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Imperial Coll
What is OSCILOS? mperial College

a The open source combustion instability low-order simulator (OSCILOS) is an open
source code for simulating combustion instability. It is written in Matlab ®/
Simulink® and is very straightforward to run and edit.

a [t can simulate both longitudinal and annular combustor geometries. It represents a
combustor as a network of connected modules.

a The acoustic waves are modeled as either 1-D plane waves (longitudinal
combustors) or 2-D plane/circumferential waves (annular combustors).

a A variety of inlet and exit acoustic boundary conditions are possible, including open,
closed, choked and user defined boundary conditions.

a The response of the flame to acoustic waves is captured via a flame model; flame
models ranging from linear n-T models to non-linear flame describing functions,
either defined analytically or loaded from experimental / CFD data, can be
prescribed.

a The mean flow is calculated simply by assuming 1-D flow conditions, with changes
only across module interfaces or flames.

a This current version is for longitudinal modes. This assumes a
longitudinal/cannular/can combustor geometry, or an annular geometry but where
only plane acoustic waves are known to be of interest.
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I ial Coll
Who is developing OSCILOS? Ifgﬁ(ejg?] College

a OSCILOS is being developed by Dr Aimee Morgans, Dr. Jingxuan Li, Dong Yang and
co-workers in the Department of Aeronautics, Imperial College London, UK.

a More details about the development team are available on the website:
http://www-.oscilos.com/

~ Current team members:

Dr. Aimee S. Morgans (project lead)

Dr. Jingxuan Li

Dong Yang

Charles Luzzato

Dr. Xingsi Han

a The latest version of OSCILOS is available from our Github repository:
https://github.com/MorgansLab/

Contributions are welcome and can be submitted with GitHub pull request. These will be
reviewed and accepted by the team.
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Required Matlab toolboxes gﬁg‘;‘; College

a Control System Toolbox
~ Matlab

a Optimization Toolbox
a Robust Control Toolbox
a Simulink

a Symbolic Math Toolbox
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Imperial College

Main console London

OSCILOS (For longitudinal modes)

1. Menu Bar

The menu bar organizes the
GUI menu hierarchy using a
set of pull-down menus.

File Initialization Freg. domain analysis  Time dgigain simulation  Help

_

wversion 1.4

What is OSCILOS?

The open source combustion instability low-order sirrulator (OSCILOS) A pull—down menu contains
is an open source code for simulating combu stion instability. .

It represents a combustor as a network of connected modules. 7 items that perform executed
The acoustic waves are modeled as 1-D plane waves for longitudinal combu sto| actions.

This assumes longitu dinal/cannular/can combustor geometry or an anrnular geo

but where only plane acoustic waves are known to be of interest, 2. Information window

Information 1: 2
Combustor dimension:

The combustor has 2 sections

The x-coordinates are:

0] B3 1 m

The r-coordinates are:

50 50 50 mm

Information 2:

Mean flow and thermal properties:

The mean heat release rate is (are):

Key information from the
program run is printed in the
information window.

9.7201 kW

The mean temperature in different sections are; ||
2|93.15 5863 K | | |"
1 il b

Imperial College

iard OSCILOS
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Menu Bar Imperial College

London
a File

a New case
~ Load...
a Save...
a Initialization
4~ Chamber dimensions
a Thermal properties
~ Flame model
~ Boundary conditions
a~ Frequency domain analysis
-~ FEigenmode calculation
~ Time domain simulation
~ Examination of the Green's function
a Parameter configuration
a simulation
~ Results output and plot
~ Help
a About
a User guide
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File Imperial College
London

New case: This menu option is used to clear current results and create a new
calculation.

Load...: This menu option is used to load data from existing Mat file. The current
calculation results will be deleted once the user clicks Yes.

Save...: This menu option is used to save the current calculation results as a Mat

file.

Jingxuan LI
: 7
Department of Aeronautics



Initialization / Chamber dimensions Imperial College
London

This menu option is used to set the geometric dimensions of the combustor.

3 Combustor dimensions configurations Combustor dimensions configurations

FEEREEELE » WA ODE0E »
— Combustor shape preview. — Combustor shape preview
- - — — — |_ ...... |_ ....... e —  — !__ — et | | | | | | | | — inlet
| | | | | | e OLEIEY - — . o — b —4 | = outlet
50 f | | \ f ; with mean heat additio ' " . i : : . ; with mean heat additio
IE i i \ i and heat perturbations = i i ; I I i i and heat perturhations
R e | T T TR, | with mean heat additio | I I = R - R - S | Wwith mean heat additio
E o r - ! ! but no heat perturbatio E o ! i 1 T f T r~ but no heat perturhatio
. ! [ | [ = | | yall [ | | |
! ! ! ‘ ' _ ! ! . ! ! ! ! !
! | | ‘ | | _SD__l ..... _|_ ..... |___|__.|___[___|, ..... r__
_1DD _'_ ....... '_ ...... '_ ....... ‘ _______ | ________ |__ | | | | | | | |
1] 200 400 G00 800 1000 -200  -100 0 100 200 300 400 500
x [mm] x [mm]
Combustor type: Rijke tube v| Combustor type: Load from txt file v|
Upstream length [mm]: 200 |jhome,fjingxuan}Dropbox.fGitHub,fOSCILOS-Long,fsubProgram Load J
Downstream length [mm]: 700 1 | 2 | 3 | 4 E | g
X [mm] -224 0 1 2 3 =
Radius [mm]: 50 r [mm] 325000 32.3600 323300 322400 32,1000 31890
With mean heat addition With heat perturbations 4 [+]
‘ Plot oK Cancel ‘ Plot J oK ] Cancel ]

(a) Interface for Rijke tube (b) Combustor geometry is loaded from external txt file
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Initialization / Chamber dimensions Imperial College
London

a The length and radius of the combustor can be quickly configured for the case of a Rijke tube.

a For complicated combustor geometries, users can load the information from an external txt file by
clicking load. It is better to create the txt file as the form of CD_example.txt in the subProgram
folder. The format of data is shown in the following table:

x [m] r [m] Interface index [-] Module index [-]
-0.830 0.017 0 0
-0.750 0.017 0 1
-0.720 0.050 0 0
-0.520 0.050 0 1
-0.450 0.017 0 0
0 0.035 11 0
0.350 0.035 0 0

where,
~ x means axial position of each sectional interface;
” r indicates the radius of each section;

" Interface index represents the type of interface between modules: '0": a simple area change;
'10": with heat addition and without heat perturbation; '11': with heat perturbations.

