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NWSSE Introduction

Lecture Theme:

Performing a transient calculation is in some ways similar to performing a
steady state calculation, but there are additional considerations. More
data is generated and extra inputs are required. This lecture will explain
these inputs and describe transient data post-processing.

Learning Aims:

You will learn:
*How to set up and run transient calculations in FLUENT
*How to choose the appropriate time step size for your calculation
*How to post-process transient data and make animations

Learning Objectives:

Transient flow calculations are becoming increasingly common due to
advances in high performance computing (HPC) and reductions in
hardware costs. You will understand what transient calculations involve
and be able to perform them with confidence.
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NWS'AE Motivation

* Nearly all flows in nature are unsteady!

— Steady-state assumption is possible if we:
* Ignore unsteady fluctuations
* Employ ensemble/time-averaging to remove unsteadiness

— this is what is done in modeling RANS turbulence

* In CFD, steady-state methods are preferred
— Lower computational cost
— Easier to post-process and analyze

* Many applications require resolution of unsteady flow:
— Aerodynamics (aircraft, land vehicles, etc.) — vortex shedding
— Rotating Machinery — rotor/stator interaction, stall, surge
— Multiphase Flows — free surfaces, bubble dynamics
— Deforming Domains — in-cylinder combustion, store separation
— Unsteady Heat Transfer — transient heating and cooling
— Many more ...
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Origins of Unsteady Flow

4

e Natural unsteadiness
— Unsteady flow due to growth of instabilities within the fluid or a non-equilibrium
initial fluid state
— Examples: natural convection flows, turbulent eddies of all scales, fluid waves (gravity
waves, shock waves)
* Forced unsteadiness
— Time-dependent boundary conditions, source terms drive the unsteady flow field
— Examples: pulsing flow in a nozzle, rotor-stator interaction in a turbine stage

B

Kelvin-Helmholtz Cloud Instability Rotor-Stator Interaction in an Axial Compressor
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Unsteady CFD Analysis

* Simulate a transient flow field over a specified time period
— Solution may approach:
e Steady-state solution — Flow variables stop changing with time
* Time-periodic solution — Flow variables fluctuate with repeating pattern
— Your goal may also be simply to analyze the flow over a prescribed time interval
* Free surface flows,
* Moving shock waves,

* Extract quantities of interest
— Natural frequencies (e.g. Strouhal Number)
— Time-averaged and/or RMS values

— Time-related parameters (e.g. time required to cool a hot solid, residence time
of a pollutant)

— Spectral data — Fourier Transform (FT)
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Unsteady CFD Analysis

* Transient simulations are solved by computing Time steps =2 s
a solution for many discrete points in time

Initial Time =0 s

Total Time =20 s

* At each time point we must iterate to the
solution

Residual

2 4 6 810 12 14 1618 20
Time (seconds) Several iterations per time step
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Selecting the Transient Time Step Size

* The time step size is an important parameter in transient
simulations

— At must be small enough to resolve time-dependent features ...

True solution Time step too large to resolve transient changes
- Note the solution points generally will not lie on the true
solution because the true behaviour has not been resolved
A
Variable of
interest
> lime

Variable of | A smaller time step can
: resolve the true solution
Interest - At least, 10-20 At per period

Time
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WSS Convergence Behavior

* Residual plots for transient simulations are not always indicative of a converged
solution

* You should select the time step size such that the residuals reduce by around three
orders of magnitude within one time step

— This will ensure accurate resolution of transient behavior

— For smaller time steps, residuals may only drop by 1-2 orders of magnitude - look for a
monotonic decrease throughout the time step

* Aresidual plot for a simple transient calculation is shown here

1e+02

Te+01 5

1e+00

Residuals 1e-01 3
——continuity 1
—x-velocity 18-02 - I
y-velocity 1 \

A N
yveloo ] -, | | IR A , i
e |1 \§§§§ ] K
—k 1e-04

epsilon

1e-05 -

1e-06

19'07 T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
lterations
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Selecting the Transient Time Step Size

* ...and it must be small enough to maintain solver stability

— The quantity of interest may be changing very slowly (e.g. temperature in a solid),

but you may not be able to use a large time step if other quantities (e.g. velocity)
have smaller timescales

* The Courant Number is often used to estimate a time step:

Characteristic flow velocity x At
Typical Cell Size

Courant Number =

— This gives the number of mesh elements the fluid passes through in one time step

— Typical values are 1 — 10, but in some cases higher values are acceptable
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Selecting the Transient Time Step Size

