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Sommario

Nell’'ambito delle simulazioni numeriche di flussi turbolenti, la tecnica Large Eddy Simulation (LES) sta ac-
quisendo sempre pil importanza, data la grande accuratezza dei risultati ottenuti con questo approccio e
soprattutto considerata la sua abilita di predirre, con elevata affidabilita, il comportamento di campi di moto
molto complessi.

Per ottenere risultati ancora piu precisi senza dover aumentare in maniera considerevole i tempi di calcolo
richiesti, & stata sviluppata, all’interno del codice HeaRT, una tecnica di mesh refinement che prevede la pre-
senza di griglie a diversa risoluzione nel dominio di calcolo: queste griglie integrano in maniera indipendente
le equazioni di conservazione e comunicano fra loro, quando hanno raggiunto lo stesso istante temporale, sui
nodi di “esterni” (le celle “ghost”, necessarie per I'integrazione delle equazioni di conservazione nei punti di
zona prossimi al contorno della zona stessa).

Per trasferire i valori da una griglia pil lasca ad una piu fitta & usata un’interpolazione mediante la tecnica dei
minimi quadrati, al terzo ordine, che garantisce un’adeguata accuratezza della soluzione sulla griglia raffinata:
note le coordinate del punto da interpolare, si costruisce I'interpolatore selezionando tutti i punti della griglia
rada che “circondano” il punto fitto nelle tre direzioni; I'interpolazione, inoltre, e effettuata imponendo la
conservazione “globale” della grandezza, garantendo cioé che la somma dei valori fitti interpolati (pesati per
la frazione di volume della cella fitta rispetto a quella rada) sia pari al valore della cella rada alla quale le celle
fitte considerate appartengono.

Per comunicare i valori nel verso opposto (dalla griglia piu fitta ad una piu lasca), vengono sommati i valori
corrispondenti alle celle fitte che sono contenute all’interno di una cella rada, opportunamente pesati medi-
ante la frazione di volume fitto rispetto al volume rado.

La tecnica, dopo un’accurata validazione, & utilizzata nella simulazione di una fiamma premiscelata Hy/CHy4
— Aria, in cui la zona centrale, dove avvengono il mescolamento e le reazioni chimiche, € a risoluzione piu alta,
mentre le zone ove il campo presenta gradienti meno marcati sono a risoluzione pil bassa.
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1 Introduction

Turbulent flow field is very common in energy production burners: some particular phenomena that occur in
this plants are heavily conditioned by interaction between turbulent structures and burner walls, injectors, or
the flame front.

In particular, to avoid combustion instabilities and blow out phenomena, swirlers and bluff bodies are widely
used: in this way oxidizer and fuel (or mixture) flows have all the three components of velocity vector different
from zero; for this reason is obvious that turbulence of the flow field has a fundamental role in energy produc-
tion burners behaviour.

Usually in energy production burners, inlet flow (premiscelated or not) in combustion chamber has high
velocity and injectors have very little dimensions: so a numerical simulation based on DNS (Direct Numerical
Solution) approach is impossible; a numerical simulation based on RANS (Reynolds Averaged Navier-Stokes)
approach is very difficult to obtain because of the complexity to obtain a turbulence model suitable to the
solution of such flow field (thermal and chemical non equilibrium, with complex geometries).

So numerical simulation based on LES (Large Eddy Simulation) approach is growing in importance because
when a sufficient portion of the energy spectrum is resolved, is possible to obtain very good numerical results,
also if computational cost is anyway high (but no so high as in DNS approach), because grid cell dimension is
necessarily little to obtain a good solution of significant turbulent scales.

Modern energy production burners have usually big dimensions and a cylindrical shape, with multi-phase
flow: also if a LES numerical simulation for such burners is the ideal choice, there are some problems to obtain
a good numerical result: in particular, is necessary a large number of grid points to guarantee sufficient reso-
lution to solve little turbulent scales next to the little injectors; multi-phase flow is another constraint on the
dimension of grid cell, because solid particles or droplets cannot be bigger than a single grid cell.

For example, in figure are illustrated numerical results of a LES simulation of a particle laden flow[1],
based on Sommerfeld and Qiu experiment: the injection system is composed of a cylindrical duct and of an
annular duct coaxial to the first one. Air and glass particles (diameter between 20pum and 80um) flow through
the cylindrical duct to the test cylindrical chamber, while from the annular duct a swirled air flow is introduced
in the test section.

Also if the numerical solution globally has a good agreement with experimental data, and the presence of
many small flow structures is captured as the position of the stagnation point, typical for swirled combustors,
in proximity of the test chamber inlet zone radial velocity component and its RMS are not well predicted (figure
[1.2): this can be dued to the poor resolution adopted in front of the bluff body separating the inner and the
outer duct; in fact, since Az = 3mm, only 3 grid points are present before the plane where the measures are
taken and therefore it will not be possible to reconstruct smaller structures in that zone.

Total number of grid points for this numerical simulation (more than 4 millions) makes impossible to decrease
Az minimum and increase resolution, also because of the use of structured grids.

So a mesh refinement technique is mandatory to obtain a good numerical solution (with a relatively low
computational cost) based on LES approach: numerical grid is divided in several structured grids with different
spatial resolution: next to fuel and oxidizer injectors, where turbulent scales have a very little characteristic
dimension, grid cells have very little dimensions, while in the outlet zone of the burner or the test section,
where flow velocities and flow turbulence are low, grid cells have bigger dimensions.

Multigrid approach is used for the solution of hyperbolic or elliptic systems of equations: with this technique
is possible to obtain a remarkable increase in the convergence speed of the numerical simulation; in a multigrid
approach, iterative procedures succeed to shrink the residuals obtained from the approximate solution of

5
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governing equations ([2]): this method isn’t suitable for HeaRT code, because in this numerical code time
integration is performed by the mean of an explicit scheme.

When there aren’t chemical reactions, multi-level techniques are frequently used in LES simulations ([3l, [4]):
the main part of the simulation is performed on the coarse grid levels, while the smallest resolved scales are
kept frozen (quasi-static approximation); this allows to reduce significantly the CPU times in comparison with
classical LES, while the accuracy of the simulation is preserved by the use of a fine discretization level, where
the coarse flow field is interpolated.

When non-uniform grids are used, the best achievable result is a better representation of the mean velocity
profiles: to improve the numerical solution quality, overlapping finest grids are necessary ([5]). Gird interaction
is obtained by the mean of boundary conditions enforcement from the coarse grid to the finest grid, that has
to be repeated every time step.

For incompressible flows, grid coupling can be obtained by means of Poisson equation for the pressure ([6],
[7]): every grid solves momentum conservation equations and the additional “information” due to the better
spatial resolution of the finest grid is included in the source term of the Poisson equation. Fourier polynomials
are used to transfer informations, every time step, form different gird levels.