~ Module index indicates the type of tube between this and the following interface: '0": straight
constant area duct; '1": duct with linearly changing radius.

aThe schematic of the combustor can be previewed by clicking Plot.

aThe current configuration is saved by clicking OK. The key information will be printed in the
information window.
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Initialization / Chamber dimensions Imperial College
London

OSCILOS can account for cases of multiple heat sources (multi-flames), by setting the
section indices to '10" or '11" for the desired interfaces. The following figure shows the
schematic view of an example with two flames, in which the red lines are used to
represent the unsteady heat sources (flames).

Combustor dimensions configurations

AR O®E0E g

— Combustar shape praview

100_.p_._._!.._._!_._.!_._._!.._._!_._.!_._._.}._._!_.__ — nlet
[ [ [ [ [ [ [ [ [ Mm—C LBl
S04 | f— — b — o — — | — e — o — — | —— 1 with mean heat additio
3 I I I I I | and heat perurbations
: 0 - : : i with mean heat additio
E 4 - i = r m | hut no heat perturhatio
- | | | ] | |
! ! ! ! ! ! ! ! !
] a0 Zo0 0 300 400 S00 0 BOO YOO 200
x [mm]
Combustor type: Load from txt file -
|jhome,’jingxuan,fDropbox,fGitHub,,fOSCILOS—Long,fsubProgram Load J
1 | 2 | 3 | 4
¥ [mm] 0 200 00 250
r [mm] 48,8400 12.2500 35 35
Section index 0 11 11 0
Plot J QK _J Cancel J
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Imperial College
London

a OSCILOS can account for geometry modules whose sectional radius gradually changes
with axial location.

Initialization / Chamber dimensions

a For example, the following table shows the combustor dimensions of the key interfaces.
The module index at interface 2 is “17, meaning that the radius of the section between
interfaces 2 and 3 changes linearly with axial position.

& Set the split number

x [m] r [m] Interface index [-] Module index [-] = et t ! ge sect
0.830  0.017 0 0 n -
_0750 0017 0 1 The default rumber for every section is 50;
-0.720 0.050 0 0
-0.520 0.050 0 1
-0.450 0.017 0 0 From left to right split section number:1 ~
0 0035 11 0 |
0.350  0.035 0 0 Erest >
oK J Cancel
a This kind of module is split into equally spaced
segments for numerical treatment. The number B T —— ———
of splits or segments can be set in a jumped ) R TS S SN SIS AR SO
window as shown in the top right figure. A O o { B I e IS
a The schematic view of the above combustor is R A S R
shown in the bottom right figure. Rt T .
-800 -600 -400 . [_Hi?l? 0 200 400
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Initialization / Passive damper(s) tﬂpgrial College
ondon

* Helmholtz resonators (HRs) and perforated liners can be added to the combustor
system by choosing to use passive damper(s) after setting up the combustor
dimensions.

* For the ® Damper type 7 , if the .

“ Helmholtz resonator ” is chosen, = = % &0 .
users need tO — Combustor shape praview
* set its “Location”, “Neck length”, NN ERE —
100_________[[|_____________ DUt|.118t .
19 (19 . = l l l l l | | with mean heat
Neck area”, "Cavity volume” and & |~ T A E—————— N el N
: - 1 | y T | | | | with mean heat
“Cavity Temperature”, T el
PS ChOOS€ either a ¢« Linear » or (i 1(!0 ztlmo 3(!0 4(;0 5(;0 sﬁlmo ?(;0 B(;O 9(;0 10|00
x [mm]
“Nonlinear” HR model.
. . Damper type: Helmholtz resona... vl HE. model: Linear '|
 If “Linear” is chosen, a “Mean
hole Mach no.” for the neck | =™ s
Should be given Meck length [mm]: 36.15 Cavity Temperaure (K): 293.15
b
o f « . 5 Meck area [mmA2]: 235
If “Nonlinear” is chosen, the _ Meariret Mathirios 0.01
« . .. % Cavity volume [mmA3L: 420000
Discharge coefficient” must
be Set. Add | Sawve figure ‘ Finish Cancel J
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Initialization / Passive damper(s) Imperial College

London
* If "Perforated liner” is chosen for the * choose either a “Large cavity” or
“Damper type”, users need to “Rigid wall” outside boundary type

for the outer liner. “ Wall radius”

° . 13 ° » <« »
set its " Start location”, " Length should be set if the “Rigid wall” is

and “Liner temperature”,

chosen.
* choose either a " Single liner” or
“Double liner” type, % &9 0 m

— Combustor shape preview

* If “Single Liner” is chosen, four

parameters ( © Hole radius 7, 0 IR T O MO v s [ O B R O —iﬂizit h
. o | ] ———j = | | ] ] Luit_ mean eat
“Hole distance”, “Hole mean [[E of F— - —i-Jooimmimmi— |- |~ s,
. i t . _=:i=_ . . . . with mean heat
Mach no.” and * Thickness ) |[Sas-r=r - -E£ - - | — ek,
| ] | | | Lindrl | | | | |
need to be set, 0 100 200 300 400 GO0 GO0 700 GO0 900 1000
X [I'I'll'l'l]
e If “ Double liner ” is chosen,
193
anOther fOLlI' parameters ( HOle Damper type: Perforated liner v| Liner type: Double liner '|
. 9 « . I3
I‘adlus N HOle dlStanCe s Start location [mm]: | 400 Length [mm]: | 177.5
“Layer radius” and “ThiCkneSS” Liner temperature (K): 293.15 Outside boundary: Large cavity =
for the second perforated layer) = tnerieer e
need also tO be set Haole radius [mml: 0.375 Hole distance [mm]: 3.3
: Hole mean Mach no.: 0.009 Thickness [mm]: 4,243

Add | Save figure J Finish I Cancel }
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Initialization / Thermal properties

Imperial College

London

This menu is used to set the inlet mean flow properties and the mean heat addition.