Tips & Tricks for the estimation of the time step:
1L

3V

— restrictive but safe for convergence with L=cell characteristic size

1 Number of Blades

Usual Case : At =

®* Turbomachinery : At =—. _ _

10 Rotational Velocity

. L

* Natural Convection: Ar= —

(g.5.AT.L)

LZ

* Conductioninsolids: Ar= 2

( ,o.ij L = Characteristic length

V = Characteristic velocity

A smaller time step will typically improve convergence
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Transient Flow Modeling Workflow

* Similar set-up as steady-state simulation, then:

Enable the unsteady solver

Set up physical models and boundary conditions as usual

* Transient boundary conditions are possible — you can use either
a UDF or profile to accomplish this

3. Prescribe initial conditions

e Best to use a physically realistic initial condition, such as a
steady solution

Assign solver settings and configure solution monitors
Configure animations and data output/sampling options
Select time step and makx iterations per time step

Prescribe the number of time steps

L

Run the calculations (Iterate)
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Enabling the Transient Solver

* To enable the unsteady solver, select the Transient button on the General
problem setup form

Problem Setup

aenetral
Madels
Materials

Zell Zone Conditions
Boundary Conditions

Crvenamic Mesh
Reference Yalues

Salutian

Saolution Methods
Salution Conkrols
Monikors

Salution Initialization
Calculation Adkivities
Fun Caloulation

Fesults

General
Mesh
[ Scale. ., H Check, ][Repnrt Qualit«;]
Display. ..
Solhver
Type Welocity Formulation
'f;i' Pressure-Based -f;i- Bbsolute
{_) Density-Based () Relative

Time
'f:,i' Steady
(*) Transient

Graphics and Animations

Ploks
Reports
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Set Up Time Step Size

e Set the time step size

Problem Setup Run Calculation
— This controls the spacing in time between the Generd [ Checkcase.. |
. . oaels
solution points Materials Time Stepping Method Time Step Size (s)

Fixed v | 0.01
Cell Zone Conditions
Boundary Conditions Mumber of Time Steps
| 500 [
o Crynamic Mesh
e Options are: Reference Yalues Options
. Solution [ ]Extrapolate Variables
— N um be r Of time ste pS Solution Methods [ |@ata Sampling For Time Stakistics

Salution Cantrals

— Maximum number of iterations per time  toritos |
Solution Initialization

step ST Fetrivie

Reparting Interyal
1 []
[=]

Maz Iterations) Time Step

Graphics and Animations
Plaks
Repaorts

| Data File Quantiies... |

[ Calculate ]
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NWSCSE Non-iterative Time Advancement

) Non_iterative Time Advancement (NITA) is Filze Mesh Define Solve Adapt Surface Display  Report  Parallel  View  Help
. . . = - [ (& S <-I+ 4 I g - =
available for faster computation time MM QA 7jj& AR O
Problem Setup Solution Methods
fqz';‘::l Pressure-Yelodty Coupling
Materials Scheme
PIZC ~

— NITA runs about 2x to 10x as fast as ITA scheme cel zore Condtions eighbor Correction "

oundary Conditions 1 -

[*]
Crynamic Mesh

Reference Yalues Spatial Discretization

* Limitations: Available with pressure-based solvers i Gradient 2
=olution Methods Green-Gauss Cell Based w
on Iy Solution Controls Pressure
Mariitors PRESTOI w

Solution Initialization

* NITA schemes are not available for multiphase  cacstnzawes | 2500 0 3
(except VOF), reacting flows, radiation models, resu Tstlnt et ey :
porous media, fan models, etc. Syaphics and AMMAONS | | 1 ybulent Dissipation Rate

Reports Second Order Upwind = @

Transient Formulation
it Qe Loaplicit v
Mon-Ikerative Time Advancement

® Consult the Appendix and FLUENT Documentation
for additional details
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Unsteady Flow Modeling Options

* Adaptive Time Stepping Run Calculation
— Automatically adjusts time-step size | checkCase.. |
based on local truncation error analysis e Method r;“';fmp Size (3)
[Ed= W '
— Customization possible via UDF Fixed _
adantive Mumber of Time Steps

| 500 E:%

* Extrapolate Variables

[ ]Extrapolate Yariables

— Speed up the transient solution by reducing required sub- [IData Sampling for Time Statistic
iteration |
* USing Taylor Series expanSion SOIUtion Wl” be Max Iberations/Time Step Reporting Interval
extrapolated to the next time level to improve the |20 =1E =
predicted initial value Profile Update Interval

E S

| DataFile Quantities... |

* Data Sampling for Time Statistics
— Particularly useful for LES turbulence calculations

[ Calculate ]
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NWSCHE Solver Control