In an hyperbolic system of equations is possible to implement an adaptive mesh refinement (AMR) technique
([8]): by the means of an error evaluation procedure (where the error is calculated as the difference between
the numerical solution obtained in a time step 2t and the numerical solution obtained in two time steps t),
zones where mesh refinement is necessary are located. Grid level communication is carried out with bilinear
interpolations (from coarse to fine) and with weighted sums (from fine to coarse).
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2 HeaRT code overview

2.1 Conservation Laws

The governing equations are written in the form of partial differential equations. This form of the governing
equations derives directly from the physical principles of flow dynamics:

e conservation of mass;
e conservation of Linear Momentum;

e conservation of energy.

The conservation laws written in this form relate the flow field variables at a point in the flow, as opposed
to governing equations written in integral form that deal with a finite space, the control volume.

Conservation of Mass

The conservation of mass principle states that, in absence of mass adduction, the variation in time of the
density of the flow field in a point is equal to the variation in space of the product between the density and
the velocity vector, that is:

P4V (pu) =0 (2.1)

where p is the density of the fluid.

Conservation of Momentum

The conservation of momentum principle states that in absence of external forces the rate of change of linear
momentum in a point in the space is equal to the resultant forces on that point, that is:

N
opu =
§+V~(puu):—v-§+pZYifi (2.2)
i=1
where S is the stress tensor, N is the number of chemical species, Y; is the mass fraction of the it" species
and f; is the body force per mass unit acting on the it" species.

Conservation of Energy

The conservation of energy principle states that in absence of energy adduction the rate of change of energy
in a point in the space is equal to the heat transfer rate and the total work made by the forces acting on that
point, that is:
JF AL
f—i—V~(puE):V-(ﬁu)—v-q—l—pZYifi-(u—l—Vi) (2.3)
ot i=1
where E is the total energy (internal and kinetic), q is the heat transfer rate and V; is the diffusion velocity
of the it chemical species.

8
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2.2 Multifluids Model

In a chemical reacting and multispecies flow, an additional equation is necessary to complete the flow de-
scription: the conservation of species mass fraction; this principle states that the rate of accumulus of the
ith species depends on the convective flux, the diffusive flux and the production (or destruction) rate of the
species due to the chemical reactions, that is:

opYi
ot
where J; is the diffusive mass flux and j is the production — destruction rate of the it" species.

The last equation used is the thermodynamic state equation that states a relation between the pressure, the
density and the temperature of an ideal gas, that is:

+ V- (puYi) :—V~Ji+pd)i (2.4)

N, Y.
= —R.T 2.5
p ";wi u (2.5)

where W; is the molecular weight of the ith species, R, is the universal gas constant, T is the temperature
and p is the pressure of the fluid.

The summation of all species transport equations yields the conservation of mass equation (2.1): there-
fore the N species mass fraction conservation and mass transport equation are linearly dependent and one of
them is redundant. Furthermore, to be consistent with mass conservation, the diffusion fluxes (J; = pY;V3)
and the chemical source terms must satisfy:

Ng Ny
ZJi =0 and Z Wi =0 (2.6)
i=1 i=1

2.3 Constitutive Equations

Each material has a different response to an external force, depending on the properties of the material itself:
the constitutive equations describe this behaviour.

In particular, they express with simple mathematical models the microscopic molecular diffusion of momen-
tum, energy and mass. For a gas mixture, they should model the stress — strain relation between S and E, the
heat flux q and the species mass flux J;.

2.3.1 The Diffusive Momentum Flux

For all gases that can be treated as continuum it has been observed a linear proportion between viscous
stresses that arise from the flow and the local strain rate: that is equivalent to saying that those forces are
proportional to the rates of change of the fluid’s velocity vector as one moves away from the point in ques-
tion in various directions; a fluid that behaves in this manner is called Newtonian fluid. With this assumption
is possible to derive an expression that relates the stress tensor S to the pressure p, the strain rate E and the
velocity vector u, that is:

S=(—p+AV-u)I+2uE=—pl+~t (2.7)

where T is the viscous part of stress tensor,  is the coefficient of viscosity and A is the second coefficient
of viscosity. These two coefficient of viscosity are related to the coefficient of bulk viscosity py by the py =
2/3u + A; with the assumption of the Stoke hypothesis (the sum of the normal stresses is zero), up = 0, so
A = 2/3p and the viscous stress tensor becomes:

aui 1 aui auj
G=A—+2u | = 2.8
A T ”[2 (ax,- + axi)] (28)

9
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Pressure at the macroscopic level corresponds to the microscopic transport of momentum by means of
molecular collisions in the direction of molecules motion. Instead, molecular momentum transport in other
directions is what at macroscopic level is called viscosity. They are of different nature, because in terms of work
done, when continuous distribution are considered, pressure produces reversible transformations (changes of
volume), while viscous stresses produce irreversible transformations (dissipation of energy into heat).

2.3.2 The Diffusive Species Mass Flux

In equation the knowledge of diffusive species mass flux J; is required: this flux expresses the relative
motion of chemical species with respect to the motion of their (moving) center of mass; by the means of a
constitutive law this motion can be expressed without an additional momentum equation for chemical species.
Both modelling and calculation of individual species diffusive mass flux is not easy; the distribution of N
chemical species in a multicomponent gaseous mixture is rigorously obtained by the means of kinetic theory

[9]:

V= Y >]<DX (V; = Vi) + (Y — Xq) pZYY —£)
= —
i 15 ~- , \_PG__./ ] ’
(2.9)
vT
_l’_ -2 _ -
Z leJ < Y; Yi) T
SG

where Dj; is the binary diffusion coefficient of species 1 into the species j, Xj and Y;j are the molar and
the mass fraction of the jth species respectively, f; the body force per unit mass, acting on species j, «; the
thermodiffusion coefficient of species j.

Equations are referred to as the Maxwell-Stefan equations, since Maxwell [10, [11] suggested them for
binary mixtures on the basis of kinetic theory, and Stefan [12]] generalized them to describe the diffusion in a
gas mixture with Ny species.

The main feature of equations is that they couple inextricably all diffusion velocities V; (and thus all
fluxes), to all concentrations X; and Yj and their gradients. According to equations concentrations gradi-
ents can be physically created by:

o differences in Diffusion Velocities (DV);
e Pressure Gradients (PG);
e differences in Body Forces (BF) per unit mass acting on molecules of different species;

e thermo-diffusion, or Soret Effect (SE), i.e., mass diffusion due to temperature gradients, driving light
species towards hot regions of the flow; this last effect, often neglected, is nevertheless known to be im-
portant, in particular for hydrogen combustion, and in general when very light species play an important
role.

The linear system of equations for the variable V; has size N x N and requires knowledge of Ns(Ns—
1)/2 diffusivities. Only N — 1 equations are independent, since the sum of all diffusion fluxes must be zero.
This system must be solved in each direction of the frame of reference (coordinate system), at every compu-
tational node and, for unsteady flows, at each time step of numerical integration.