% Mean Flow and thermal properties configuration

S O9E0E

ﬁats:
Mean velocity

[m /]

u

N

Inlet mean flow properties

pl mean [Pal: 101325

T1 mean [K]2 283.15 ul mean[..~ | L

Heat source number:1 v| Heat release rate O [kw]: 6.7139
Heat from: Fuel combustion v| Temperatura ratio across the flame Th{Tu 5.4464
Fuel: CH4_Methane '| Combustion efficiency: 0.825
Equivalence ratio [-]: 0.7 Dilution ratio [-]: 0
Calculate... J oK J Cancel J

Jingxuan LI
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1. Plot panel

This panel is used to plotthe
distribution of mean velocity and
mean temperature with axial position.

2. Mean flow properties panel

The inlet mean pressure, temperature
and flow velocity/Mach number are
set in this panel.

3. Mean heat addition panel

This panel is used to configure the
heat addition, once there is (are) heat
source(s) inside the combustor.
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Initialization / Thermal properties Imperial College
London

4~ The mean flow and thermal properties within each combustor module are considered uniform for constant
sectional area modules.

a Modules with varying sectional radius are split into equally spaced segments for numerical treatment. The
mean flow and thermal properties are considered uniform in each segment.

a Users can choose a model for the (mean) heat addition from the drop-down menu.

Heat from a heating grid (Tb/Tu is given), where Tu represents the temperature upstream of the grid, and Tb
downstream of the grid. This is often used in the case of a Rijke tube.

Heat from fuel combustion.

1. Users can choose the fuel from the pop-up menu, including CH4, C2H4, C2H6, C3H8, C4H8, C4H10 (n-
butane), C4H10 (isobutane) and C12H23 (Jet-A).

2. Users can also set:

(a) Equivalence ratio

(b)Combustion efficiency

(c) Dilution ratio, which is used when a bias flow is accounted for.

4 The mean properties in different modules can be calculated by clicking "Calculate” once all the inputs have
been completed.

a For multiple flames cases, users need to set the parameters for each heat source. The corresponding heat
release rate for each heat source is shown in the text box after calculation.

4 The distribution of mean temperature and mean flow velocity can be previewed by clicking "Plot figure".

a The current configuration is saved by clicking "OK". The key information will be printed in the information
window.
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Initialization / Flame model

Imperial College

London

a This panel is used to choose (flame) model for each unsteady heat source.

Choose (flame) model For each unsteady heat source

a The (flame) model describes how the (normalized)
unsteady heat release rate of the unsteady heat source
(flame) responds to (normalized) velocity fluctuations.

a Four choices can be prescribed:
A linear (flame) transfer function model;

A simple nonlinear (flame) describing function model,
which is assumed can be decoupled as a nonlinear

saturation model and a linear (flame) transfer function
(FTF) model.

Experimental/CFD (flame) transfer functions (loaded
from an external mat file) for different velocity
perturbations upstream of the flame. The FTF data are
fitted within OSCILOS with state-space models.

The fully non-linear G-Equation model (Williams

Four choices can be prescribed:

1. Alinear (flame) transfer function model;

2. A simple nonlinear (flame) describing function model,
which is assumed can be decoupled as a nonlinear model and
linear (flame) transfer function (FTF) model.

3. Experimental/CFD (flame) transfer functions(loaded from a
different velocities, and fit the FTF data with state-space mods
4. The fully non-linear G-Equ ation model (Williams 1988)

-

1] s | [»]

[4]

Choose heat source: Unsteady heat source 1 v|

Choose (Flame) model; Linear FTF model '|

Edit selected flame model : Edit

(Flame) model type| Edited? |
Heat source 1 Linear FTF madel N
Heat source 2 Linear FTF model N

Bk Cancel

1988).
a  When users choose a heat source and a (flame) model from the drop pop-up menus and click
Edit, a corresponding window appears for detailed configuration.
a  The button OK will be enable once the flame models for all unsteady heat sources have been
configured.

Jingxuan LI
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Initialization / Flame model / Linear FTF Imperial College
London

This panel appears once users choose linear FTF model.

Flame model configurations

1. Parameters configuration panel

HdRXOPLOE -

This panel is used to configure the
parameters of the flame model. Users
can choose the linear FTF from the
drop-down menu. The left figure
shows the n-tau model configuration
panel. Panels corresponding to the
other 3 choices are shown in the 3
bottom figures.

2. Plot panel

The evolutions of gain and phase lag
of the FTF with frequency are plotted
once users click Plot figure.

1st-order low pass filter 2nd-order low pass filter ransfer function model

[471.2389]

1 471.2389]

(a) 1t order low pass filter model (b) 274 order low pass filter model (c) polynomial transfer function

Jingxuan LI 17
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Flame transfer function Imperial College
London

Four kinds of flame transfer function models (7, (s) = (}(s)/(}/'&(s)/ﬁ) can be prescribed

analytically: the first three involve:

1. Crocco’'s famous n — 7 model:

v

s: the Laplace

Tu(s) = ape” 7£° variable
> ay: gain
2. the n — 7 model filtered by a first order filter: > 7;: time delay
We el - c=wc/27r:
Tulp) = o age" cut-off
frequency
3. the n — 7 model filtered by a second order filter: » £&: damping
ratio )
w2
7;1’ e C —‘Tf.S’
() == e

a
+ 28wes + w?