° Th e tra n Sie nt SCh eme d efi nes the File Mesh Define Solve Adapt Suface Display Report  Parallel  Wiew  Help
. . [ T - .gl" r-' L +++ 0) U H - -
numerical algorithm for the transient | & - d =@ |5/« Q@& 7 @ A MR- O
te rm Praoblem Setup Solution Methods
General Pressure-velacity Coupling
Models
Materials Scheme
PISO w
Cell Zone Conditions Meighbor Correction
. . . . Boundary Conditions 1 [a]
* Two Implicit time-stepping schemes S =
are ava i I a b I e: Reference Yaluss Spatial Discretization -
Solution Gradient
calution Methods Green-Gauss Cell Based v
— First Order Backward Euler Salution Contrals Pressure
Manitors PRESTOI w
L] ( more Sta b | e) Solution Initialization Momentum
Calculation Activities Secand Order Upwind 2
Fun Caloulati
- Second Order BaCkwa rd EU Ier RESEL sieeen Turbulent Kinetic Energy
) L Second Order Upwind w
® ( more accu rate) Eﬁzhlcs and Animations Turbulent Dissipation Rate
Repoarts Second Order Upwind o @

Transient Formulation

Firsk Qrder Implicit
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NWSSHE Initialization

 Physically realistic initial conditions should be
used

— A converged steady state solution is often used as the
starting point

e If a transient simulation is started from an
approximate initial guess, the initial transient
will not be accurate

— The first few time steps may not converge

1Residuals

— A smaller time step may be needed initially to
maintain solver stability

— For cyclic behavior the first few cycles can be ignored Lo
until a repeatable pattern is obtained

2 4 6 810 12 14 16

Time (seconds)
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Tips for Success in Transient Flow Modeling

* With Pressure-based Solvers, use PISO scheme for Pressure-Velocity Coupling —
this scheme provides faster convergence for unsteady flows than the standard
SIMPLE approach

* Select the number of iterations per time step to be around 20
— it is better to reduce the time step size than to do too many iterations per time step

* Remember that accurate initial conditions are as important as boundary
conditions for unsteady problems

— initial condition should always be physically realistic!

* To iterate without advancing in time, specify zero time steps

— This will instruct the solver to converge the current time step only
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Unsteady Flow Modeling — Animations

* You must set up any animations BEFORE performing iterations

— Animation frames are written/stored on-the-fly during calculations

Prablem Setup Calculation Activities

General Autosave Every (Time Steps)
Madels []

o -
Materials | [»] [Edit...

Automatic Export

Cell Zone Conditions
Boundary Conditions

Dynamic Mesh
Reference Yalues

Solution

Solution Methods Create «
Solution Contrals

) Execute Commands
Monitors

Solution Initialization
_alculation Activities|

Run Calculation

Resulks

Graphics and Animations

Plots CreatefEdit. ..

Reparts
[ awtomaticaly Initialize Solution and Madify Ca

]
[*]

& Solution Animation EJ

Animation Sequences | o

Ackive Mame

Every \When

‘ sequence-1

| 1 E:% Time Skep

sequUence-2

|1 E:% Time: Step

| Fs

3

| -

3

1

(o)
S

] e

& Animation Sequence @

[ O ] [Cancel] [Help

Solution Animations

sequence-1 - Active
sequence-2 - Active

\

Create/Edit. ..

Sequence Parameters Display Type
Starage Tvpe Marne @. Mesh
) In Memary sequence-1 L CDntFuurs
() Metafile o = 8Eatl;lul-|e$ .
) PPM Image indow || 1 = -Set ) Particle Trac
. (] (iWectors
Starage Direckory (e Plot

| C' Maonikor

Create -

[ (o] ] [Cancel] [Help ]
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Unsteady Flow Modeling — Animations

* Another method in FLUENT is available which Fotlen setup Calculation ":““""“’5)
EnEers Autosave Every (Time Steps
makes use of the Execute Commands feature Models 40 2

Aukornatic Expart

Cell Zone Conditions
Boundary Conditions

* Text commands or macros can be defined Oynanic Mech
which are executed by the solver at Solution
. . . o . Solution Methods
prescribed iteration or time step intervals Solaion Cortrols o
Maonikars

command-1 - Inactive
command-2 - Inactive
command-3 - Active

command-4 - Ackive

Solution Initialization

_alculakion Activities
Run Calculation

* This approach is very useful in creating high- s o Arintions
quality animations of CFD results i

[ ] automatically Initislize Solution and Modify Case

— A command is defined which generates an
animation frame (contour plot, vector plot,