Extracting the diffusion velocities is a very difficult task, therefore in many CFD computations simplified
models are preferred; in the present dissertation, Hirschfelder and Curtiss law is used to calculate diffusion
velocities in an approximate way:

10
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VX;
V; = —-D; Xil (2.10)
where
1—Y.
D; = Yi (2.11)

il Dk
j=1,j#1 Dj;
The coefficient Dy is an equivalent diffusion coefficient of species 1 into the whole remaining mixture of
N — 1 species.
When approximated expressions (like Hirschfelder and Curtiss law) are used to obtain diffusion velocities,
mass conservation problems can occur: in fact the diffusion velocities do not necessarily satisfy the constrain

N N
D Ji=) oYiVi=0
i=1 i=1

A simple empirical remedy to impose global mass conservation consists in subtracting any residual artificial
diffusional velocity from the flow velocity in the species transport equations. In fact, summing all species
transport equations, the mass conservation equation must be obtained, while it is found:

op
30 TV (o) = pZYV (2.12)

i=1

Thus, in order for the conservation of mass to be respected, a term p V¢ involving a correction velocity V¢
must be introduced. V€ is defined as

N
R
i=1
and assuming Hirschfelder’s law holds, it becomes
Ny

ve=>

i=1

Wi
Wmix

DiVX; (2.13)

The correction velocity must be computed at each time step and added to the flow velocity in the species
convective term. The corrected convective term of species transport equations must then become

ViprurYi) — V(ps(ur + VE)Yi) (2.14)
With this "trick”, any artificial flow due to the nonzero diffusional mass flux is thereby cancelled. Further-

more, the constrain Z]i\l:ﬂ Y; = 1 is strictly ensured by the

Yi= —— (1-Y)+Y: (2.15)

2.3.3 The Diffusive Heat Flux

The heat flux q for a gaseous mixture of N chemical species can be splitted in three contributions:

1. the heat transfered by conduction, modeled by the Fourier’s law; at a microscopic level, this flux is
dued to molecular collision: molecules with an higher level of kinetic energy (with higher temperature)
transfer energy by molecular collision to the ones with a lower level of kinetic energy (with a lower
temperature); in the continuum view, the heat flux arises from temperature gradients;

11
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2. the heat transfered by molecular diffusion in a multi—species mixture, dued to concentration gradients;
when VY; # 0, each species diffuses with its own velocity V;; this means that can be energy transfer
even in a gas at uniform temperature or in a rarefied gas (where conduction is negligible);

3. the heat transfered by Dufour effect: the Onsager principle of microscopic reversibility in the thermody-
namics of irreversible processes implies that if temperature gradients cause species diffusion (thermo-
diffusive or Soret effect), concentration gradients must cause a reciprocal (Dufour effect) heat flux; the
Dufour effect is neglected [9].

The total heat flux q = qf + qv, + qp, where qp is the thermal flux dued to Dufour effect (neglected) is:

N
q=—-kVT+p) HViV; (2.16)
im

where k is the thermal conductivity and H; is the enthalpy of the it species.

2.4 LES Model

Large eddy simulations are based on the assumption that small-scale turbulent eddies are more isotropic than
the large ones, and are responsible mostly for energy dissipation in the mean. Modelling the small scales,
while resolving the large eddies, may be very beneficial: first, since most of the momentum transport is due to
the large eddies, model inaccuracies are less critical; secondly, the modelling of the unresolved scales is easier,
since they tend to be more homogeneous and isotropic than the large ones, which depend on the boundary
conditions.

Thus, LES is based on the use of a filtering operation: a filtered (or resolved) large-scale variable is defined
by:

f(x) = JD f (x') G (x,x',Z) dx’ (2.17)

where D is the entire domain and G is the filter function. The size of the smallest eddies that are resolved in
LES is clearly related to the filter width, denoted by A: the grid spacing h should be sufficiently fine to represent
accurately eddies of size A. There has been considerable discussion on the appropriate value of filter width;
in most cases, the filter width is chosen proportional to the grid size (A = nh), but if the mesh is anisotropic,
an appropriate average is used to determine h:

h=(hehyhz)'? or h=(hZ+h%+h?) (2.18)

When complex geometries are studied, is preferable relating the filter width to physical quantities, rather
than the grid. The most commonly used filter function are the sharp Fourier cutoff filter, defined in the wave
space, that is:

~ 1, ifk< /A
G (k)= { ! 7T/ (2.19)
0, otherwise
the Gaussian filter in the physical space, that is:
6 6x2
G (x) = || —zexp <—x2> (2.20)
A A
and the tophat filter in physical space, that is
1/A, iflx| <A/2
Gx) =4 /A K</ (2.21)
0, otherwise

12
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In this work, the filter operation is implicitly defined by the mesh size. The uncertainties related to the
procedure of exchanging the order of the filter and differential operators (commutation errors), are neglected
and assumed to be incorporated in the sub-grid scale modeling.

2.4.1 Filtered Conservation Equations

In compressible flows, it is convenient to use Favre-filtering to avoid the introduction of subgrid-scale terms
in the equation of conservation of mass: when the mass balance equation is averaged (with this operation a
generic variable ¢ is splitted into a mean value ¢ and a deviation from the mean denoted by ¢’), indeed,
velocity/density fluctuation correlation appears; to avoid the explicit modelling of such correlation, a Favre
average is introduced: a Favre-filtered variable is defined by the

2 F: (2.22)
The Favre-filtered equations of motion can be written in the form:
0 0(pu;
a—i (ax-)) =0 (2.23)
j
o(pwy) | 9(pPuitl;) UL T R
Tl L L Yif; 2.24
ot ox; I R +p; i (2.24)
3(p%) opica pDp O +aS) N
J _ ~ o~ ~
oy Dt Ay TP Yy (2:23)
) ) i=1
where
_ _[{ou oy 2 ol
= T
Ty u(bx) + axi> 30k
and
ﬁ)@s = PUily — P (2.26)
;% = pIu; — pHI (2.27)

The subgrid-scale heat flux due to diffusion effects has been considered negligible with respect to SGS heat

flux q35°.

The Favre-ﬁltered equations of species and state can be written in the form:

o(vhovi) a(pViVy)  A(ViVy) oy
+ = — pw — (2.28)
ot an o+ an
N, Y
where
SGS _ pY u — pYLU') (2.30)

Also in this case, the subgrid-scale effects due to diffusion, arising from Tij; may be neglected with respect
to SGS species transport J3¢°.

13
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2.4.2 Subgrid-scale Modelling

The main role of subgrid-scale model must be to remove energy from the resolved scales, mimicking the drain
that is usually associated with the energy cascade. It may not be necessary for a model to represent the “exact”
SGS stresses accurately at each point in space and time, but only to account for their global effect; the resolved
scales exchange energy with the unresolved scales and the surroundings through several mechanisms.