The fourth option is a user-defined FTF model using a polynomial transfer function by
inputting the numerator coefficients b and denominator coefficients a. The order of the
numerator should not be larger than that of denominator n < m.

b15" 1 + bas™ 2 + - + bp_15+ bn
a1s™ 1l +agsm™ 2+ .-+ am_15+am

Jingxuan LI
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Initialization / Flame model /Nonlinear FDF model (1) Imperial College

London
Two kinds of nonlinear flame describing functions can be prescribed. The first is an

abrupt heat release rate ratio saturation model proposed by Dowling (JEM:1997),
which can be mathematically expressed as:

! !

@), ol

<«

q'l
q /

a sgn (q__ ) else
q

Where o is a constant associated with the saturation (0<a<1) and (¢'/¢), denotes the

heat release rate ratio for weak perturbations, which can be calculated trom the linear
flame transfer function.

Jingxuan LI
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Initialization / Flame model /Nonlinear FDF model (2) Imperial College
London

The second nonlinear model was recently proposed by Li and Morgans (JSV:2015).
The nonlinear flame describing function depends on s and velocity ratio i, /4, and it
is assumed here can be decoupled as:

G (t1/81,8) = L(t1/T1)Tu(s)

where the superscript ~ indicates the signal amplitude. The nonlinear function
L(i,/%,) describes the saturation of heat release rate with velocity perturbations

i, /@y, and L(@,/@,) = G(i, /@, 0). The mathematical link is:
4(i1/71,0)
q

. 81/
= g =J L g
a1 0 1.4 (§+a)’9

where o« and [ are two coefficients which determine the shape of the nonlinear model.
One may also introduce a simple nonlinear model of the time delay, using the
mathematical description:

Ff = T‘? + T}V (]_ = ﬁ(ﬁl/ﬁ’l))

where 'r? means the time delay when 43 /41 = 0 and 'r?r is a time delay to describe

the change of 7 as £ changes.
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Initialization / Flame model /Nonlinear FDF model Imperial College
London

This panel appears once users choose nonlinear FDF model.

Flame model configurations 1. FTF parameters conﬁguratlon panel

SO9E0E
- This panel is used to configure the
fﬁearflametransferfunctlonmodel%—- ots N f h 1 ﬂ f
2nd-order low pass filter v| ’ Flame transfer function model v| \ parameters of the linear flame transter
function. Users can choose a linear

1

S FTF from the drop-down menu (see

fc [Hz] 1 75 - E : : 5 slide 15)
. E D.E ....... ......... ........ ......... .........
xi[] L a S B 2. Nonlinear model parameters

Quf[ms] ) ) configuration panel

0 ! ; i ; . . .
fﬁnlinearmodel ‘\ " T This panel is used configure the
Liand A.5.M sV hd e : . .
L and A5 organs) | - e S T saturation limit value (alpha) for
R E Dowling's model (as shown in the
alpha [-] 0.85 s : : : : .
2 B, L bottom figure) or parameters for the
Lzl e . SN second nonlinear saturation model.
ZO0 400 OO 800 1000
taufN [ms] 0 \\ S [Hz] /
" )
| Plat figure J oK J Cancel J

— Monlinear model
Dowling's model (Stow and Dowling [EGTP 2008) v|

alpha [-] 0.3

Jingxuan LI
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Initialization / Flame model /Nonlinear FDF model Imperial College
S London
3. Plot pane

Three kinds of plots can be prescribed:
(1) Flame transfer function
(2) Nonlinear saturation model

(3) Flame describing function

Flarme transfer function madel - MNonlinear model -

Flame describing function -

(a) Flame transfer function (b) Nonlinear saturation model (c) Flame describing function

Jingxuan LI
& . 22
Department of Aeronautics




Initialization /Flame model /Loaded and Imperial College
fitted FDF from experiment or CFD data London

This panel appears once users choose Experimental/CFD fitted FDF.

1. FDE editing panel

RS OOE0E > -
Users can add, edit or remove the

— [y 18 —— —EB —
, List of FTFs for different velocity ratios \ ’/I:;jne describing function '| \\ flame transfer functions for different
Nk is e i o= e p- 1.5‘ R o oo flame  velocity  perturbation levels
o i, fu, =0.500 1 ]
Welocity ratiou'l_mean = 0.679 . 1#.. ' N Fo .ﬁ.ju.f-zcns-rg-- o.btame.d fI'Ol’I’l experlment or CFD
Welocity ratiou'u_mean = 0.848 - i & o =0 808 simulation.
3 LA, :
teal 0. lI ........... 2. PlOt panel
Sl The original data and fitted FDF can
1 | | _ : be viewed from this plot.
: 3
- - ‘“‘6— O St e RERTRTET.
Add FTF for a new velocity ratio J _@ T n :
R . TR
Edit FTF... J ti'ﬁpg,#
\ -5 i i i }
— J 0 100 200 300 400
N f [Fz) 4
| Plot figure J 0K J Cancel J

Jingxuan LI
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Initialization /Flame model /Loaded and Imperial College

fitted FDF from experiment or CFD data London

a Once the button Add FTF fOI‘ a new Velocity ratio x = Iport flame transfer Function for a velocity ratio (u'/u_mean) and corresponding fitting
. l. k d . d f d. 1 . th BERGO®EN0A o
18 clicked, a window or lsp aylng € ( Load gain and phase data from a mat file
experimental/CFD FTF and fitting will appear. velocity ratio: [ 1 0.509

1_ Data import panel .;hcme,fjingxuanfDropbcx.fGitHub, (PO datai..

