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1 Governing equations
In flowsquare, the incompressible governing
eguations are solved based on the low-Mach
number assumption. Under the assumption,
the mixture density changes due to the heat
release (temperature rise), while the fluid ef-
fect on the density is assumed as negligible.
Therefore, the continuity equation is written
in terms of conservative form as:

dp 0

where p and u; are respectively the mixture
density and i-component of velocity. Thetem-
poral change of density is neglected dueto the
above assumption. The governing equation
for momentum is:

0 0 »

aTij
ot (puj) + o, (puiu;) = ey +

3:151-
+(p — pc)gis (2)

where p is pressure, and g; is the acceleration
of gravity. Theterm, (p — p)g;, represents
the external force due to the buoyancy and p.
is the reference density. 7;; is the viscoss-

strain given by:
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where 1 is the dynamic viscosity and J;; is
the Kronecker delta. Equation (2) issolved in
two steps. For first step, the equation is solved
without pressure term as:
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Then, the pressure term isincluded so that the
mass conservation is taken into account in the
second time integration:
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Equation (5) is solved using the Poisson’s
equation in terms of pu! and the correction of
pressure, p*, as:
Pp* _ (O(pu;)* | Op 1
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where, At isthe time step and w, is user de-
fined parameter typically unity. Once the cor-
rected pressure field is obtained, the corrected
velocity in the next time step iswritten as:
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Now the velocity field satisfies the continuity
equation (Eg. 1) is obtained from Eq. (7) in
the conservative form.



1.1 Governing equationsfor scalars

For reactive flow field, the conservation equa-
tions for species mass fraction, Y;, and energy
need to be solved, and meybe written with ap-
propreate assumptions as:
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where the energy equation is written in terms
of temperature, 7. D,;, A and ¢, denote
the molecular diffusivity of species i, thermal
conductivity and specific heat capacity of the
mixture. Species and heat source are denoted
asw; and wr.
Therefore, for the simplest reaction sys-
tems, in which the fuel, F', and oxidizer, O,
react to produce products, P, as.

F+0— P, (10)

the total number of equations for Egs. (8) and
(9) isfour.

In flowsquare, in order to reduce the num-
ber of equations to be solved, the progress
variable and the mixture fraction are intro-
duced. The progress variable is used for pre-
mixed reaction, while mixture fraction is used
in non-premixed reaction. These two modes
of reaction and the reduced equation are ex-
plained next subsections.

1.1.1 Premixed reacting flow

Reaction is called premixed reaction when all
species are fully mixed before the reaction
takes place. For example, premixed reaction
(combustion) can be observed in traditional
gas stobe and heater burners. In the case of
premixed combustion, fuel and oxidizer are
well mixed so the unburnt mixture is uniform
and homogeneous.

One of important features of this premixed
combustion is that flame (reaction front) can
freely propagate toward unburnt mixture (Fig.
1 &), or mixture can ignite a any locations if
there is enough activation energy. Thisis not
the case in non-premixed mode as explained
in the next subsection.

For premixed mixture, reaction can be ex-
pressed by using reaction progress variables.
Theprogressvariable, ¢, isanormalized scalar
which shows the extent of reaction progress
in premixed combustion systems. Although
there are several definition for the progress
variables, in flowsquare, following definitions
are used:
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where the subscripts, » and b denote un-
burnt and burnt mixture, and F, O and P de-
note fuel, oxidiser and product, respectively.
Therefore, progress variable is 0 in the un-
burnt mixture and 1 in the fully burnt mix-
ture. Figure 1 (b) shows the progress variable
variation of one-dimensiona premixed flame.
Flame front is often defined as the iso-surface
of c=0.3—0.6.

Lewis number, Le, is defined as the ratio
of thermal diffusivity to mass diffusivity. If
unity Lewis numbers, constant pressure, adia-
batic conditions and ¢ = ¢y, o = Cyp = Cr
are assumed, Eqgs. (8) and (9) are reduced to
one eguation of progress variable conservation
as.