The Smagorinsky model is the progenitor if most subgrid-scale stress models: the eddy viscosity (that has
to dissipate energy from the resolved scales) is assumed to be proportional to the subgrid-scale characteristic

length scale A and to a characteristic turbulent velocity v = A [S], that is:
ur = (CA) 3] (2.31)
where the Smagorinsky constant C is real, so the model is absolutely dissipative: esgs = — (CSZ)2 @3
0, and B} = \/2§i]-§ij is the magnitude of the strain-rate tensor. The value of Cg can be evaluated by the:
3/4
Cs ~ % <3(2:K> / (2.32)

that for a Kolmogorov constant Cx ~ 1.4 yields C; ~ 0.18. For a lower value of Smagorinsky constant
(Cs = 0.1) this model behaves very well for isotropic turbulence, free-shear flows and channel flow (with
a damping function at the wall): near solid boundaries, indeed, Smagorinsky model is too dissipative and
therefore the lenghtscale needs to be modified by the introduction of Van Driest damping, to account the
reduced growth of the small scales near the wall; the eddy viscosity can be rewritten as:

wr = [CA(1-ev /)] 3] (2.33)

Smagorinsky model is often used as a “base” for dynamic models, where coefficients are computed while
the computation progress, rather than input a priori. This is accompllshed by defining a test filter (for the
computed field) whose width Ais larger than the grid ﬁlter A A= oA\, with tipically o = 2.

The subgrid-scale tensor of the double filtered field U is obtained from equation (2.26]

-5 — ~ ~

T =W — Wiy (2.34)
The resolved turbulent stress corresponding to the test filter applied to the field i is:

—~—

Li)' =uily — ﬁiﬁj (2.35)
Finally, applying the filter “tilde” to equation (2.26):

—_—~

:E??S =Uily — W (2.36)

Adding equations (2.34) and (2.36) Germano’s identity can be obtained:

Ly = ?ﬁfs %SUGS (2.37)

In this equation AS)GS and T “SGS have to be modelled while £ can be explicitly calculated by applying the test
filter to the LES results.
Assuming that an eddy-viscosity model is used to parametrize both subgrid and subtest stresses:

1 — 1
ﬁ?s 3%51(135511' =2A;5C and T — gﬁfsélj = 2B;C (2.38)

Substituing equation (2.38) in equation (2.37):

1 —
Lij — gﬁuﬁj =2B;;C—2A45C (2.39)

14
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In order to obtain C, it can be removed from the filtering as if it were constant, leading to:

1
Lij — ngléij = ZCMU (2.40)

Now all terms of equation (2.40) can be determined with the aid of 1i: there are however five independent
equations for only one variable C, so the problem is overdetermined. The coefficient can be determined via a
least squares approach to calculate the value that “best satisfies” the system (2.40):

_ 1 44My

C=
2 AA%

(2.41)

However, the analysis of DNS and experimental data revealed that C field predicted by the equation (2.41)
varies strongly in space and contains a significant fraction of negative values, with a variance which may be ten
times higher than the square mean: so the removal of C from the filtering operation is not really justified and
very large negative values of the eddy viscosity are a destabilizing process in a numerical simulation.

The cure often adopted consists in averaging both numerators and denominators of equation over
space and/or time: averaging over direction of flow homogeneity has been a popular choice with can obtain
good results.

2.5 Numerical Schemes

In the HeaRT code, described in detail in section[2.6 on page 21]are used the following numerical schemes and
methods:

1. AUSM numerical scheme combined with quadratic upstream interpolation developed for the QUICK nu-
merical scheme;

2. finite difference numerical scheme;
3. Newton-Raphson method;

4. Runge-Kutta method.

2.5.1 AUSM Numerical Scheme

The develop of this numerical scheme was motivated by the desire to combine the efficiency of FVS and the
accuracy of FDS [13]. Considering the two-dimensional system of Euler equation for a perfect gas

UL .
ot ' ox 9y '

where the inviscid flux vector F consists of two physically distinct parts, namely convective and pressure
terms:

P 0 0

| pu Pl _ (o) P
F= ov u+ 0 =F* + 0 (2.43)

pH 0 0

The convective terms can now be considered as a passive scalar quantities convected by a velocity u at the
cell interface: the pressure flux terms are governed by the acoustic wave speed. So the two components can
be discretized separately: at an interface L < 1/2 < R the convective terms can be written as:
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P pa
(c) _ pu pau
Fio=wn - =M, oav (2.44)
pH L/R paH L/R
where
(o) if My,22>0
(.)L/R = - / (2.45)
(e)g  otherwise

The advective velocity M ,, can be expressed as a combination of the wave speeds (M = 1) traveling to-
wards the interface (1) from the adjacent L and R cells:

Mi,2 =M] + My (2.46)
where the split Mach number M* is defined according Van Leer splitting:

L [EEMED? i ML (2.47)
B % (M £|M|) otherwise '
The pressure term can be writed, following equation (2.46):
P12 =P +Px (2.48)

and the pressure splitting is weighted using the polynomial expansion of the characteristic speeds (M =+ 1).
The pressure splitting can be expressed in terms of first order polynomials (M 4 1):

1T£M) if M|

P
+ 2
= 2.49
P {121 (M £+ |M|) /M otherwise (2.49)
(

or in terms of second order polynomials (M =+ 1)2:

pt = EM+1)?25M) if MI<T 250
5 (M= [M|)/M  otherwise :

All the above formulas can be recast in the form:

pu pa pa
puu + 1 pau pau
P =M 25 +
puv 2 pav pav
pult /5 paH/ | paH/ .
pa
1 pau
-3 ’M1/2‘ Ay /s oav (2.51)
paH
0
L PR
0
0

where Ay /> {o} = {e}r —{e}; . The first term on the right hand side is a Mach-number-weighted average of
L and R states; the second term is the numerical dissipation.

Summarizing, this numerical scheme (AUSM - Advection Upstream Splitting Method) treats the convective
and the pressure terms separately:

16
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i—2 i+2

Axp |
L Ax¢1 AL Axq \ Axy J‘ AX¢r J

AX(‘

Figure 2.1: Schematic showing a control volume for node 1i, variables ¢ at upstream and downstream nodes,
grid spaces, faces velocities 1., and face gradients (0¢/0x).

e convective terms are biased from the upstream using a properly definited cell-interface velocity;

e pressure term is dealt with convective terms using acoustic waves.

Quick Recontruction

In HeaRT code, “L” and “R” convective terms of equation are evaluated by the mean of a quadratic
upstream interpolation developed in the QUICK (QUadratic Interpolation for Convective Kinetics) numerical
scheme [14]; the method can be expressed as a linear interpolation corrected by a term proportional to the
upstream-weighted curvature (see figure[2.1):

L1
bt =35 (bL+dc)— 8 Axy Axq Axq

AE 1 (dr—dc  bc—dL
8 Axc Axy Axy

Axi 1 <¢C — ¢ 1 —¢FL>
(2.52)

1
¢¢=§(¢C+¢R)—

where subscripts FL, L, C, R and FR refer to the far left, left, central, right and far right nodes; subscripts 1
and r refer to the left and right faces.