Users can set the velocity ratio and thenimport  mmemmeEmETET: =
experimental/CFD FTF from an external Mat file. e sant o :
(It is better to save the data in a Mat file prior to aasi el s il
running OSCILOS. The data format is for example Time dE'an"“tiW[rz 3
shown in the right bottom figure). State dimension (fting order: -] a0 . i

Relative degree of denominatar
2. Fitting parameters configuration panel \\wmparedtgv numerator: [-] NG o ;2[212] A j/
Users need to set the fitting frequency range, time | Fit and plot SaveKitig cancel |

delay correction, fitting order and relative degree
of denominator compared to numerator, which

. . | Gai | M wal Mi M
are used for fitting, via the Matlabcommand 5 7. SCain]  35:2 double’ 3. 35..
“fitfrd”. = = - Phase 32x2 double -1... 39...

1 3.0960 0.9962
3. Plot panel 2 7.4303 1.0642

The original data (markers) and fitted FTF (solid | 3 14.86...1.1830 |

line) can be viewed from this plot. 4 26.00...1.3019
5 36.53.../1.3698

a The fitting process is operated upon clicking Fit
and plot.

o . The first column is the frequency and the second one is the
a The original FTF data and fitting parameters are corresponding gain or phase lag (in rad).

saved by clicking save fitting.
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Initialization / Flame model / G-EQuation Imperial College
London

This panel appears once users choose the G-Equation model.

WA » 1. Flame properties panel

This panel is used to set the flame
properties for the G-Equation. The
user can set the laminar flame velocity
(which  should be  smaller than
incoming mean flow), the number of
points used to discretize the flame, the
flame holder radius and the flame time
delay factor.

2. Steady flame shapes panel

When the user clicks Plot figure, the
steady flame shape and the flame
holder are plotted for the selected heat
source location.

Jingxuan LI 95
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Initialization/Boundary conditions Imperial College
London

This menu is used to set the inlet and outlet

boundary conditions. BAS U 9EDE

— Inlet configuration—— — Transfer function of reflection coefficient
Six kinds of boundary conditions are provided: Transfer function model | [T Inlst
e Open end (R - _1) Mumerator(s): [5000] : : :
v ClOSGd end (R _ 1) Denominator(s): [1 5000]
’ Time delay [ms]: 1
Choked end. S
— Outlet configuration -
~ User defined (Amplitude and time delay)... Zeen and -]
~ User defined (Amplitude and phase)...
V) . . . =3 i i i i
User-defined model using a polynomial 200 400 BO0 800 1000
. . . H.
transfer function by inputting the numerator /1]
coefficients b and denominator coefficients a. ok | _ Cencel |

The order of the numerator should not be
larger than that of denominator n < m.

bis" 4 bys" 24+ by_15+ by,
a;s™ 1 +as™ 24+ 4 @15+ am

R(s) =
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Boundary conditions / Include indirect noise

Imperial College
from entropy waves —1 London

When the user choose the choked outlet boundary, there is an option to include the

indirect noise from the entropy or not. Two models accounting for the advection of
entropy waves are prescribed in this work.

> A “Rectangular” model (proposed by Sattelmayer (2003)): The p.d.f. or impulse

response is modelled as a rectangular pulse of length 2A7Z and height 1/2&7'5
centred about the mean residence time 75:

() = 8(1)

1
s s g s
E%utlet (t) _ ZATé for T ATC St<7S+ ATC

0 else

The corresponding Laplace transform of the transfer function between the entropy
waves at the outlet and inlet can be expressed as:

Eoptlet(g) A exp (AT5, s) —exp (— AT 3) A
E%llet(s) = Ele)exp(~7& =) = - DAL = o ()
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Boundary conditions / Include indirect noise Imperial College
from entropy waves —2 London

» A “Gaussian” model (proposed by Morgans et al.(2013)): Shear dispersion is as-
sumed to be predominantly caused by spatial variations in the time-mean velocity
profile, rather than by turbulent eddies. The impulse response is modelled as a
Gaussian distribution:

E&e (1) = §(t)

1 t— 75\ 2
Eoutlet py _ _ ( C')
¢ = oars P ( AT,

with the Laplace transforms of the transfer function:

~ AT 5)?
5(s)=exp(( 2 ))

4

where time delay A7Z is proposed to describe the dispersion of residence time.
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Imperial College
London
Once all initializations are complete, the user can then progress to the “Eigenmode

calculation” panel.

Freq. domain analysis / Eigenmode calculation

< Eigenvalue calculation

Hd%ARO9EOE

f—fSet velacity perturbation ratio range before the flame A — Pl
M f ei | -
Minimum value (u'fu_bar): [-] 0 SEC g ue§ | -
Eigenvaluss are located a8t mimma
: 1000 : : : 5
Maximurm value (u'ju_bar): 1 1
Nurmber of velocity ratio samples: [-] 11
\ || 2
Set scan range Calculate eigenvalues 2
P _— %
’/ Eigenvalues for selected velocity ratio \ =
w
|Eigen—frequency [H2]|Growth rate [rad,’s]| LL
1 116.0691 32.4093 Ei
2 306.3285 -14.8027 T
3 511.4753 -43.9518 E
4 737.2568 -67.0316
5 927.7747 -87.1843
Selected velocity ratio: [-] 0
'/ Re(s)/100: Growth rate /100 [rad s I]
Plot figure oK J Cancel J
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Freq. domain analysis / Eigenmode calculation Imperial College