0 0 0 dc
E@@+me@:&mGDm)+%’

(13)
where w,. is the reaction rate of ¢, and D is
thediffusivity of progressvariable (with above
assumption, it can be either diffusivity of tem-
perature or mixture). Therefore, once progress
variable field is obtained, temperature field
and species mass fraction fields can be ob-
tained using Egs. (11) and (12). The rate of
reaction of ¢ is modelled as follows:

T,
we = phexp (=22 ) TG R(e),

where k, T, and n are all constant for the sin-
gle step reaction explained in Eq. (10). The
function R(c) modifies the reaction rate such
that the reaction rateat ¢ = 0 and ¢ = 1 be-
comes small. The function is defined as.

R(c) = (1—w,)+w,(1—cos(2mc))/2, (15)

(14)
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Figure 1. Schematic of premixed flame (@)
and one-dimensional variation of progress
variable (b).

where( <= w, <= 1isaparameter by which
effect of R(c) on the reaction rate is deter-
mined. If w, = 0, there is no difference due
to R(c), whileif w, = 1 the reaction rate be-
comesO at ¢ = 0 and 1 due to R(c). Clearly,
thisimplementation isto avoid undesirablere-
actionat ¢ = 0/1.

& in EQ. (14) is the mixture fraction be-
tween the fuel-air mixture and air. The mix-
ture fraction is explained in the next section.
At &, = 1, the mixture consists of only fuel-
air mixture and at ¢, = 0, the mixture is only
air. By multiplying &, to the reaction rate, re-
action at pure air is avoided. In Sec. 6.2, how
to set pure air stream is explained. If thereis
no pure air stream in the domain, &, is auto-
matically set as 1.

1.1.2 Non-premixed reacting flow

In contrast to premixed reaction, non-
premixed reaction does not require mixing
of fuel and oxidizer before reaction. A
schematic figure for typical non-premixed
flameisshowninFig 2 (a). There are fuel and
oxidizer stream and reaction takes place only
at the locations where fuel and oxidizer meet.

With the given reaction, Eq. (10), the mass
production rate of fuel, oxidizer, product, and
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Mixture fra ctior}

Oxidizer stream

(fuel stream)
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(Oxidizer stream)

Figure 2: Schematic of non-premixed flame
(@), one-dimensional variation of mixturefrac-
tion (b), and temperature and mass fraction
variations as afunction of mixturefraction (c).

heat release are related as:
wWo wp wr
wE S 1+s Q' (16)

where Q is the heating value of fuel and s is
the mass of oxidizer required per unit mass of
fuel, defined as s = Wy /Wr, where W isthe
molar weight for species, . If the unity Lewis
number is assumed, the conserved scalar, 3, is
defined from any pair of variables as:

Bro = sYr — Yo, (17)
Brp=Yr + 1?5, (18)
Bo,p = Yo + 1}_/:9, (19)

Brr =Yr + %, (20)
Bor = Yo + ScéT. 1)

[ is called conserved scalar, because if one
considers the conservation equation for one of
conserved scalars, the source term does not



appear. For instance, for above 3r o, the con-
servation equations of s x Y and Y, are writ-
ten as:

d(psYF) 0

at + axj (pUJSYF) =
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pYo) 0 _ 0 (0¥
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By using Eg. (16) and by combining Egs. (22)
and (23) , it is clear that the source terms are
cancelled and following equation is obtained:

o) o) 0 IPro
E (pﬁF’O)—i_@—xi (puifro) = oz pD oz,
(24)

[ is called conserved scalar because there is
no source term in Eq. (24). Once a con-
served scalar is defined, a normalized con-
served scalar, &, is aso defined. This normal-
ized conserved scalar is called mixture frac-
tion, and defined as:

_ B-Fo
ﬁF_ﬂO’

where the subscripts F' and O mean afuel and
an oxidizer stream, respectively. Figure 2 (b)
shows one-dimensional mixture fraction vari-
ation for the flame in Fig. 2 (a). With above
definition of mixture fraction, & 1 corre-
sponds to fuel stream and £ = 0 corresponds
to oxidizer stream. As shown in Fig. 2 (b),
flame location in non-premixed systemsis of -
ten assumed as the location where £ = &,;.
Here &, is called stoichiometric mixture frac-
tion, at which there are the exact amount of
fuel and oxidizer to convert a unit quantity of
fuel into product. The stoichiometric mixture
fraction is calculated by:

_ b
Br —Bo
The mixture fraction also satisfies Eq. (24).