The general formula for the QUICK scheme is the following:

17
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1 Ax?
P = 7 (br + dc) — TICLU‘VL
1 AX? 1
= (oL + bc) — —% | — (Grad, — Gradg)
2 8 [Axp
(2.53)
* 1 AX%
¢y =5 (dc + dr) — —Curv,
2 8
1 AxZ T 1
= 2 ((bC + q)R) - 3 |:AXC (GT(ldr — Gradl)]

where “Curv” represents (upstream-weighted) ¢ curvatures and “Grad” ¢ gradients.

2.5.2 Finite Difference Numerical Scheme

The idea of a finite-difference representation for a derivative can be introduced by recalling the definition of
the derivative for the function u(x,y) at x = xg and y = yo, that is:

S < * a
oUi 1
¢ S * a
@ ’ S * d * d
Ay
¢ ’ ’ S
Yy oUiji—1
Ax y)
Lx

(a) (b)

Figure 2.2: A typical finite-difference grid

ou lim u (xo + Ax,yo) — u(x0,Yo)

I 2.54
X  Ax—0 Ax ( )

If the function u is continuous and A, is “sufficiently” small but finite, is expected that
[u (xo + Ax,yo) — u (x0,Yo)]
Ax

will be a good approximation to 0u/0x. Developing a Taylor-series expansion for u (xo + Ax,yo) about
(x0,Yo) gives (see figure[2.2)

ou 0%u (Ax)z
u(xo—i-Ax,yo):u(xo,yo)—l-aoAx—i-mo o +... s
v Tul (A)™ T amu| (A" '
oxn 1y (=1 oxn|; n!

where xo < & < (xp + Ax). Thus we can form the “forward” difference by rearranging equation (2.55),
switching to the i, j notation:
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oup W1y — Wy 10O (AX) (2.56)
0x i Ax
An infinite number of difference representations can be found for au/axli’j, for example we could expand
“backward”:
a u. PR— u.i .
e B L 7YY (2.57)
ox |; j Ax

or subtracting equations (2.56) and (2.57 - to obtain the “central” difference:

ou

oul  Uip7j — Ui
ox |; j

) Ax)? 2.
A 1+ 0 (Ax) (2.58)

or adding equations (2.56) and (2.57 - to obtain an approximation of the second derivative:

o
ox2

_ Wikl —2Wi Ui
- 2
1] (Ax)

The mixed derivative approximation can be obtained from the Taylor-series expansion for two variables:

1+ 0(Ax)? (2.59)

0 0
u(xo + Ax,yo + Ay) = u(xo,Yo) + (Axax +Ayay> u (x0,Yo) +

L] ) 9 \?
— 2.60
2' (Axa +Ayay> u(x0,Yo0) + (2.60)

—i—l Axi—i-A 9 TLu(x + 0Ax,yo0AY)
n| aX yay 0 ,UO y

where 0 < 0 < 1; rearranging equation (2.60), switching to the i, j notation:

%u
0x0Y | ;

1 <ui+1,j —Wig1,j—1 Uiy — U1
A

= O (Ax, A 2.61
Ax J A >+ (Ax, Ay) (2.61)

In this manner is possible to obtain all derivatives that appear in Navier-Stokes equations described in section
for cylindrical and cartesian structured grids.

2.5.3 Newton-Raphson Method

Newton—Raphson method is a method for finding successively better approximations to the roots (or zeroes)
of a real-valued function. Assuming that an initial estimate x¢ is known for the desired root o of f(x) = 0,
Newton-Raphson method will produce a sequence of iterates which will converge to «. Since x¢ is assumed
close to «, the function f(x) can be approximated by constructing its tangent line at (xo, f (xo)), as can be
seen in figure[2.3 on the next pagel

Then the root of this tangent line can be used to approximate «, calling this approximation x1. This process
can be repeated to obtain a sequence of iterates x,, with the following iteration formula:

f(xn)
f/ (xn)

Newton-Raphson method can be explained also starting with a Taylor series development: expanding f(x)
about x,:

Xn4+1 = Xn — with n>0 (2.62)

(x —xn)?

3 (&) (2.63)

f(x) =f(xn) + (x —xn) f' (xn) +
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Figure 2.3: Newton’s method

with & between x and x,. Letting x = o and using f () = 0, solving for o we obtain:

fon)  (—xn) 7 (En)

= — — 2.64
T ) T 2 T () (264
with &,, between x,, and «. Recalling equation (2.62):
f//
o — Xni1 :—(a—xn)z-ﬁ with n>0 (2.65)

217 (xn)

Using equations (2.64) and (2.65), Newton-Raphson method has a quadratic order of convergence (p = 2)
in:

o —Xne1l <cloe—xnlP with n>0,c>0 (2.66)

2.5.4 Runge-Kutta Method

Runge-Kutta method is a numerical scheme commonly used to solve initial value problems for ODE’s. This
scheme was developed around 1900 by the german mathematicians C. Runge and M. W. Kutta and essentially
utilizes the weighted average of several solutions over the interval At in order to improve accuracy of solution.
A generic Runge-Kutta scheme can be expressed by the:

S
uttl =um 4+ h Y bk n=0,..,.N—1
i§1 e T (2.67)

u® = u(ty)

where
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h=t" — (2.68)
i—1
K =F [ tn +cihu™+h) ayk} i=1,.,s (2.69)
j=1
c1=0 (2.70)
i—1
Zaﬁ:ci for i=2,...,s (2.71)

and aij, ¢i, by are coefficients to be determined and s are the sub steps of Runge-Kutta scheme.

2.6 HeaRT Code

Into the section[2.1 on page 8 we have pointed out that in order to perform a LES numerical simulation of an
energy burner, Navier-Stokes conservation laws are suitable. The Navier-Stokes system is the first component
of our CFD study: our aim is to find the solution of the Navier-Stokes system (conveniently modified) when the
initial and boundary conditions are imposed to it. In this section the numerical model used to find this solution
is presented.

HeaRT (Heat Release and Turbulence) numerical code, developed by UTTEI (Technical Unit for Advanced
Technologies for Energy and Industry) of ENEA, in collaboration with DIMA (Mechanical and Aerospace Engi-
neering Department) of Sapienza University of Rome, is an unsteady numerical solver for turbulent reacting and
non reacting flows, at low Mach number, in three-dimensional cartesian and cylindrical geometries, discretized
by the means of structured grids. Navier-Stokes equation are implemented in the compressible formulation,
in order to highlight wave propagation phenomena that are very important for combustion instability analysis.

Governing equations are solved, in HeaRT code, on a staggered grid scheme: scalars (density, temperature,
pressure, total energy and mass fractions) are set in the cell center, while the three mass fluxes are staggered
in space by half grid width and collocated in the “positive” faces of the cell (see figure[2.4a). Viscous stresses
are set in the cell center and in the edges of the cell (see figure [2.4b).