. R Execute Commands
etc.) and then writes that frame to a hard Defned Comarcs (5
CO fi Ie . Active hame Every ‘When Cammand
'py ’m ’1_ {:% Time Step - |display conkour velocity-magnitude 0 10
— Third-party software can then be used to [rommonez [ i) (e 3] oo anerc

. . . . e M Feamman &3 1 |2 [ime step v | [[macro-1

link the hard copy files into an animation '_{j |

. ,m ’1_ =] Time Skep R |d|splay hard-copy filename st jpg
file (AVI, MPG, GIF, etc.) o Bl |

[ oK ] [DeFineMacro...] [ Cancel ] [ Help ]
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CFD-Post: Timestep Selector

* Transient results can also be post-processed in CFD-Post.
— You need to instruct FLUENT when to export data (every n time steps)

— Otherwise, by default, FLUENT does not write any data to disk during the solution, and
interim results will be forgotten.

— So in FLUENT, under ‘Calculation Activities’, select ‘Autosave’

— In CFD Post, select the first results file, then tick “Load Complete History as a Single Case”.

— The clock icon will open up a window from
where you can select the desired time step

S Timestep Selector @
Transient_001
Current Timestep: 21 - Final
Configuration | # | Step | Solver Step | Time [s] | Type
fTransient 1 0 u] i Partial ¢ -
Transient 2 4 4 1 Partial o
Transient 3 6 [ 2 Partial
Transient 4 7 7 3 Partial
Transient 5 & g 4 Partial i
Transient & 10 10 g Partial
Transient: 7oz 12 12 Partial
Transient: g 14 14 16 Partial
Transient 9 16 15 20 Partial
Transient: 15 15 24 Partial
Transient: 11 20 20 28 Partial [}S
Transient 12 21 21 30 Full - Final

[ Reset ] [ Close ]
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CFD-Post: Animations

* Two modes: ® Animation
- Qu |C k A n | m at|0 n (%) Quick Animation ) kevframe Animation
- Keyfra me Select one or more objects to animate:

Isasurface 1

E] Fast \j Slow

'f:} Loop {? EBounce
Fepeat 1 o
Save Mavie ITransient_001 ,wrs

Format wWindows Media Video w

Qpkions. ..

8
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CFD-Post: Animations

®* Quick Animation:

— Selection of animation objects

— Animation of “primary” object variable:

* Plane: Coordinate

* Streamline: Dynamic, velocity dependent
symbols on streamlines

* Time steps

— Limited control

smoke
lsosurface 1

oy 1.000e+000
7.500e-001
5.000e-001

2.500e-001

l -2.535e-005

(kg m*-3]

Dynamic
Text

v

Time=0{(s]

£
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CFD-Post: Keyframe Animations

r@ Animation @1
i Keyfra m e An i m at i O n : 'G:' Cuick Animation C' Kevframe Animation
Select ane or maore objects ko aninate:
— More control Plane 1

Plane 1 Figure 1
Plane 1 Figure 2
Flane 1 Figure 4

— When you create a Keyframe, a snapshot of the N2
current state is stored with that Keyframe

Skreamline 1

— A series of Keyframes represents a series of EE -
different states T =
@ Animation E] 2
* Camera position, object visibility, selected time step, or
anything else can be different between Keyframes © Quick Animation (&) Keyframe Animation
. . evframe Fame rames
— An animation needs at least two Keyframes (one e
evframeho
for the start and one for the end) s o - s
=
— Enter the # of Frames between each Keyframe o
* Everything that is different between the Keyframes gets O
interpolated over the # of Frames X
# of Frames m -
(] k3 () (=F] (K] (4]
E F: 1z Kill
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CFD-Post: Typical Keyframe Animation Procedure

1. Timestep Selector load the first time step NANSYS
Air Valocity on Plane 1 Brake Disc Temperature
30 400 .
i . l2s 250
2. Create necessary plots and position the view i 380
370
3. Create the first Keyframe T i
11
330
8
. 320
4. Load the last time step l4 310i
0 300
[m 1] K]

5. If necessary change the plots and the view

6. Create the second Keyframe :
7. Select the first Keyframe and set the # of Frames
° This is the # of Frames in between the first and second

Keyframes In this example the first and second Keyframes used a
® If we have a total of 100 time steps, then setting # of different view position and the Transparency of the Plane
Frames to 98 will produce a total of 100 frames (98 plus was changed from 0 to 1. The changes between
first, plus last) and therefore 1 frame per time step . ) . .
Keyframes are interpolated gradually over each animation
frame

8. Set the Movie options

9. Rewind to the first Keyframe and click Play
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CFD-Post: Dynamic Text Objects