London
a 1. Velocity ratios and eigenmode scan domain configuration panel [ 5o velocty perturbation o range before the flame
Minimumn valus (ufu_bar): [-] B
a Users need to set the minimum and maximum velocity ratios before e e 1
the flame if the nonlinear flame describing function model has been Number o velocty rasio samples: (1 | i1
chosen (as shown in first figure). The number of velocity ratio samples e m——
is also needed to equally space the velocity ratio range.
B :
a In the case that the flame describing function was provided by i value (uf b - [ o2ss)
experimental or CFD data, these “edit” boxes are not enabled -- their Maximum value (uju_bar): [ 0842
values are automatically assigned (as shown in second figure). T :
4 In the case that linear flame transfer function model was chosen or S —
there is no flame or unsteady heat source inside the combustor, the s sabpentubstonato s before the feme
“edit” boxes are not visible (as shown in the third figure).
a Users need to define a scan range (including frequency and growth
rate) to search for eigenvalues within this range, as shown in the right Sscanrange | Calauste cigenvalues |
bottom figure. This can be done by clicking “Set scan range”.
— Frequency scan domain settin
a When all the setting has been completed, users can calculate the Fr:quen:ym.n.mue - : —
eigenvalues for a set of velocity ratios (or an arbitrary velocity ratio S e
for linear FTF or no flame case). D
_ Growth rate scan domain setting:
Growth rate min. value [1/s]: 200
Growth rate masx. value [1/s]: 200
Growth samples [-]: lim
Reset | ok | cancel | ‘
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Freq. domain analysis / Eigenmode calculation Imperial College
London
2. Eigenvalues table

aThe eigenvalues for a selected velocity ratio (or an arbitrary velocity ratio for linear
FTF cases) appears in the table (as shown in the following figure).

aFor nonlinear FDF situations, users can change the slider to switch the velocity ratio.
The values in the table will automatically change with the velocity ratio.

Eigenvalues for selected velocity ratio
Eigen-sfrequency [Hz]|Gr0wth rate [radfs]|
1 1156.0691 32,4093
2 306,3285 -14.8027
3 511.475%3 -13.,9518
4 T37.2568 -57.0316
5 827.7747 -37.1843
Selected velocity ratio: [-] 0
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Freq. domain analysis / Eigenmode calculation

3. Plot panel

Imperial College
London

~ Users can plot three kinds of figures from the choices of the pop-up menu:

1.A contour map showing the eigenvalue locations (growth rate and frequency).

2.The mode shape (velocity perturbation amplitude (top figure) and pressure disturbance
amplitude (bottom figure) distributions along the axial position).

3.The evolution of growth rate (top figure) and eigen-frequency (bottom figure) with increasing
velocity ratio for a selected mode. This plot is not available for linear FTF cases.

— Plot

Map of eigenvalues v|

Eigenvaluss ars located &t mimima

1000

- . e GO s = ==

e -——— - — — — — — — — . —=

400

Im(s)/2w: Frequency [Hz]

B — — ——=—— et e G B Bt e 40

Fe(s)/100: Growth rate /100 [rads I]

— Plat

— Plots

Modeshape

v| Mode number: 3

-

10

|| [mfe]

z [m]

Evolution of sigenvalue wit.., = Maode number: 1 -

40
=
=}
E Zm
w
B
o ooy
= u]
g
i
-20
117
T
T 116
e
2115+
w
ok
1‘%’114
= jig
112 ; ; ; ;
il 0.2 0.4 0.6 0.8 1
i fu; [

(a) contour map

(b) mode shape
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(c) evolution of eigenvalues
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Time domain simulation /

Imperial College
Examination of the Green's function P 9

London

a When transfer functions have been prescribed, they
are convected into Green's function for time domain
. . . . The inlet and outlet boundaries are needed to be checked:
SlmulatIOI’IS, by taklng the mverse Laplace tranSform The flame transfer functions are needed to be checked;
or inverse Fourier transform for causal systems.

Dede | hABODEL- 2| 0EH =O ~

4] P | [»]

a Herein, we only account for the inverse Laplace Outlet boundary condition -]
transform. To avoid calculation errors and reduce the - @ e
computing time, the absolute value of the inverse B
Laplace transform of a transfer function should I
. . . . o H i e 2 - o
decrease Wlth tlme and Converge relatlvely qu1ckIY. —E -A4000 - .......... .......... .......... \ ......... ..........
aThis menu option is used to examine the Green's = _so0o e e S S
. . ] 0.2 0.4 0.6 0.8 1 1.2 1.4
functions of the transfer functions. Time [me]
aThe inlet and outlet boundary conditions may be
. . d i i [ 18 1.1605
expressed in transfer function form and need to be SresEReS e e A |
CheCked. User defined saturation time [ms]: | 1.1605
a The flame transfer functions must be examined. |
[a]:4 Cance

a Users can define the saturation time, to change the
computing time and calculation precision.

a The evolution of the Green's function with time can
be viewed from the plot.
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Time domain simulation / Imperial College

Parameters configuration London
1. Simulation time and time step
This panel is used to configure the simulation stop time ([ Smulation time and step )
and time step. The minimum time delay is provided and e 0.00086535

the time step should be smaller than this value. S

|

2. Simulation samples per loop e ren oy

For linear or weakly nonlinear system, the computing \,ﬁ/
speed can be accelerated by increasing the number of ([ Simulstien samples perlocp

time steps in one calculation loop. The maximum Misice ik DRk v el zoop: L] ’—3
number of steps per loop is provided and users can define

the number of time steps per loop in the text box. If this -

box is not active, that means the computing cannot be  ~UEEaEmms
accelerated and the default value is 1. 3

uRatio up limit: [-]

Murnber of samples per loop: [-]

[~ A

3. Velocity ratio upper limit \

Sy ) ) e B
To avoid signals increasing towards infinity for unstable freERmE————
systems, users need to define an upper limit. Start time: [s] | 02000
4. Background noise Stop time: [s] 4 1
The background noise information can be defined in this Noise level: [dB] s
panel. These noises can be used to stimulate any
instabilities within the combustor.