Tz (1,3, k)

Top, Ksas, Yil(s) (Y, k)

Tﬁ(iijk)

~RE

(a) Scalars and Mass Fluxes (b) Viscous Stresses

Figure 2.4: Variables Position in a Cell

Summarizing, HeaRT code is a staggered numerical code that uses:

e AUSM numerical scheme with QUICK reconstruction for convective fluxes of scalar variables (p, U, Yi);
the numerical algorithm, for evaluation of convective mass flux in a generic direction, is the following:
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i—1 i i+1 i+2
Figure 2.5: AUSM grid

1. left and right sound velocities are evaluated on the red face in figure[2.5|by the mean of a quadratic
upstream interpolation

ar =Qfa(i+1+Qya(i)+Qia(i—1)

. o . (2.72)
ag =Qra(i+2)+Qzyal(i+1)+Qzal(i)
where Qf and Qi , withi=1,---3 are grid spacing depending metric terms;
2. Mach number on the red face in figure[2.5]is evaluated from the
M= U (i) LR (2.73)
2apag

where U(1) is the flow velocity othogonal to the red face, where is collocated due to the staggered
formulation;

3. the convective mass flux is evaluated from

1
Fe :EM(paL+paR)+|M|(paL—paR) (2.74)
where pa; and pag are the product of density and sound velocity evaluated by the means of
equation (2.72);

the same algorithm is used for the other two directions and for convective energy fluxes plUt + p and
convective species fluxes pYj.

second order centered finite difference numerical scheme for momentum (pU,, pU;, pUg) and for
diffusive fluxes of scalar variables; due to the staggered formulation adopted, some interpolations are
necessary to obtain all the required variables in the right place; for “axial” momentum flux, mass flow
and velocity have to be re-collocated in the cell center by the means of a linear interpolation from the
two cell faces: as can be seen in figure[2.6a on the next page| staggered velocties and mass fluxes (the
black crosses) are interpolated in the momentum cell faces (the red dotted cell) to compute momentum
flux balance, with the following equation:

¢() =cid(i+1/2)+ (1 —ci)dp(i—1/2) (2.75)

where due to the staggered formulation ¢; = 1/2; after that, axial convective momentum flux p + puu
can be computed, because the pressure is collocated on the cell center; for “orthogonal” momentum
flux, mass flux and velocity have to be re-collocated on the corners of the scalar cell (the red dots in
figure[2.6b on the facing page)); orthogonal velocities (green crosses) are interpolated in the momentum
cell face with the equation:




L'-u’%l“li '\.f’ﬁ
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C j+1

i i+1
(a) (b)

|” I” mass fluxes and velocities

Figure 2.6: Interpolation scheme for “axial” and “orthogona

dA+1/2)=cid(i+1)+ (1 —ci)Pp(i) (2.76)
but otherwise from “axial” flux, c; = % axial mass fluxes (black crosses) are interpolated in the

momentum cell face with the equation:

GG +1/2) = bl + 1) + (1 —¢)d() (2.77)
where ¢; = % after these simple interpolations, the other convective flux (puquy, where
subscript “a” is for “axial” component and subscript “o0” is for “orthogonal” component of flow velocity);
viscous terms in the momentum equation, due to the staggered formulation adopted (see figure [2.4b|
lon page 21), don’t need any interpolation and the derivatives of these terms can be easily calculated by

the equation (2.56).

o _n “w_n

For energy equation, viscous work terms and heat fluxes are evaluated from equation (2.56) as for diffu-
sive terms in species equation.

Newton-Raphson procedure for temperature calculation; the temperature is evaluated, starting from its
old value (at the previous time-step), as the value for which the equation nRT 4 Eyot — Hiot = O, where
R is the universal gas constant, E;qt is the internal energy and Hyo is the standard formation enthalpy of
the mixture.

Runge-Kutta third order numerical scheme for time integration; in order to obtain a Ill order accurate
scheme s = 3 must be chosen in equation (2.71); in the scheme here adopted [15] the coefficients are
set to:

02:C3:O
bi=by=1 b3=3%

1 2 6 3 3]
a1 =1 az1=as=7y.

In order to ensure the calculation stability two conditions must be respected: the condition on the
Courant-Friedricks-Lewy (CFL) condition and the condition on the Von Neumann number VNN for the
stability of transport-diffusion systems. The CFL (or Courant) number is defined as
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At
CFL = Ay — (2.78)
AX]'
where )\;.V'AX is the maximum local eigenvalue in the j* direction. The physical meaning of this condition

can be explained with reference to Figure[2.7} CFL = 1 implies that At is the time by which the signal
entering the control volume crosses it reaching the opposite interface. At is therefore the time by which
the flux estimate should be updated, unless the initial estimate already takes into account the outcoming
flux variation.

,,,,,,,,,,,,,,,,,,,,,,,,,

172 i j+1/2

Figure 2.7: Physical interpretation of the CFL condition

The non-linear stability of this scheme, in conjunction with a ENO reconstruction is reported in [15] to
be given by the condition CFL < 1. Nevertheless, the application of Il order R-K schemes, in conjunction
with the staggered discretization described in section ([2.5 on page 15), to compressible flow LES is
reported in [16] to be performed using CFL = 0.29 in order to limit the effects of the truncation error.

The condition on the VNN defined as

At

VNN=v (2.79)

(Ax

for a Forward-Time-Centered-Space (FTCS) it is reported to be VNN < 0.5 proven that a condition for
the cell Reynolds number Rex is satisfied. The complete analysis of the FTCS scheme stability is reported
in [17].
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3 Mesh Refinement

Dall’analisi precedente appare evidente come sia necessario introdurre una tecnica di mesh refinement “ad
hoc” per il codice HeaRT, considerate le caratteristiche dei fluidi simulati: siamo infatti in presenza di flussi
comprimibili, reagenti e ad elevata turbolenza. Considering the features of the flow field (compressible, with
chemical reactions and with an high level of turbulence) simulated by the mean of HeaRT code, is been devel-
oped a mesh refinement technique founded on joined grids: on the entire computational domain there’s only
one grid, that can have different zones with different spatial resolution. The refinement is constant and the
same in the three direction:

AX] N AXZ N AX1,1 N

Ay Az T A

Ayt _Ava _ AV (3.1)
Ay, Ays Ay

AZ] . AZZ . AZ171 .

Azy  Azz T Mmoo

Level data structure is udes for an easier identification of the number of fine cells contained in a single coarse
cell. For example, if a level 11 zone shares a border with a finest level 1, zone, and the refinement ratio (a
fixed parameter that identifies the number of fine cells contained in the immediately previous coarse level - i.
e. between level 4 and level 3 - and is the same for all the entire domain, see equation ) is set to p, there
aren = pl2=11) fine cells contained in a coarse cell.