Therefore, for the simulation of reactive non-
premixed systems, the equations of energy and

§ (25)

Est (26)

the species conservations are reduced to one
equation for mixture fraction as:

0 0 o€
o, (pui) = 871'1 <PD8%> )
(27)
Once mixture fraction field is obtained, tem-
perature and species mass fraction fields can
be estimated using relations between temper-
ature/mass fraction and mixture fraction for
infinitely fast chemistry shown in Fig. 2 (c).
These relations are directly obtained from Eq.
(27), but only results are shown here.
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where T, is the adiabatic flame temperature,
Y2 and Y are respectively fuel and oxidizer
mass fraction at each stream, and 75 and T}
are temperatures at fuel and oxidizerstream,
respectively.

1.1.3 Others

In premixed mode, flowsquare solves Egs. (1)
, (2) and (13). Equation (27) is solved in pre-
mixed mode only if you set a pure-air stream.
In non-premixed mode, Egs. (1) , (2) and
(27) are solved. Temperature is calculated us-
ing either progress variable or mixturefraction
fields. Density field is obtained based on the
classical ideal gas law:

p = pRT, (29)

where R isthe specific gas constant (J /kg - K)
caculated as R = 8.31/W. W (kg/mol) is
molar weight of the mixture. In flowsquare, al
thermodynamic and transport properties are
assumed as constant.



2 Numerical methods

In flowsgquare, relatively low-order numeri-
cal methods are used. This is something to
do with the concept of this software, and to
achieve as short computational time as possi-
ble.

2.1 Differentiations

The second-order central finite difference
scheme is used for spatial differentiation. On
the boundaries, this second-order scheme is
replaced by the first-order one-sided differ-
ence. For time integration, the Euler method
is used which is first-order scheme. The for-
mulations of these differentiations are well ex-
plained at Wikipedia[3, 4].

2.2 Poisson’sequation

Poisson’s equation is solved to obtained pres-
sure asin Eq. (6). Poisson’s equation is writ-
ten as:

Vi = f, (30)
where V? denotesthe Laplace operator. If one
applies second-order central differentiation to
above equation, it is now written as:

Pit1; — 20i5 + Qi1
Ax?

ij+1 — 2005+ Qi1
P jy’; Dl f, (@
Therefore, the Poisson’s equation can be re-
duced to n linear equations with unknown ¢.
In flowsguare, Poisson’s equation isiteratively
solve using successive over-relaxation (SOR)
method [5]. (n + 1)-th intterative solution is
calculated from (n)-th iterative solution as:

o = (1 —w) it w X

nj

+

n n+1 n n+1
it1,j T Qi1 4 Pigt T o1 £,
Ax? Ay? "
Az Ay?

8 2(Az? + Ay?) (32)
where w isthe relaxation parameter. Values of
w > 1 are used to speed up convergence while
w < 1 are used to help converge solutions of
a diverging iterative process. Typicaly w =
1.6 — 1.8 are used for both better results and
fast convergence. The iteration calculation is
continued until ¢"*! — ¢" < ep. Here, ep is
tolerance and specified in grid.txt. See Sec. 7.
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2.4 Spatial filtering
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f;,j =(1- W)fi,j
+w(fiv1j + ficij + fije
+fijo1+4fiy)/8,  (33)
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fwrite (
DATA,NX*NY*sizeof (double) , 1, fp);
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fp=fopen("filepath", "rb") ;
fread(
DATA,NX*NY*sizeof (double) , 1, fp);

real (8) DATA (NX,NY)

character fp* (150)
fp="filepath"

open(10,file=fp, form="binary")
read (10) DATA

fid = fopen(’'filepath’,’'r’);
A = fread(fid, [NX,NY], 'double’);
surf (4) ;
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| |- figures
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6.1 bcl.bmp (Fig. 3)
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Figure 3: bcl.bmp. 64 x 32 pixels.