oK J Help J Cancel I
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Time domain simulation /Simulation... Imperial College

London

a Once all initializations are complete, the user can then [ initial guess |
progress to the “simulation...” panel. S (ﬁoft“;’/;)

a For linear systems or nonlinear systems with an abrupt i 1 )
saturation limit (Dowling's model), the calculation is T Greens )
simpler and a wait-bar box appears to show the function
computing progress. __7(a0,?)

s ) o
_ ag = ay u,(t1)/a,

Time domain calculations, please wait...

a The calculation becomes more complicated when users
have chosen flame describing function models (such as {
our model). The transfer function changes with
velocity ratio and the Green's function should be
updated every time step based on the velocity ratio at
the corresponding time step. However, calculating the
velocity ratio needs knowledge of the Green's function.

lag — a1 | <
tolerance 7

a The calculation method can then be summarized using
the flow chart on the right.

proceed to
next time step
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Time domain simulation /Simulation... Imperial College
London

~ When users have chosen a flame describing
function model (such as our model),a & * = @9« 0E |

calculation monitor window, as shown in

the right figure, appears to show the 1 _ _ _
calculation progress. : |
O5F---- R SR PR : i
a The evolution of velocity ratio before the - 5 HH“ ‘
flame is plotted in the figure. ;E% of i 1l
« The calelation rro s also shown PR
-1 I | I | I |
04 02 0 0z 04 06 0B 1
Time [ms]
Finished; 10/10
Calculation error: 5.3543e-06
Configuration Calculate 0K Cancel

Jingxuan LI
: 36
Department of Aeronautics



Time domain simulation /Results output and plots Imperial College

a This menu option is used to plot the time domain London
simulation results. 1. Plot properties panel

a The time evolution and power spectrum of the This panel is used to set the plot
selected signals can be plotted. parameters. Velocity fluctuation,

pressure fluctuation, heat release rate
ratio and perturbation velocity ratio
MRS 4SPAE . can be plotted as a function of time.

I L0 5 P e € e e For velocity and pressure fluctuations,

Ficasc sTicciinc coa by and pixd Boc and 1o 2ick |

Alter semng, USE he 503 3rd S8 Buthenz b 3808 Pt ' the axial position should be prescribed.
Pt Dl Vi izl meslicn o suopme s enleing rmelzhb in]. ' If a vector is prescribed the plOt will
b
: e . 5 5 show:
b " For a time evolution plot: the
dodd posHos |k [RRE-HETH T I M i 1 ] Qe : ! ! ! . . . .
| B e e perturbations in space, with a slider
L s, el ldusos v 04 e for time (shown here).
| s e “ For a PSD plot: The PSD with a
(R Eapt T8 Tma asthiras " : : : ! . X .
Bt i slider for the axial position.
Amtalucvilics m . .
| 2. Variable saving panel
F ul Rk 148 J (= T T | | | .
: Tl 14 The variable generated to produce the

plot can be saved to a Matlab .mat file.
The data from several plots can be
concatenated into a single .mat file, by

swrn | population the list of plot data to save.
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Time domain simulation /Results output and plots Imperial College
London

a This menu option is used to plot the time domain simulation results.

a The time evolution and power spectrum of the selected signals can be plotted.

Calculation monitor

dSRRO9E O ,.

Please select the data type and plot type and

4 | i | bl o

Axial position [m]: | 1 s |
.
Data type: Welocity fluctuations v| c
Plot type: Time evolution v|
-10 i

0 0.2 0.4 0.6 0.8 1

Jingxuan LI
: 38
Department of Aeronautics



Imperial College
London

a Users can directly load the file “Case_A_cold_open_tube.mat” from the “cases” folder to see the
detailed configuration and results.

Example 1 A cold open tube

Combustor type: Rijke tube v|

1. Combustor dimensions

Upstream length [mm]: 200

The combustor type is set to Rijke tube.

700

[ s

[] with heat perturbations

Downstream length [mm]:

The dimensions are shown in the right figure.
Radius [mm]:

There is no heat addition in the tube.
[ With mean heat addition

2. Mean flow and thermal properties configuration

Since there is no heat addition, the panel for heat addition configuration is not visible. The mean flow
properties at the inlet are shown in the following figure.

Inlet mean flow properties

’7 pl_mean [Pal: 101325

283.15 0.01

M1 mean .. = |

Tl mean [K]: |

3. Boundary conditions

Since there is no heat perturbation, the user directly
progresses to the boundary conditions configuration
panel. The inlet and outlet are set to open and the
pressure reflection coefficients are set to negative
constant values, as shown in the right figures.

Jingxuan LI

Department of Aeronautics

— Inlet configuration

User defined (Amp. and ... v|

Amplitude [-]

Time delay [ms]:

-0.95

]

— Outlet configuration

User defined (Amp.

and ... v|

Amplitude [-]

Time delay [ms]:

-0.95

o
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Imperial College

London

a The eigenvalues and their distributions in the s-plane are calculated during the
frequency domain analysis. The contour map showing these eigenvalues is shown in
the bottom figure. The first tive modes of the system are on the left side of the s-plane
indicating that the system is stable.

Example 1 A cold open tube

Bigenvaluss are located at minima
1000 Eigen-frequency [Hz]|Growth rate [radfs]|
1 171.6059 -17.6045
2 3432118 -17.6045
a00 3 514.8177 -17.6045
4 686.4237 -17.604%5
5 858.0256 -17.6045
600

400

{m(s)/2w: Frequency [Hz]

Z0a

Rels)f100: Growth rate J100 [rad s l]
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Example 1 A cold open tube Imperial College

London
a We now progress to time domain simulations. The background noise configuration is
shown in the following figure. T ——
a The white noise has a power of 10 dBand & """ —
stopsatt=0.5s. S
Moise level: [dB] ’—10

a The time evolution and power spectrum of the pressure perturbations at the axial
position x = 0.6 m are shown in the following figures. In the presence of additional
white noise, all of the excited modes are stable and disturbances are attenuated. As
shown in the PSD figure, the frequencies of the peaks are the same as those predicted
with the frequency domain analysis.

