulence, multiphase flow).

the flow field (also in areas that are

not accessible for measurement m Inaccuracies in mathematical

technology) modeling or numerical approximation
m extensive studies possible: parameter m high frustration tolerance of the user

variations (Re, Ma, T, ...), geometry / programmer necessary

variations

Instead of "either experiment or simulation”, we use both in
combination. Experiments and simulations must complement each
other.
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Experiment vs simulation

m Example cost comparison

Simulation:

m PC / Workstation: 2.500€
Computing cluster: 10.000€
CFD license costs: 10.000€ p. year
Investment: 12.500€
ongoing: 10.000€ p. year

Experiment:

m Air supply: 200.000€

m Metrology: 150.000€

m Electricity costs: 5.000€ p.
measuring day

m Investment: 350.000€

m ongoing: 50.000€ p. year (10
measurement days)
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xamples

m Cylinder recirculation

m unsteady, incompressible flow
m orthogonal coordinate system

1 SANSY'S

Mancomimreisl wsn anky

[m sr-1]

Mohammed Sayyari

[ 0.92
0.01

0.04 (m)
0.03

e
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Examples

m Overflow pipe in a steam turbine
m stationary, compressible flow
m non-orthogonal coordinates
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Examples
m Vehicles

m unsteady, compressible flow
m orthogonal/non-orthogonal coordinates
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Examples
m 4-stage axial turbine

m non-orthogonal coordinates
m rotor - stator exchange
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Examples
m Speedboat
m Free surface
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Thanks for your attension!

m mohammed.sayyari@rub.de
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