6.2 bc2.bmp (Fig. 4)
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6.3 bg.bmp (Fig. 5)
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Figure 4: bc2.bmp. 64 x 32 pixels.

Figure 5: bg.bmp. (64 x box) x (32 x box)
pixels.
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Figure 6: Flowsguare display during simulation.

e 6: 0. e Shift+g: DODOODOOCOODO.
e /. JODOO((MODOOOOON). e Shift+b: OJDOODOODODOOO.

e 8 00O (OODOODOODO e Shift+w: JOOOODOODOODO.
go,d0o0booboobuootoobdn
O00mixutre fractionD D OO O QOO

oooon). e |: DDODOOO.

e 1: DDOOOODO.

e O OD. e —: 0O0DOODO.

e 00 JOO/MOODODO.OD0O0D0ODOODO e — ' JO0OOOO.
00000000 bgbmpODOOOO0O
00000000000 0000 (Sec. e Shift+7: DOOOODODOODO.

6.3). ,
) e Shift+ |: OOODODOODOODO.

k: 0O0OOoO0Ooooooo. .
° e Shift+—: ODOODOOODOO.

er: J00DOODO0OODOOO. e Shift+ - 000000000,

eg DOOODODODODODOD. e SHift+0: DODDDOODD Jet(blue

eb: D0ODDDDODOOODO. red; default) 0 0 O .

ew OO0 OOCOOOO. e Shift+1: DOOUOOUDOODO Ranbow
(purple-red) O O O .

e Shift+k: DDODOOODDODODO. _ o
e Shift+2: OOUOOODO Nishiki

e Shift+r: DODOOOODODOO. (blue-white-red) O O O .

10



e SHift+3: JOOOOOODO Gray O
go.

e Shift+4: JODODODOOODO Gray (in-
verted) O O O .

e Shift + 5 : 00000000 Hot
(black-red-yellow-white) O [0 O .

e Shift + 6 : 000oo0opooog Sea
(black-blue-light blue-white) 0 00 O .

e Shift +7: 0O0OO0OD0O0O0OOO Led
(black-green-yellow-white) O 00 O .

e ESC: O0OOODOODOODODOODOV
gg.

9 DO00OO0DOOoDOO

ged00d000O0D0OOOoOoOoOooOooon
ooodoooooooo ooooooo
00o0ooooooooooooood
godoodoodoooooooooo
O0000gridtxtd cmin0D cmax 0 0 00O
0000000000000 00D0DOcmin,
(cmin+cmac)/2,cmax 0 O 0 O 00O

doddooooooooooooono
000000000000 0ODOooDDoooDOO
D00000000 (timestep xAt) OO0
godddddddepstoooooooo
0000000 e¢rtt—¢r0oo00oood
O000Sec. 22000 ODO0O0O0DOOOO
0000000 0incomprs, premixed, non-
prxOD 000000000000 0O00OO
godoodoooooooooobooo
O0O00oooo

References

[1] Poinsot, T. and Veynante, D. (2005)
Theoretical and numerical combustion .
R.T. Edwards, Inc.

[2] Cant, R. S. and Mastorakos, E. (2008)
An introduction to turbulent reacting flow.
Imperial College Press.

[3] Wikipedia, Finite difference coefficient,

http://en.wikipedia.org/wiki/
Finite difference_coefficients

[4] Wikipedia, Euler method,

http://en.wikipedia.org/wiki/

Euler_method

[5] Wikipedia, Successive over-relaxation,

http://en.wikipedia.org/wiki/
Successive_over-relaxation



Appendix 1
0000000000 (gridixt)y 00000

——————————— Control file for flowsquare ver 3.1 ------------

——————————————————— General Control Data -------------------

01:nx 128 // No. grid points

02:ny 64 // No. grid points

03 :box 4 // Pixel size of one grid point

04:1x 0.20 // Domain x-size

05:1y 0.10 // Domain y-size

06:sts 0 // Start time step (new simulation starts from 0)
07:latts 30000 // End time step