P [Pa]

Power/Frequency [dB/Hz|

0 200 400 600 800 1000
Frequency [Hz]

0.45 0.5 0.55 0.6 0.65

(a) time evolution (b) PSD
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Example 2 Hot combustor Imperial College
London

a Users can directly load the file “Case_Hot_tube.mat” from the “cases” folder to see the detailed
configuration and results.

1. Combustor dimensions

The combustor type is set to Rijke tube.

The dimensions are shown in the right figure.

2. Mean flow and thermal properties configuration
The mean flow properties at the inlet are shown in the following figure.
Heat is from a heat grid and the temperature ratio is set to 2.

The mean heat release rate is calculated as 9.7201 kW.

293,15 uLmean L. <] | 3325

Heat source number: 1 - 9.7201
Heating grid (Th... =

Fuj=ll: CH4_Methane - EORHPUSH O EiGER ey
=ejufji=i|=ipie =t ez iefe) [ Blj[vjeiei el p=iefe =]
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Example 2 Hot combustor

3. Flame model

Our nonlinear flame describing function is chosen as the flame
model.

The parameters configuration for the flame transfer function
and the nonlinear saturation model are shown in the right

figure.

4. Boundary conditions

The inlet is set to closed and the outlet is set to open. The
reflection coefficient is expressed as a transfer function as
shown in the bottom figure.

Closed end - Transfer function model -

[-5000]

[1 5000]
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Imperial College
London

lst-order low pass filter

|.Li and A.5.Morgans |5V



Example 2 Hot combustor Imperial College
London

w
o

a The right figure shows the evolution of growth rate and
resonant frequency of the first mode with velocity ratio
before the flame. With increasing normalized velocity
perturbations, the growth rate decreases and a limit cycle
is finally established when the velocity ratio equals to 0.3.

N
o

10

Growth rate [rad/s]

a This has been validated in the time domain simulation
results. The figures at the bottom show the evolution of
velocity ratio with time.

Frequency [Hz]

0.3 _ -2

02 04 06 08 1

-30 :
i/t [+

0.2

0.1 —4()

: ol

-0.1

-50

afu -]

Power /Frequency [dB/Hz]

-0.4 -70

-0.3 : R o ton A 2 -80

-0. - - - : -9 : - . -
0 02 0.4 0.6 0.8 1 0 100 200 300 400 500

Time [s] Frequency [Hz]
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Example 3: A laboratory combustor rig Imperial College
London

a The experiments were carried out by Palies and co-workersin
Laboratory EM2C. The combustor includes a plenum, an injection unit
and a combustion chamber terminated by an open end. The compact
flame is stabilized at the beginning of the combustion chamber.

a OSCILOS can account for this complicated combustor shape and the
combustor shape can be viewed from the following figure.

a Experiments were carried out with the plenum and chamber comprising
varying lengths to change the eigenvalues of the combustor. Herein, we
only take one unstable case for the comparison between the calculation
results from OSCILOS and the experimental results.
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Example 3: A laboratory combustor rig Imperial College
London

a Mean flow and thermal properties: methane is used as the fuel and the equivalence ratio is 0.7. The measured

mean temperature of the burned gases is 1600 K. So that the calculated mean temperature matches the
experimental result, the combustion efficiency is set equal to 0.825.

— Plots:

1.5
Mean velocity - 1, /T, =0.269
T 1y, /Ty, =0.509
: Ty /Ty, =0.679
5 ] 18 G fi =0.848
_ =
. !
= Q
: 05 crs ;
1 | 17 7 -
s 4
03 04 05 . Lt e
— Inlet mean flow properties ] s
pl_mean [Pa]: 101325 T1 _mean [K]: | 300 ul mean[..= ‘ 0.43825 _'%-h-‘q_.
1 e a
— Heat addition style = *‘-‘:Hr
= £ o
Heat source number: 1 v| Heat release rate Q [kw]: 2.8752 E - e ﬂ%‘ :
Heat from; Fuel combustion « Ternperature ratio across the flame Th/Tu 5.3395 ~ g : L=y
-]
: 50 o
Fuel: CH4_Methane = Combustion efficiency: 0.825 -4 ; . .
Equivalence ratio [-]: 0.7 Dilution ratio [-]: 0 -5 . :
0 100 200 300 400
f [He]

Flame model: the experimental flame describing functions (markers) and their fitted results (solid lines) are
shown in the right figure.

Boundary conditions: the inlet boundary condition is set to closed with a reflection coefficient of 0.96, and
the outlet is set to open.
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Imperial College

London

a The distribution of eigenvalues are shown in the following contour maps for two
velocity ratios. The main unstable modes are highlighted by the white stars.

a With increasing flow velocity, the growth rate of the unstable mode decreases to zero
and a limit cycle is established. The predicted resonant frequency and velocity ratio
before the flame when the limit cycle is established are 126 Hz and 0.683,
respectively. In the experiment, the resonant frequency and velocity ratio before the
flame when the limit cycle is established are 126 Hz and 0.68, respectively.

a The prediction matches well the experimental results.

Example 3: a laboratory combustor rig

Eigenvalues are located at minima

400 25

Eigenvalues are located at minima

400

—
a
o

Im(s)/27 : Frequency [Hz]
n
]
=)

-
o
o

% 05 0 0.5 1 1 0.5 0 0.5 1
Re(s)/100 : Growth rate /100 [rad s™!] Re(s)/100 : Growth rate /100 [rad s™1]
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