With this approach is necessary to develop two different communication procedures, one that transfer vari-
able values from coarse to fine grid (named prolongation) and the other that makes the opposite way (named
restriction), but in both cases variable values are transferred only on “ghost” cells.

3.0.1 Solution Algorithm

In the solution algorithm, each grid block solves conservation equations indipentently from other grid blocks,
but the time step choosen in order to satisfy CFL condition is the same for all grids: minimum value is selected,
as can be seenin figure|3.1 on the next page|(where, for the sake of simplicity, only 3 zones of 3 different spatial
resolutions - or levels - are illustrated).

Time integration procedure is here described:

1. First RK Substep of all zones, from tg to tin,;

2. Restriction of boundary conditions at time t¢i,,, from zone 2 to zone 1;
3. Prolongation of boundary conditions at time t¢i, from zone 1 to zone 2;
4. Restriction of boundary conditions at time t¢i,,, from zone 1 to zone 0;
5. Prolongation of boundary conditions at time t¢i, from zone O to zone 1;
6. Second RK Substep of all zones, from ti, to tin,;

7. Restriction of boundary conditions at time tfin,, from zone 2 to zone 1;
8. Prolongation of boundary conditions at time t¢i,,, from zone 1 to zone 2;
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Zon
one Single time step
(lev)
2(3) : ° u —=o Temporal Integration
——  Prolongation
3 2 8 7 13 12
— Restriction
1 6 11
1(2)
5 4 10 9 15 14
1 6 11
0(1)
: : —>
to tin1 tinz trin t

Figure 3.1: Scheme of temporal advance on all grid levels

9. Restriction of boundary conditions at time t¢i,, from zone 1 to zone 0;
10. Prolongation of boundary conditions at time t¢;iy, from zone O to zone 1;
11. Third RK Substep of all zones, from ti,, to tfin;

12. Restriction of boundary conditions at time t¢i,, from zone 2 to zone 1;
13. Prolongation of boundary conditions at time t¢in, from zone 1 to zone 2;
14. Restriction of boundary conditions at time t¢i,,, from zone 1 to zone 0;

15. Prolongation of boundary conditions at time t¢;y, from zone O to zone 1;

So in HeaRT solver routine, at the end of any Runge-Kutta substep, finest zones start to transfer variables
values on ghost cells of neighboring coarser zones, that subsequently transfer variables values on ghost cells
of the finest zones; this couple of operations (prolongation and restriction) is repeated until coarsest zones are
reached, and all ghost cells of all zones have updated their values. At this point, a new Runge-Kutta substep
begins for all the zones of the domain.

Also in this case communications between zones of different spatial resolution are very important, because
a correct variables transfer on ghost cells is essential to obtain a continuous solution on the entire domain.

3.0.2 Communication Procedures

For the sake if simplicity, communication procedures hereafter illustrated are related to a cartesian uniform
bi-dimensional grid: their form and structure can be easily extended to a three-dimensional cylindrical or
cartesian non-uniform grid.
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bit1 biv1,50

i bt
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)

Figure 3.2: Scalar positions in a bidimensional grid

Restriction

Restriction procedure is used for communication of numerical solution from level 1 to level 1 — 1. For scalar
variables (collocated at the centre of the cell, see figure|3.2), coarse value is obtained from fine values by the
means of:

Oy = (bijAL; + Prjr1A+1 + Pir1 A1y + ierjr1Air1j41) (3.2)
) A+ At A A '

where Ay + Aijr1 +Aif1; +Aig,j41 = Arg,j; variables Ay j, Aqj11, Aigi,j, Air1,j+1 are fine cell
areas (colored areas in figure , contained in coarse cell A1 j (checkboard zone in figure . Essentially a
scalar value is a weighted sum of fine value, where the weight is the area fraction of each fine cell contained
in the coarse one. Is straightforward that for a three-dimensional case coarse value is calculated with:

n
PR
i=1
Ory=—pf— (3.3)
Vi
i=1
where n is the number of fine scalar cells contained in a scalar coarse cell.

For momentum pl, collocated at the positive edges (in a bi-dimensional grid) of a cell (see figure|3.3 on the
coarse grid value is obtained from fine values by the means of:

_ Ginrib H il

) 3.4
1, Lol (3.4)
where L = 17 + 1,. For a three-dimensional grid, coarse scalar value is calculated from:
n
D biA
i=1
(DI)] = lni (3.5)

> A
i=1

27



Accordo di PROGRAMMA MSE-ENEA

pUr,y

PUit15 PWit1,5+1

I I

Py ; PUi 1

I I

].1 12

Figure 3.3: Momentum restriction

n
where A; is the face area of fine cell where is collocated ¢; momentum and A = Z Ay is the face area of

i=1
coarse cell where @ j is collocated.

Prolongation

For prolongation is choosed an accurated interpolation algorithm, and therefore the whole communication
“operator” is really complex.

The selected algorithm is the same for both scalar and momentum prolongation: least squares interpolation,
that conserves mean value in the control volumes. To compute the fine cell interpolated value a Taylor series
expansion about the coarse value c; that belongs to the corresponding coarse cell (the “centroid”):

o o o
INT
= e+ —| Ax+—| Ay+—| A
o (X)) = + 3 . X + oy . y -+ 32 . z+
0?2 Ax? 9?2 Ay?  d? Az?
+ f f Y f (3.6)
ox= |, 2 oy~ |, 2 0z= |, 2
LRI 2 2
—| AxA AxAz + ——| AyA
BT Pt P Y 1

where Ax = x—xX¢,, Ay =y —y,, Az = z—z., being the distances, along the three cartesian coordinates,
between the reconstruction point and the centroid c; where derivatives in equation are calculated. If first
order interpolation is choosed, only the first 4 must be mantained in equation (3.6). In a three-dimensional
case, for a third order interpolation, there are 9 unknowns (the derivatives in the equation (3.6)), so for the
sake of simplicity of the numerical algorithm, a total number of 26 neighboring points to the centroid are used
to construct the stencil of least squares interpolation: indeed, if the centroid has coordinates (I, ], K), the

stencil extends from (I—1,] —1,K—1)to (I+1,] 4+ 1,K 4 1) (see figure|3.4 on page 31).
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To conserve the mean value in the control volume of the interpolating function q;};fT(x), the following
equation must be forced:

I e
b=y |, o0 TV 37)

Substituting equation (3.6) in (3.7) and computing the mean value in a volume Vj of the interpolation stencil
gives:

1 1
= 22 | Aaxav 22 | ayav
b =dit o Civjj HETIRY JV. yave
% 1J AzdV+
0z CiVj Vj
22¢| 1 | 22| 1 .
O L Aaxav+ 22 | aytav
|2V Y T | zv-Jv. yrave
Ci ) j ) j (38)
+az—¢ [ azzave |
aZZ cizvjuVj
2| 1 2¢| 1
— | AxAydv ~ | AxAzav
xdy ., Vi v, vaVt 5z Vv JV. xAzd
72e | 1
~ | AyAzav
oydz|. Vi Iy,