08:cflfac 20.0 // Delta t factor (typically 10-20)

09:nfil 1 // Interval time steps for filtering (typically 1)
10:wfil 0.05 // Relaxation parameter for filtering (less is better)

—————————————————— General Boundary Data -------------------

11l:perikey 0 // 0: no peri, 1: x-peri, 2: y-peri, 3: all peri
12:pin 1.0E+05 // Pressure (1 bar = 1.0E+05 Pa)

13:uinl 5.0 // u for inletl (blue)

14 :vinl 0.0 // v for inletl

15:uin2 5.0 // u for inlet2 (red)

16:vin2 0.0 // v for inlet2

——————————————————— Scalar Boundary Data -------------------

17:scalarl 0.0 // Scalarl (blue, 0.0 for cmode=1)
18:temperl 700.0 // Scalarl temperature

19:scalar2 0.0 // Scalar2 (red, 0.0 for cmode=1)
20:temper2 2000.0 // Scalar2 temperature

————————————————————— Moving Boundary ----------------------

21:imv 0 // 0:0ff,1l:periodic

22 :mbu 0.0 // u of moving boundary

23 :mbv 0 // v of moving boundary

24 :mbt 0 // Temperature of moving boundary, (0: free)
———————————————————————— Body Force -----------------——---~---

25:gfx 0.0 // x-body force

26:9fy 0.0 // y-body force

27 :dref 1 // Reference density. 1l:max, 2:middle, 3:min density as ref
—————————————————— Trans, Thermo, Chemical -------------—----

28 :mu 2.0E-05 // Dynamic viscosity of mixture

29:R 286.9 // Specific gas constant

30:diff 4.0E-04 // Diffusivity of mixture

31:Tu 700.0 // Unburnt temperature (for premix)

32:Tb 2000.0 // Burnt temperature

33 :cmode 1 // Reaction mode, 0: non-reac, l:premixed, 2:non-premixed
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34:k 6.0E+07
35:Ta 10000.0
36:n -0.5
37:cF 0.5
38 :dummy 0
39:Xst 0.0
40:sigma 0.0
41:nfig 500
42:nfile 1000
43 :bcdisp 1
44 :1disp 6
45:cmax 0.0
46:cmin 0.0
47:1icolor 0
48:icont 1
49:1inewidth 5
50:ivec 1
51:ndiv 3
52:vecsize 2
53:lagkey 0
54 :nlagra 40000
55:npart 10000
56 :omega 0.1
57 :wdrho 1.0
58 :peps 1.0E-4
59:loopmax 500
60:wait 0

Premixed Reacting Flow

Non-Premixed Reacting Flow

(cmode=1)
// Rate onstant

// Activation temperature
// Rate = rho*k*exp(-Ta/T)*T "n
// Flame location (c base)

// Dummy, not in use
(cmode=2) -----------
// Stoichiometric mixture fraction

// Relaxation parameter for temperature calculation
Display & Output ---------------------
Interval time steps for figure output
Interval time steps for dump file output
Display wall boundary (0:off,

0:0ff,1:rho,2:u,3:v,4:8pd,5:vrt,6:T,7:rate,8:¢c/x1,9:P

1:0n)

Scale (max) 0.0 for auto

Scale (min) 0.0 for auto

0:Jet,1:Rainbow, 2:Nishiki,3:Gray,4:Gray(inv) ,b 5:Hot
(0:0ff,1:blck,2:red,3:grn,4:bl,5:wht)
(1, 3, 5 or 7)
(0:0ff,1:blck,2:red,3:grn,4:bl,5:wht)

(>=1)

Contour line
Line width of contour line
Velocity vector
Interval grid points between displayed vectors
Pixel size of vector arrow

//

Lagrangian Trajectory

//0:0ff,1lc:x, l:white.
// Interval time steps of restart
(>=1)

Poisson Equation

2c:y,3c:x-x,4c:y-y,c=0:black,
(>=1)
// No. particle

// Relaxation parameter

// Factor for d(rho)/dt (0<=wdrho<=1.0)
// Convergence limit

// Maximum no. of iteration

Others

Wait time

#End of file
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