Details of Text 1

Definition Location Appearance

Text Skring Time = <aax
Embed Auto Annotatian =
Tvpe Expression b
Expression Tirme "
Accurulaked Time Skep s

Current Time Step

ExpFunction

FinalZoncentration

Reference Pressure

Sequence Step

TimeZonskank

atstep

ckstep

sskep W

[ Reset ][ Defaulks ]
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CFD-Post: Transient Charts

* XY - Transient or Sequence R
General Daka Series * Aixis ¥ Aixis Line Display Chart Display
— Plots an expression (usually Time) versus a variable at T oiT
a m |O cator * ::; t—g‘l’gr;a:;ient or Sequence
— Typically used to show the transient variation of a DT
variable at a point Caption

* Unless the data from every time step is saved and loaded Fast Fourier TransForm
into CFD-Post, create a point surface in FLUENT and write

the data 2l every tlme Step Hist [ Apply ] [ Expott Reset ] [ Defaults

— If desired, the data in the FLUENT
monitor output file can be plotted
in a CFD-Post chart

Histogram of Static Gauge Pressure

[

Count
|
1
I:_l
|

il
| bt Pl

Pressure [ Pa ]

Pressure for muffler Pressure for muffler coarser mash

3D Wiewer Table Viewer Chart Wiewer Conmmen b Yigwer Report Viewer
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CFD-Post: Fourier Transform

Details of Chart 1

° FT can be applled to Slgna|S to extract frequency General | DataSeries | % Awis | Vaxs | LneDisplay | o *
Type O oy
data G} *¥¥ - Transient or Sequence
Pressure at point 1 {:} Histogram
Title Signal Analysis
Pressure at Monitor point 1
1,500 — , ....................... ...................... ...................... ....................... ...................... REpDrt
1 Caption
1,000 ] ....................... A ...................... - i i i i I“M” Fast Fourier Transform =
1 thart 1 ModiFy Tnput Signal Filker Hanning v
b | FFT Of Input Signal [] subtract mean
st ] Full range of input data
D —
] o Min 0.0 Maz 0.0 A
-SDD—'E ..... : l-- :
Original Signal
Q
27 ]
4 : : : =
1 : % Refresh chart on &pply [1 refresh all charts on apply
: I
e i e N R * 200 7 [ Apply ] [ Export l [ Reset l [ Defaults
Dll o I15 D.I2 D.:IES D.IS i
FT of Signal Showing
- K Dominant Frequency
L L O E L B B L R |
] 100 200 300 400 500

Frequency [ Hz ]
Monitor poink 1

3D Viewer Tahle Yiewer Chart: Vigwer Comment Yiewer Repork Viewer
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AWSESE Summary

* No matter what solver is being used
— The time step size will be determined by the minimum of
* The value at which the solution will converge

* The value needed to resolve mean flow physical time scales (e.g. vortex
shedding frequency given by Strouhal number) and/or turbulent eddies
(Courant number <= 1)

— The solution must converge at every time step

* Non-convergence within the very first steps may be acceptable when there is
a non-physical initial condition

* If the solution is not converging, it is almost always more efficient to reduce
the time step size

— Solution monitors are an important tool for ensuring the solution is correct
* Watch out for physically unrealistic behavior of monitored variables
— Second order temporal discretization is almost always preferred
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Appendix
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NWSCSE Non-iterative Time Advancement

31

ITA versus NITA

NITA runs about two to ten times as fast as ITA scheme

- NITA scheme reduce the splitting error to
O(A#2) by using sub-iterations per time step

Overall time-

Truncation Splitting error
discretization error error: O(At?) H (due to eqn
for 2"d-order scheme: segregation):

| O(At?) O(At")

- Two flavors of NITA schemes available
- PISO (NITA/PISO)
- Fractional-step method (NITA/FSM)
About 20% cheaper than NITA/PISO on a per
time-step basis

— Limitations:
e Available with Pressure-based Solvers only
e NITA schemes are not available for multiphase

(except VOF), reacting flows, radiation models, porous media,
fan models, etc.

Consult Fluent User’s Guide for additional details

© 2011 ANSYS, Inc. January 19, 2012

Yes
Advance to
next time step

ITA

equations

Solve pressure
correction

Correct velocity,
pressure, fluxes

Solve scalars
(T k g etc.)

—n--_t =t+nAt
]
SolveU,V,W | _ No ,
equations
Yes
| p—— Ziooscoss 1
| [Solve pressur !
i | correction |
| | No _@'
' |Correct velocity, E
' | pressure, fluxes|: Yes
Y 1
|Solve k and a| o ,
' s
Folve other scalars
Advance to
next ime step
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