To avoiding calculation of x — x,, ecc..., integrals for each control volume V; with respect to c; [18], values
X = Xc, Y — Yeus Z — Zc, in equation (3.8) are replaced with (x — xc;) (x¢; — Xc;), (Y —Ye;) (Ye; —Yeu),

(z—z¢;) (2¢; — 2cy):
P L] IS P IS Y o S o SR ) s
b =i+ ox Cix+ Jy Ciy-i— 0z Ciz—i— ox? ciX * oy? |, + 0z2 Ciz
% 2% 0? )
| XY+ o—| X2+ —| Uz
oxy |, 0xz |, oyz |,
with
T = [T (ke = xe)]™ (9= ey) (e —we)]™
1 1
[(z—z¢) (2 ze))]" av
=Y i e x) Y o (e b)) 310
= T gy (Xep T Xy T v Me; 7 Yoy
k:Ok(n Ky l:Ol!(m—l)! )
P
Z Uc]_yc) XM kym lyp—r
r:O
and
xMynzP = Vi Jv (x—=%xc)™ (y—ye,)" (z—2z¢,)P AV (3.11)
1JVy

Writing equation (3.9) for any coarse point that belongs to the interpolation stencil, an overdetermined
system of equations can be obtained:
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Adp =Sdo (3.12)
where
Wil (§1 _§Ci)
wiz (b2 — b¢,)
Ap = (3.13)
WiN (51\1i —501)
R AR Zy Xyr yZ Xz ]
X2 Y2 zZ2 X2 Y%, 2 XYy, Yz Xz
S = (3.14)
-SZNi gNi /Z’\Ni XzNi yzNi ZzNi @Ni gzNi )Z\ZNi_
_|2¢ 2¢ 2¢ 2%¢ 2% ¢ 2 2p 2
dq’—[aa&wwﬁzm@m (3.15)
and
1 (3.16)
Wij = IrE——— .
X5 =Xl
The system of equations (3.12)) can be rearranged in the form:
-1
(S'S) 'STA¢ =CAP =do (3.17)

where C matrix contains only geometrical constants and so can be calculated once.

In figure[3.4 on the next page|interpolation domain for scalar value in a bidimensional cartesian grid is illus-
trated: the green dot is the centroid, the red cross is the fine value that has to be calculated and the black dots
are all coarse points that belong to the interpolation stencil.

The values in can be analytically calculated; referring to figure [3.4 on the facing page} the following

values are obtained:

X = Ax

y = Ay
_ 2 a2
XZ — dxx ]chen +AX2 (3_18)
—~  dy{ —dj?

2 _ y cen 2
V=1 + Ay
Xy = AxAy

where with the subscript cen are indicated cell dimensions for the centroid cell while with subscripts x and
y are indicated cell lenghts for all the points that belong to the interpolation stencil. For momentum pU the
algorithm and the distances scheme is the same.
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4 Validation

The validation is a fundamental phase for the development of a numerical code. In this chapter a simple
three-dimensional test case and a more severe numerical simulation are presented.

4.1 Parabolic Flux Test Case

A three-dimensional test case is been performed: the test isn’t very complex, so the simulation time and com-
putational resources necessary aren’t so high; furthermore, with a simple (but efficient) test case, simulation
setup is very easy and the debuggin process is fast.

This test case selected is a simple tube, with an inlet at the right far end and and outlet at the other one,
adiabatic walls and as initial condition the flow is fixed; at the inlet, a velocity profile (represented in figure[d.1c)
is forced. The maximum velocity in z directionis 10 ms~'.

The numerical grid is composed by six different zones: the finest grid (red color in figure|4.1a) is fully sur-
rounded by five coarse zones; in this way the connection operators can be tested in all the three directions.

The numerical test shows that the parabolic flow passes over the fine grid boundaries and doesn’t change
its shape and its intensity: all variables, in the coarse-fine interface have a continuous profile without any sort
of spurioius oscillation.

4.2 LES of a Lean Premixed CH;/H;-Air Slot Flame

Instead to simulate the SANDIA Syngas Jet Flame “A” as written in the last year agreement between ENEA-
COMSO and DIMA, a different flame is been simulated, because of the availability of large numerical data sets
obtained from a DNS and a LES of this particular flame.

The test case consist in an unconfined and athmospheric Bunsen flame developing along z direction; the
premixed flame is produced by three adjacent rectangular slot burners (with undefined size in the x direction)
separated in the y direction by means of two 0.17 mm walls. From the central slot burner flows a mixture
of methane, hydrogen and air (equvalent ratio ® = 0.7 and with 0.2 mole fraction of hydrogen) with a bulk
velocity of 100 ms—! and a temperature of 600 K, while from the lateral slots flows hot combusition product

(a) Computational domain (b) Inlet velocity profile versus time (c) Inlet velocity profile towards x (or y)
direction

Figure 4.1: Geometric and inlet setup

32



SAPIENZA

LIMIVE RSITA [0l BomiA

(a) (b)

(c) (d)

Figure 4.2: Flow fields along z direction

of the central mixture with a velocity of 25 ms—'. The central Reynolds number is 2264, based on the 1.2 mm
width of the jet, its bulk velocity, and the kinematic viscosity 5.3 x 107> m2s~!.

This test was performed on a three-dimensional computational domain: the total lenght in the z direction is
28 mm, 4 mm for the injection zone and 24 mm for the main mixing and reacting zone, the total lenght in the
y direction is 36 mm (the injection zone has any dimension of 1.2 mm) and the total lenght in x direction is 3
mm. The domain is discretized by zones with different spatial resolution: the red ones in figure[4.4 on page 35
are the finest one, while the black ones are the coarsest.

The computational domain has 8 different zones: four fine and four coarse, with a refinement ratio of 2; in
x direction the computational domain consist of 60 nodes for the fine zones and 30 nodes for the coarse ones;
the central mixing and reacting zone has 216 nodes in z direction and 150 nodes in y direction.

In figure[4.5 on page 36|the temperature of the flow field is presented, with three different isosurfaces: also
where there’s the join between the two grids of different spatial resolution, the solution is good and there
aren’t any spurious oscillations; the figure shows a particular of the join region, in the upper part of
the central mixing and reacting zone, where the flame front takes place and the gradients of all fluidodinamic
properties are higher: also here the solution quality is very good.

This correct behaviour is shown also in figure|4.6 on page 36}, where the velocity in z direction of the flow
field is presented, with three different isosurfaces.

The numerical simulation is still up and running and data collection is in progress: so will be possible to
compare all numerical data obtained from this simulation with numerical data provided by the DNS and the
LES simulation performed on the same test case, without mesh refinement technique.
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(c) (d)

Figure 4.3: Flow fields along z direction (2D)
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Figure 4.5: Temperature Flow Field

(a) (b)

Figure 4.6: Velocity in z direction Flow Field
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